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Zusammenfassung
Innere Uhren stellen einen evolutionären Vorteil dar, da diese es ermöglichen,
bestimmte Ereignisse bereits vor ihrem Eintritt zu antizipieren. Daher lassen sie sich in
nahezu jeder Spezies finden.
Die Schabe Rhyparobia (syn. Leucophaea) maderae war der erste Organismus, bei dem
der

Sitz

eines

solchen

circadianen

Schrittmachers

durch

Läsions-

und

Transplantationsexperimente einem bestimmten Gehirnbereich zugeordnet werden
konnte – der bilateral symmetrisch angeordneten akzessorischen Medulla (AME;
pluaral AMAE). Etwa 240 Neurone sind mit diesem kleinen, birnenförmigen, am
ventromedianen Rand der Medulla gelegenen Neuropil assoziiert. Diese exprimieren
eine hohe Anzahl an verschiedenen Neuropeptiden, die teilweise in Zellen kolokalisiert
vorliegen.
Die Funktion einiger dieser neuronalen Signalstoffe – wie dem Neuropeptid pigmentdispersing factor (PDF) – ist bereits gut erforscht, während andere, wie Corazonin, zwar
innerhalb von AME-Zellen nachgewiesen wurden, aber deren Aufgabe innerhalb des
circadianen Systems noch gänzlich unbekannt ist. Für andere Neuropeptide wie
SIFamide ist aufgrund von Daten aus anderen Spezies auch eine Funktion im
circadianen Netzwerk wahrscheinlich. Es war jedoch unklar, ob dieses Peptid in R.
maderae vorkommt. Daher wurden innerhalb der Arbeit zum einen offene Fragen
bezüglich gut charakterisierter Neuropeptide im circadianen System näher untersucht
und auch die Funktion weiterer dieser Signalstoffe erörtert.

Das Neuropeptid SIFamide im Gehirn von vier Schabenarten und dessen Aufgaben
im circadianen System von Rhyparobia maderae
Das Verteilungsmuster und die Sequenz des Neuropeptides SIFamide wurden bereits in
zahlreichen holometabolen Spezies beschrieben. Dabei zeigte sich ein hoher Grad an
Konservierung. Stets wurden vier große Neurone im pars intercerebralis gefunden,
welche das Peptid exprimierten. Diese bilden weitläufige Verzweigungen innerhalb des
gesamten Gehirns und innervieren sämtliche Ganglien des ventralen Nervensystems. In
funktionellen Studien konnte bisher eine Beteiligung bei der Kontrolle des Schlaf- und
Paarungsverhalten von Drosophila melanogaster nachgewiesen werden – beides sind
physiologische Vorgänge, die ebenfalls unter der Kontrolle des circadianen Systems
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stehen. Bisher war nur wenig über andere physiologische Funktionen des Peptids
bekannt und es stand nur eine einzige Studie zur Verteilung von SIFamide in einem
hemimetabolen Insekt (Schistocerca gregaria) zur Verfügung. Deshalb wurde die
Verteilung von SIFamide im circadianen System von Schaben untersucht.
Mit Hilfe von immuncytochemischen Methoden und Massenspektrometrie wurde die
Verteilung des Peptides im Gehirn der Schaben Periplaneta americana (Blattidae), R.
maderae (Blaberidae) und Therea petiveriana (Polyphagidae) beschrieben und dessen
Sequenz bestimmt. Es zeigte sich, dass in allen drei Arten ein SIFamide mit der
Sequenz TYRKPPFNGSIF-NH2 exprimiert wird. Dieses konnte in den untersuchten
Schaben in zwei Gruppen im pars intercerebralis, in den vier hochkonservierten Zellen
(Gruppe 1), sowie in kleineren Zellen (Gruppe 2), in einer Zellgruppe im superioren
medianen Protocerebrum (Gruppe 3) und einer weiteren im lateralen Protocerebrum
(Gruppe 4) nachgewiesen werden. Mit einer Zellgruppe im optischen Lobus (Gruppe 5)
und einer Gruppe innerhalb des posterioren Protocerebrums (Gruppe 6) wurde
SIFamide in P. americana in zwei weiteren Gruppen nachgewiesen. Verzweigungen
dieser Zellen innervierten fast das gesamte Protocerebrum, wobei vor allem die obere
Einheit des Zentralkörperkomplexes eine starke SIFamide-Immunreaktivität zeigte. In
R. maderae enthielt keine der SIFamide-Zellen den Neurotransmitter γ-aminobutyric
acid (GABA). Interessanterweise wurden anders als in S. gregaria keine
Kolokalisationen zwischen SIFamide und Histamin in Zellen der Gruppe 1 gefunden.
Stattdessen exprimierten einzelne, aber nicht alle Zellen der Gruppe 4 Histamin.
Obwohl die Position und Projektionsmuster von Zellen der Gruppe 1 hochkonserviert
sind, scheint deren Neurotransmittergehalt durchaus variabel zu sein.
In allen drei Spezies fanden sich darüber hinaus varikose Verzweigungen
innerhalb der AME, was zum einen für eine Funktion von SIFamide als Eingangssignal
in die innere Uhr spricht. Zum anderen führten Injektionen von synthetischem SIFamide
in die Hämolymphe in der Kopfkapsel der Schabe R. maderae zu einer
Phasenverzögerung während der frühen subjektiven Nacht, wodurch eine Funktion als
Eingangsignal in das Uhrwerk weiter unterstützt wird. Voraussichtlich bewirkt eine
SIFamide-Ausschüttung eine Verlängerung der Ruhezeit.
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Verteilung und Funktion von Corazonin im Gehirn und circadianen System der
Schabe Rhyparobia maderae.
Corazonin konnte erstmalig aufgrund seines Einflusses auf die Herzfrequenz in der
Schabe P. americana isoliert werden. Seitdem gelang die Identifizierung in einer
Vielzahl von Insekten, wobei die gefundenen Sequenzen über einen außerordentlich
hohen Grad an Konservierung verfügen. Im Gegensatz zur großen Ähnlichkeit
innerhalb der Sequenzen sind die beschriebenen physiologischen Funktionen eher
divers und lassen im weitesten Sinne eine Funktion als ein mit Hungerstress assoziierter
Signalstoff vermuten. Wenn Corazonin exprimiert wird, findet man es stets in
neurosekretorischen Zellen innerhalb des pars lateralis, die über den Nervus corporis
cardiaci II (NCC II) die corpora cardiaca innervieren. Es ist daher anzunehmen, dass
das Peptid ebenfalls als Neurohormon fungiert.
In R. maderae konnte bereits im Vorfeld gezeigt werden, dass ein einzelnes lokales
Interneuron im optischen Lobus das Peptid enthält und die AME mit einer medianen
Schicht der Medulla verbindet. Eine detaillierte Betrachtung innerhalb dieser Studie
zeigte nun, dass es sich bei dieser Zelle um ein Neuron aus der Gruppe der medianen
Neurone handelt und dieses nicht nur mediale Schichten der Medulla mit der AME
verbindet, sondern auch einzelne feine Verzweigungen in den anterioren Faserfächer
schickt. In beiden Regionen überlappen zudem die Fortsätze der Corazonin-Zelle mit,
vom kontralateralen optischen Lobus ausgehenden, Verzweigungen, jedoch nicht mit
den Terminalen der histaminergen Photorezeptorzellen. Darüber hinaus enthält diese
γ–Aminobuttersäure (GABA) und wahrscheinlich auch myoinhibitorische Peptide
(MIPs), jedoch kein Allatotropin und vermutlich auch kein Orcokinin.
Ähnlich wie bei MIP-2 führten Injektionen von Corazonin während der späten
subjektiven Nacht zu einem Phasenvorschub. Dabei resultierte eine gemeinsame
Applikation von äquimolaren Mengen an Corazonin und MIP-2 nicht in einer
Verstärkung des Effektes, weil er offensichtlich bereits in der Sättigung war. Somit
agiert Corazonin als Eingangssignal in die innere Uhr. Da homologe Zellen auch in
anderen Schaben beschrieben wurden, erfüllt das Peptid diese Funktion möglicherweise
auch dort. Aufgrund des Phasenvorschubs zur späten subjektiven Nacht ist
anzunehmen, dass die Zelle Bestandteil des Morning-Oscillator-Netzwerks sein könnte.
Des Weiteren finden sich in R. maderae ebenfalls die hochkonservierten Zellen
innerhalb des Pars lateralis, die auch hier mittels NCC II die Copara cadiaca
innervieren.
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Doppelfäbrungen gegen PDF und Corazonin implizieren überdies eine Verbindung
zwischen den PDF-exprimierenden Zellen der AME und den Zellen des pars lateralis.
Hierbei könnte es sich somit um eine Verbindung zwischen dem circadianen System
und dem hormonellen System handeln. Corazonin scheint somit nicht nur als
Eingangssignal in das Uhrwerk zu fungieren, sondern auch ein Ausgangssignal des
circadianen Netzwerkes von R. maderae darzustellen, ähnlich wie es für D.
melanogaster gezeigt wurde.

Myoinhibitorische Peptide sind an der Kopplung der beiden AMAE beteiligt
Vorangegangene Studien konnten zeigen, dass vier Zellgruppen an der Kopplung beider
bilateralen symmetrischen AMAE beteiligt sind, da sie beide optische Loben durch
Kommissuren direkt verbinden. Die kommissuralen Neurone exprimieren neben PDF
noch FMRFamide-ähnliche Peptide und Orcokinin. Durch Ergebnisse verschiedener
Doppelfärbungen und Kolokalisationsexperimente wurde ebenfalls für die MIPs eine
Rolle in der Kopplung beider AMAEs impliziert. Dabei blieb jedoch unklar, welche der
MIP-enthaltenden Zellen tatsächlich an der Kopplung der beiden circadianen
Schrittmacher beteiligt sind.
Mittels backfill-Experimenten unter der Verwendung des neuronalen Tracers
Neurobiotin in Kombination mit immuncytochemischen Färbungen konnte gezeigt
werden, dass eine der PDF- und MIP-kolokalisierenden Zellen wie angenommen
Projektionen zum kontralateralen Schrittmacherzentrum sendet.

Zyklische Nukleotide zeigen eine bimodale Oszillation im Tagesverlauf
Bis auf wenige Ausnahmen erfolgt die Bindung von Neuropeptiden durch G-Proteingekoppelte Rezeptoren, die über sieben Transmembrandomänen verfügen. Um zu ersten
Rückschlüssen über den Zeitpunkt der Peptidfreisetzung zu gelangen, wurde die Menge
an

zyklischem

Guanosinmonophosphat

Adenosinmonophosphat
(cGMP)

durch

(cAMP)

Verwendung

eines

und

zyklischem

antikörperbasierten

Nachweisverfahrens (ELISA) bestimmt. Dabei wurde der cAMP- und cGMP-Gehalt der
AME und der optischen Loben ohne AME zu vier verschiedenen Zeiten im
Tagesverlauf, sowie alle sechs Stunden einen oder zwei Tage unter konstanten
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Umweltbedingungen evaluiert. Die Experimente zeigten eine tageszeitliche Oszillation
der cAMP- und cGMP-Konzentration in der AME, wobei die Maxima sowohl zu
Abend- als auch zur Morgendämmerung auftraten. Während die Oszillationen beider
zyklischer Nukleotide am ersten Tag unter konstanten Umweltbedingungen nicht mehr
sichtbar waren, konnten am zweiten Tag unter konstanten Umweltbedingungen erneut
rhythmische Oszillationen im cAMP-Spiegel beobachtet werden. Interessanterweise
oszillierte der cAMP-Spiegel auch im optischen Lobus am zweiten Tag unter
konstanten

Umweltbedingungen,

während

dieser

im

Licht-Dunkel-Wechsel

weitestgehend konstant blieb. Die Maxima traten dabei zur gleichen Zeit auf wie in der
AME. Das Auftreten von zwei Maxima im cAMP- und cGMP-Spiegel innerhalb der
AME lässt auf das Vorhandensein von zwei gekoppelten Oszillatoren im circadianen
Neztwerk der Schabe schließen. Da sowohl im optischen Lobus als auch in der AME
am

zweiten

Tag

unter

konstanten

Umweltbedingungen

erneut

rhythmische

Schwankungen im cAMP-Level zu identischen Zeiten beobachtet werden konnten, ist
davon

auszugehen,

dass

dieses

duale

Oszillatornetzwerk

unter

konstanten

Umweltbedingungen einen verstärkten Einfluss auf dessen Zielgebiete ausübt, der nicht
länger durch den Licht-Dunkel-Wechsel verdeckt wird.

PDF-Verteilung im ventralen Nervensystem
Auch wenn die Verteilung von PDF in den Oberschlundganglien verschiedener
Insekten, wie auch R. maderae, bereits im Detail beschrieben wurde, so ist lediglich
wenig über dessen Vorkommen innerhalb des restlichen Nervensystems bekannt.
Während Studien die Verteilung im ventralen Nervensystem von S. gregaria und D.
melanogaster bereits untersuchten, lagen für Schaben keine Daten vor.
Die durchgeführten Immunfärbungen mit zwei Antikörpern, die beide bereits häufig
verwendet wurden, um die Verteilung von PDF im Nervensystem von verschiedenen
Insekten abzubilden, zeigen, dass die Expression des Neuropeptids auch bei R. maderae
nicht auf das Gehirn beschränkt, sondern auch im ventralen Nervenstrang gegeben ist.
Hierbei findet sich innerhalb sämtlicher Ganglien ein Netzwerk an PDFimmunreaktiven Fasern, das von beiden Antikörpern angefärbt wird. Während weder im
terminalen Abdominalganglion noch in den anderen abdominalen Ganglien Somata
eindeutig gefärbt wurden, finden sich innerhalb der thorakalen Ganglien zwei bilaterale
Zellgruppen an immunreaktiven Neuronen. Diese werden vor allem durch den
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polyklonalen Antikörper angefärbt, der gegen das β-PDH von Uca pugilator gerichtet
ist. In einigen Fällen wurden Zellen der kranial gelegenen Somagruppe von beiden
Antikörpern gefärbt, während die kaudale Gruppe stets zwei Somata enthielt, die
ausschließlich durch den anti-β-PDH-Antikörper angefärbt wurden. Anhand der
Verteilung innerhalb des ventralen Nervenstrangs lässt sich nun eine direkte Modulation
zentraler Mustergeneratoren innerhalb der Ganglien vermuten, die unter anderem an der
Steuerung der Lokomotion, der Respiration oder der Kontrolle des Genitalapparates
beteiligt sein könnten.

PDF-Freisetzung im Tagesverlauf
Das Neuropeptid PDF ist einer der wichtigsten Kopplungsfaktoren im circadianen
System und in D. melanogaster wie auch in R. maderae für die Aufrechterhaltung eines
Rhythmus im Lokomotionsverhalten essentiell. Während in D. melanogaster anhand
der Färbeintensität und Komplexität der PDF-immunreaktiven Verzweigungen indirekte
Rückschlüsse auf die Freisetzung des Peptides gezogen werden können, liegen für R.
maderae keinerlei solche Daten vor. Daher wurde mit Hilfe eines kompetitiven ELISA
der Gehalt an PDF in einzelnen Gehirnen von Schaben zu verschiedenen Zeiten im
Verlauf eines Tages bestimmt. Dabei wurde zur Zeitgeber-Zeit (ZT) 6 mit 8.729 ± 1.297
pmol die höchsten Werte gemessen, die sich signifikant von den minimalen
Konzentrationen zu ZT 18 (3.905 ± 0.689 pmol) unterschieden.
Dies wird unterstützt durch die Messungen des cAMP-Spiegels nach Inkubation von
Lysaten aus optischen Loben mit synthetischem PDF. Hier konnte lediglich zu ZT 18
ein signifikanter Effekt erzielt werden, da vermutlich zu anderen ZT-Zeiten die
intrinsische Menge an PDF innerhalb des Lysates zu hoch war, um einen Effekt durch
Zugabe von weiterem Peptid zu erreichen.
In Kombination mit der vervollständigten Phasen-Antwort-Kurve des PDFs, die neben
der zuvor beschriebenen Phasenverzögerung am Ende des subjektiven Tages einen
zusätzlichen Phasenvorschub am Ende der subjektiven Nacht enthält, erlaubt dies
Rückschlüsse auf den Zeitpunkt der Peptidfreisetzung. Davon ausgehend, dass
Injektionen des Peptids die Uhr immer zu dem Zeitpunkt verschieben, an dem die
Menge an PDF im Gewebe am höchsten ist, findet die maximale Ausschüttung während
des Tages statt. Auch die gemessenen Peptidlevel lassen den Schluss zu, dass nach dem
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Maximum zu ZT 6 und vor dem Minimum zu ZT 18, also am Tag, die Ausschüttung
stattfinden muss.

Fazit
Bereits vorangegangene Studien konnten die Bedeutung zahlreicher Neuropeptide für
das circadiane Systems von R. maderae aufzeigen. Die vorliegenden Ergebnisse
verdeutlichen darüber hinaus die Bedeutung sowie das komplexe Zusammenspiel dieser
neuronalen Botenstoffe innerhalb des circadianen Netzwerks. Des Weiteren wurde
deutlich, dass sich das dual oscillator Model auch auf das circadiane Netzwerk von R.
maderae beziehen lässt und darüber hinaus Phasen-Antwort-Kurven gegebenenfalls
Rückschlüsse auf den Zeitpunkt der Peptid-Ausschüttung erlauben.
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Summary
The circadian pacemaker of the Madeira cockroach Rhyparobia maderae was localized
to the accessory medulla (AME; pluaral AMAE). This small pear shaped neuropil at the
ventromedian edge of the medulla is associated with approximately 240 neurons. The
AME neurons contain a striking number of different neuropeptides which are partially
colocalized. This study focused on the function of the neuropeptides SIFamide and
corazonin in the circadian network and further deciphered the functional roles of
myoinhibitory peptides (MIPs) and the most important circadian coupling factor
pigment dispersing factor (PDF).
It was shown that SIFamide is expressed with an identical sequence in four highly
conserved pars intercerebralis cells in the three cockroach species Periplaneta
americana, R. maderae, and Therea petiveriana. While only in P. americana cells
associated with the AME expressed SIFamide, varicose SIFamide-immunoreactive (-ir)
fibers innervated the AME in all three cockroaches. Since injections of the peptide
delayed the onset of locomotor activity circadian time-dependently, it was demonstrated
that the peptide constitutes an input signal into the circadian pacemaker.
Further injection experiments demonstrated that this is also the case for corazonin,
which is expressed in a single AME neuron in the optic lobes of R. maderae. Since
corazonin advanced the onset of locomotor activity during the late subjective night, it
was hypothesized that this neuron belongs to the morning-oscillator network. The
presence of a coupled morning and evening oscillator network in the R. maderae is
further supported by the bimodal oscillation observed in cyclic nucleotide levels in
AME tissue, since maxima occurred around dusk and dawn. The oscillation of cyclic
adenosine monophosphate persisted even under constant conditions.
Moreover, backfills located MIPs in commissural cells involved in the coupling of the
bilateral symmetric AMAE.
Furthermore, PDF immunoreactivity was detected in every ganglion of the ventral nerve
cord, which suggests a neuromodulatory function of the peptide and thus a direct
influence on processes controlled by central pattern generators of the ventral nerve cord.
Moreover, measurements of PDF-levels in the cockroach brain with ELISAs suggested
that PDF is released during the day, which is in accordance with the PDF-dependent
phase-response curve (PRC). Thus, PRCs might allow for the prediction of peptide
release.
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1.

Introduction

1.1.

Characteristics of circadian clocks

Endogenous circadian clocks can be found in many organisms. Since they enable the
anticipation of daily events and thus to save energy or to divide biochemical
incompatible processes, they constitute a large evolutionary asset (DeCoursey et al.,
2000; Sharma, 2003; Woelfle et al., 2004; Dodd et al., 2005). As a consequence
circadian pacemakers can be found in cyanobacteria, plants, and invertebrates as well as
vertebrates. Here, they can control for example molecular, physiological or behavioral
rhythms such as gene expression, feeding, mating, sleeping or locomotor activity
(Stephan and Nunez, 1977; Rymer et al., 2007; Crane and Young, 2014).
Since the first description of an endogenous rhythm by Jean-Jacques d‟Ortous de
Marian, who observed a persistence in leave movement of Mimosa pudica under
constant conditions (de Mairan, 1729), science focused more and more on the
investigation of the mechanisms underlying these endogenous rhythms.
Many studies demonstrated that all existing internal clocks – from cyanobacteria
to vertebrates - share characteristic properties. Circadian pacemaker cells contain a selfsustained genetically feedback loop in which gene products inhibit their own
transcription. This results in an approximately 24 h rhythm in the expression of certain
genes (reviewed by King and Takahashi 2000; Glossop and Hardin 2002). Since these
rhythms have a period length (τ) which not exactly matches the 24 hours of a day,
synchronization with the environment via various input pathways into the clock is
necessary for appropriate time keeping (the term “circadian” is derived from Latin and
can be translated as circa = around and “dian” from dies= day). Different Zeitgebers
(german for “time giver”) are used for this process, which is termed entrainment. It is
assumed that the changing irradiance at dusk and dawn serves as the most important
Zeitgeber probably in all organisms possessing circadian clocks (Czeisler et al., 1986;
Foster and Helfrich-Förster, 2001). Further external signals like nutrient availability
(Mistlberger and Rusak, 1987; Stephan, 2002) or temperature rhythms (Tomioka and
Yoshii, 2006; Currie et al., 2009) can also serve this purpose. Even though temperature
can act as Zeitgeber, circadian clocks are temperature compensated so that their period
length is kept constant over a range of different environmental temperatures
(Pittendrigh, 1954; Bodenstein et al., 2012).
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To evaluate, if certain environmental stimuli can serve as Zeitgeber or certain
neuroactive substances provide input signals into the circadian pacemaker, animals were
kept under constant environmental conditions. Without entraining signals the circadian
clocks of the experimental animals are free-running. Although τ is genetically
determined, it can vary slightly among individuals of a species. In this context, τ is
commonly divided by 24 hours of circadian time (CT; 1 hCT = τ/24 h) to provide a basis
for interpretation and comparison of experimental results. Since the locomotor activity
is also under control of the circadian pacemaker, it was frequently used as readout in
circadian rhythm research (e. g. Roper, 1976; Page et al., 1977; Reebs and Mrosovsky,
1989; Stoleru et al., 2004). In this context, the beginning of locomotor activity is
defined as CT 0 in day-active animals and CT 12 in nocturnal species, respectively.
Exposition of animals to certain external stimuli or neuroactive substances can now
shift the phase (Δφ) of the circadian clock, resulting in an earlier (phase advance; +Δφ)
or later begin (phase delay; -Δφ) in locomotion. Thus, only input signals into the
circadian pacemaker will result in CT-dependent phase shifts. For example, light pulses
delay the phase of the circadian clock during the beginning of the subjective night (CT
12), while they advance it during the end of the subjective night (CT 23). The results
can be represented as phase-response curves (PRCs), where the Δφ is plotted on the
vertical axis against the CT on the abscissa. Here, monophasic PRCs, showing either
advances or delays, or biphasic PRCs, with a delay as well as an advance segment, are
differentiated (reviewed by Golombek and Rosenstein, 2010).
Besides rats and hamsters, insects are frequently employed to study basic
principles of circadian networks. Since they possess easily accessible nervous systems
with substantially fewer neurons and are robust and simple to rear, they were
established as models in certain areas of circadian rhythm research.

1.2.

The circadian network of Drosophila melanogaster

Since the first identification of a clock gene by Konopka and Benzer (1971) by
analyzing hatch and locomotor activity of different fly mutants, the genetic principles
and molecular components of endogenous oscillators have been studied extensively in
the model organism Drosophila melanogaster. The basic principles on how circadian
oscillators function on the molecular level is transferable between insects, vertebrates as
well as plants. Since D. melanogaster is the insect were these principles are studied
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best, a brief summary of the molecular components and the circadian network of the
fruit fly is given.
1.2.1. Molecular components of Drosophila’s clock
The clock cells of the fruit fly‟s
circadian

system

contain

several

interlocked transcriptional/translational
feedback loops (TTFLs; Figure 1.1).
The major components of the core loop
are the proteins PERIOD (PER) and
TIMELESS (TIM). Depending on the
phosphorylation

state,

they

form

heterodimers, which will translocate into
the nucleus (Sehgal et al., 1995; Lee et
al., 1996). Here, PER and TIM will
change the DNA-binding affinity of the
two transcription factors CLOCK (CLK)
and CYCLE (CYC; Lee et al., 1999;
Menet et al., 2010). Since CLK and
CYC bind in an active state to the Ebox-element

controlling

the

Figure 1.1: The molecular clock in Drosophila. In the
core loop (A), the transcription factors CLOCK (CLK)
and CYCLE (CYC) form a heterodimer and bind to E-box

transcription of the per and tim gene,

elements (E) in the promoter regions of period (per) and

TIM/PER inhibits its own transcription.

timeless (tim). PER and TIM proteins are modified by

This negative feedback results in an

kinases such as DOUBLETIME (DBT), CASEIN
KINASE 2 (CK2), SHAGGY (SGG) or phosphatases

oscillation of PER/TIM levels. In this

such as PROTEIN PHOSPHATASE 1 (PP1) and 2A

context, the determination of the speed

(PP2A). The phosphorylation state determines if PER and

is crucial to establish and maintain a

TIM dimerize and enter the nucleus, where they repress
CKY/CYC, or if they bind to the E3 ubiquitin (Ub) ligase

stable circadian rhythm with a period

SUPERNIMERARY LIMS (SLIMB), which results in an

length of approximately 24 hours. This

ubiquitination and proteolysis by the 26S proteasome. In

is

ensured

modifications,

by

post-translational

especially

an additional feedback loop (B), CLK/CYC activate
clockwork orange (cwo), par domain protein 1 (pdp1),

protein

and vrille (vri). CWO represses CLK/CYC activation by

phosphorylation (Bae and Edery, 2006;

binding to E, while PDP1 activates clk transcription,

Gallego and Virshup, 2007; Mehra et
al., 2009). PER can be modified by the

whereas VRI competes with it to repress the expression.
PV, PDP/VRI-binding sites (Modified after Allada and
Chung, 2014).
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protein kinases DOUBLETIME (DBT) and CASEIN KINASE 2 or the PROTEIN
PHOSPHATASE 2A, while TIM is modified by the kinase SHAGGY or the PROTEIN
PHOSPHATASE 1 (Price et al., 1998; Martinek et al., 2001; Lin et al., 2002;
Sathyanarayanan et al., 2004; Fang et al., 2007). Furthermore, phosphorylations are also
crucial for the resetting of the clock. Basis for this is the degradation of TIM which is
mediated by the blue-light photoreceptor CHRYPTOCHROME (CRY; Emery et al.,
1998) which is further supported by the protein JETLAG (Koh et al., 2006). Without
TIM, additional phosphorylation sites of PER can be accessed by DBT. The additional
phosphorylations

in

turn

enable

the

binding

of

the

E3

ubiquitin

ligase

SUPERNIMERARY LIMBS. The resulting ubiquitination results in proteolysis by the
26S proteosome (Kloss et al., 2001; Ko et al., 2002). Since CRY is a light-sensitive
component expressed in the majority of clock-neurons (see also Chapter 1.2.2), this
process is one possibility to entrain the clock light-dependently (Emery et al., 1998;
Emery et al., 2000; Benito et al., 2008; Yoshii et al., 2008). Light intensities as low as
10 lux are sufficient to induce the CRY mediated degradation of TIM. However,
application of constant light stops the clock of D. melanogaster completely and results
in flies that show arrhythmic behavior (Konopka et al., 1989; Rieger et al., 2007).
The proteins CLK and CYC are also involved in a second TTFL. Here, they
drive the expression of clockwork orange (cwo), par domain protein 1 (pdp1), and vrille
(vri; Figure 1.1 B). On the one hand, PDP1 activates clk transcription which, on the
other hand, is repressed by VRI (Cyran et al., 2003). However, CWO also inhibits the
transcription of PER and TIM, by which the function of the PER/TIM heterodimer is
further complemented (Kadener et al., 2007).
1.2.2. Cellular components of D. melanogaster’s clock
In the brain of D. melanogaster, the circadian system consists of about 150 neurons per
hemisphere which all express at least the clock genes per, tim, clk and cyc. According to
their position, these neurons are divided into dorsal neurons (DNs) and lateral neurons
(LNs; Figure 1.2). Both, DNs and LNs, are further divided into several subgroups.
Approximately 15 neurons are assigned to the cell cluster of DN1 neurons, which can
be even further subdivided into anterior and posterior DN1 cells, while two DN2 cells
and approximately 40 DN3 cells exist. The LNs, on the other hand, comprise neurons
with somata in ventral parts of the brain (LNvs) and in more dorsal regions (LNds).
While the LNds consist of five to eight cells, one differentiates four to six large LN vs
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(l-LNvs) and five small LNvs (s-LNvs). Moreover, the fifth s-LNv is further
differentiated from the other four cells (Ewer et al., 1992; Frisch et al., 1994; Kaneko
and Hall, 2000; Shafer et al., 2006; Helfrich-Förster et al., 2007; Hermann-Luibl and
Helfrich-Förster, 2014).
Although all of these cells express the clock genes of the core TTFL, only the
s-LNvs, the l-LNvs, some of the LNds and some of the DN1 cells express CRY (Benito
et al., 2008; Yoshii et al., 2008). Therefore,
recent studies suggested that CRY positive
clock cells serve a function in light
entrainment, while the CRY negative clock
cells seem to play a more important role in
the integration of non-photic information
(Yoshii et al., 2010; Gentile et al., 2013).
Especially the LNds are necessary for
normal entrainment to the phase of LD
cycles (Yoshii et al., 2015).
Besides morphological criteria and the
expression pattern of CRY, also the

Figure 1.2: Organization of the clock network in the

neurochemistry can be used to further

fruit fly Drosophila melanogaster. Clock neurons of one

characterize the clock cells. All l-LNvs and

brain hemisphere and their neurochemistry are represented

s-LNvs, with exception of the fifth s-LNv,

schematically. The network consist 150 lateral neurons
(LN) and dorsal neurons (DN). The LNs can be subdivided

express the neuropeptide pigment-dispersing

into five small ventral LNs (sLNv), four large ventral LNs

factor (PDF; Renn et al., 1999; see also

(lLNv) – all containing the neuropeptide pigment-

Chapter 1.4.3). Although only about 10% of

dispersing factor (PDF; cyan) with exception of the 5th
sLNv -, six dorsal LN (LNd), and three lateral posterior

all clock cells express PDF, its receptor can

neurons (LPN). The more posterior DN neurons can also

be found in 60% of them. Some belong to

be subdivided into two anterior DN1 neurons (DN1a), 15

the DNs and LNds, while all s-LNVs express

posterior DN1 neurons (DN1p), two DN2 and 50 DN3
neurons. The neuropeptide and –transmitter content varies

the receptor. This is indicative for the

among different clock neurons. Besides PDF, the

important synchronizing function assigned

expression of ion transport peptide (ITP, black),

to PDF in several studies (Renn et al., 1999;

neuropeptide F (NPF, red), short neuropeptide F (sNPF,
yellow) and IPNamide (IPNa, magenta) is illustrated.

Peng et al., 2003; Lin et al., 2004; Shafer et

Detection of choline-acetyltransferase (Cha, green) and

al., 2008).

the vesicular glutamate transporter (GluT, black) indicate

In

addition

neuropeptides

to
and

PDF,

many

-transmitters

other
are

the presents of the transmitters acetylcholin and glutamate,
respectively. AME, accessory medulla (Modified after
Hermann-Luibl and Helfrich-Foerster 2014).
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expressed in D. melanogaster’s clock cells (Figure 1.2). For instance, all s-LNvs with
exception of the 5th contain short neuropeptide F (sNPF). Furthermore, sNPF is also
expressed by some LNds, while other cells of this group contain neuropeptid F (NPF;
Nässel et al., 2008; Hermann et al., 2012). NPF, on the other hand, colocalizes with ion
transport peptide (ITP) in one LNd and is also expressed by three l-LNvs (Dircksen et
al., 2008; Hermann et al., 2012). Furthermore, the 5th s-LNv also contains NPF and ITP
(Dircksen et al., 2008; Hermann et al., 2012). While some DN1 neurons may contain
glutamate (Collins et al., 2012) and some cells of the anterior group express IPNamide
(Shafer et al., 2006), the transmitter and peptide content of most of these cells is still
unknown.
Since D. melanogaster demonstrates two clear peaks in activity rhythm with one
peak anticipating lights-on and one peak anticipating lights-off, the presence of two
different oscillators in the circadian system of the fruit fly - one controlling the morning
activity (morning-oscillator; M-oscillator), while the other controls the evening activity
(evening-oscillator, E-oscillator) - was assumed (Aschoff, 1966; Helfrich-Förster,
2000). With genetic modifications of certain clock cells, the s-LNvs as well as the CRYpostive DN1s were characterized as morning cells, while it was suggested that the other
DN1s as well as the fifth s-LNv and the CRY positive LNds act as E-oscillator (Grima et
al., 2004; Stoleru et al., 2004; Rieger et al., 2006; Picot et al., 2007).
Although it was assumed that intact s-LNvs are necessary to maintain a stable
behavioral rhythm (Helfrich-Förster, 1998; Blanchardon et al., 2001), recent studies
suggested that the circadian system is a hierarchical organized network in which also
the evening cells can independently generate activity rhythms (Guo et al., 2014; Yao
and Shafer, 2014). In this model, light dependent input from PDF expressing cells is
directed at multiple independent units which in turn provide output information via
circuits which differ in their transmitter content (Yao and Shafer, 2014). This
emphasizes the functional significance of neuropeptidergic signaling for the circadian
clock.

1.3.

The circadian system of Rhyparobia maderae

Although, D. melanogaster is a quite useful model organism due to the available
genetical tools, it is a relatively specialized insect. Belonging to the evolutionary most
advanced insect order Diptera, its circadian system differs in some regards from other
holometabolic insects of the orders Coleoptera or Hymenoptera, the most basal
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holometabolic group (Savard et al., 2006), or hemimetabolic species. For example, a
homologue of the cry gene present in D. melanogaster is absent from insect genomes of
Apis mellifera or Tribolium castaneum. These species express a more human like, lightinsensitive CRY2, which is also found in all insect species not belonging to the genus
Drosophila (Rubin et al., 2006; Cortes et al., 2010; Werckenthin et al., 2012).
Basic mechanisms are therefore better investigated in phylogenetically more
basal insects like cockroaches. These are also better suited for electrophysiological and
behavioral studies due to their large size. Owing to their long lifespan of over two years,
they are also useful to study the influence of seasonal changes on neuronal plasticity to
elucidate a connection between a circadian clock and a seasonal calendar.
1.3.1. Localisation of the circadian pacemaker
The Madeira cockroach Rhyparobia maderae (also known as Leucophaea maderae
[Kevan, 1980]) is an organism which is well established in circadian research. It was the
first animal in which a circadian clock was localized to a particular brain area. Lesion
and transplantation studies provided evidence that the circadian pacemaker controlling
locomotor activity rhythms is situated in a small area at the ventromedian edge of the
animal‟s optic lobes (Nishiitsutsuji-Uwo and Pittendrigh, 1968; Roberts, 1974;
Sokolove, 1975; Page, 1982). Further immunocytochemical studies suggested that the
accessory medulla (AME; plural AMAE), a small neuropil in the predicted region, with
its adjacent PDF-immunoreactive (PDF-ir) neurons, is the location of the circadian
pacemaker (Homberg et al., 1991; Stengl and Homberg, 1994).
Although these studies strongly indicated that the AME and the PDF-ir neurons
are the site of the circadian pacemaker controling locomotor activity rhythms, the
transplantation experiments by Reischig and Stengl (2003a) were the first that
unequivocally showed this. In the performed experiments animals with removed optic
lobes regained rhythmic locomotor behavior after the re-innervations of the superior
lateral and median protocerebrum by PDF-ir neurons, transplanted together with the
AME into one of the animal‟s antennal lobes (Reischig and Stengl, 2003a).
1.3.2. The accessory medulla
The AME is a small pear shaped neuropil with a maximum longitudinal axis of about
90 µm demonstrating a clear compartmentalization (Reischig and Stengl, 1996; 2003).
Instead of the retinotopic organization of lamina, medulla, and lobula, the AME consist
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of dense glomeruli (previously termed noduli), embedded in coarse interglomerular
(respectively internodular) neuropil. This is surrounded by coarse shell neuropil, which
merges with the adjacent neuropil of the medulla in the anterior region (Reischig and
Stengl, 1996). Moreover, the compartments also differ in their vesicle content. While
the glomeruli contain granular dense core vesicles (DCVs), the interglomerular neuropil
contains large DCVs. However, small and medium sized DCVs are found preferentially
in the shell and anterior neuropil, the putative input and output regions connecting the
AME with the optic lobe and different neuropils of the midbrain (Reischig and Stengl,
2003b).
The AME is associated with approximately 240 neurons that are grouped into
seven soma groups according to morphological criteria like the heterochromatin content
and the size of the nucleus, the staining intensity of the cytoplasm, the size of the soma
and their position (Reischig and Stengl, 1996; 2003; Soehler et al., 2008; Stengl et al.,
2015). These are the anterior neurons (ANes), distal-frontoventral neurons (DFVNes),
medial-frontoventral neurons (MFVNes), median neurons (MNes), ventro-median
neurons (VMNes), ventro-posterior neurons (VPNes) and ventral neurons (VNes). The
number of neurons per cell group varies significantly (see also Table 1.1).
Moreover, as in the circadian network of D. melanogaster (see also Chapter 1.2) a
striking number of different neuropeptides and -transmitters is expressed in different
soma groups of AME neurons (summarized in Table 1.2). With immunocytochemical
methods allatostatin, allatotropin, baratin, corazonin, different members of the
FMRFamide related peptides (FaRPs; including leucomyosuppressin [LMS] and sNPF),
γ-aminobutyric acid (GABA), gastrin, leucokinin, myoinhibitory peptide (MIP),
orcokinin, PDF and serotonin were detected (Stengl and Homberg, 1994; Petri et al.,
1995; Nässel et al., 2000; Petri et al., 2002; Hofer and Homberg, 2006b; Soehler et al.,
2007; Soehler et al., 2008; Soehler et al., 2011; Schulze et al., 2012;
Table 1.1: Anterior cell groups of the accessory medulla.

Cell group

Abbreviation

Size (µm)

Number of cells

Reference

Anterior neurons

ANes

-

At least 2

Soehler et al., 2008

DFVNes

9,9 ± 1,8

29 ± 10

MFVNes

7,7 ± 1,3

49 ± 7

Reischig and

MNes
VNes
VMNes
VPNes

17,9 ± 3,3
16,1 ± 2,7
13,8 ± 2,6
11,7 ± 2,2

56 ± 12
24 ± 5
35 ± 5
36 ± 9

Stengl, 2003b

Distal-frontoventral
neurons
Medial-frontoventral
neurons
Medial neurons
Ventral neurons
Ventro-median neurons
Ventro-posterior neurons
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Allatostatin

-

ca.
10

ca.
25

2-4

X

-

-

Corazonin
FaRPs

1.5
±1

GABA4, 5

42

-

12.5
±2.8
1.23
±0.72
1.67
±1.51

2.4
±1.6

X

X

-

-

11
2.3
±1.3

8.8
±7.5

1.17
±1.21
-

X

X

Gastrin
Leucokinin5, 6
MIPs
Orcokinin
PDF
Serotonin

VPNes

3-4

LMS3
sNPF3

VNes

VMNes

16-211

Allatotropin
Baratin

MNes

MFVNes

DFVNes

ANes

Table 1.2: Neuropeptides and –transmitters identified in neurons associated with the accessory medulla.

X

-

-

-

X

-

5.8
±1.4

7.5
±1.9

3.9
±1.1

4.5
±1.3

5.2
±1.4

2.1
±0.6

2

3

16

4

3.9
±1.8

7.8
±2.6

Soehler et al., 2008

Soehler et al., 2008

X

6

Petri et al., 1995
Reischig and Stengl,
2003b
Nässel et al., 2000;
Soehler et al., 2011
Petri et al., 1995

Soehler et al., 2007

2-101
-

Reference

Petri et al., 1995;
Schendzielorz et al.,
2014
Petri et al., 1995
Petri et al., 1995; Hofer
and Homberg, 2006b
Schulze et al., 2012
Hofer and Homberg,
2006b
Soehler et al., 2011

18-251
Petri et al., 1995
1., Not assigned to anterior soma groups; 2., At least; 3., Belonging to the FaRPs; 4., 25 cells in total; 5.,
Occurrence in other cell groups cannot be excluded; 6., Between 13 and 18 neurons; ANes, anterior
neuron(s); DFVNe, distal-frontoventral neuron(s); FaRPS, FMRFamide related peptides; LMS,
leucomyosuppressin; MFVNes, medial-frontoventral neurons; MIPs, myoinhibitory peptides; MNes,
medial neuron(s); PDF, pigment-dispersing factor; sNPF, short neuropeptide F; VMNes, ventro-median
neuron(s); VNes, ventral neuron(s); VPNEs, ventro-posterior neuron(s); X, unknown number of cells in
this group; -, occurrence in this soma group has not been investigated.

Schendzielorz and Stengl, 2014). In experiments combining direct tissue profiling with
mass spectrometry (MS), ion signals matching masses of allatostatin-A, allatotropin,
LMS, sNPF, additional FaRPs, two different orcokinins, PDF and five different MIPs
occurred in AME preparation, supporting the immunocytochemical data (Soehler et al.,
2007; Soehler et al., 2008; Schulze et al., 2012; Schulze et al., 2013). Interestingly,
several neurons colocalized neuropeptides with –transmitters or contained several
neuropeptides (summarized in Table 1.3).
Histological detection of acetylcholine activity as well as the fact that about 96 % of
AME neurons in primary cell culture responded to acetylcholine application in
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4 VNe3,7
<1 DFVNe3
4 VNe3,7
4 DFVNe3
2 pPDFMe3

Serotonin

2 VNe or
DFVNe1,8
2 VNe

4,6

PDFLa1

3 VNe

2

1 VMNe5
1 VNe5

Serotonin

PDFLa

1

3 VNe

1 VMNe5
1 VNe5
2 VNe4,6

2

None2

2 MNe5
6 VNe2

2 VNe or
DFVNe1,8

≤1 VNe3,4,8
3 VNe2
(4 VNe3,8)
≤2 DFVNe3
4 VNe3,7
4 DFVNe3
2 pPDFMe3

1VNe3,8
4 VNe3,8

PDF

4 VNe3
<1 DFVNe3

1 MNe5
1-2 DFVNe5

Orcokinin

1 MNe 2
3 VNe2

Leucokinin

MIP

PDF

Orcokinin
1 MNe2
3 VNe2
4 VNe3,8
None

2

6 VNe

2

3 VNe2
(4 VNe3)
≤2 DFVNe3

1 MNe5
MIP
1-2 DFVNe5
2 MNe5

1 MNe5
1 DFVNe5

FMRFamide

1VNe3,8

4 VNe3,8

Baratin

≤1 VNe3,4,8

Leucokinin

4 VNe3,8

Allatotropin

GABA

GABA
1MNe5
1 DFVNe5

FMRFamide

Baratin

Peptide

Allatotropin

Table 1.3: Peptide colocalizations of neurons associated with the circadian system.

DFVNe, disto-frontoventral neuron(s); GABA, γ-amminobutyric acid; MIP, myoinhibitory peptide;
PDF, pigment-dispersing factor; pPDFMe, posterior PDF-immunoreactive medulla neuron(s); VNe,
ventral neuron(s).
1. Petri et al., 1995; 2. - Hofer and Homberg 2006a; 3. - Söhler et al., 2011; 4. - Schulze et al., 2012;
5. - Schendzielorz and Stengl, 2014; 6. - One medium sized and one large PDF-ir medulla neuron; 7. medium sized PDF-ir medulla neurons; 8. – deduction.
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Ca2+-imaging experiments and that injections of this neurotransmitter can shift the onset
of locomotor activity, provided evidence that also acetylcholine plays an important role
in the circadian system of R. maderae (Baz el et al., 2013; Schendzielorz, 2013).
Although the function of several peptides and transmitters in the circadian system was
investigated, for others this still remains elusive.

1.3.3. Coupling of both pacemakers
The two bilaterally symmetric AMAE need to be coupled and synchronized with each
other to maintain the same phase and to generate a stable rhythm (Page et al., 1977;
Wiedenmann, 1984).
This task is fulfilled by a maximum of 50 neurons which connect both optic
lobes via three different commissures (Reischig and Stengl, 2002; Soehler et al., 2011).
According to their size and position, these cells were grouped into four different
medulla cell (MC; Table 1.4) groups. Approximately four VNes (4.1 ± 1; 5 at the most)
were assigned to the group of MC I cells, while maximal 35 VMNes (12.5 ± 9.7; 35 at
the most) were categorized as MC II cells and approximately two MNes (2.2 ± 1.2; 5 at
the most) were grouped to the MC IV group. The MC III group consists of about four
cells (3.8 ± 2.0; 6 at the most) located posterior to the AME (Reischig and Stengl, 2002;
Soehler et al., 2011).
From the ipsilateral optic lobe altogether seven commissures branch toward the
contralateral optic lobe. However, only tracts three, four and seven directly connect both
AMAE (Reischig and Stengl, 2002). Tract three and four branch through the anterior
optic commissure (AOC), while tract seven runs through the posterior optic
Table 1.4: Commissural neurons in Rhyparobia maderae

Cell
group
AMEgroup

Numbers

MC I

MC II

MC III

MC IV

VNe

VMNe

Posterior

MNe

Max

Mean

Max

Mean

Max

Mean

Max

4

2.4 ± 1.1

35

12.5 ± 9.7

6

3.8 ± 2.0

-

5

4.1±1

-

-

-

-

5

- = no detailed information was provided.

Reference

Mean

Reischig and
Stengl, 2002;
Reischig et al.,
2004
Söhler et al.,
2.2 ± 1.2
2011

AME, accessory medulla; MC, medulla cells; MNe, median neurons; VMNe, ventro-median neurons;
VNe, ventral neurons.
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commissure (POC; Reischig and Stengl, 2002). Nevertheless, all of them enter the
contralateral optic lobe via the lobula valley tract, which branches from the proximal
lobula in a posterior rim of this neuropil to the proximal medulla (Milde, 1993; Reischig
and Stengl, 2002). From here two different fiber systems emerge. On the one hand
varicose branches run in a fan-like pattern over the anterior surface of the medulla and
terminate in the proximal lamina and the accessory laminae (ALAE), small neuropils at
the proximal border of the lamina, after crossing the first optic chiasm (Reischig and
Stengl, 2002). On the other hand a fiber system with arborizations in middle layers of
the medulla was observed. Neurons of the MC I group are associated with the anterior
fiber fan, while the middle layer system originates from MC II and also possible from
MC III cells (Reischig and Stengl, 2002). Although the individual branching pattern of
all MC neurons is still not know, it is assumed that most cells of the MC I group
connect both AME via the AOC and POC, while the MC II and possibly III innervate
the contralateral side exclusively via the POC (Reischig and Stengl, 2002; Reischig et
al., 2004; Soehler et al., 2011). Based on the morphology of electrophysiologically
characterized cells, behavioral and immunocytochemical data, it was assumed that
VNes (MC I) transmit phase information, while VMNes (MC II) might provide
contralateral light information (Petri and Stengl, 1997; Loesel and Homberg, 2001;
Reischig et al., 2004). For the commissural MNes, belonging to the MC IV group,
neither a branching pattern was described nor was a functional implication made
(Soehler et al., 2011). However, a function in ipsilateral light entrainment was assigned
to single electrophysiological characterized local interneurons belonging to the MNes
(Loesel and Homberg, 2001). If this is a general function of this heterogeneous cell
group, needs to be determined in the future.
Since backfill-experiments labeled the interglomerular as well as the shell neuropil, it is
assumed that these compartments of the AME integrate inputs from the contralateral
pacemaker (Loesel and Homberg, 2001; Reischig and Stengl, 2002; Hofer and
Homberg, 2006a).

Neuropeptides of MC neurons
Although AME cells contain a high number of different peptides and transmitters,
sparsely is known which of these neuroactive substances transmitting contralateral
phase- or light information. Until now, no neuropeptide or -transmitter was localized in
MC III and IV neurons (Soehler et al., 2011).
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However, cells of the MC I group seem to contain a variety of different neuropeptides
(see also Table 1.5). From the maximal five observed cells at the most four neurons of
different sizes contained PDF. Thus, the largest PDF-ir neuron and probably three
medium sized cells or two medium sized and one large PDF-ir cell seem to transmit
phase information and synchronize both pacemakers (Petri and Stengl, 1997; Reischig
et al., 2004; Soehler et al., 2011). For this purpose the medium sized cells project via the
AOC (tract four) towards the contralateral side, while the largest PDF-ir neuron seems
to connect both optic lobes via the POC and the AOC (Reischig et al., 2004; Soehler et
al., 2011). Since FaRPs are expressed in all and orcokinin in at least one contralateral
projecting medium sized PDF-ir neuron, these neuropeptides might have similar
functions (Soehler et al., 2011). A similar role might be assumed for baratin (Soehler et
al. 2011). Nonetheless, the peptide content of the last remaining MC I neuron remains
elusive, since neither PDF nor a member of the FaRPs or orcokinin is present here
(Soehler et al. 2011). Since PDF-ir fibers from the contralateral optic lobe branch in the
anterior neuropil of the AME, phase informations seem to be processed here (Reischig
and Stengl, 1996).
Orcokinin is the only neuropeptide which was found in three VMNes of the MCII group
in a backfill study, connecting both AMAE (Hofer and Homberg, 2006a). These cells
are candidates for the light entrainment pathway from the contralateral optic lobe. Since
one of these VMNes colocalizes MIPs, at least one member of this peptide family might
also contribute in this pathway (Schendzielorz and Stengl, 2014).
Since maximal 35 MC II neurons belonging to the VMNes were counted, it was
assumed that all VMNes are MC II cells rather than part of them (Reischig and Stengl,
2003b; Reischig et al., 2004; Hofer and Homberg, 2006a; Schendzielorz and Stengl,
2014). Consequently, MIP should be present in more than one MC II cell, since
approximately five VMNes express this peptide (Schulze et al., 2012). Furthermore,
GABA might also participate in the coupling of both pacemakers, given that some
VMNes also contain this transmitter (Schendzielorz and Stengl, 2014). However, the
neuropeptide and –transmitter content of most MC II cells still remains elusive.
Furthermore, one medium sized PDF-ir neuron also colocalizes MIPs (Schulze et al.,
2012). This might be one of the commissural PDF-ir neurons, which also uses MIPs to
transmit phase information. Since PDF and MIP colocalizations have also been
observed in fine, faintly immunoreactive fibers running parallel to the thick branches of
the largest PDF-ir cell in the POC, also other PDF-ir cells might connect both AME via
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tract seven. However, it remains to be demonstrated that the respective MIP and PDF
colocalizing AME cell connects both pacemakers or if it terminates in the posterior
optic tubercle of the contralateral site (Schulze et al., 2012).

Table 1.5: Neuropeptides localized in MC groups

Neuropeptide

MC
Group

AME
cell
group

PDF

1

VNe

PDF cells
l-PDFME
m-PDFME

m-PDFMe
2
VMNe
FMRFamide
1
VNe
m-PDFME
At least all
Baratin
1
VNe
m-PDFME
- = no detailed informations were provided.
Orcokinin

1

VNe

Max
1
3
1
3
3
3

Mean
2
1
2.0 ± 0.7
2.1 ± 0.9
1.9 ± 0.6

Reference
Reischig and Stengl, 2004
Söhler et al., 2011
Reischig and Stengl, 2004
Söhler et al., 2011
Hofer and Homberg, 2006a
Söhler et al., 2011
Hofer and Homberg, 2006a
Söhler et al., 2011

≤3

-

Söhler et al., 2011

AME, accessory medulla; l-PDFME, large PDF-immunoreactive neurons; MC, Medulla cells;
m-PDFME, medium sized PDF-immunoreactive neuron; VMNe, ventro-median neurons; VNe, ventral
neurons.

1.3.4. Light entrainment pathways
Also R. maderae relies on the light dark transition to synchronize its circadian clock
with the environment (Roberts, 1965; Page and Barrett, 1989). While in D.
melanogaster among other pathways including the Hofbauer Buchner eyelets, the
intracellular photoreceptor CRY is used (Emery et al., 1998), light entrainment in R.
maderae occurs exclusively via photoreceptor-cells of the ipsi- and contralateral
compound eye (Roberts, 1974; Page, 1978). Since the histaminergic axons of the
photoreceptors terminate in different layers of the lamina and a distal layer of the
medulla without any direct connection to the AME (Loesel and Homberg, 1999),
interneurons are needed to relay light information to the circadian pacemaker. Also in
mammals light entrainment occurs via interneurons connecting the eyes and the brain‟s
master pacemaker, the suprachiasmatic nucleus (review: Golombek and Rosenstein,
2010). This likewise supports the significance of R. maderae to investigate basic
principles of circadian systems.
Intracellular recordings in R. maderae identified different cell types responsive to light.
One was a local optic lobe neuron. While all of these cells had beaded processes in the
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Figure 1.3: Puatative peptidergic and GABAergic light entrainment pathways to the accessory medulla (AME)
of Rhyparobia maderae. Immunoreactivity against different neuropeptides (Allatotropin [AT], green; myoinhibitory
peptides [MIPs], red; orcokinin [ORC], cyan) and GABA (yellow), all associated with a function in light
entrainment, are shown. The glomeruli (grey area) receive ipsilateral light information via the GABAergic distal tract
(DT), which connects them with different layers of the medulla (ME). The distal-frontoventral neurons (DFVNe)
process this information, since they are assumed to be postsynaptic cells of the DT and local interneurons of the
AME. AT is colocalized with MIPs and GABA in this cell group. Furthermore, median neurons (MNe) might also
participate in ipsilateral light entrainment, since they provide a connection between the glomeruli and the accessory
lamina (ALA) and the proximal lamina (LA) where histaminergic axons of the photoreceptor cells terminate. The
three ORC-immunoreactive cells, one of them colocalizing MIPs, are assumed to transmit contralateral light
information. AOC, anterior optic commissure; LO; lobula, LOVT; lobula valley tract; POC, posterior optic
commissure; VMNe, ventro-median neuron(s), VNe, ventral neuron(s) (Modified after Schendzielorz and Stengl,
2014).

AME, they also branched over the frontal surface of the medulla towards the lamina,
and innervated the ALAE. Furthermore, light-sensitive commissural neurons connected
the ipsilateral median layer of the medulla with the contralateral AME and medulla via
the POC (Loesel and Homberg, 2001).
Even if some questions regarding light-entraining pathways remain, it is likely that the
glomeruli of the AME are involved. So far it is assumed that the distal tract, connecting
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the glomeruli of the AME with different layers of medulla and lamina, is one of the
main pathways transmitting ipsilateral light information (Petri et al., 2002). Several
local interneurons postsynaptic to the distal tract densely arborise in the glomeruli and
are assumed to participate in the integration of light-information (Reischig and Stengl,
1996; Petri et al., 2002).
Furthermore, at least some of the 56 MNes might also be involved, since they connect
the glomeruli of the AME with distinct layers of the medulla, the ALAE and the
proximal lamina (Loesel and Homberg, 2001; Schendzielorz and Stengl, 2014).
Since injections of GABA, allatotropin, orcokinin as well as MIP-1 and 2 resulted in
PRCs, which completely or at least partly overlap with the PRC obtained with lightpulses, a function in transmitting or integration of light information was assigned to
these substances (Petri et al., 2002; Hofer and Homberg, 2006a; Schulze et al., 2013;
Schendzielorz and Stengl, 2014). Until now, only GABA was detected in the distal
tract, while the MNes colocalized a variety of different neuropeptides. E. g. GABA,
allatotropin and MIPs were localized in one single MNe. Also in the local DFVNes,
allatotropin was colocalized with either MIP or GABA. Thus, they seem to play a
decisive role for ipsilateral light entrainment (Schendzielorz and Stengl, 2014).
Furthermore, the three orcokinin-ir VMNes, one colocalizing MIP, are ideal candidates
to provide contralateral light information, since they also connect the interglomerular
neuropil of the AME with a contralateral median layer of the medulla (Hofer and
Homberg, 2006a; Schendzielorz and Stengl, 2014). Also other MIP expressing VMNes
might serve a similar function. Furthermore, since some VMNes are also GABAimmunoreactive (Schendzielorz and Stengl, 2014), these might transmit contralateral
light information as well as ipsilateral. However, it is not yet known if other
neuropeptides play a role in light entrainment as well.

1.4.

Neuropeptides

Neuropeptides are short chains of amino acids that can contain between three or more
than 100 residues (Hokfelt et al., 2000; Nässel and Winther, 2010; Wang et al., 2015).
They arose early in evolution and are present in every living organism possessing a
nervous system (Grimmelikhuijzen et al., 1996; Grimmelikhuijzen and Hauser, 2012).
Furthermore, evidence for the presence of neuropeptides in the placozoan Trichoplax
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adhaerans which lacks neurons was reported (Nikitin, 2015). This indicates that
peptides were used as signaling molecules even before the nervous system evolved.
Neuropeptides differ from common neurotransmitters in several regards. On the one
hand, neuropeptides are larger due to their composition but present in neuronal tissues
at much lower concentrations. On the other hand their synthesis differs considerably.
While neurotransmitters are enzymatically produced, commonly at the nerve terminals,
neuropeptides derive from large precursor molecules, translated from mRNA at the
ribosomes of the endoplasmatic reticulum. These precursor molecules are stored into
large DCVs and further processed during their axonal transport. After cleavage from the
precursor, modifications like the amidation of the C-terminus, acetylation,
pyroglutamate formation, or glycosylation can be necessary to yield the biological
active peptide or to delay enzymatic degradation (Mains and Eipper, 2005).
Additionally, one precursor molecule can contain more than one active peptide (e.g.
Belles et al., 1999). While in the past peptides with closely related sequences were
grouped into a family, genomic approaches allowed to classify peptides into families
that are encoded by the same precursor (Nässel, 2002).
While conventional neurotransmitters are released from small synaptic vesicles at the
synaptic cleft, it is assumed that neuropeptides can also be released non-synaptically
from varicosities at axons (Nässel and Winther, 2010). Once released into the interstitial
space, peptides get degradated by peptidases, while classical neurotransmitters are taken
up again by the presynaptic neuron (Mains and Eipper, 2005). Furthermore, they differ
in their spectrum of activity. While neuropeptides act in the subnanomolare range, the
half maximal effective concentration (EC50) of receptors for neurotransmitters is higher.
They bind from micromolar to millimolar range (Mains and Eipper, 2005). On the other
hand, they can be colocalized in neurons with classical neurotransmitters (or other
peptides) and also function in a similar manner in signal transmission, whereas also a
function as neuromodulator or –hormone was described (Albers et al., 1991; Moore and
Speh, 1993; Nässel, 2002; Taghert and Nitabach, 2012; Fusca et al., 2015).
Since the discovery and sequencing of substance P (v. Euler and Gaddum, 1931;
Chang et al., 1971) in mammals and proctolin in insects (Starratt and Brown, 1975), a
variety of different neuropeptides were identified which regulate different aspects of
physiology and behavior (Review: Audsley and Weaver, 2009; Nässel and Winther,
2010; Argiolas and Melis, 2013). Several neuropeptides were associated with the
circadian system of R. maderae. Some studies already provided evidence for the role of
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peptides like PDF (Chapter 1.4.3) or MIP (Chapter 1.4.2) in the circadian network.
Other peptides like corazonin (Chapter 1.4.1) were only associated with the circadian
network, but their function remains obscure. Further peptides like SIFamide (Chapter
1.4.4) might also contribute, even though their presence in R. maderae still needs to be
demonstrated.
1.4.1. Corazonin
In 1989 Jan Veenstra isolated a hitherto unknown neuropeptide from the neuroheamal
organ of the American cockroach Periplaneta americana from a fraction which
stimulated the heart rate of the animal in an bioassay. Due to this physiological effect, it
was termed corazonin derived from the Spanish word corazón meaning heart (Veenstra,
1989).
On the one hand, the peptide was found in various insect species with very few
variations in the sequence (Predel et al., 2007; Predel et al., 2008) and was always
expressed in neurosecretory cells of the pars lateralis. Neurites of these cells branched
via the nervus corporis cardiaci (NCC) II into the storage part of the corpora cardiaca
from where corazonin is released into the hemolymph and putatively functions as a
hormone (Veenstra and Davis, 1993; Cantera et al., 1994; Schoofs et al., 2000; Hansen
Table 1.6: Corazonin and its physiological function in different insect species.

Species

Peptide sequence

Bombyx mori

pQTFQYSRGWTNa

Physiological
function
Reduction of
spinning rate; pupal
development

Reference
Hua et al., 2000;
Tanaka et al., 2002

Drosophila melanogaster

pQTFQYSRGWTNa

Ethanol
metabolism;
modulation of
sperm transfer and
copulation duration;
regulation of
threhalose levels

Manduca sexta

pQTFQYSRGWTNa

Induction of
ecdysis

Veenstra, 1991;
Kim et al., 2004

Periplaneta americana

pQTFQYSRGWTNa

Cardio-acceleration

Veenstra, 1989

Rhodnius prolixus

pQTFQYSRGWTNa

Cardio-acceleration

Ons et al., 2011;
Patel et al., 2013

Schistocerca gregaria

PQTFQYSHGWTNa

Induction of
cuticula
pigmentation

Tawfik et al., 1999

Baggerman et al., 2002;
Lee et al., 2008;
Tayler et al., 2012;
Sha et al., 2014
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et al., 2001; Siegmund and Korge, 2001; Wise et al., 2002; Roller et al., 2003;
Hamanaka et al., 2004; Choi et al., 2005; Roller et al., 2006; Wen and Lee, 2008;
Zavodska et al., 2012). The similar sequences as well as this highly conserved part of
the staining pattern are indicative for an important and conserved physiological function
among different insects.
However, the peptide seems to be absent from the order coleoptera, (Amare and
Sweedler, 2007; Predel et al., 2007; Weaver and Audsley, 2008) although it was
identified in crustaceans (Gard et al., 2009; Christie et al., 2010). An involvement of
corazonin in various physiological processes in different insects was reported (Table
1.6). Furthermore, different interneurons next to the pars lateralis cells express
corazonin in different insects. This diverse neuronal architecture also implies multiple
biological functions (Veenstra and Davis, 1993; Cantera et al., 1994; Schoofs et al.,
2000; Hansen et al., 2001; Siegmund and Korge, 2001; Roller et al., 2003; Roller et al.,
2006; Sehadova et al., 2007; Wen and Lee, 2008). Even though a general function
common in every insect still needs to be determined, it was proposed that corazonin
might be involved in nutritional stress signaling (Veenstra, 2009).
Moreover, some evidence points to a function in the circadian system for corazonin in
several species. One the one hand, the neuroendocrine cells of the pars lateralis contain
PER in several species (Wise et al., 2002; Choi et al., 2005; Sehadova et al., 2007; Wen
and Lee, 2008). Furthermore, in D. melanogaster these cells are putative targets of
PDF-expressing s-LNvs (Choi et al., 2005). Additionally, the corazonin expression is
upregulated in clock mutants (Choi et al., 2005). Corazonin might therefore be directly
under clock control and provide an output signal of the circadian network. This is in
accordance with flies lacking the corazonin receptor, which showed normal circadian
locomotor rhythms (Sha et al., 2014). The neuropeptide is thus not necessary to
maintain stable clock gene expression and rhythmic locomotor behavior in D.
melanogaster, whereas an additional function as input factor to the circadian network
can not be excluded.
Furthermore in cockroaches, one local interneuron in the optic lobe showed corazonin
immunoreactivity (Veenstra and Davis, 1993; Petri et al., 1995; Wen and Lee, 2008).
This cell connected the median layer of the medulla with the shell neuropil of the AME
in R. maderae (Petri et al., 1995). This distribution pattern implies a more direct
involvement in the circadian network besides a putative function as output factor.
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1.4.2. MIPs
The first MIP was isolated from the locust Locusta migratoria. Application of this
peptide resulted in suppression of spontaneous contractions of the hindgut and oviduct
of L. migratoria and the hindgut of R. maderae (Schoofs et al., 1991). This inhibitory
effect on visceral muscles was also reported in moths (Blackburn et al., 1995;
Blackburn et al., 2001).
Since the description of the first MIP, a number of peptides belonging to this
family were identified in various insects. For instance, until now five MIPs were
identified in D. melanogaster (Williamson et al., 2001; Baggerman et al., 2002), six in
Manduca sexta (Blackburn et al., 1995; Blackburn et al., 2001), seven in the
hemimetabolic Acyrthosiphon pisum (Huybrechts et al., 2010), four in the cricket
Gryllus bimaculatus (Lorenz et al., 1995; Wang et al., 2004) and two in the American
cockroach P. americana (Predel et al., 2001; Neupert et al., 2012). All MIPs are
characterized by a W(X5-8)W motif at the amidated C-terminus (Conzelmann et al.,
2013).
Since they did not only function as myoinhibitory signals but also demonstrated
allatostatic effects on the juvenile hormone synthesis in G. bimaculatus, they were also
characterized as type B allatostatins (Lorenz et al., 1995; Lorenz et al., 1999).
Moreover, MIPs inhibited ecdysteroidogenesis in moth prothoracic glands and cricket
ovary (Lorenz et al., 1997; Hua et al., 1999), adipokinetic hormone release in locusts
(Vullings et al., 1999) and decreased food consumption in the German cockroach
Blatella germanica (Aguilar et al., 2006).
In R. maderae five different MIPs, which are most likely all processed from the
same precursor, were identified until now (Schulze et al., 2012). Besides the occurrence
in various neuropils of the brain, MIPs were also present in six of the seven soma
groups associated with the AME (Schulze et al. 2012). Here, various colocalizations
between MIPs and other neurotransmitters and –peptides were observed (Schendzielorz
and Stengl, 2014; Table 1.3). Since the dense interglomerular neuropil of the AME
showed particular strong MIP immunoreactivity, a function in light entrainment was
suggested (Schulze et al. 2012; Schendzielorz and Stengl, 2014). Further evidences
suggested a function in coupling of both pacemakers for this neuropeptide (Schulze et
al. 2012; Schendzielorz and Stengl, 2014). However, it remains uncertain which of the
approximately 30 MIP-ir cells serves this function. Nonetheless, injection experiments
demonstrated that at least Rhyparobia-MIP-1 and –MIP-2 serve as input signals into the
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circadian pacemaker (Schulze et al., 2012; Schulze et al., 2013; Schendzielorz and
Stengl, 2014).

1.4.3. PDF
PDF is a structurally and functionally conserved neuropeptide which occurs in the
nervous system of numerous insects. In addition, members of this peptide family were
identified in a broad range of crustaceans, insect, molluscs and nematodes.
The first member of this peptide family was isolated in 1979 from the caridean
shrimp Pandalus borealis and later termed pigment-dispersing hormone (PDH) due to
its function in the regulation of release and dispersion of pigments from chromatophores
in crustaceans (Fernlund, 1976; Kleinholz, 1976; Rao and Riehm, 1993). Subsequently,
a structurally related peptide with pigment-dispersing abilities was isolated from the
eyestalks of Uca pugilator. This peptide differed at six positions from the original
isolated α-PDH and was designated β-PDH (Rao et al., 1985). Until now, all known
crustaceans PDHs are octadecapeptides with a N-terminal asparagine and an amidated
alanine at the C-terminus, with the exception of PDHs found in Daphnia pulex and
Orconectes limosus which posses an amidated valine (Fernlund, 1976; Rao and Riehm,
1989; Meelkop et al., 2011).
Interestingly, extracts from the heads of insects had similar pigment-dispersing
effects. The peptides initiating this process are structurally related to crustacean‟s
β-PDH. Since they share 50% of the amino acid sequence and also contain the same
residues at N- and C-terminus, they were termed PDF (Rao et al., 1987).

PDF in the circadian network
Since the first localization of PDF in the brain of the grasshopper Romalea
microptera (Zahnow et al., 1987), the distribution pattern of this peptide was well
studied in several insect species. In optic lobes of orthopteroid insects always three
distinct clusters of immunoreactive cells occurred. One lies ventrally to the AME, while
at the dorsal and the ventral edge of the lamina two additional groups existed (Homberg
et al., 1991; Nässel et al., 1991; Sato et al., 2002; Sehadova et al., 2003; Honda et al.,
2006; Wen and Lee, 2008). The distribution pattern of PDF-ir neurons is best
characterized in R. maderae. The dorsal- and ventral PDF lamina cells branch in the
lamina and apparently also in distal layers of the medulla and the AME. Their
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physiological function is still under investigation (Stengl and Homberg, 1994). On the
other hand, the cluster of PDF medulla cells (PDFMe) can be further subdivided into
approximately twelve anterior and four posterior cells (Reischig and Stengl, 2003b;
Soehler et al., 2011). According to their size, the anterior cell group can be further
subdivided into four large – one of them with a particular large somata – four medium
and four small neurons. While the large and medium sized cells belong to the group of
VNes, the small PDF-ir cell are local interneurons belonging to the DFVNes (Reischig
and Stengl, 1996). Interestingly, also the vesicle content of the large and medium sized
PDF-ir neurons differ. The large cells contain medium sized DCVs, while the medium
sized cells contain large DCVs (Reischig and Stengl, 1996). The large cells mostly
branch in the shell and anterior neuropil of the AME, and thus could provide input
signals or receive output signals, while the medium-sized ones branch mainly into the
interglomerular neuropil (Reischig and Stengl, 2003b). Furthermore, approximately six
additional PDF-ir cells lie in a cell cortex posterior to the medulla, also innervating the
AME (Reischig and Stengl, 2003b; Wei et al., 2010; Soehler et al., 2011). Besides
connecting both AMAE (Reischig et al., 2004; Soehler et al., 2011; see also Chapter
1.3.3), various areas in the median and lateral protocerebrum are targeted by PDF-ir
fibers (Wei et al., 2010). Especially the connection between the AME and the median
and lateral protocerebrum via PDF-ir neurites is of particular importance for the
synchronization of rhythmic locomotor behavior (Stengl and Homberg, 1994; Reischig
and Stengl, 2003a). Furthermore, PDF-ir fibers connect the AME with the posterior
optic tubercle, which in turn is connected to the central complex, comprising a possible
pathway to relay time information necessary for sun compass orientation (Heinze and
Homberg, 2007). Besides its ability to phase shift the cockroach‟s clock, PDF also
forms assembles of synchronized cells when applied in electrophysiological recordings,
supportive for its role as network coordinator (Schneider and Stengl, 2005).
Similar functions were reported for D. melanogaster. Here, PDF is also necessary for
normal eclosion rhythms, for the anticipation of dusk and dawn under LD conditions, as
well as for rhythmic locomotor behavior under constant conditions (Renn et al., 1999;
Myers et al., 2003). Furthermore, it is essential for proper synchronization of single
neurons in the circadian network (Guo et al., 2014) and has a direct effect on the clock
genes PER and TIM (see also Chapter 1.4.5). Recent studies also suggested a function
in light entrainment. It was proposed that the l-LNvs, which are contacted by the
Hofbauer Buchner eyelets, relay light information to the s-LNvs through PDF-signaling.
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These, in turn, transfer the information to the remaining network also via PDF secretion
(Choi et al., 2012; Guo et al., 2014).
Furthermore, the PDF-levels at axon terminals oscillate with a daily pattern, with
the highest concentration at the early morning and the lowest level one hour after dark
(Park et al., 2000). Moreover, the morphology of axon terminals from s-LNvs changes
over the day, showing a more complex pattern during the day than during the night.
This clock regulated plasticity is indicative for a function in the regulation of
downstream information transmission (Fernandez et al., 2008). Unfortunately, neither in
the blow fly nor in the cockroach immunostainings were sufficient to provide such
information and it still remains to be investigated when PDF is released (Nässel et al.,
1991; Hamasaka et al., 2005a).
Although structurally different, the vasoactive intestinal (poly)peptide (VIP) of
mammalians is the functional homologue of PDF, since both peptides are essential to
maintain clock synchrony (Aton and Herzog, 2005; Vosko et al., 2007).

PDF functions outside of brain circuits
Besides its local function in circadian circuits, a further function as neurohormone in
certain insects like locusts, termites, flies, crickets or stick insects was suggested
(Homberg et al., 1991; Nässel et al., 1993; Persson et al., 2001; Sehadova et al., 2003).
This assumption is based on the occurrence of further PDF-ir somata, which are either
located in the pars intercerebralis projecting towards the retrocerebral complex,
contacting the corpora allata via the recurrent nerve of the frontal ganglion or placed in
the ventral nerve cord. In addition, terminals of the abdominal PDF cells seemed to
contact peripheral neurohemal release sites (Homberg et al., 1991; Nässel et al., 1993;
Persson et al, 2001; Sehadova et al., 2003).
Furthermore, the number of abdominal PDF-ir somata also varies among species. In D.
melanogaster, six somata occured in the fused abdominal ganglion, while the closely
related blow fly Phormia terraenovae expressed it in even more abdominal neurons
(Nässel et al., 1993). Although, in S. gregaria in all abdominal ganglia but in no
throracic ganglion PDF expressing somata occurred, the cockroach B. germania,
expressed PDF only in two somata in the supeosophageal ganglion outside of the brain
(Wen and Lee, 2008). Nevertheless, for R. maderae it remains to be investigated
whether PDF is expressed in somata outside of the brain.
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Furthermore, the PDF-ir cells outside of the brain might not play a part in the circadian
network. On the on hand, the abdominal cells of Drosophila did not colocalize any
clock gene product and were not affected by clock gene mutations (Nässel et al., 1993;
Blau and Young, 1999; Park et al., 2000). On the other hand, PDF levels in the
hemolymph of L. migratoria did not differ significantly from each other over the course
of one day, supporting also a clock independent function as neurohormone (Persson et
al., 2001).

1.4.4. SIFamide
Since the identification of the first SIFamide in the grey flesh fly Neobellieria bullata
(Janssen et al., 1996) several isoforms in various crustaceans, insects, a tick, and a mite
were described. Arthropod SIFamides posses a high degree of conservation with a few
variation at the N-terminus, often only at the first amino acid (Table 1.7; Janssen et al.,
1996; Riehle et al., 2002; Sithigorngul et al., 2002; Huybrechts et al., 2003; Verleyen et
al., 2004; Yasuda et al., 2004; Christie et al., 2006; Christie et al., 2007; Stemmler et al.,
2007; Christie, 2008; Li et al., 2008; Weaver and Audsley, 2008; Ons et al., 2009;
Verleyen et al., 2009; Neupert et al., 2012; Veenstra et al., 2012; Zoephel et al., 2012;
Tanaka et al., 2014). “Moreover, the distribution pattern of SIFamide in central nervous
systems of different holometabolous insects is also very similar (Janssen et al., 1996;
Verleyen et al., 2004; Terhzaz et al., 2007). In the holometabolous insects N. bullata,
the mosquito Anopheles gambiae, the moth Galleria mellonella, the alder leaf beetle
Agelestica alni, the honeybee Apis mellifera, the hawk moth M. sexta, the cabbage root
fly Delia radicum,(…) D. melanogaster, and also in the hemimetabolous insects, the
American cockroach P. americana and the desert locust Schistocerca gregaria, four
relatively large somata in the pars intercerebralis were SIFamide-immunoreactive
(SIFamide-ir; Janssen et al., 1996; Verleyen et al., 2004; Terhzaz et al., 2007; Galizia
and Kreissl, 2012; Heuer et al., 2012; Neupert et al., 2012; Zoephel et al., 2012;
Gellerer et al., 2015). In some species only in the imago these prominent cells form
wide-spread arborizations throughout the whole brain, indicative of an important, highly
conserved neuromodulatory function in adults (Janssen et al., 1996; Verleyen et al.,
2004; Galizia and Kreissl, 2012). However, the physiological role of SIFamide is still
not completely understood. Some behavioral data from D. melanogaster points towards
a function in neuronal circuits involved in mating behavior and/or sleep regulation.
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Table 1.7: SIFamide isoforms found in arthropods.

Sequence

Species

Class

Reference

Locusta migratoria

Insecta

Gellert et al., 2015

Schistocerca gregaria

Insecta

Gellert et al., 2015

Stenobothrus lineatus

Insecta

Gellert et al., 2015

Nilaparvata lugens

Insecta

Tanaka et al., 2014

Agelastica alni

Insecta

Verleyen et al., 2004

Apis mellifera

Insecta

Verleyen et al., 2004

Delia radicum

Insecta

Zoephel et al., 2012

Insecta

Terhzaz et al., 2007

Galleria mellonella

Insecta

Verleyen et al., 2004

Ixodes scapularis

Arachnida

Verleyen et al., 2009

Nasonia vitripennis

Insecta

Verleyen et al., 2009

Neobellieria bullata

Insecta

Janssen et al., 1996

Anopheles gambie

Insecta

Riehle et al., 2002

Cancer borealis

Malacostraca

Huybrechts et al., 2003

Cancer magister

Malacostraca

Christie et al., 2007

Carcinus maenas

Malacostraca

Ma et al., 2009

Cancer productus

Malacostraca

Christie et al., 2007

Penaeus monodon

Malacostraca

Sithigorngul et al., 2002

Procambarus clarkii

Malacostraca

Yasuda et al,. 2004

Aphis gossypii

Insecta

Christie, 2008

Bombyx mori

Insecta

Verleyen et al., 2009

Periplaneta americana

Insecta

Neupert et al., 2012

Tenebrio molitor

Insecta

Weaver and Audsley, 2008

Tribolium castaneum

Insecta

Li et al., 2008

Rhodnius prolixus

Insecta

Ons et al. 2009

Homarus americanus

Malacostraca

Christie et al., 2006

Homarus gammarus

Malacostraca

Stemmler et al., 2007

____FRKPPFNGSIFamide

Acyrthosiphon pisum

Insecta

Verleyen et al., 2009

____RKPPLNGSIFamide

Tetranychus urticae

Arachnida

Veenstra et al., 2012

____TRKLPFNGSIFamide

Daphnia pulex

Branchiopoda

Verleyen et al., 2009

AAATFRRPPFNGSIFamide

___AYKKPPFNGSIFamide

___AYRKPPFNGSIFamide

___GYRKPPFNGSIFamide

___GFRKPPFNGSIFamide

___TYRKPPFNGSIFamide

___TYKKPPFNGSIFamide
___VYRKPPFNGSIFamide

Drosophila
melanogaster

Adapted from Arendt et al., 2015.

Knockdown of the peptide or its receptor with RNA interference resulted in flies
expressing a short sleep phenotype (Park et al., 2014). Furthermore, SIFamide
knockdowns as well as ablation of SIFamide containing cells also resulted in males
which performed non-discriminative courtship directed at either sex and in females with
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elevated sexual receptivity (Terhzaz et al., 2007).” (Arendt et al., 2015). SIFamide most
likely affects the sexual beahivor by diretly acting on fruitless expressing neurons
(Sellami and Veenstra, 2015). “In a crustacean, the fresh water prawn Macrobrachium
rosenbergii, SIFamide modulates dominance and aggression of individuals, which is
also associated with mating behavior (Vazquez-Acevedo et al., 2009). In addition,
immunocytochemical data from S. gregaria suggested a developmental function of the
four large SIFamide-expressing cells in the organisation of the central nervous systems
in insects. Multiple-label experiments characterized the four large SIFamide-expressing
(…) cells of the pars intercerebralis as primary commissure pioneer neurons, which are
SIFamide-, leucokinin I-, and apparently also histamine-ir (Gellerer et al., 2015). The
study focusing on S. gregaria is the only detailed description of SIFamide distribution
in a hemimetabolous insect so far. In locusts, in addition to the four large cells in the
pars intercerebralis a group ventrally to the calyx also showed SIFamide
immunoreactivity” (Arendt et al., 2015). Furthermore, also the AME of S. gregaria was
innervated by SIFamide-ir fibres (Gellerer et al., 2015). Thus, a better characterization
of SIFamide in cockroaches might also contribute to a better understanding of the
circadian system, especially since mating behavior and sleep are under circadian control
(Borbély, 1982; Rymer et al., 2007).

1.4.5. Neuropeptide receptors and signal transduction mechanisms
After their release, most neuropeptides bind with a high affinity to their receptor (Mains
and Eipper, 2005). Although peptide-gated ion channels were described in the mollusca
Helix aspersa (Cottrell et al., 1990; Cottrell, 1997) and the Hydra polyp (Golubovic et
al., 2007), these seem to be rather the exception than the rule. Even though related ion
channels of the same family can be found in D. melanogaster, a peptide mediated
opening of an ion channel was not reported for insects so far (Grunder and Assmann,
2015). In addition, signal transduction mechanisms via the activation of the extracellular
signal-regulated kinase (ERK) pathway or membrane bound guanylate cyclase receptors
were described (Chang et al., 2009; Rewitz et al., 2009).
Commonly, peptides bind to heterotrimeric (consisting of alpha, beta, gamma subunits)
guanine nucleotide-binding protein coupled receptors (GPCRs). According to sequence
similarities and phylogenetic relationships, insect GPCRs are grouped into four different
families: the rhodopsin family (A), the secretin-receptor family (B), the metabotropic
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glutamate receptor family (C), and atypical receptors (D; Kolakowski, 1994; Luttrell,
2008).
Nevertheless, all GPCRs share the same structure and consist of a extracellular
N-terminus, seven hydrophobic membrane-spanning domains and an intracellular
C-terminus (Luttrell, 2008).
After binding of an extracellular ligand a cascade is initialized. The Gαs protein
dissociates from the β–subunit and activates an adenylate cyclase (AC) and thus
increases the cyclic adenosine monophosphate (cAMP) concentration. In contrast, the
Gαi/o protein will inhibit this enzyme. If a Gαq protein is associated with the GPCR,
ligand binding will lead to the activation of a phospholipase Cβ which hydrolyses
phosphatidylinositol 4,5-bisphosphate (PIP2) to equimolar amounts of inositol
trisphosphate (IP3)and diacylglycerol (DAG).
Furthermore, the activity of these receptors can be regulated via phosphorylation, or
expression, and membrane insertion (Ferguson, 2001; Kohout and Lefkowitz, 2003;
Root et al., 2011).
The sequencing of insect genomes provided the opportunity to identify and compare
GPCRs among several insect species. In the Drosophila genome, genes for
approximately 160 GPCRs were annotated, of which about 45 bind neuropeptides
(Hewes and Taghert, 2001; Hauser et al., 2006b; Bendena et al., 2012).While in A.
mellifera at least 35 neuropeptide GPCRs were identified (Hauser et al., 2006a), T.
castaneum expresses about 48 neuropeptide receptors (Hauser et al., 2008) and A. pisum
about 42 neuropeptide receptors (Li et al., 2013). However, not for all receptors the
respective ligands were identified and the regarding GPCRs remain orphan. Even if the
ligand of the receptor is known, the signal transduction mechanisms can remain obscure
(Langenhan et al., 2015).
The respective receptors for corazonin, PDF, MIP and SIFamide are known and in some
cases data about signal transduction mechanisms were already acquired. In 2002, the
corazonin receptor of Drosophila was cloned and deorphanized (Cazzamali et al.,
2002). Since then, it was demonstrated that corazonin and its receptor were evolutionary
linked to the adipokinetic hormone (AKH) and the AKH/corazonin related peptide
(ACP) and their respective receptors as well as to the gonadotropin-releasing hormone
signalling system of mammals (Hauser and Grimmelikhuijzen, 2014). Furthermore,
transgenetic studies suggested that the signal transduction pathway of corazonin
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involves, at least in some cells, a cAMP-dependent activation of protein kinase A (PKA;
Sha et al., 2014).
The PDF receptor of Drosophila is a member of the secretin receptor family and closely
related to the mammalian calcitonin receptor (Hewes and Taghert, 2001; Mertens et al.,
2004; Hyun et al., 2005). It signals via cAMP and Ca2+ increase (Hyun et al., 2005;
Mertens et al., 2005; Shafer et al., 2008; Duvall and Taghert, 2012), resulting in a PKA
mediated stabilization of the clock proteins PER (Li et al., 2014) or TIM (Seluzicki et
al., 2014). Interestingly, different types of adenylyl cyclases are used in different clock
neurons (Duvall and Taghert, 2012; Duvall and Taghert, 2013). Furthermore, in a subset
of neurons PDF receptor activation leads to Gq-mediated Ca2+ increases (Agrawal et al.,
2013).
Also in the Madeira cockroach, a cAMP-dependent signal transduction mechanism was
demonstrated (Wei et al., 2014; Figure 9.3). In addition, cAMP-independent Ca2+
elevations were observed (Wei et al., 2014).
Until now, the sex peptide receptor (SPR) is the only receptor that can be
stimulated by MIP (Kim et al., 2010; Poels et al., 2010; Yamanaka et al., 2010). Data
from Drosophila mutants with impaired cAMP signal transduction pathways point to
signaling via the cAMP pathway (Chapman et al., 1996), while heterologous expression
of the SPR (Yapici et al., 2008; Poels et al., 2010) as well as expression of an Epacbased cAMP sensor in certain neurons (Oh et al., 2014) indicate a regulation of
cAMP-levels via Gαi/o. This receptor-ligand pair is also highly conserved among several
species. Several evidences indicate that MIP rather than the sex peptide is the ancestral
ligand of the SPR (Kim et al., 2010; Poels et al., 2010; Conzelmann et al., 2013; Oh et
al., 2014).
Although the SIFamide receptor was cloned and deorphanized, little is known
about the signal transduction mechanisms of it. Some evidence point to the involvement
of Ca2+ in the signal transduction cascade (Gwack et al., 2006; Agrawal et al., 2013).
Interestingly, the high degree of conservation observed for the sequence and distribution
patter of the peptide in insect brains is also reflected in the sequence of the receptor
(Jorgensen et al., 2006; Simo et al., 2013).
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2.

Aims of this study

To further analyze the circadian network of R. maderae, the function of several highly
conserved neuropeptides was investigated with different approaches.
This study focused first on the neuropeptide SIFamide. Several studies
demonstrated a high degree in conservation regarding its sequence and distribution
pattern in several insects, but not much was known about SIFamide in hemimetabolous
insects and cockroaches in particular. Studies from D. melanogaster suggested an
involvement in the control of mating and sleeping. Since both processes are under
circadian clock control, the SIFamide function in the clockwork of R. maderae was
examined.
Another peptide which is highly conserved is corazonin. Although this peptide is
expressed by a single neuron associated with the AME its function in the circadian
network remains elusive. Therefore, injection experiments in combination with
multiple-lable immunocytochemistry and backfills from the contralateral optic lobe
were applied to reveal the functional role of this peptide in R. maderae.
Furthermore, results from previous studies strongly indicated that MIPs are used
to synchronize both pacemakers. However, it remained elusive how many of the MIP
expressing neurons are involved in this process and to which medulla commissural
group these cells belong to. Additional backfill experiments in combination with
immunostainings were performed to answer these questions.
Although the distribution of the neuropeptide PDF in the brain of R. maderae as
well as its function in the circadian network is well characterized, some open questions
still remained. It was not known if the peptide also plays a role in the supraesophageal
ganglion, or the ventral nerve cord. Furthermore, even though PDF is considered as
most important coupling factor in the circadian system of several insects and
responsible for the control of locomotor activity rhythms, only little is known about
times of peptide release. To further investigate the function of the peptide, its
distribution in the whole nervous system as well as its concentration in the brain of
individual cockroaches were investigated.
Furthermore, various studies demonstrated certain cells of the circadian network
of D. melanogaster can be assigned to a dual oscillator system, the M- and the Eoscillators. The M-oscillator controls morning activity while the E-oscillator circuit
affects activity at the evening. Interestingly, these cells contain different sets of
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neuropeptides. One of those is again PDF, which is associated with the M-oscillator
circuit and known to increase intracellular cAMP-levels after binding to a G-protein
coupled receptor. Since not only PDF but most neuropeptides act via G-protein coupled
signal transduction cascades second messenger levels in the AME and optic lobes under
ZT and constant conditions were investigated to search for indications of a dual
oscillator system in the circadian network of R. maderae.
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3.

Material and methods

3.1.

Animal rearing

Adult male cockroaches of the species R. maderae
were taken from laboratory colonies for all
experiments. Here, animals were reared under a
12:12-hour light/dark (LD) cycle at 25° C room
temperature (RT) with 50 % relative humidity. Food
and

water

were

provided

ad

libitum.

For

immunocytochemical experiments animals were
collected at various ZTs, while for enzyme-linked
immunosorbent assays (ELISAs) cockroaches were
collected at Zeitgeber time (ZT) 6, 12, 18, and 24 or
in case of experiments quantifying cyclic nucleotide
levels additionally also always twelve animals were
isolated together from the colonies, put into a clay
flowerpot during the dark phase and transferred to
constant conditions. In this clay vessel also food and

Figure 3.1: View on the ventral side of a
male Rhyparobia maderae. The picture was
kindly provided by Achim Werckenthin.

water were provided. These animals were dissected
either at CT 6, 12, 18, or 24 at the next day or the day after this. Furthermore, for the
analysis and comparison of the SIFamide immunoreactivity in cockroaches (chapter 4),
the two additional species Therea petiveriana and P. americana were considered.
Animals of these species were taken from laboratory colonies of the University of
Cologne and kindly provided by Dr. Susanne Neupert.

3.2.

Behavioral experiments

Running wheel experiments in combination with peptide-injections were performed as
described in Schulze et al. (2013), to evaluate the influence of different neuropeptides
on the phase and period length of the circadian pacemaker.
3.2.1. Running wheel assay
Animals were collected from laboratory colonies and transferred to constant darkness
and constant temperature (25° C). To analyze the circadian locomotor pattern,
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Figure 3.2: Schematic outline of the experimental setup applied to record and analyze the circadian locomotor
activity of the cockroach Rhyparobia maderae. A. Individual cockroaches were put into running wheels equipped
with two magnets. Magnetic field sensors were used to register the revolutions per minute. B. During the
experiments, cockroaches had constantly access to food and water, provided by a wick inside of a plastic pipette. C.
The activity patterns of 16 cockroaches, housed together in a light-tight box, were recorded by a detection united.
Data was saved as a .txt-file onto a secure digital memory card.

cockroaches were put into running- wheels equipped with two magnets. Here, they also
had access to food and water ad libitum. Magnetic field sensors connected to a detection
unit were used to record the revolutions per minute. The recorded data was saved as
text-file by a custom made program written by Christian Lohrey (Elektronikwerkstatt,
University of Kassel) onto a secure digital memory card (Figure 3.2). Subsequently,
actograms from recorded activity patterns were created and analyzed using ActrogramJ,
a software plug-in for the open source software ImageJ developed at the University of
Würzburg (Schmid et al., 2011). ActogramJ was used to determine the activity onset as
well as the period length τ of each animal by performing chi-square periodogram
analysis. For this, always recordings of at least six consecutive days were considered.
Injections of neuropeptides and control injections were performed at different time
points covering the whole circadian day. The peptides considered in these experiments
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are summarized in Table 3.1. To calculate the time point of injection a linear regression
through the onset of activity was performed. Hereby the determined period length of the
animal was considered as slope in the linear equation and CT12 was defined as the
onset of activity. The same analysis was performed after the injection. The phase shift
Δφ corresponded to the difference of the linear regression before and after the injection
at the day of the injection.
Injections
Animals were taken out of the running wheels, anesthetized with CO2 and fixated in a
metal holder. The compound eye was penetrated at the dorsal edge with a canula
(Sterican 27G; B. Braun, Melsungen, Germany) attached to a precise dispenser tip.
Using a repetitive pipette (Handystep; Brand, Wertheim, Germany) 2 µl of peptide
dissolved in insect saline (containing 128 mM NaCl, 2,7 mM KCl, 2mM CaCl2, and 1,2
mM NaHCO3 at pH 7.25) or insect saline alone as control were injected into the
cockroach‟s hemolymph of the head capsule in close vicinity to the median
protocerebrum under microscopic assistance. All processes were carried out under red
light conditions (Schulze et al., 2013). In the text, phase shifts were always stated as
mean of phase shifts in circadian hours ± standard error.
For the preparation of PRCs, 10-6 M of synthetic peptides (Table 3.1) were considered,
while dose dependency was evaluated after injections of 10-3, 10-6, and 10-9 M of
synthetic peptides, corresponding to applied doses of 2 x 10-9, 2 x 10-12, and 2 x 10-15
mol. For the dose-dependency, only injections at the CT with the strongest Δφ were
performed.
Table 3.1: Synthetic peptides used in injection experiments

Designation

Sequence

Referenz

Source

Rhm-Corazonin

pQTFQYSRGWTNamide

Predel et al., 2007

Biomatik

Rhm-MIP-2

GWRDLQGGWamide

Schulze et al., 2012

Biomatik

Rhm-PDF

NSELINSLLGLPKVLNDAamide

Hamasaka et al., 2005a

Iris Biotech

Rhm-SIFamide

TYRKPPFNGSIFamide

Arendt et al., 2015

Biomatik

Data analysis
Since normality tests (Shapiro-Wilk test) revealed no normal distribution at least in
some data sets, only non-parametric tests were used. First of all, phase shifts were
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pooled into three hour bins. Subsequently, phase shifts caused by peptide injections
were compared with each other, using the Kruskal-Wallis test followed by Dunn‟s posthoc test, to reveal CT-dependent effects. If CT-dependent effects were detected, phase
shifts after peptide injections were compared with control injections at the same CT.
Here, also the Kruskal-Wallis test followed by Dunn‟s post-hoc test was used. To
determine a dose dependency, effects of different neuropeptide doses were compared
with control injections using the same statistical tests. To reveal influence of the
performed injections on τ, data sets were analyzed using the Mann-Whitney test. To
analyze effects on total activity levels, at bins with maximal peptide effect, “revolutions
of running wheels per hour (RWR/h) were evaluated. Measured values were stated as
mean ± standard error. Since not all animals started with rhythmic locomotor activity at
the next but after a variable number of days, activity levels one day before the injection,
one day after the injection but also at the day of beginning of rhythmic activity were
considered. (…) Activity levels at the day before the injection were compared with
both, the running wheel activity one day after injection and at the day of beginning
rhythmic activity, using the Wilcoxon test” (Arendt et al., 2015). For all these statistical
analysis Prism 6 (GraphPad Software, San Diego, USA) was used. Graphs showing
dose-dependency were also created with Prism 6 in combination with CorelDRAW X5
(Corel Corporation, Ottawa, Canada).
To calculate inflection points, binned phase shifts were plotted against the CT using
OriginPro 8 (OriginLab Corporation, Northampton, USA). With the interpolation tool
of the program a cubic B-Spline was fitted to the data and the second order derivative
was calculated. Subsequently, zero of this function was calculated which corresponds to
inflection points of the PRC. Furthermore, all graphs showing phase shifts or PRCs
were created using OriginPro 8 in combination with CorelDRAW X5.

3.3.

Immunocytochemical experiments

3.3.1. Dissection and fixation of tissue
Cockroaches were anesthetized in ice cold water and decapitated. With fine forceps and
ultra-fine scissors, brains, corpora cardiaca and corpora allata, or frontal ganglia were
exposed, dissected and transferred into either 4% formaldehyde in 0.1 M phosphate
buffered saline (Rothi-Histofix, Carl Roth, Karlsruhe, Germany), or 4% Rothi-Histofix
with 0.1% glutaraldehyde (GA; Sigma Aldrich, Munich, Germany), or 4% 1-Ethyl-3-(3-
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dimethylaminopropyl)carbodiimide (EDAC; Sigma Aldrich, Munich, Germany) in
phosphate buffer (PB; containing 78.8 mM Na2HPO4 x 2 H2O and 19 mM NaH2PO4 x
H2O at pH 7.4), depending on the applied primary antibodies. Fixation in EDAC was
necessary to obtain histamine-immunoreactivity while GA containing fixatives were
used for staining against GABA. Fixation was performed for two hours at room
temperature with GA containing fixatives, 4 hours at room temperature with RothiHistofix and two hours on ice with EDAC in PB. Subsequently, tissue was washed four
times for 15 minutes in tris buffered saline (TBS), containing 300 mM NaCl, 84 mM
TrisHCl, and 16 mM TrisBase at pH 7.4 with 0.1% Triton X-100 (TBS 0.1% TrX).
Tissue was then embedded in albumin gelatin and transferred into 10% formaldehyde in
phosphate buffer (PB) for post-fixation. Post-fixation was allowed to take place over
night at 4°C.
3.3.2. Single staining
Gelatin blocks were sectioned with a vibrating blade microtome (VT 1000; Leica,
Wetzlar, Germany) at a thickness of 40 µm for fluorescence staining or 30 µm for
peroxidase labeling and collected in well plates filled with PB. For this, one brain was
always separated into two wells. Sections were washed three times with TBS 0.1% TrX.
If not stated otherwise, all washing steps were performed this way. Subsequently,
sections were incubated in 5% normal goat serum (NGS) in TBS 0.5% TrX for two
hours to block unspecific binding. Next, primary antibodies diluted in TBS 0.5% TrX
with 2% NGS were applied. Sections were incubated over night in primary antibody
solution (primary antibodies used in this study are characterized in Chapter 3.3.8 and
summarized in Table 3.2).
After a washing step, detection with secondary antibodies followed. Here, either
fluorescence conjugated immunoglobulin Gs (IgGs) or horseradish peroxidase
conjugated IgGs were used (see Table 3.4 for details), dissolved in TBS 0.5% TrX
containing 2% NGS. Afterwards, fluorescence labeled sections were washed and
mounted onto chromalum/gelatin coated microscope slides, while the peroxidase
labeled sections were incubated with 0.03% of 3,3-diaminobenzidine tetrahydrochloride
(DAB; Sigma-Aldrich, Munich, Germany), 0.015 % H2O2 and 0.6 % nickel(II)sulphatehexahydrate in Tris-HCl (0.55 M, pH 7.6) for 5-10 minutes to achieve enzymatic
catalyzed staining. Sections were washed again with TBS containing 0.1% TrX and
then also mounted on chromalum/gelatin coated microscope slides. After dehydration in
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a graded ethanol series, preparations were embedded in Entellan® (Merck, Darmstadt,
Germany).
3.3.3. Double staining with antibodies raised in different species
Dissection, sectioning, and preincubation of the tissue was performed as described for
single fluorescence staining (see Chapters 3.3.1 and 3.3.2). After preincubation, primary
antibodies raised in different species (Table 3.2) were applied simultaneously and
incubated over night. After a washing step, secondary antibodies were used for
detection. These were conjugated with different fluorophores and directed against the
constant regions (Fc-Fragments) of the respective primary antibody (Table 3.4).
Sections were incubated for two hours in secondary antibody solution, washed three
times with TBS 0.1% TrX, mounted on chromalum/gelatin coated microscope slides
and embedded in Entellan® (Merck, Darmstadt, Germany) after dehydration in a graded
ethanol series.
3.3.4. Double staining with two primary antibodies raised in rabbits
Again, sectioning and preincubation of tissue was performed as described for single
fluorescence staining (see Chapters 3.3.1 and 3.3.2). Subsequently, the first primary
antibody raised in rabbit, diluted in TBS 0.1% TrX containing 2% NGS, was added to
the sections and incubated over night. After washing with TBS 0.1% TrX, Goat-antiRabbit antigen-binding fragment (GaR-FAB) conjugated with a Alexa Fluor-647
fluorescence Dye (Jackson ImmunoResearch, West Grove, PA) were applied at a
dilution of 1:100 for three hours to detect the first primary antibody. Subsequently,
GaR-FAB (Jackson ImmunoResearch, West Grove, PA) was added at a dilution of
1:100 for one additional hour to block possibly remaining binding sites on the Fcfragment of the first primary antibody. After washing with TBS 0.1% TrX, sections
were incubated with the second primary antiserum raised in rabbit for at least twelve
hours and washed again. For detection a Cy-2 conjugated GaR-FAB (Jackson
ImmunoResearch, West Grove, PA, USA) was used and incubated for 2 hours at a
dilution of 1:300. Dehydration and embedding was done as described above (Chapter
3.3.2).
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3.3.5. Whole-mount immunohistochemistry
Dissection of the whole nervous system was performed as described by Werckenthin
(2014). Briefly, animals were anesthetized in ice cold water. Legs and wings were
removed and the remaining body was pinned down onto a wax filled petri dish. Scissors
were used to open the abdomen. Subsequently, the tissue was rinsed with insect saline.
All following steps were performed in this solution. Fat tissue, glands and the gut were
removed and the ventral nervous system was exposed. With fine scissors abdominal
ganglia were separated from the surrounding trachea. Dissections of the thoracic ganglia
were performed likewise. Next, the head was pinned down from the back and the brain
exposed. The optic nerves were cut and the esophagus was carefully removed. Then, the
brain and subesophageal ganglion (SOG) were separated from the remaining head shell.
The nervous system was pinned down into the wax dish with fine pins and fixated over
night in Rothi-Histofix.
After the fixation, remaining non neuronal tissue was carefully removed; the nervous
system was rinsed briefly, and then washed four times for 30 minutes in TBS.
Subsequently, it was incubated for one hour in 1 mg collagenase/dispase (Roche,
Mannheim, Germany) dissolved in 1 ml TBS at 37°C to enzymatically digest the
ganglionic sheat and hence increase the permeability of the antibodies. All following
washing and incubation steps were performed, using TBS 0.3% TrX. After washing for
four times 30 minutes, the nervous system was preincubated with 5% NGS, 1% bovine
serum albumin (BSA) and 0.02% sodium azide for up to two days at 4°C, followed by
incubation with primary antibodies with 2% NGS and 0.02% sodium azide.
Whole-mounts were incubated between three and five days at 4°C and two different
primary antibodies (Table 3.2) were used to label the PDF-pattern in the nervous system
of R. maderae. Subsequently, the nervous system was washed four times for thirty
minutes and secondary antibodies were added. Again, incubation was allowed to take
place between three and five days at 4°C. After a last washing step, the whole-mounts
were dehydrated in a graded ethanol series, containing 50%, 70% 90% 96% and two
times 100% ethanol, followed by an incubation for 15 minutes in methylsalicylate 50:50
100% ethanol-mixture. To make the tissue more transparent, it was treated for at least
one hour with 100% methylsalicylate. Subsequently, the nervous systems were
embedded in Fisher Chemical Permount™ Mounting Medium (Fisher Scientific,
Schwerte, Germany) on selfmade coverslides. The used coverslides allowed confocal
scanning from both sides and were provided by Achim Werckenthin. Besides complete
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nervous systems, also whole mount preparations of single brains were performed. Here,
an antibody against corazonin was considered and brains were embedded between two
coverslips using eight spacers (Zweckform, Oberlaindern, Germany) to prevent
compression as described by Wei et al. (2010).
Table 3.2: Primary antibodies applied in this study

Antibody
Anti-MasAllatotropin

Anti-Corazonin
Antiγ-aminobutyric
acid (GABA)
Anti-Histamine

Anti-Pea-MIP-1
Anti-DrmPigment
dispersing
factor (PDF)
Anti-UcpPigment
dispersing
Hormone
(PDH)
Anti-DrmSIFamide

Immunogen
Manduca sexta Allatotropin
(GFKNVEMMTARGFamide)
conjugated to thyroglobulin
with glutaraldehyde
Periplaneta
americana
Corazonin
(pQTFQYSRGWTNamide)
coupled to bovine serum
albunin (BSA)
GABA conjugated to keyhole
limpet
hemocyanin
with
glutaraldehyde
Histamine
conjugated
to
keyhole limpet hemocyanin
with
1-Ethyl-3-(3dimethylaminopropyl)carbodiimid
Periplaneta americana MIP-1
(GWQDLQGGWamide)
conjugated to thyroglobulin
Drosophila melanogaster PDF
Peptide
(NSELINSLLSLPKNMNDAa)
Conjugates of synthetic Uca
pugilator / Cancer magister βPDH
(NSELINSILGLPKVMNDAa)
and bovine thyroglobulin
Drosophila
melanogaster
SIFamide
Peptide
(AYRKPPFNGSIFamide)
conjugated to thyroglobulin
using difluorodinitrobenzene

Host

Source /
characterization

RRID

SYNORF1 – Drosophila
synapsin I isoform

used

Rabbit
polyclonal

Veenstra and
Hagedorn, 1993

AB_2313973

1:2500

Rabbit
polyclonal

Veenstra and Davis,
1993

AB_2532101

1:1.000

Guinea pig
polyclonal

Protos Biotech, New
York (USA)

AB_2314455

1:1.000

Rabbit
polyclonal

Merck Millipore

AB_177540

1:25.000

Rabbit
polyclonal

Predel et al., 2001

AB_2314803

1:12.000

Mouse
monoclonal

Developmental
Studies Hybridoma
Bank; Cyran et al.,
2005

AB_760350

1:10001
1:52

Rabbit
polyclonal

Dircksen et al. 1987

AB_2315090

1:20.000

Rabbit
polyclonal

Terhzaz et al., 2006

AB_2314344

1:20.000

Developmental
AB_528479
Studies Hybridoma
Bank
1. – for vibratome sections; 2. – in whole-mount experiments as recommended by the manufacturer
Anti-SYNORF1
(Synapsin)

Dilution

Mouse
monoclonal

1:50

RRID. Research Resource Identifier

3.3.6. Surgical procedures
In one set of experiments optic lobes were removed three weeks before animals were
sacrificed and the complete nervous system was dissected. For this, animals were
stunned with CO2. During operational procedures they were constantly exposed to the
gas to maintain the anesthesia. Subsequently, animals were fixated on a wax filled petri
dish using Parafilm® M (Carl Roth, Karlsruhe, Germany). With a blade holder the head
capsule was opened median to the compound eyes. Fine forceps and micro-scissors
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were used to remove the optic lobes at either side of the brain. The head capsule was
closed again, using Surgibond tissue adhesive (SMI AG, St. Vith, Belgium) and animals
were allowed to recover in separate culture boxes placed in the animal culture room.
After three weeks, the complete nervous system of the animals was dissected and
processed as whole-mount preparation as described above (Chapter 3.3.5).
2014)
3.3.7. Immunostainings in combination with a neuronal tracer
Animals were anesthetized in ice cold water and fixated with pins onto a wax filled petri
dish and additionally fixated with Parafilm® M (Carl Roth, Karlsruhe, Germany). Under
constant CO2 anesthetization a small window was cut into the head capsule. Fine
forceps were used to remove fat tissue and to expose the optic lobe. Subsequently, the
optic stalk was cut with ultra fine scissors and a capillary with glass filament
(GC150TF-7.5, Hugo Sachs Elektronik - Harvard Apparatus GmbH, March-Hugstetten,
Germany) was filled with 5% (w/v) of Neurobiotin™ Tracer (Vector Laboratories Inc.,
Burlingame, California, USA). The tip of the capillary was broken on fine sandpaper to
adjust its size to the optic stalk. During the surgery, hemolymph was removed by
rinsing the exposed area with insect saline. After positioning the capillary over the optic
stalk, the animals were transferred to 4°C and the tracer was allowed to run overnight.
Afterwards, brains were dissected and treated as described in Chapter 3.3.3. Here,
Streptavidin conjugated with Cy™-2 or an Alexa® Fluor 405 Dye (Thermo Fisher
Scientific, Waltham, USA) was used for the detection of the tracer and applied together
with the secondary antibodies used for immunostaining.
3.3.8. Antibody characterization and test for specifity
Since the specifity of the antiserum is particularly important to reliably identify and
demonstrate the localization of proteins, neurotransmitter or peptides within the tissue
(Burry, 2011), a thorough characterization of the applied antibodies used in this study
(summarized in Table 3.2) is given. Furthermore, details about the performed tests to
exclude false positive results and cross reactivity within double stainings are provided.
Performed specifity test
To determine if the applied antibodies also bind the corresponding antigen in R.
maderae, they were incubated with different concentrations of synthetic peptides with
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R. maderae specific sequences or neurotransmitter conjugates. Antibodies were used in
normal working concentration (see table Table 3.2) and incubated with either 100, 10, 1
or 0.1 µM of synthetic peptides or prepared conjugates for at least five hours at room
temperature before they were applied to the tissue. The subsequent staining procedures
were performed as described above (Chapters 3.3.2 and 3.3.3).
To exclude cross-reactivity in double labeling experiments, two primary antibodies
raised in different species were incubated simultaneously with the synthetic antigen
which one of the two antibodies was directed against. The same experiment was
repeated with the other antigen.
Since the SIFamide antiserum was raised against a peptide with an amidated
phenylalanine

at

the

C-terminus,

it

was

incubated

with

synthetic

sNPF

(ANRSPSLRLRFamide) and LMS (pQDVDHVFLRFamide), both also carrying an
amidated phenylalanine common for members of the extended FaRPs, in this liquid
phase pre-adsorption assay. All performed pre-adsorption controls with Rhyparobia
specific synthetic peptides are summarized in Table 3.3.

Table 3.3: Pre-adsorption controls for applied antisera

Histamine-KLH conjugate

Rhm-MIP 1

Rhm–MIP 2

Rhm-PDF

Rhm-SIFamide

Rhm-sNPF

Rhm-Leuco-myosupressin

10b
+
Anti-Mas-Allatotropin
+
10
Anti-Corazonin
Anti-γ-aminobutyric acid
+
(GABA)
Anti-Histamine
+b
+
Anti-Pea-MIP-1
Anti-Drm-Pigment dispersing
factor (PDF)
Anti-Ucp- Pigment dispersing
Hormone
Anti-Drm-SIFamide
- = no pre-adsorbtion control performed

GABA-KLH conjugate

Rhm-Corazonin

Primary Antibody

Rhm-Allatotropin

Immunoreactivity was abolished after pre-adsorption with [µM]

10b

-

-

-

+

-

-

-

+b

10
-

0.1a

10

+a

-

-

-

-

-

+a

-

10a

+

-

-

-

-

-

-

100

-

-

-

-

-

-

-

+

10

+

+

-

-

+ = staining was not affected
1.

a.

Schulze et al. 2012; b. Schendzielorz and Stengl 2014

+b
+

+

+

-

-

-
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Allatotropin Antibody
To demonstrate the distribution of allatotropin in the circadian network of R. maderae a
polyclonal antiserum (research resource identifier [RRID]: 2313973; Table 3.2)
provided by Jan Veenstra was applied. The antibody was raised against the allatotropin
of the tobacco hornworm M. sexta (GFKNVEMMTARGFamide) conjugated to
thyroglobulin with GA (Veenstra and Hagedorn, 1993). It has already been applied in
studies investigating the distribution of allatotropin in the circadian network of R.
maderae (Petri et al., 1995; Schendzielorz and Stengl, 2014). Its ability to yield specific
staining was also demonstrated via liquid phase pre-adsorption (Schendzielorz and
Stengl 2014).
Corazonin Antibody
The applied corazonin antibody (RRID: 2532101; Table 3.2) was also a generous gift
from Jan Veenstra. The antiserum was raised in a rabbit via injections of a synthetic
peptide coupled to BSA, with the amino acid sequence of P. americana corazonin
(Veenstra and Davis, 1993). Mass spectrometric experiments demonstrated that
corazonin has the same sequence in the R. maderae (Predel et al., 2007). Application in
previous immunocycrochemical experiments yielded a similar staining pattern in the
optic lobes of R. maderae and P. americana (Veenstra and Davis, 1993; Petri et al.,
1995).

Also

pre-adsorption

with

synthetic

Rhm-corazonin

abolished

the

immunoreactivity completely at a concentration of 10 µM. Incubation with 100 µM of
neither synthetic Rhm-PDF, Rhm-MIP-1 (GWQDLQGGWamide; Biomatik, Ontario,
Canada), Rhm-MIP-2 (GWRDLQGGWamide; Biomatik, Ontario, Canada), nor RhmAllatotropin (GFKNVALSTARGFamide; Biomatik, Ontario, Canada) affected the
staining pattern, making false-positive co-localizations unlikely.
GABA Antibody
To investigate the distribution of GABA, a polyclonal antiserum raised in guinea pig
(RRID: 2314455; Table 3.2), was used. The antiserum was purchased from Protos
Biotech (NT-108; New York, USA). The antibody was used to characterize GABAergic
neurons in vertebrates and invertebrates (Jia et al., 2003; Schendzielorz and Stengl,
2014; Fusca et al., 2015; Haemmerle et al., 2015). In P. americana the applied
antiserum labeled the same cells as other commercial available antisera and liquid phase
pre-adsorption with 1 mM of GABA-glutaraldehyde-BSA conjugates was sufficient to
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abolish the staining completly (Fusca et al., 2015). Furthermore, the specifity in R.
maderae was confirmed since pre-adsorption with 10 µM GABA-glutaraldehyde-KLH
conjugates was sufficient to abolish the immunoreactivity (Schendzielorz and Stengl,
2014).
Histamin Antibody
For histamine staining, a commercially available polyclonal antiserum (RRID: 177540;
Table 3.2) was used. This was raised against histamine conjugated to keyhole limpet
hemocyanin (KLH) with EDAC (Merck Millipore, Billerica, USA). The antiserum was
used in several studies (Sullivan et al., 2007; van Meer et al., 2007; Greferath et al.,
2009), one of which demonstrated its reliability in insects (Hamanaka et al., 2012).
Also in R. maderae, liquid phase pre-adsorption of the antiserum with 100 µM of a
histamine-BSA-conjugate was sufficient to abolish the staining completely (Arendt et
al., 2015).
MIP Antibody
The applied antiserum directed against MIP (RRID: 2314803; Table 3.2) was a kind gift
of

Reinhard

Predel.

It

was

raised

by

injecting

a

rabbit

with

MIP-1

(GWQDLQGGWamide) of P. americana conjugated to thyroglobulin (Predel et al.,
2001). The sequence of one MIP in R. maderae is identical to the P. americana MIP-1
(Predel et al., 2001; Schulze et al., 2012). It has already been demonstrated via liquid
phase pre-adsorption that the anstiserum specifically recognizes MIP-1 in R. maderae
(Schulze et al., 2012).
Unfortunately, with immunocytochemical methods discriminations between different
MIPs, especially between MIP-1 and MIP-2, which are identical with the exception of a
single amino acid (Schulze et al., 2012), is not possible. Since both neuropeptides are
most likely originating from the same precursor molecule, MIP-1 is present anyhow as
soon as the MIP-2 is processed (Schulze et al., 2012).
Since both differ in a single amino acid, pre-adsorption of the primary antibody with 10
µM of synthetic MIP-2 also abolished the staining completely.

SIFamide antibody
“The anti-SIFamide antiserum (RRID: AB_2314344; Table 3.2) was raised in rabbits
against the synthetic SIFamide of D. melanogaster (AYRKPPFNGSIFamide) coupled

Material and methods 55

to thyroglobulin using difluorodinitrobenzene (Terhzaz et al., 2007). Standard preadsorption controls demonstrated the specificity in the fruit fly D. melanogaster
(Carlsson et al., 2010) and the black-legged tick Ixodes scapularis (Simo et al., 2009).
Liquid phase pre-adsorption of the diluted antiserum with the synthetic SIFamide
(TYRKPPFNGSIFamide; Biomatik, Canada) at concentrations of 100 nM, 1 µM, 10
µM and 100 µM confirmed the specificity of the antiserum in R. maderae, P.
americana, and T. petiveriana, since pre-adsorption with 10 µM completely abolished
staining in each of the three cockroach species.” (Arendt et al. 2015). Cross-reactivity
with FaRPs was analysed with a liquid phase pre-adsorption test applying synthetic
sNPF (ANRSPSLRLRFamide) and LMS (pQDVDHVFLRFamide). Incubation of the
antiserum with 10 µM of both neuropeptides sharing a RF-amide at the amidated
C-terminus did not affect the staining intensity.

PDF antibodies
In this study two different antibodies were used to characterize the distribution of the
neuropeptide PDF. One antiserum was raised in rabbits against conjugates of synthetic
U. pugilator respectively Cancer magister β-PDH (NSELINSILGLPKVMNDAa)
coupled to bovine thyroglobulin (RRID: 2315090; Dircksen et al., 1987). The antiserum
was a kind gift of Heinrich Dircksen. The second antibody was generated against the
D. melanogaster PDF-Peptide (NSELINSLLSLPKNMNDAa) in mice by PickCell
Laboratories (RRID: 760350; Amsterdam, Netherlands; Cyran et al., 2005) and
purchased from the developmental studies hybridoma bank (Iowa City, USA). Both
antibodies were used in studies characterizing the distribution of PDF in insect brains.
In previous studies it was reported that both antisera label the same structures in the
brain of R. maderae (Söhler et al., 2011).
The specifity of the monoclonal mouse antibody was demonstrated in R. maderae, since
liquid phase pre-adsorption with 10 µM of Rhm-PDF abolished the staining completely
(Schulze et al., 2012). Also the staining pattern archieved with the polyclonal rabbit
antibody was abolished completely when preadsorpted with 100 µm of Rhm-PDF.
Secondary Antibodies
Incubation of the tissue with secondary antibodies alone did not yield any signal,
making false positive results due to unspecific binding of secondary antibodies unlikely.
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3.3.9. Evaluation and visualization
All slides containing sections treated with fluorescence dyes were analyzed using a
confocal laser scanning microscope (Leica TCS SP5, Leica, Wetzlar, Germany).
Sections were scanned with a z-resolution of 0.5 – 1 µm using a 20x multi immersion
objective (HCX PL apochromate 20x/0.7 lambda blue; Leica, Wetzlar, Germany) and
merged by using the “maximum projection” tool of Leica Application Suite – Advance
Fluorescence (LAS AF; Version 2.2.1; Leica Microsystems, Wetzlar, Germany). For
documentation of whole mount preparations, a 20x objective (HCX APO L 20x/0.5 W
U-V-I; Leica Wetzlar, Germany) with a larger free working distance was used. Here,
preparations were scanned with a z-resolution of 1-2 µm. Due to their size, thoracic
ganglia and brains were scanned in consecutive tile scans. Resulting stacks were merged
using the ImageJ “pairwise stiching” plugin (Preibisch et al., 2009). Fluorescence dyes
of secondary antibody or streptavidin conjugates were sequentially excited and detected.
For excitation of Cy2 the 488 nm line of an argon laser was used, while Cy3 was
excited with a 543 nm HeNe laser and Cy5 with a 633 HeNe laser. The emission was
detected between 490 – 530 nm for Cy2, between 560 – 590 nm for Cy3, and 650 – 690
nm for Cy5. In some experiments Alexa Fluor 488 was used instead of Cy2 or Cy5 was
Table 3.4: Secondary antibodies and streptavidin-conjugates used.

Designation
Goat anti Rabbit
IgG
Goat anti Rabbit
IgG
Goat anti Rabbit
IgG
Goat anti Rabbit
monovalent
FAB-Fragment
Goat anti Rabbit
monovalent
FAB-Fragment
Goat anti Mouse
IgG
Goat anti Mouse
IgG
Goat anti
GuineaPig IgG
Streptavidin

Fluorophore or
enzyme
Horseradish
peroxidase
Cy™ 3 bis-NHSester
Cy™ 5 bis-NHSester

Excitation
wavelength
(nm)

Detection
range (nm)

-

-

Dilution

Source

1:100

Dianova

543

560 - 600

1:300

Dianova

633

650 - 690

1:300

Dianova

Alexa® Fluor 488

488

490 - 530

1:300

Dianova

Alexa® Fluor 647

633

650 - 690

1:100

Dianova

Alexa® Fluor 647

633

650 - 690

1:1000

Dianova

543

560 - 600

1:300

Dianova

543

560 - 600

1:300

Dianova

488

490 - 530

1:100

Thermo
Fisher
Scientific

Cy™ 3 bis-NHS
ester
Cy™ 3 bis-NHS
ester
Cy™ 2 bis-NHS
ester
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replaced with an Alexa 647 fluorescence dye, whereas excitation and detection
remained unchanged. The settings for excitation and detection of the fluorescence dyes
are summarized in Table 3.4.
Crosstalk between dyes could be excluded via lambda-scan. Panels were prepared from
maximal projections of image stack using CorelDRAW Graphic Suite X5 (Ottawa,
Canada). For visualization of immunoreactivtiy in whole mount preparations, substacks
of confocal scans were created using the crop function of LAS AF.
Counting of cells and documentation of indirect peroxidase stainings
Cells were counted and the diameter was measured using a light microscope (AXIO
Scope.A1, Zeiss, Jena, Germany) equipped with a CCD camera (ProgRes C5;
JENOPTIK, Laser, Optik, Systeme GmbH, Jena, Germany) and the ProgRes Capture
Pro software (Version 2.6, JENOPTIK, Laser, Optik, Systeme GmbH, Jena, Germany).
For this, always an objective with 20x magnification (EC-Plan-Neofluar Ph2, Zeiss,
Jena, Germany) was used. The number of counted cells was corrected using the
Abercrombie correction factor (Abercrombie, 1946), since results obtained in this way
closely resemble data from 3D reconstructions of brains (Hofer et al., 2005). All cell
counts state mean ± standard error.
The same microscope, software package and camera was used to obtain pictures from
DAB treated preparations. Here, objectives with 10x (A Plan Ph1, Zeiss, Jena) or 20x
(EC Plan:Neofluar Ph2 M27, Zeiss, Jena) magnification were used.
Reconstruction of somata
For the reconstruction of immunoreactive somata and branchings of cell tracts, serial
frontal immunoperoxidase-stained sections in combination with a Leitz light
microscope (SM-LUX; Wetzlar, Germany) equipped with a camera lucida attachment
were used. For this purpose always an objective with 16x magnification (C 76765;
Leitz, Wetzlar, Germany) was used. Drawings were digitalized and transformed into a
vector graphic using CorelDRAW Graphic Suite X5 (Ottawa, Canada).
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3.4.

Biochemical experiments

3.4.1. Direct tissue profiling with matrix-assisted laser desorption/ionization –
time of flight mass spectrometry (MALDI-TOF MS)
“Preparation of single antennal lobe glomeruli was performed as described in Neupert et
al. (2012). Brains were dissected, transferred into insect saline (128 mM NaCl, 2.7 mM
KCl, 2 mM CaCl2, and 1.2 mM NaHCO3 at pH 7.25) and fixed with micro-needles.
After removing the ganglionic sheath around the deutocerebrum, single glomeruli were
dissected and transferred into a drop of purified water on a stainless steel sample plate
for MALDI-TOF MS using an uncoated glass capillary (Hilgenberg, Malsfeld,
Germany). After removal of the water with the same capillary a small amount of 10
mg/ml cyano-4-hydroxycinnamic acid (CHCA) diluted in 60 % EtOH, 36 % acetonitrile
(ACN), 4 % water (stock solution) was finally dissolved in 50% methanol/water (2 parts
50 % methanol:1 parts CHCA) and applied to the samples.. The preparations were air
dried followed by another rinsing step with purified water to remove salt adducts.
MALDI-TOF mass spectra were acquired by using an 4800 Plus MALDI-TOF/TOF
analyzer (AB Sciex, Framinghan, MA). The instrument was used in reflectron positive
ion mode in order to determine the mass fingerprints of the dissected tissue followed by
tandem mass spectrometry of ions of interest in gas off mode” (Arendt et al., 2015).
Mass spectrometric experiments were performed by Dr. Susanne Neupert at the
University of Cologne.
3.4.2. Determination of PDF levels with ELISA
Sample collection
Animals were isolated at either ZT 6, 12, 18 or 24 from the colonies. Dissection of the
brains was performed as described in chapter 3.3.1. They were transferred into tubes
filled with 200 µl of ice cold 10 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.4
and 100 mg of glass beads with a diameter of 1 mm (Biospec Products, Bartlesville,
USA). The tissue was homogenized through mechanical shaking for 2 x 1 min using a
minibead beater (Biospec Products; Bartlesville, USA) and centrifuged for 15 min at
14.000 g (Heraeus Fresco 17, Thermo Scientific, Germany). A volume of 125 µl from
the supernatant was collected and stored at –80° C until measurement was performed.
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Competitive PDF-ELISA
Synthetic

Rhm-PDF-Peptide

(NSELINSLLGLPKVLNDAa;

Biomatik,

Ontario,

Canada) was conjugated to a goat anti bovine IgG (Dianova; Hamburg, Germany) using
GA. Microtiter plates (Maxisorp, Nunc, Roskilde, Denmark) were coated over night at
4°C with 125 µl of 500 pg/ml of PDF-IgG-conjugates dissolved in PBS. PBS with the
following composition was used for ELISAs: 137 mM NaCl, 2,7 mM KCl, 8.1 mM
Na2HPO4 and 1.47 mM KH2PO4 at pH 7.4. Well plates were covered with adhesive foil
to prevent evaporation. At the next day, the solution was removed from the wells and
remaining binding sites were block by adding 250 µl blocking buffer (BB; PBS
containing 1% BSA and 0.05% Tween) per well. Incubation was carried out for two
hours at 37° C. Again, the solution was removed and wells were washed three times
briefly by adding and removing 250 µl of wash buffer (WB; PBS containing 0.05%
Tween). Subsequently, 25 µl of standards with 20, 6.6, 2.2, 0.74, 0.25 and 0.08 pmol of
synthetic PDF dissolved in EDTA or samples were added into the wells, followed by 50
µl of anti-Ucp-PDH (Dircksen et al., 1987) at a concentration of 1:66.000. Initial
experiments to determine antibody sensitivity also considered the monoclonal anti-DrmPDF at 1:20.000. Here, only standards ranging from 360 to 0.16 pmol but no samples
were measured. Each sample and standard was fourfold determined. Four wells were
incubated with primary antibody alone to obtain values for maximum binding of
antibodies (B0), while no primary antibody was added into four other wells to measure
non specific binding (NSB) of secondary antibodies. Competitive reaction was
performed over night at 4° C, followed by three brief washing steps. For detection, 50
µl per well of a secondary antibody conjugated with horseradish peroxidase with a
dilution of 1:20.000 was used. Well plates were incubated for another hour at 37°C.
After a brief washing step, 75 µl development solution, composed of one part 0.02 %
H2O2 and 0.3% phosphoric acid dissolved in 100 mM citric buffer (pH 5) and two parts
of 420 mM 3,3„,5,5„-Tetramethylbenzidin dissolved in H2O containing 0.1 % H3PO4
and 0.7 % dimethylsulfoxid was added to the wells. Reaction was allowed to take place
for one hour at room temperature and stopped by adding 50 µl of 2 M H2SO4.
Quantifications were performed via photometric measurements at 450 nm using a well
plate reader (POLARstar, BMG Labtech, Ortenberg, Germany).
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Evaluation of the Data
The determined NSB value was subtracted from the other measured data points. For
regression fit, LOG of applied PDF concentrations was plotted against measured values
divided by B0 and multiplied by 100. Subsequently, PDF concentrations of samples
were calculated using the following equation: 𝑦 = 1+10 (log

100
𝐸𝐶 50 −𝑋 × 𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

The coefficient for determination of the regression fit was always above 0.95.
Statistical evaluation
Since the Shapiro-Wilk test revealed data sets without normal distribution, only
nonparametric tests were applied to analyze the data. The PDF content at the four
different ZTs was compared, using the Kruskal-Wallis-test followed by Dunn‟s posthoc test. Since PDF content of brain tissue was near the detection limit of the developed
ELISA, only datasets of measurements where all calculated values were within the
standard curve, were considered for statistical evaluation.
3.4.3. Determination of cyclic nucleotide concentrations with ELISA
Sample collection and preparation
To determine cyclic nucleotide levels, cockroaches were collacted at either ZT 6, 12,
18, or 24 or isolated during the dark phase in clay vessels and keept for “6, 12, 18, 24,
30, 36, 42, or 48 hours under constant conditions (DD-preparations with ZT 24 = […]
CT 0)” (Schendzielorz et al., 2014).
“For dissecting the optic lobe neuropils” (Schendzielorz et al., 2014) or the AME,
“cockroaches were cold-anesthetized, decapitated, and the head capsule was opened. All
preparations were performed in insect saline. Using an ultrafine scissor, trachea and fat
body were put aside to expose the optic lobes while six optic lobes per sample without
AME (= three animals) or” (Schendzielorz et al., 2014) 20 AMEA from 10 animals
“were put in iced cups filled with 900 µl homogenization buffer (HB). HB contained
0.05 % sodium cholate, 200 mM sodium chloride (NaCl), 50 mM 3-(Nmorpholino)propanesulfonic

acid

(MOPS),

10

mM

ethylene

glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 2 mM magnesium chloride
(MgCl2), and 1 mM DL-1,4-dithiothreitol (DTT) at pH 7.0. Samples were crushed in an
ice-cooled ultrasonic bath (Transonic 310, Elma, Germany) for 25 minutes. After
mixing, samples were centrifuged at 900 g for 5 minutes at 4 °C (Heraeus Fresco 17,
Thermo Scientific, Germany) and 50 µl of the supernatant were transferred into 200 µl
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incubation buffer (IB) at 37 °C which contained: 0.05 % sodium cholate, 200 mM NaCl,
50 mM MOPS, 5 mM MgCl2, 1 mM adenosine triphosphate, 1 mM DTT, 1 mM
1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, 275 µM calcium chloride,
and 4 µM guanosine triphosphate at pH 7.0 (modified after Vogl et al. 2000). The
incubation lasted 10 minutes and was stopped by adding 100 µl of 7 % perchloric acid
solution followed by mixing the contents and centrifugation at 900 g for 15 minutes at 4
°C. All proteins were denatured by perchloric acid. To neutralize the liquid phase 250 µl
of each incubation solution was mixed with 250 µl 10 nM ethylenediaminetetraacetic
acid and 350 µl chloroform/trioctylamine solution (1:1) 3 times for 10 seconds, then
centrifuged at 500 g for 5 minutes at 4 °C. Supernatant was taken to quantify cAMP and
cyclic guanosine monophosphate (cGMP) concentrations using self-made immunoassay
kits (see below). Because of the different weight of the tissue per sample, the cyclic
nucleotide concentrations were normalized by calculating a quotient of cyclic
nucleotide concentration by corresponding protein concentration” (Schendzielorz et al.,
2014).
Manufacturing of competitive cAMP and cGMP ELISAs
“Microtitre plates (Maxisorp, Nunc, Roskilde, Denmark) were coated with 100 µl 15
µg/ml goat-anti rabbit IgG (Dianova, Hamburg, Germany), dissolved in phosphate
buffer at 4°C overnight on a shaker covered with adhesive foil. After washing the wells
one time with 250 µl washing buffer, non-specific binding was prevented by adding 250
µl blocking buffer for one hour at RT. Then, the wells were rinsed 3 times with WB.
Both, rabbit-anti cAMP and rabbit-anti cGMP antibodies (Genscript, Piscataway, USA)
were diluted at 1:26,666 in BB. Standards of cAMP ranged from 5 pmol/50 µl to 150
fmol/50 µl and of cGMP from 250 fmol/50 µl to 8 fmol/50 µl and were dissolved in
BB. cAMP- and cGMP conjugated to horseradish peroxidase (Genscript, Piscataway,
USA) were used at a concentration of 1:6,666 in BB. Standard curve was prepared by
adding 50 µl standard, 50 µl tracer and 50 µl antibody in each well. Nonspecific binding
(NSB) was determined by adding 100 µl BB and 50 µl antibody per well and maximum
binding (B0) of tracer by adding 50 µl tracer, 50 µl BB and 50 µl antibody per well.
Samples were measured by adding 50 µl sample, 50 µl tracer and 50 µl antibody in
duplicate. Incubation was carried out on a shaker covered with adhesive foil over night
at 4 °C. Finally, wells were washed 3 times with WB and 25 µl of development solution
1 and 50 µl of development solution 2 were successively added. After 10 to 30 minutes
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incubation time at RT, reaction was stopped by adding 50 µl 1 M sulphuric acid.
Photometric quantification was performed at 450 nm on a wellplate reader (POLARstar,
BMG Labtech, Ortenberg, Germany; (Bos et al., 2006)” (Schendzielorz et al., 2014).
The calculation of the standard curve and cyclic nucleotide concentrations was
performed as described above (chapter 3.4.2). “The coefficient for determination of the
linear regression fit was never below 0.95” (Schendzielorz et al., 2014).
Statistical analysis
“First, distribution of data sets was analyzed by using the Shapiro-Wilk normality test.
As some data sets were not normal distributed, nonparametric tests were subsequently
applied. Four different ZTs or CTs per day were analyzed to determine cyclic
nucleotide concentrations by using the Kruskal-Wallis-test followed by Dunn‟s post-hoc
test. Cyclic nucleotide levels were presented in the text as mean values and in figures as
column bars with mean±standard error” (Schendzielorz et al., 2014).
3.4.4. Determination of PDF-effect on cyclic nucleotide concentrations
Cockroaches were also taken out of laboratory colonies at either ZT 6, 12, 18, or 24.
They were temporarily stored together in vessels to reduce stress and to allow the
cockroaches to calm down. Dissection of optic lobe tissue was performed as for sample
collection to determine cyclic nucleotide baseline levels (see Chapter 3.4.3). Again, one
sample contained six optic lobes taken from three animals. Homogenization was carried
out as described above, while for incubation 1 µM of Rhm-PDF was added to the IB.
Again, incubation was allowed to take place for 10 min at 37°C and stopped by adding
perchloric acid to the samples. Further treatment, measurement and evaluation of the
data was performed as for the determination of baseline cyclic nucleotide levels.

Statistical analysis
Since the Shapiro-Wilk normality test revealed data sets without normal distribution,
cAMP concentrations of control measurements were compared with measurements with
Rhm-PDF in the incubation buffer, using the Friedmann test, followed by
Dunn‟s post-hoc test. The concentrations of cAMP and cGMP in measurements with
Rhm-PDF application was normalized to cAMP and cGMP concentration in control
measurement and is shown as percentage change.
.
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4.

The neuropeptide SIFamide in the brain of three cockroach

species and its role in the circadian system of Rhyparobia maderae
To determine the sequence of the R. maderae and T. petiveriana SIFamides direct-tissue
MS profiling was applied. Furthermore, indirect peroxidase immunostainings and
fluorescence immunocytochemistry with an antibody against SIFamide were performed
to analyse neuropeptide distribution in the three cockroach species. In addition, doublelabel-immunocytochemistry with antibodies against SIFamide and PDF were employed
for the evaluation of the SIFamide distribution pattern with respect to the PDFcontaining circadian pacemaker neurons in the cockroach brains. Double-label
immunocytochemistry with antibodies against SIFamide and histamine were performed
to examine whether histaminergic photoreceptors of the compound eye are in contact
with SIFamide-immunoreactive processes, which also branch in the circadian
pacemaker center, the accessory medulla. Because of that, it was investigated whether
SIFamide might play a role for photic entrainment of the cockroach circadian clock via
the ipsilateral compound eye. Furthermore, it was searched for SIFamide and histaminecolocalizations in primary commissure pioneer neurons which were observed in the pars
intercerebralis of locusts (Gellerer et al., 2015). Double staining with antisera against
SIFamide and GABA were used to study arborization patterns of SIFamide-ir neurons
with respect to the GABAergic distal tract, a suggested photic entrainment pathway
from the ipsilateral compound eye to the circadian clock. Finally, also injections
experiments were performed to further deceiver the assumed role of SIFamide in the
circadian system of the cockroach R. maderae.

4.1.

Results

4.1.1. “All three cockroach species shared the same SIFamide sequence
Preparations of single antennal lobe glomeruli of R. maderae and T. petiveriana
revealed ion signals that were mass-identical with the SIFamide in P. americana (Figure
4.1 A, B). Fragmentations of the parent ions at [M+H]+: 1425.8 were sufficient to
confirm the sequence TYRKPPFNGSI/LF-NH2 in the three cockroach species (Figure
4.1; see also Neupert et al. 2012).
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4.1.2. More SIFamide-ir somata are
present in the brain of P. americana
For immunocytochemistry on vibratome
sections of the cockroach brains an
antiserum directed against the Ala1SIFamide of D. melanogaster was used.
The fruit fly sequence differs only in the
first N-terminal amino acid from the
SIFamide sequence determined for the
three cockroaches (Figure 4.1). Liquid
phase pre-adsorption with 10 µM of
synthetic Thr1-SIFamide was sufficient
to abolish all staining while adding of 10
µM

short

neuropeptide

F

or

leucomyosuppressin had no effect on the
staining pattern. Thus, it is unlikely that
the SIFamide antiserum cross-reacted
with members of the FMRFamiderelated peptide family which also contain
amidated

phenylalanine

as

last

C-terminal residue.
In P. americana 6 soma groups with
about 96 (95.65 ± 3.43; n=3) SIFamide-ir
cells were counted. However, we found 4
soma groups with a total cell number of
68 SIFamide-ir cells in the R. maderae
(68.25 ± 4.80; n=5) and 28 in T.
petiveriana

(28.32

±

2.03;

n=3),

respectively. As described in A. alni, A.
gambiae, A. mellifera, D. melanogaster,
D. radicum, G. mellonella, M sexta, N.
bullata, and S. gregaria (Janssen et al.,
1996; Verleyen et al., 2004; Terhzaz et
al., 2007; Galizia and Kreissl, 2012;

Figure 4.1: The sequence of SIFamide is identical in
Rhyparobia maderae and Therea petiveriana. MALDITOF mass spectra (A, B) and MALDI-TOF/TOF
fragmen-
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Heuer et al., 2012; Zoephel et al., 2012;

fragmentation spectra of a peptide at [M+H]+ 1425.7 (C,

Gellerer et al., 2015) cell group 1 (red,

D) were obtained from a preparation of a single antennal

Figure

4.2)

contains

two

pairs

of

descending neurons with particularly
large somata in the pars intercerebralis.
They projected thick axons in ventral-

glomerulus of R. maderae (A, C) and T. petiveriana (B,
D). A, B. Preparations from both species revealed an ion
signal at [M+H]+ 1425.7 corresponding to Periplaneta
americana SIFamide. Furthermore, ion signals with mass
matches of P. americana allatotropin (AT; 1366.7) and
short neuropeptide F (sNPF; 1315.7) were observed. C,

posterior direction towards the ventral

D. Fragmentation of the peptides provided enough

nerve cord. Group 2 somata in the pars

information

intercerebralis were considerably smaller
and differed in cell number between the

cockroaches

to

confirm
shared

that
the

SIFamides

of

both

identical

sequence

(TYRKPPFNGSIF-NH2). Figure and figure legend
adapted and modified after Arendt et al. 2015.

three cockroach species; P. americana
has the highest number of group 2 cells (P. americana: 22.41 ± 8; n=3; R. maderae:
9.51 ± 2.11; n=5; T. petiveriana: 9.83 ± 1.86; n=3; black, Figure 4.2). Group 3
SIFamide-ir neurons were found in the superior lateral protocerebrum close to the
vertical lobe of the mushroom body (P. americana: 42.53 ± 3.71; n=3; R. maderae:
44.81 ± 2.11; n=5; T. petiveriana: 8.33 ± 1.33; n=3; orange, Figure 4.2). They appeared
to arborize profusely in the superior median protocerebrum. Group 4 SIFamide-ir cells
were located ventrally to the calyx of the mushroom body in the posterior part of the
lateral protocerebrum (P. americana: 11.25 ± 0.58; n=3; R. maderae: 10.82 ± 4.97; n=5;
T. petiveriana: 7.5 ± 1.45; n=3; blue, Figure 4.2). Group 5 SIFamide-ir neurons were
found in the optic lobes of P. americana ventromedian to medulla and accessory
medulla. The group contained around 5 cells (4,95 ± 0.46; n=6; purple, Figure 4.2 A).
Furthermore, approximately one additional soma (1,16 ± 0.33; n=3) was located in the
posterior dorsal protocerebrum. It was defined as group 6 (cyan, Figure 4.2 A).
In all cockroaches examined, almost all neuropils of the brain were uniformly
innervated with a fine network of varicose SIFamide-ir processes which made it
impossible to distinguish branching patterns of single neurons from the different groups.
In contrast to the situation in the locust with fewer SIFamide-ir neurons (Gellerer et al.,
2015), in the cockroaches it was impossible to recognize weakly stained smooth, nonvaricose input areas in the median accessory lobes of cockroaches. However,
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Figure 4.2: The location of SIFamide-immunoreactive (SIFamide-ir) somata is conserved. Camera Lucida
reconstructions of SIFamide-ir somata in brains of the cockroaches Periplaneta americana (A), Rhyparobia maderae
(B), and Therea petiveriana (C) illustrates conserved patterns. The American cockroach contains two additional
soma groups. Every cell group was shown in a different color. Strongly stained somata were filled and more weakly
SIFamide-ir cells were dotted. The four conserved pars intercerebralis neurons (group 1) were drawn in red, group 2
cells in black, group 3 in orange, and group 4 in blue. Both cell groups observed only in P. americana are shown in
purple (group 5) and cyan (group 6). AL, antennal lobe; CA, calyx; CB, central body; ME, medulla; ML, medial
lobe; VL, vertical lobe; PED, pedunculus. Scale bars = 100 μm. Figure and figure legend adapted and modified after
Arendt et al. 2015.
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SIFamide-ir fibers which innervated several sensory neuropils expressed a high number
of varicosities. These varicosities were considered to be SIFamide-release sites.
4.1.3. Distribution of SIFamide immunoreactivity in optic lobe neuropils varied
between species investigated and did not colocalize with PDF-immunoreactivity
In our analysis of anti-SIFamide immunoreactivity in the optic lobes we examined first
the pattern of SIFamide-ir fibers in the different optic neuropils (Figure 4.3) and then,
focused on the distribution of SIFamide-ir fibers with respect to PDF-ir circadian
pacemaker neurons (Figure 4.4). Optic lobe neuropils were innervated by a uniform
network of varicose processes in all three cockroach species (Figure 4.3). Speciesspecific differences in the distribution pattern of SIFamide-immunoreactivity were
found especially in the lamina, the termination site of most photoreceptor cells from the
ipsilateral compound eye (Ribi, 1977). In P. americana, few SIFamide-ir varicose fibers
innervated only the proximal lamina (Figure 4.3 C; Figure 4.4 M-P), while in the
Madeira cockroach the complete extend of this neuropil was supplied with SIFamide-ir
fibers. Furthermore, in P. americana as well as in R. maderae accessory laminae were
invaded by SIFamide-ir varicose fibers in close vicinity to PDF-ir processes (Figure 4.4
M-X). In contrast, the SIFamide-ir fibers in T. petiveriana did not innervate the lamina
at all, but terminated in the distal medulla without crossing the first optic chiasma
(Figure 4.3 G-I; Figure 4.4 U-X).
In all three species SIFamide-ir fibers innervated the complete medulla with a similar
varicose arborization pattern. SIFamide-ir branches formed a uniform mesh with high
numbers of varicosities in vicinity to PDF-ir fibers in the anterior fiber fan (Reischig
and Stengl, 2002) connecting the accessory medulla with the proximal lamina and the
accessory laminae (Figure 4.3; Figure 4.4 A-L). Next to distal regions of the medulla,
also middle parts of this neuropil were filled with a network of SIFamide-ir fibers,
which became particularly clear in its posterior parts (Figure 4.4 M-X). Thus, dorsal and
ventral parts were innervated equally and hence the complete extend of layers in the
medulla was supplied with SIFamide-ir fibers. However, not all layers of the medulla
were innervated equally. A distal and a proximal layer of the medulla were especially
strongly innervated by SIFamide-ir fibers while the layer in between was less
SIFamide-immunoreactive (Figure 4.3 C, F, I). In the accessory medulla, the circadian
pacemaker center, we observed differences in the distribution of SIFamide-
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Figure 4.3: Minor differences were observed between the optic lobes of Periplaneta americana (A-C),
Rhyparobia maderae (D-F) and Therea petiveriana (G-I). Frontal vibratome sections demonstrating SIFamideimmunoreactive (SIFamide-ir) fibres by indirect peroxidase staining in an overview (A, D, G) and anterior (B, E, H)
or posterior (C, F, I) parts of the optic lobes of the three cockroaches. A-B, D-E, G-H. In all three species, medulla
(ME) and lobula (LO) contained varicose SIFamide-ir fibres which innervated the complete retinotopic map of both
neuropils. Only in the optic lobe of P. americana SIFamide-ir somata were observed (A, arrowhead) C, F, I. In the
posterior part, two different layers of the ME (asterisk) are separated by a lesser innervated layer. The lamina (LA)
of T. petiveriana (G-I) was unstained, while in P. americana (A-C) some SIFamide-ir fibres (arrow) and in R.
maderae (D-F) an even stronger innervations of this neuropil was observed. CA, Calyx. Scale bar = 100 μm. Figure
and figure legend adapted and modified after Arendt et al. 2015.

immunoreactivity. Only in P. americana SIFamide-ir somata associated with the
accessory medulla at the ventromedian edge of the medulla were found (group 5;
4.95±0.46; n=6; Figure 4.4 A-L). Double staining with antisera against SIFamide and
against PDF revealed no colocalization. However, two large SIFamide-ir cells of group
5

were

located

in

close

vicinity

to

the

large

PDF-ir

somata.
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Figure 4.4: SIFamide-immunoreactivity in optic lobe neuropils did not colocalize with PDF-immunoreactivity.
Medulla (ME) and accessory medulla (AME) contained varicose SIFamide-immunoreactive (SIFamide-ir) fibres in
all cockroaches. Apparent differences were observed in the lamina (LA). Frontal vibratome sections through anterior
(A-L) and posterior (M-X) regions of the optic lobe show the distribution of SIFamide-ir (green) and PDF-ir
(magenta) fibres in optic lobe neuropils of Periplaneta americana (A-D, M-P), Rhyparobia maderae (E-H, Q-T),
and Therea petiveriana (I-L, U-X). An overlay of both immunostainings is shown in the third panel with details of
boxed areas in the fourth panel. In all three cockroaches SIFamide-ir fibres with varicosities (single arrowheads)
innervate the shell neuropil of the AME and the ME in close vicinity to PDF-ir neurites (A-L). A-D. In the American
cockroach SIFamide-immunoreactivity in one large soma (open double-arrowheads) next to at least three smaller
somata (filled double-arrowheads) does not colocalize PDF-immunoreactivity (arrows). M-P. In P. americana
varicose SIFamide-ir fibres branched in the middle region of the proximal LA and apparently also in accessory
adfadsdfasdf
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laminae (ALA; P). Q-X. In R. maderae dorsal and ventral regions of the proximal LA as well as ALA were also
innervated (Q-T), while in T. petiveriana the branches terminated in the distal ME without innervating the LA (U-X).
LO, Lobula. Scale bars = 100 μm in A-C, E-G, I-K, M-O, Q-S, U-W and 50 μm in D, H, L, P, T, X. Figure and figure
legend adapted and modified after Arendt et al. 2015.

In addition, up to four smaller group 5 SIFamide-ir somata were located more distally to
the accessory medulla at the ventral edge of the medulla (Figure 4.3 A; Figure 4.4 A-D).
Nevertheless, SIFamide-ir varicose fibers in the accessory medulla‟s shell were present
in close vicinity to PDF-ir fibers in all cockroaches, encircling the glomerular (nodular)
core and interglomerular (internodular) part of the neuropil, where the GABAergic
distal

tract

terminates

(Petri

et

al.

2002).

In

addition,

in

all

species

Figure 4.5: SIFamide-immunoreactive (SIFamide-ir) fibers were found in all neuropils of the central complex
with a uniform distribution pattern. Frontal vibratome sections from the cockroach Periplaneta americana (A-D),
Rhyparobia maderae (E-H), and Therea petiveriana (I-L) are shown. Several plains from anterior (left panel, A, E,
I) to posterior (right panel, D, H, L) regions of the brain were taken into account. A-L. Strongly SIFamide-ir neurits
(arrowhead) originated from the four large pars intercerebralis cells of group 1 and branched ventro-posteriorly of
the central body towards the ventral nerve cord. A, E, I. SIFamide-ir fibres entered the anterior lip (AnL) as fascile
(arrow) and fanned out into eight strongly stained columns in the upper unit of the central body (CBU; A-C, E-G, IK). B. The lower unit of the central body (CBL) was innervated to a lesser extent. SIFamide-ir connections to the
dorsal shell of the lateral accessory lobe (LAL) were also observed (double arrowhead). C. The noduli (NO) were
encircled by SIFamide-ir fibres while the medial lobe (ML) and vertical lobe (VL) of the mushroom body were not
stained. D. The protocerebral bridge (PB) was innervated with a dense network of SIFamide-ir fibres. Scale bars =
100 μm. Figure and figure legend adapted and modified after Arendt et al. 2015.
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also the lobula was diffusely innervated by SIFamide-ir varicose fibers, whereas no
differences in the staining of different regions were observed (Figure 4.3).
4.1.4. Anti-SIFamide immunoreactivity in the protocerebrum
In all three cockroach species investigated, the central complex was prominently stained
(Figure 4.5). Immunoreactive fibers of the superior protocerebrum entered the anterior
lip and sent branches into its upper division (CBU; Figure 4.5 A-C, E-G, I-K). Thus,
specific layers of the CBU expressed particularly strong SIFamide-immunoreactivity
while the columns of the lower division (CBL) were stained to a lesser extent.
Altogether, in each species eight SIFamide-ir columns could be distinguished in the
CBU (Figure 4.5 B, F, J). Furthermore, SIFamide-ir connections between the CBU and
the dorsal shell of the lateral accessory lobes were observed (Figure 4.5 B, F, J). Also,
the protocerebral bridge as well as the noduli of the central complex were innervated by
a fine meshwork of SIFamide-ir fibers in all three cockroach species (Figure 4.5 C-D,
G-H, K-L).
In all three species the mushroom body was very sparsely innervated with SIFamide-ir
fibers. Neither in P. americana, nor in R. maderae or T. petiveriana any staining was
present in the medial lobe, the vertical lobe, or the peduncle of the mushroom body
(Figure 4.5 A-C, E-G, I-K). Only the outer layer of the lateral and medial calyx was
innervated by a fine network of varicose SIFamide-ir fibers in all three species (Figure
4.6).

Figure 4.6: Beaded SIFamide-immunoreactive (SIFamide-ir) fibers were detected in the mushroom body’s
calyx in each of the three cockroach species. Frontal vibratome sections show the SIFamide-ir fibers in Periplaneta
americana (A), Rhyparobia maderae (B) and Therea petiveriana (C). The lateral (LCA) and medial (MCA) calyx
was innervated by varicose SIFamide-ir fibers to a similar degree. The outer layer (OCA) expressed strong
SIFamide-immunoreactivity, while the inner layer (ICA) of the calyx was unstained. Scale bars = 100 μm. Figure
and figure legend adapted and modified after Arendt et al. 2015.
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Figure 4.7: SIFamide-immunoreactive (SIFamide-ir) fibers innervated the antennal lobes of Periplaneta
americana (A-C), Rhyparobia maderae (D-F), and Therea petiveriana (G-I). A, D, G. Frontal vibratome sections
showing SIFamide-ir fibers projecting via the medial antennal lobe tract (mALT) up to the calyx (CA) of the
mushroom body in all three species. B-C, E-F, H-I. SIFamide-ir varicose branches encircled apparently all glomeruli
in the antennal lobe. The boxed areas in B, E and H are enlarged in C, F, I, showing a single glomerulus from each
species with manifold varicosities (filled arrowhead). Open arrowhead, neurites from group 1 cells. Scale bars = 100
μm in B-C, E-F, and H-I and 50 μm in C, F, I. Figure and figure legend adapted and modified after Arendt et al.
2015.

4.1.5. SIFamide

immunoreactivity

was

observed

in

deutocerebral

and

tritocerebral chemosensory integration centers
The fibers innervating the mushroom body calyx appeared to originate from SIFamideir fibers which projected via the median antennoglomerular tract of the deutocerebral
antennal lobe (Figure 4.7 A, D, G). Neither somata of local antennal lobe interneurons
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nor projection neurons were stained, but
apparently all glomeruli were uniformly
encircled by a meshwork of varicose
SIFamide-ir fibers (Figure 4.7 B-C, E-F,
H-I). Chemosensory receptor neurons
from the mouth parts project to the
glomerular lobe of the tritocerebrum,
which expressed a similar SIFamide-ir
staining pattern in the three cockroach
species. Mostly the smaller ventral
glomeruli were encircled by varicose
SIFamide-ir processes, while the larger
glomeruli of the dorsal part were sparsely
innervated (Figure 4.8).
4.1.6. SIFamide immunoreactivity in
the frontal ganglion and retrocerebral
complex
In all three species SIFamide-ir branches
transversed the frontal nerve. Since
neither cell bodies nor the recurrent nerve
were stained, the observed staining
pattern

is

due

to

SIFamide-ir

arborizations from fibers running in the
frontal connectives (Figure 4.9 A-C).
Interestingly,

only

in

R.

SIFamide-immunoreactivity

maderae
was

observed in the retrocerebral complex
while corpora cardiaca and corpora allata
of P. americana and T. petiveriana
lacked any staining. The glandular area
of the corpora cardiaca of R. maderae

Figure 4.8: The glomerular lobe (LG) was sparsely

was innervated by varicose SIFamide-ir

innervated by SIFamide-immunoreactive (SIFamide-

fibres. Stained branches crossed the

ir) fibers. Frontal vibratome sections of brains from the
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storage part of the complex and ramified

cockroach

in the corpora allata (Figure 4.9 D).

maderae (B), and Therea petiveriana (C) showed

Periplaneta

of

(A),

Rhyparobia

SIFamide-ir fibers with indirect peroxidase stainings.
Characteristic

4.1.7. Colocalization

americana

SIFamide-ir

varicosities

(arrowhead)

SIFamide

encircled glomeruli of the ventral part of the LG in all

immunoreactivity with histamine- but

three species. Scale bars = 100 μm. Figure and figure

not with GABA-immunoreactivity

legend adapted and modified after Arendt et al. 2015.

Double-label immunocytochemistry showed that at least one but not all SIFamide-ir
neurons of group 4 colocalized anti-histamine immunoreactivity (1.6 ± 0.33; n=6;
Figure 4.10) in R. maderae while all other SIFamide-ir groups did not express
colocalizations. The primary neurites of the colabeled cells branched in the anterior
median protocerebrum where they crossed the midline and also innervated the CBU.
Moreover, SIFamide-ir fibers appear to enter the optic lobe through the same tract as
histaminergic fibers, originating from a centrifugal neuron in the lateral protocerebrum
innervating the accessory medulla (Loesel and Homberg, 1999; Figure 4.10 P-R). In R.
maderae, SIFamide-ir fibers overlap with arborizations of histamine-ir photoreceptor
terminals in layers of the lamina and medulla (Figure 4.10 P-R) which are different
from layers which contain arborizations of PDF-ir fibers (Loesel and Homberg, 1999;
Stuart, 1999).
While histamine- and SIFamide-immunoreactivity occupied the same regions of the
CBU, GABA-ir fibers densely innervated different, neighbouring layers of the CBL
(Figure 4.11). No colocalization between GABA- and SIFamide-immunoreactivity was
observed in the protocerebrum and the respectively stained fibers never occupied

Figure 4.9: SIFamide-immunoreactive (SIFamide-ir) fibers innervated the frontal ganglion in all three species
while only in Rhyparobia maderae the corpora cardiaca (CCA) and corpora allata (CAL) were stained.
Vibratome sections showing the frontal ganglion of Periplaneta americana (A), R. maderae (B), and Therea
petiveriana (C) as well as CCA and CAL of R. maderae (D). A-C. SIFamide-ir fibers branched in the frontal nerve
(FrN) and ramified throughout the whole ganglion with a high number of varicosities (arrowhead). D. The glandular
part of the CCA was innervated by SIFamide-ir fibers, crossing the storage part and innervating the CAL. Scale bars
= 50 μm. Figure and figure legend adapted and modified after Arendt et al. 2015.
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Figure 4.10: Some SIFamide-immunoreactive (SIFamide-ir) cells were also histamine-immunoreactive (his-ir)
in the Madeira cockroach Rhyparobia maderae. Frontal vibratome sections through the brain show SIFamide-ir
(left panel) fibers in green and his-ir fibers in magenta (middle panel) in different regions of the brain. An overlay
of both stainings is shown in the right pannel, colocalizations appear in white. A-C. The large SIFamide-ir neurons
(filled arrowhead) in the pars intercerebralis (group 1) did not contain histamine. Colocalizations of the
neuropeptide and the transmitter (arrow) were observed in a fascicle in the anterior central brain, projecting through
the anterior lip (AnL). D-F. Also, colocalizations in the frontal most region of the central bodies upper unit (CBU)
were observed G-I. None of the SIFamide-ir neurons of group 2 were his-ir. Again, colocalizations in a fiber bundle
projecting through the anterior median protocerebrum were observed. J-L. The SIFamide-ir cells of group 3 also
contained no histamine, while branchings in close vicinity of the mushroombody‟s vertical lobe (VL) also showed
colocalizations. M-O. In the posterior group of SIFamide-ir neurons (group 4), at least one cell was SIFamide-ir and
his-ir (filled double arrowhead). P-R. In the lamina (LA) as well as in the medulla (ME), SIFamide-ir fibres over-
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contained no histamine, while branchings in close vicinity of the mushroombody‟s vertical lobe (VL) also showed
colocalizations. M-O. In the posterior group of SIFamide-ir neurons (group 4), at least one cell was SIFamide-ir and
his-ir (filled double arrowhead). P-R. In the lamina (LA) as well as in the medulla (ME), SIFamide-ir fibres overlapped with the his-ir terminations of the photoreceptor cells. Furthermore, SIFamide-ir fibres (open arrowhead) run
through the same tract as his-ir fibres (open double arrowhead). LO, Lobula. Scale bars = 100 μm. Figure and
figure legend adapted and modified after Arendt et al. 2015.

the same, but always closely adjacent regions in the different neuropils of the central
brain (Figure 4.11). Furthermore, also no SIFamide-ir fiber-bundles projected via the
GABAergic distal tract, which is assumed to provide light information from the
compound eye to the accessory medulla (Petri et al., 2002; Figure 4.11 J-L). The
SIFamide-ir fibers encircled the GABAergic internodular region of the accessory
medulla without directly contacting GABA-ir processes. Apparently, not every
glomerulus (nodulus) of the accessory medulla was contacted by SIFamide-ir fibers
(Figure 4.11 J-L).
4.1.8. Injections of SIFamide delayed the circadian pacemaker of R. maderae
during the subjective night dose-dependently dependently without affecting the
total activity level
Results of injections of insect saline at different CTs did not differ significantly from
each other (Kruskal-Wallis test, P> 0.05; Tab. 3). However, significant differences
occurred between SIFamide-dependent phase shifts at different CTs (Dunn‟s post-hoc
test; Tab.3). Maximal phase delays were obtained by SIFamide injections at circadian
time CT 16.5. These were also significantly different from control injections (Dunn‟s
post-hoc test, P< 0.05; Figure 4.12, Figure 4.13, Table 4.1) and dose-dependently
(Figure 4.14, Table 4.2). The period (τ) of locomotor activity rhythms before (23.66 ±
0.04 h; mean ± standard error; n=56) and after the peptide injections (23.74 ± 0.04 h;
n=56), however, was not significantly different (Mann-Whitney test, P> 0.05). ).
Furthermore, the activity level one day before saline injections (3.92 ± 1.79 RWR/h;
n=5) was not different one day after injection (27.09 ± 19.18 RWR/h; n=5; Wilcoxon
test; P> 0.05) or at the day of beginning locomotor activity (20.89 ± 10.67 RWR/h; n=5;
Wilcoxon test; P> 0.05). The same was the case after peptide injections. Here activity
before injection (53.03 ± 31.71 RWR/h; Wilcoxon test; P> 0.05) was neither different
from activity one day after injection (22.20 ± 16.89 RWR/h; n=5) nor from activity at
the day with beginning locomotor activity (26.40 ± 16.01 RWR/h; n=5; Wilcoxon test;
P> 0.05).
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4.2.

Discussion

With mass spectrometry and immunocytochemistry the neuropeptide SIFamide was
identified and its expression pattern was studied in three distantly related cockroach
species. While these cockroach species shared the same sequence of SIFamide,
expression patterns contained both conserved and distinctly different features. Four cell
groups in the brain occurred in all species while in P. americana additional SIFamide-ir
cells were observed in the optic lobes and the posterior protocerebrum. Double-label
experiments with antisera against PDF, histamine, and GABA, which marked important
neuronal circuits of the cockroach circadian system, pointed to a role of SIFamide in
various circuits of the circadian clock. This assumption is supported by the behavioral
data, demonstrating that SIFamide delays the circadian pacemaker during the middle of
the subjective night.
4.2.1. Cockroaches

express

SIFamide

in

conserved

group

1

pars

intercerebralis neurons
In

the

three

cockroach

species,

a

conserved

SIFamide

sequence

(TYRKPPFNGSIFamide) was identified which also occured in Bombyx mori, Rhodnius
prolixus, Tenebrio molitor and Tribolium castaneum (Li et al., 2008; Weaver and
Audsley, 2008; Ons et al., 2009; Verleyen et al., 2009; Neupert et al., 2012).
As in all other insects investigated so far, SIFamdie is expressed in large cells in the
pars intercerebralis with axons descending towards the ventral nerve cord innervating
all ganglia down to the terminal ganglion (data not shown; Janssen et al., 1996;
Verleyen et al., 2004; Terhzaz et al., 2007; Galizia and Kreissl, 2012; Heuer et al.,
2012; Zoephel et al., 2012; Gellerer et al., 2015). Thus, these group 1 neurons were
preserved in the evolution of basal Polyneoptera (e. g. locusts and cockroaches) and also
in holometabolous Diptera.
At least in the locust S. gregaria, group 1 SIFamide-ir neurons received input in the
median accessory lobes. There, ascending and descending neurons could report and
mediate the behavioral state or ongoing motor activity generated in the ventral nerve
cord (Gellerer et al., 2015). In D. melanogaster, group 1 cells are key regulators of
sexual behavior (Terhzaz et al., 2007) and promote sleep (Park et al., 2014).
Furthermore, ramifications of varicose SIFamide-ir processes, indicative of axon
terminal outputs (Strausfeld, 1976; Cardona et al., 2010; Gellerer et al., 2015), were
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Figure 4.11: SIFamide-immunoreactive (SIFamide-ir) neurons were not GABA-ir in Rhyparobia maderae.
Frontal vibratome sections show SIFamide-ir (green) and GABA-ir (magenta) fibers and cells in the brain.
SIFamide-ir neurons (filled arrowhead) of all groups are shown. A-C. No SIFamide-ir cells of group 1 or 3 were
GABA-ir (open arrowhead). While the lower divison of the central body (CBL) was GABA-ir no GABAimmunoreactivity was detected in its upper division (CBU). SIFamide-ir fibers seemed to branch in different areas of
the protocerebrum, strongly innervating the CBU, and only sparsely staining the CBL. Also, the median region of the
lateral accessory lobes (LAL) was very sparsely invaded by SIFamide-ir fibers but shows strong GABAimmunoreactivity. D-F. SIFamide-ir cells of group 2 did not show any staining against GABA. No GABA-ir fibers
were observed in the anterior lip (AnL) G-I. No colocalizations between SIFamide and GABA were detected in
SIFamide-ir cell group 4. J-L. The GABA-ir internodular core of the accessory medulla (AME) was encircled by
SIFamide-ir varicose fibers. No SIFamide-ir fibers ran inside or parallel to the distal tract (DT). CA, calyx; PED,
pedunculus. Scale bars = 100 μm. Figure and figure legend adapted and modified after Arendt et al. 2015.
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Figure 4.12: An injection of SIFamide into the hemolymph of Rhyparobia maderae delayed the beginning of
locomotor activity. A. Original recording of activity from an individual animal in a running-wheel represented as
double-plot. Time of day is plotted on the x-axis while consecutive days are plotted on the y-axis. At circadian time
(CT) 15.57 of day 9 a dose of 2 x 10-12 mol of synthetic SIFamide was injected into the hemolymph (arrowhead). B.
Regression analysis through the consecutive onset of locomotor activity showed that the injection caused a phase
delay (Δφ) of -2.01 hours of CT (hCT). No significant effect on the period length (τ) was observed. Figure and figure
legend adapted and modified after Arendt et al. 2015.

especially prominent in the central complex, which is involved in the selection and
coordination of motor programs as well as in spatial orientation (Strauss, 2002; Pfeiffer
and Homberg, 2014). They were also found in sensory neuropils of different modalities
such as in optic lobes, antennal lobes, and in the tritocerebral glomerular lobe (Verleyen
et al., 2004; Terhzaz et al., 2007; Gellerer et al., 2015).
Therefore, it is likely that group 1 SIFamide-ir cells are involved in the interface of
descending sensory control of behavior, which is orchestrated via central pattern
generators in ganglia of the nerve cord, and of ascending behavioral feedback to the
brain. Possibly, the brain analyses and evaluates sensory inputs from different
modalities SIFamide-dependently and elicits behavioral programs which in turn control
SIFamide release (Verleyen et al., 2004; Gellerer et al., 2015). Since in all cockroach
species examined at least 4 groups of SIFamide-ir neurons inter-mingled their
processes, we were not able to distinguish the fibers of group 1 neurons and, therefore,
could not discern respective input regions.
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4.2.2. Differences in the branching
pattern

of

SIFamide-ir

fibers

in

polyneopteran insects
Specific differences in the branching
pattern in the three cockroaches as
compared to S. gregaria were noticed.
While in the desert locust the noduli of
the central complex were not stained and
the calyx of the mushroom body was
innervated only by few varicose fibers
from group 1 cells (Gellerer et al., 2015),
in cockroaches the noduli as well as the
outer calyx were innervated by a
meshwork of beaded SIFamide-ir fibers.
Furthermore, in cockroaches the lobes of
the mushroom body were devoid of
SIFamide-ir fibers, while the pedunculus
contained

fine

beaded

SIFamide-ir

processes in S. gregaria (Gellerer et al.,
2015).
We

also

observed

differences

in

SIFamide immunostainings of optic lobe
neuropils amongst the cockroaches and
between cockroaches and the locust.

Figure

4.13:

Injections

of

SIFamide

into

the

hemolymph of Rhyparobia maderae caused circadian

While in all three cockroaches the lobula

time (CT)- dependent phase shifts. Effects of 2 µl

was uniformly innervated, in S. gregaria

saline injections (A) as well as of 2 x 10-12 mol SIFamide

an inner lobe was unstained (Gellerer et

(2µl; B) were shown as scatter plot and b-spline curve in
phase response curves. A. Injections of insect saline

al., 2015). In T. petiveriana as well as in

(n=43; dots) at different CTs caused only minor, non-

S. gregaria, the lamina was unstained

significant phase shifts. B. SIFamide injections (n=49,

(Gellerer et al., 2015). However, in P.

squares) throughout the circadian day had a CTdependent effect on the phase of locomotor activity.

americana only some small varicose

Injections between CT 13 and CT 17 always caused

fibers were observed in the lamina, while

delays. C. Binning of injections into 3 hour bins and

in

R.

maderae

extensively

the

innervated.

lamina

was

Thus,

the

comparison of SIFamide (squares; solid line) and control
injections (dots; dashed line) revealed a significant phase
delay at CT 16.5 (asterisk; Dunn‟s post-hoc test, P<
0.05). Figure and figure legend adapted and modified
after Arendt et al. 2015.
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distribution pattern of SIFamide is not
consistently conserved in Polyneoptera.
Remarkably, in the locust S. gregaria
group 1 neurons colocalized leukokinin I
and apparently also histamine (Ludwig et
al., 2002; Gellerer et al., 2015). In
contrast, in cockroaches only group 4,
but not group 1 cells colocalized
Figure 4.14: SIFamide-dependent phase delays are
dose-dependent. Bars represent mean of phase shifts in

SIFamide-

and

histamine-

circadian hours ± standard error caused by injections of 2

immunoreactivity.

x 10-9 mol (n=7), 2 x 10-12 mol (n=5), and 2 x 10-15 mol

histamine-ir group 4 cells took over

(n=5) SIFamide, or insect saline. When compared with

respective functions of double-labeled

control injections, effects of 2 x 10-9 mol were highly

Whether

the

significantly different (two asterisks; Dunn‟s post-hoc

group 1 cells in other species is difficult

test, P< 0.01) effects of 2 x 10-12 mol were significantly

to determine since arborization areas of

different (asterisk; Dunn‟s post-hoc test, P< 0.05),

the

whereas delays caused by 2 x 10-15 mol were not

respective

neurons

cannot

be

significantly different from controls (Dunn‟s post-hoc

distinguished. Also, the expression of

test, P> 0.05). Figure and figure legend adapted and

leukokinin I in group 1 cells of

modified after Arendt et al. 2015.

cockroaches is unlikely, since Petri et al.,
(1995)

reported

no

leucokinin

I-

immunoreactivity in the four prominent cells in the anterior region of the brain. Thus,
while the morphology of group 1 cells is highly conserved during evolution, its
neurotransmitter and peptide complement is variable.
4.2.3. The role of SIFamide in the circadian system
Since in D. melanogaster the four large, highly conserved group 1 SIFamide-ir neurons
of the pars intercerebralis form synapses with DN1 dorsal clock circadian pacemaker
neurons (Cavanaugh et al., 2014), SIFamide appears to play a circadian role. DN1
neurons express the blue light photoreceptor” (Arendt et al., 2015) CRY “and are
activated during sexual behavior. Also, DN1 neurons are contacted by PDF-ir fibers
originating from the small lateral ventral circadian pacemaker neurons, which are
outputs of the fruit fly´s circadian pacemaker center. Cells of the DN1 group appear to
integrate light and PDF signaling as well as light and temperature inputs (Benito et al.,
2008; Zhang et al., 2010a; Zhang et al., 2010b; Hanafusa et al., 2013). Accordingly,
ablation of SIFamide-ir neurons reduced rhythmicity in locomotor behavior of the flies
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but did not affect rhythmic expression of the clock protein” (Arendt et al., 2015) PER.
“Therefore, in Drosophila‟s circadian network SIFamide might be a clock output factor
downstream of the clock (Cavanaugh et al., 2014). In cockroaches SIFamide-ir varicose
fibers innervated the accessory medulla, the circadian pacemaker which controls
locomotor activity rhythms in R. maderae (Reischig and Stengl, 2003a). Thus,
SIFamide appears to be an input signal to the cockroach circadian clock. Accordingly,
SIFamide injections resulted in (…) CT-dependent delays of locomotor activity rhythms
of R. maderae. Since the SIFamide-dependent” (Arendt et al., 2015) PRC “differed
from the light-dependent” (Arendt et al., 2015) PRC “(Page and Barret, 1989), a role of
SIFamide in light-entrainment seems unlikely. In accordance, no SIFamideimmunoreactivity was observed in the GABAergic distal tract nor in the glomeruli of
the accessory medulla, both associated with a function in ipsilateral light entrainment
(Loesel and Homberg, 2001; Petri et al., 2002; Schendzielorz and Stengl, 2014), are
SIFamide-ir. On the contrary, the delay of the activity phase rather points to a prolonged
resting time due to an adjustment of the clock‟s phase, without affecting the amount of
overall activity. Since also in the S. gregaria beaded SIFamide-ir fibers were observed
in the accessory medulla (Gellerer et al., 2015), it is possible that also in other insects
Table 4.1: Effects of 10-6 M SIFamide (corresponding to a dose of 2 x 10 -12 mol) and saline injections (2 µl) on
the phase of circadian locomotor activity of the cockroach Rhyparobia maderea at different circadian times.

Circadian
time

Phase shifts in circadian

Lower 95% CI;

hours (mean ± SE)

Upper 95 % CI

Number

SIFamide

Saline

SIFamide

Saline

SIFamide

Saline

00.00 – 03.00

0.62 ± 0.28b

-0.22 ± 0.21

-0.096; 1.3

-0.81; 0.38

6

5

03.00 – 06.00

0.81 ± 0.23c,e

-0.04 ± 0.22

0.23; 1.4

-0.61; 0.53

6

6

06.00 - 09.00

0.09 ± 0.29

0.45 ± 0.07

-0.65; 0,84

0.29; 0.69

6

5

09.00 – 12.00

0.47 ± 0.22

0.01 ± 0.23

-0.13; 1.1

-0.57; 0.59

5

6

12.00 – 15.00

-0.88 ± 0.22

c,d

-0.27 ± 0.22

-1.4; -0.38

-0.88; 0.35

10

5

15.00 – 18.00

-1.8 ± 0.12a,b,e,f

0.21 ± 0.20a

-2.1; -1.5

-0.35; 0.77

5

5

18.00 – 21.00

-0.32 ± 0.44

-0.15 ± 0.14

- 1.5; 0.89

-0.53; 0.23

5

5

21.00 – 00.00

0.83 ± 0.28d,f

0.32 ± 0.21

0.11; 1.6

-0.22; 0.85

6

6

Phase shifts induced by SIFamide and saline differed significantly from each other (a; Dunn‟s post-hoc
test, P< 0.05). Phase shifts induced by SIFamide differed significantly (b, c, d; Dunn‟s post-hoc test, P<
0.05) or highly significantly from each other (e, f; Dunn‟s post-hoc test, P< 0.01). Table adapted from
Arendt et al. 2015.
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SIFamide serves circadian functions. Furthermore, in P. americana, SIFamide-ir group
5 somata were located in close vicinity to the circadian pacemaker center. A respective
characterization of the circadian pacemaker center of P. americana is still missing but
from R. maderae it is known that seven different soma groups are associated with the
accessory medulla (Reischig and Stengl, 2003b; Soehler et al., 2008). The observed
SIFamide-ir cells in the optic lobes of P. americana appeared to be homologous to at
least two groups of circadian pacemaker neurons of R. maderae, such as ventral and
distal-frontoventral neurons.

Table 4.2 Dose-dependency of SIFamide injections between circadian time 15 and 18.

SIFamide
concentration

SIFamide dose

of injected

(mol)

Phase shifts in

Lower 95%

circadian hours

CI; Upper 95

(mean ± SE)

% CI

-2.10 ± 0.46b

-3.21; -0.98

7

-2.1; -1.5

5

solution (M)
10-3

2 x 10-9

-6

-12

a

Number

10

2 x 10

-1.8 ± 0.12

10-9

2 x 10-15

-0.01 ± 0.20

-0.57; 0.55

5

Saline

Saline

0.21 ± 0.20a,b

-0.35; 0.77

5

To determine dose-dependency, always 2 µl were injected. Phase shifts differed significantly (a;
Dunn‟s post-hoc test; P< 0.05) or highly significantly from each other (b; Dunn‟s post-hoc test;
P< 0.01). Table adapted from Arendt et al., 2015.

4.2.4. SIFamide expressing somata present in cockroaches but not yet
observed in holometabolous insects
Beside the well conserved group 1 neurons and the neurons in the optic lobe of P.
americana, three additional SIFamide-ir cell groups were observed in cockroaches.
Apparently, the stained cells in the median protocerebrum (group 2), the lateral
protocerebrum (group 3), and ventrally to the calyx (group 4) are homologous sets of
cells in the three species which were analyzed. Cell group 4 resembled a set of cells also
observed in the locust S. gregaria, but did not occur in any of the holometabolous
insects examined so far (Gellerer et al., 2015). Since at least a single group 4 cell per
hemisphere colocalized histamine and SIFamide and neurites of these cells crossed the
midline of the brain ventro-anteriorly to the central body, these SIFamide-ir neurons in
R. maderae can be assigned to a cell group of histaminergic posterior median
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protocerebrum (PMP) neurons described by Loesel and Homberg (1999). It is likely,
that the corresponding cell group of S. gregaria might also be histaminergic (Gebhardt
and Homberg, 2004; Gellerer et al., 2015). This cell group connected the frontal layer of
the CBU with the anterior lip, which in locusts also connected other columnar neurons
of the CBU with the lateral accessory lobes (Heinze and Homberg, 2008). The lateral
accessory lobes are considered to be a pre-motor center in the brain, involved in the
control of thoracic and abdominal ganglia. Therefore, also the fourth SIFamide-ir soma
group appeared to be involved in the modulation and control of behavioral parameters
as assumed for the group 1 cells (Gellerer et al., 2015).

4.2.5. Conserved and distinct features in the branching pattern of varicose
axonal processes point to variable functions in different circuits
The central complex of insects was associated with a function in the processing of
visual signals, e-vector orientation or spatial orientation memory. Furthermore, it
receives mechanosensory inputs and has also a function in the spatial control of flight
and walking (Strauss and Heisenberg, 1993; Vitzthum et al., 2002; Ritzmann et al.,
2008; Bender et al., 2010). Therefore, it was suggested that motivational states may
influence the signal processing in the central complex via gain control mechanisms
(Merlin et al., 2012). Thus, the pronounced staining of the central complex, especially
its upper unit, observed in all three species, might point to a function in the processing
of higher order visual information (Rosner and Homberg, 2013). The innervation of
optic lobe neuropils, especially of the medulla indicates that SIFamide might directly
affect processing of visual information. Since all glomeruli of the antennal lobe and also
the outer region of the medial and lateral calyx were innervated by beaded SIFamide-ir
fibers, SIFamide might modulate the first and second level of central odor information
processing (Boeckh and Tolbert, 1993; Strausfeld and Li, 1999). In addition, SIFamide
might also influence gustation and feeding behavior, since in all three species
SIFamide-immunoreactivity was seen in the ventral part of the glomerular lobe, the
primary gustatory center (Ernst et al., 1977), as well as in the frontal ganglion, a
principal part of the stomatogastric nervous system involved in the control of foregut
muscles (Zilberstein and Ayali, 2002). The influence of SIFamide on feeding behavior
appears to exist in other taxa as well; at least in the frontal ganglion of the honeybee
SIFamide was detected by mass spectrometry (Boerjan et al., 2010). Whether SIFamide
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constitutes a switch between the closely linked feeding and mating behavior (Chapman
and Partridge, 1996), as assumed for other neuromodulating peptides in Drosophila
(Pool and Scott, 2014), remains to be examined in the future.
Anti-SIFamide immunostaining in the retrocerebral complex was restricted to R.
maderae and was not reported for other insects like honeybees or B. mori (Boerjan et
al., 2010; Liu et al., 2012). Since mass spectra of corpora cadiaca tissue of R. madera,
however, did not show ion signals of SIFamide (not shown) it remains unknown and
need to be studied further, whether SIFamide plays a role as neurohormone in the
Madeira cockroach” (Arendt et al., 2015).

86

5.

Distribution and function of corazonin in the brain and the

circadian network of the Madeira cockroach Rhyparobia maderae
A combined approach employing behavioral experiments with peptide injections as well
as multiple-label immunocytochemistry was used to further decipher the function of
corazonin in the circadian network of R. maderae.
Besides injections of corazonin during the whole circadian day, the peptide was
also injected in combination with equal molar quantities of Rhm-MIP-2 during the late
subjective night to search for synergistic effects.
Next to the analysis of corazonin distribution in the brain of R. maderae with an
antibody against corazonin, further antisera against GABA, histamine, allatotropin and
MIP were employed to analyze the neuropeptide and –transmitter content of the
corazonin-ir local interneuron in the optic lobe in multiple-label experiments. In
addition, it was investigated in backfill experiments whether this cell arborizes in the
same areas as projections from the contralateral optic lobe.

5.1.

Results

5.1.1. Injections of corazonin advanced the circadian pacemaker dose
dependently during the end of the subjective night
Injections of corazonin caused CT-dependent phase shifts. A comparison (3 h bins)
revealed significant differences between phase shifts obtained at CT 4.5 and CT 19.5,
CT 7.5 and 19.5, as well as between CT 13.5 and 19.5 (Dunn‟s post-hoc test, P< 0.05;
Table 5.1). The resulting phase advances at CT 19.5 differed significantly from saline
injections (Dunn‟s post-hoc test, P< 0.05; Figures 5.1, 5.2; Table 5.1). The τ of
locomotor activity rhythms before (23.49 ± 0.05 h; mean ± standard error; n=51) and
after the corazonin injections (23.52 ± 0.09 h; mean ± standard error; n=51) was not
significantly different (Mann-Whitney test, P> 0.05).
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Table 5.1: Phase shifts induced by 2 x 10-12 mol corazonin and insect saline.

Circadian
time
00.00 – 03.00

Phase shifts in circadian

Lower 95% CI;

hours (mean ± SE)

Upper 95 % CI

Corazonin
-0.15 ± 0.20
a

Number

Saline

Corazonin

Saline

Corazonin

Saline

-0.22 ± 0.21

-0.65¸ 0.36

-0.81; 0.38

6

5

-0.04 ± 0.22

-1.4; 0.25

-0.61; 0.53

6

6

03.00 – 06.00

-0.59 ± 0.33

06.00 - 09.00

-0.43 ± 0.29a

0.45 ± 0.07

-1.2; 0.31

0.29; 0.69

6

5

09.00 – 12.00

-0.32 ± 0.16

0.01 ± 0.23

-0.74; 0.1

-0.57; 0.59

6

6

-0.27 ± 0.22

-1.2; 0.60

-0.88; 0.35

6

5

-0.36; 1.7

-0.35; 0.77

6

5

1.7; 2.3

-0.53; 0.23

6

5

0.21; 2.4

-0.22; 0.85

7

6

12.00 – 15.00

-0.30 ± 0.35

15.00 – 18.00

0.68 ± 0.40

18.00 – 21.00

2.0 ± 0.11

21.00 – 00.00

1.3 ± 0.44

a

a, b

0.21 ± 0.20
-0.15 ± 0.14

b

0.32 ± 0.21

Every injection consisted of 2 µl of either insect saline or a 1 µM corazonin solution.
a

Phase shifts induced by corazonin between circadian time (CT) 3 and CT 6, CT 6 and CT 9, as well as

between CT 12 and 15 differed significantly from phase shifts between CT 18 and CT 21 but not from
each other (Dunn‟s post-hoc test, P< 0.05).
b

Effects of corazonin injections differed significantly from saline injections (Dunn‟s post-hoc test, P<

0.05).

Further injections of 2 x 10-9 mol and 2 x 10-15 mol corazonin between CT 18 and 21
revealed a dose-dependent effect. Doses of 2 x 10-9 mol and 2 x 10-12 mol advanced the
locomotor activity highly significantly when compared with control experiments
(Dunn‟s post-hoc test; P< 0.01), while injections of 2 x 10-15 mol were not sufficient to
induce significant phase shift (Dunn‟s post-hoc test; P > 0.05). However, the mean of
obtained phase shifts was still positive (0.53 ± 0.53 hCT; Table 4.2; Figure 5.3).
Table 5.2: Dose-dependency of corazonin injections between CT 18 and 21.

Phase shifts in circadian

Lower 95% CI;

hours (mean ± SE)

Upper 95 % CI

2 x 10-9

1.962 ± 0.11a

1.68; 2.25

6

2 x 10-12

1.958 ± 0.11b

1.67; 2.25

6

2 x 10-15

0.53 ± 0.53

-0.84; 1.90

6

-0.53; 0.23

5

Corazonin dose

Saline
a,b

-0.15 ± 0.14

a,b

Number

Phase shifts differed highly significantly from each other (Dunn‟s post-hoc test; P< 0.01).
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5.1.2. A combined injection of corazonin and MIP-2 during the late subjective
night resulted in the same phase shifts as single injections
When corazonin was injected together with equimolar amounts of MIP-2 between CT
18 and 21, the onset of locomotor activity was also reliably advanced (Figures 5.1, 5.3).
Application of 2 x 10-12 mol of both peptides resulted in a phase shift of approximately
2.5 hours circadian time (2.52 ± 0.10 hCT; n=5; Figure 5.3, Table 5.3). Increasing the
dosage to 2 x 10-9 did not increase the phase shifts (2.32 ± 0.61 hCT; n=4; Figure 5.3,
Table 5.3), while 2 x 10-15 only resulted in advances of about 0.42 hours circadian time
(0.42 ± 0.28 hCT, n=5; Figure 5.3,Table 5.3). Although slightly stronger, the advances
caused by injection of equimolar amounts of corazonin and MIP-2 did not differ
significantly from injections of corazonin alone, no matter if results from injections of
10-3 M, 10-6 M or 10-9 M were compared with each other (Mann-Whitney test; P<0.05).
Table 5.3: Dose-dependency of combined injections of Rhm-MIP-2 and corazonin

Corazonin

Phase shifts in circadian

Lower 95% CI;

Rhm-MIP-2 dose

hours (mean ± SE)

Upper 95 % CI

2 x 10-9

2.32 ± 0.61a

0.37; 4.27

4

2 x 10-12

2.25 ± 0.10b

1.98; 2.53

5

2 x 10-15

0.42 ± 0.28

-0,37; 1,21

5

Saline

-0.15 ± 0.14a,b

-0.53; 0.23

5

Number

All injektions were performed between circadian time 18 and 21.
a,b

Phase shifts differed highly significantly from each other (Dunn‟s post-hoc test; P< 0.01).

5.1.2. One single cell in the optic lobe of R. maderae contained corazonin
The anti-corazonin antiserum stained approximately 22 cells (21,59 ± 4.80; n=6) in the
supraeasophageal ganglion of R. maderae (Figure 5.4). The majority of immunoreactive
cells were observed in the pars lateralis. Here, approximately 7 cells (6,79 ± 0,99; n=10)
per hemisphere were stained.
Further smaller cells mainly in anterior parts of the protocerebrum also reacted
with the antiserum, but were only stained to a lesser extend (Figure 5.4). Additionally,
in vicinity to the optic stalk in posterior sections of the brain, also cells projecting
towards the medial protocerebrum were corazonin-ir.
Only one cell in the optic lobe showed immunoreactivity. The soma had a
diameter of approximately 21 µm (21,49 ± 1.53 µm; n=7) and was located in
dorsoproximal

position

to

the

cockroaches

AME.

The

cell
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Figure 5.1: Injections of corazonin alone or together with Rhm-MIP-2 advanced the circadian locomotor
activity. A, C. Original recordings of activity patterns of two individual animals housed in running-wheels
represented as double-plot. B, D. Regression analysis through the consecutive onset of locomotor activity was used to
calculate phase shifts (Δφ) and the period before (τ1) and after (τ2) the injections. Time of day was plotted on the xaxis while consecutive days were plotted on the y-axis. A. At day 11 a dose of 2 x 10-12 mol corazonin was injected at
circadian time (CT) 18.5 into the heamolymph (arrowhead). B. The injection advanced the onset of locomotor
activity 1,85 hCT, while the period was not significantly affected. C. At day 13, 2 µl of a solution with 10-6 M
corazonin and 10-6 M of Rhm-MIP-2 was injected at CT 21.1 into the heamolymph (arrowhead). D. The injection
caused no significant changes in period lengths (τ) but advanced the onset of locomotion 2 hCT.
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Figure 5.2: Injections of corazonin into the hemolymph of Rhyparobia maderae generated a monophasic alladvance phase-response curve (PRC). Effects of 2 µl saline injections (A) as well as injections of 2 µl of 10-6 M
corazonin in insect saline (corresponding to a dose of 2 x 10-12 mol; B) are shown as scatter plot and b-spline curve in
PRCs. A. Injections of insect saline (n=43; dots) at different circadian times (CTs) caused only minor, nonsignificant phase shifts. B. Corazonin injections (n=49, squares) throughout the circadian day had a CT-dependent
effect on the phase of locomotor activity. Injections between CT 17 and CT 21.5 always advanced the onset of
locomotor activity. C. Comparison of corazonin (squares; black) and control injections (dots; red) binned into three
hour bins revealed a significant phase advance at CT 19.5 (asterisk; Dunn‟s post-hoc test, P < 0.05). Data shown in
A was published in Arendt et al., 2015.

connected the interglomeruar region and the shell of the AME mainly with medial
layers of the medulla, but also sent small varicose fibers towards the anterior fiber fan
(Figures 5.5, 5.6), which branched over the surface of the medulla (Reischig and Stengl,
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Figure 5.3: Phase shifts caused by injections of corazonin alone (A) or in combination with Rhm-MIP-2 (B)
were dose dependent. Injections were performed between CT 18 and 21. Bars represent mean of phase shifts in
circadian hours ± standard error caused by injections. A. Phase shifts after injection of 2 x 10-9 mol (n=6), 2 x 10-12
mol (n=6), and 2 x 10-15 mol (n=6) of corazonin, or insect saline (n=5) between CT 18 and 21. When compared with
control injections, effects of 2 x 10-9 mol and 2 x 10-12 mol of corazonin were highly significantly different
(asterisks; Dunn‟s post-hoc test, P< 0.01), whereas the advance caused by 2 x 10-15 was not (Dunn‟s post-hoc test,
P> 0.05). B. When combined injections of corazonin and MIP-2 were performed, the same effects were observed.
Doses of 2 x 10-9 mol (n=4) and 2 x 10-12 mol (n=5) did not result in stronger advances but were also highly
significant different from saline injections (asterisks; Dunn‟s post-hoc test, P< 0.01), while phase shifts obtained
with 2 x 10-15 (n=5) were not (Dunn‟s post-hoc test, P> 0.05).

2002), without innervating the lamina. According to the size and position of its soma,
this cell can be grouped to the MNe neurons.

5.1.3. The same layers of the medulla are innervated by the corazonin-ir MNe
and cells from the contralateral optic lobe
The corazonin-ir neuron in the optic lobe overlapped in the anterior fiber fan with
branchings from the MC I cell group (Reischig and Stengl, 2002) as well as with fibers
in middle layers of the medulla originating from the MC II cell group (Reischig and
Stengl, 2002; Figure 5.6). In addition to fibers from the contralateral optic lobe, in both
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Figure 5.4: Localisation of corazonin-immunoreactive (corazonin-ir) somata in the brain of Rhyparobia
maderae. A. Camera lucida reconstruction from serial frontal sections of DAB stainings. B-H. Pictures of single cell
groups also taken from DAB preparations. A. In the brain of R. maderae several cells were stained by the antiserum.
B. Only one cell in the optic lobe was corazonin-ir and showed a granular staining in the cell body. C-D. In the pars
lateralis several neurons reacted with the antiserum. Besides smaller weakly stained cells (C), also strongly stained
neurosecretory cells (D) occurred. E-H. Smaller, weakly stained cells were also observed in the anterior
protocerebrum (F, H), or anterior in close vicinity to the optic stalk (E), but also posterior in the ventral region of the
brain (G). CA, calyx; ME, medulla; ML, medial lobe; PED, pedunculus; VL, vertical lobe. Scale bars = 200 µm in A
and 50 µm in B-H.

fiber systems as well as in the shell of the AME, the corazonin-ir arborizations also
overlapped with PDF-ir fibers (Figure 5.6).
The medulla layers innervated by the corazonin-ir cell differed from layers containing
the termination sites of the histamin-ir projections of the photoreceptor cells (Loesel and
Homberg, 1999). The histamine-ir neurons terminated in a distal layer, but not the most
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distal layer of the medulla, which was
located between the anterior fiber fan
and the middle layer contacted by the
corazonin-ir fibers (Figure 5.7).
5.1.4. The corazonin immunereactive cell in the optic lobe colocalized GABA and MIP but not
allatotropin
Multiple-label

experiments

utilizing

different antisera revealed that the MNe
does not only contain corazonin. Double
staining against GABA and corazonin
demonstrated that the MNe is also
GABA-immunoreactive (n=6). Although
a co-localization in the cell body was
observed, the GABA-ir distal tract was
deprived of any corazonin staining
(Figure 5.8 A). Furthermore, doublelabel

experiments

with

antibodies

against corazonin and MIPs revealed a
colocalization

in

11

out

of

14

preparations (78,57%; Figure 5.8 B).
Here, the MIP-immunoreactivity of the
MNe

was

always

weaker

when

compared with it surrounding cells. In
contrast to this, in experiments where the
corazonin antiserum was combined with
an antibody directed against allatotropin,
a colocalization was never observed
(n=5; Figure 5.8 C).

Figure

5.5:

One

corazonin-immunoreactive

(-ir)

neuron connected the accessory medulla (AME) with
the medulla (ME). Maximum projection of confocal-laser
scans showing corazonin immunoreactivity in a whole
mount preparation of the optic lobe (A; magenta) against
a background staining of anti-synapsin-staining (grey).
Single optic sections of the boxed area of A are shown in
detail in B. A. The corazonin-ir cell (arrow) is a local
interneuron belonging to the group of median medulla
neurons. It branched mainly in a medium layer of the ME
(open double arrowheads). Some weakly stained fibers
also contacted the distal medulla (open arrowhead). This
neuron arborized neither in the lobula (LO) nor the lamina
(LA). B. The glomeruli of the AME were encircled with
varicose branchings of the corazonin-ir neuron (filled
arrowhead), also crossing the interglomerular region of
the AME. Scale bars = 100 µm in A and 50 µm in B.
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Figure 5.6: Fibers of the corazonin-immunoreactive (-ir) neuron overlapped with projections from the
contralateral optic lobe and with PDF-ir fibers in the anterior fiber fan as well as in the middle layer fiber
system of the medulla (ME). Horizontal vibratome sections demonstrating the corazonin-immunoreactivity (A-C;
magenta) in relation to backfilled fibers from the contralateral optic stalk (D-F; green) and the PDFimmunoreactivity (G-I; cyan) in the optic lobe. An overlay of all stainings is shown in J-L. Boxed areas in the left
panel are shown enlarged in middle and right panel. In the middle details of the accessory medulla (AME) and in the
right detail of the distal ME are shown. A-C. Fibers of the corazonin-ir neuron innervated the shell and the
interglomerular region of the AME. Prominent branchings were present in a medium layer of the ME (arrowhead),
while some smaller side branches entered the anterior surface of the ME (open double arrowheads). D-F.
Application of a neuronal tracer from the contralateral optic stalk stained several medulla commissural neurons (MC;
open arrowhead). Prominently stained fibers in at least two different layer systems of the medulla (asterisk) as well
as weakly stained projections on the anterior surface of the ME and the lamina (LA) were found. G-L. One large
PDF-ir neuron (arrow) was labeled by the backfill. PDF-ir fibers of the medium layer fiber system (double
arrowheads) also overlapped with corazonin-ir fibers. d, distal; LO, lobula; p, posterior. All images are maximum
projections of image stacks. Scale bars = 100 µm in A, D, G and J; 50 µm in B-C, E-F, H-I and K-L.
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Figure 5.7: Arborizations of the corazonin-immunoreactive (-ir) optic lobe neuron did not overlap with
terminals of histaminergic photoreceptor cells. Horizontal vibratome sections through the optic lobe showing
corazonin-immunoreactivity (A, B; magenta) in relation to histamine-immunoreactivity (C, D; yellow). An overlay
of both stainings is shown in E and F. Details of boxed areas in A, C, and E are shown in B, D, and F. A, B. The
corazonin-ir neuron connected the accessory medulla (AME) with a medium layer (open arrowhead) of the medulla
(ME). Some fibers also branched towards the anterior surface (open double arrowheads) of the ME. C, D.
Histamine-ir neuritis of the photoreceptor cells terminated in the lamina (LA) and in a distal layer of the ME
(arrowhead). The remaining histamine-immunoreactivity in the ME originated from a cell in the protocerebrum
whose neurit (arrow) enters the optic lobe through the lobula (LO). E, F. The corazonin-ir fibers do not overlap with
the histamine-ir terminations of the photoreceptor cells. d, distal; p, posterior. All images are maximum projections of
image stacks. Scale bars = 100 µm in A, C, E and 50 in B, D, F.
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5.1.5. The pars lateralis cells are connected to the retrocerebral complex
Outside the optic lobe, prominent corazonin-immunoreactivity was observed in the pars
lateralis. Here, large neurosecretory cells with a diameter of up to 31.24 µm (21.34 ±
3.46 µm; n=102) were stained (Figure 5.4, Figure 5.9). These cells sent their processes
to the NCC II, which proceeded in posterior ventral direction towards the retrocerebral
complex (Figure 5.9 B). Here, corazonin staining occurred only in the corpora cadiaca,
while no immunoreactivity was observed in the corpora allata (Figure 5.9 B). Besides
the projections to the NCC II, these cells also arborized in the superior lateral
protocerebrum and the superior medium protocerebrum in vicinity to the pars
intercerebralis (Figure 5.9). In particular in the superior median protocerebrum the
corazonin-ir neurits branched into finer fibers which resulted in widespread innervations
of this brain region. Here, they also overlapped with varicose PDF-ir fibers (Figure 5.9).
5.1.6. The corazonin distribution in the remaining protocerebrum
Although approximately 22 cells reacted with the antiserum, none of those cells
innervated any of the major neuropils in the brain with exception of the one corazonin-ir
neuron in the optic lobe that branched only in medulla and AME. Hence, the mushroom
bodies, the central complex as well as the lateral associated lobes, and the antennal lobe
were devoid of any staining (not shown).

5.2.

Discussion

The effects of corazonin-injections clearly demonstrate that corazonin acts as input
signal into the circadian pacemaker. Based on the similarities in the corazonin
distribution in different cockroaches (Veenstra and Davis, 1993; Wen and Lee, 2008), it
can also be assumed that this function of the neuropeptide is conserved among them. In
combination with the results of the immunocytochemical experiments, the local
corazonin-ir MNe in the optic lobe most likely functions as M-cell in the integration and
transmission of light and/or phase information from the contra lateral optic lobe to the
ipsilateral circadian pacemaker, while the cells in the pars lateralis most likely constitute
a link between the circadian pacemaker and the endocrine system.
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Figure 5.8:

The corazonin-immunoreactive (-ir) neuron of the optic lobe colocalized GABA and

myoinhibitory peptides (MIP) but not allatotropin. Horizontal vibratome sections through the optic lobe show
corazonin-immunoreactivity (A, D, G; magenta) in combination with GABA (B, green), MIP (E, green), and
allatotropin (H, green) –immunoreactivity. An overlay is shown in the right panel (C, F, and I). A-C. The GABA-ir
distal tract (DT) was not corazonin-ir, whereas the corazonin-ir soma (arrow) was also GABA-immunoreactive. DF. Colocalizations also occurred between corazonin and MIP. G-I. The corazonin-ir neuron does not colocalize
allatotropin. All images are maximum projections of image stacks. AME, accessory medulla; ME, medulla.
Scale bar = 100 µm.

5.2.1. Similarities and differences with other insects
The immunoreactive cells in the pars lateralis found in R. maderae are clearly
homologues of corazonin expressing lateral neurosecretory cells described in
Allonemobius allardi, A. mellifera, A. rosae, Arge nigrinodosa, B. germania, B.
bisignata, B. mori, Ctenolepsima lineate, Dianemobius nigrofasciatus, Ephestia
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Figure 5.9: The corazonin-immunoreactive (-ir) cells of the pars lateralis overlapped with PDF-ir fibers and
innervated the retrocerebral complex via the nervus corporis cardiaci II (NCC II). A. Camera lucida
reconstruction from DAB-stained serial frontal sections illustrates the branching pattern of the corazonin-ir pars
lateralis cells. Besides sending processes into the NCC II, these cells also branched towards the superior lateral (SLP)
and median protocerebrum (SMP). B-H. Confocal laser scans of the retrocerebral complex (B) and the protcerebrum
(C-H). Boxed area in C-E is shown in detail in F-H. B. The corpora cardiaca (CCA) showed corazoninimmunoreactivity (magenta) while the corpora allata (CAL) was devoid of any staining. C-E. Projections of the
neurosecretory corazonin-ir neurons overlaped with PDF-ir fibers (cyan) in the SLP. F-H. Fine corazonin-ir fibers
(open arrowhead) originating from thick fibers (arrowhead) branched in the SLP. Here, they overlapped with PDFir fibers (double arrowheads). Images in B-H are maximum projections of image stacks. ML, medial lobe; P,
peduncle; VL, vertical lobe. Scale bars = 100 µm.
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kuehniella, G. mellonella, L. migratoria, M. sexta, Oxya yezoensis, P. americana,
Plodia interpunctella, Pyrrhocoris apterus, S. gregaria, as well as in the flies D.
melanogaster, D. simulans, D. errecta, Phormia terraenovae, and Protophormia
terraenovae (Cantera et al., 1994; Schoofs et al., 2000; Hansen et al., 2001; Roller et al.,
2003; Hamanaka et al., 2004; Choi et al., 2005; Roller et al., 2006; Sehadova et al.,
2007; Wen and Lee, 2008; Zavodska et al., 2012). Results from highly sensitive
ELISAs in combination with HPLC experiments in P. americana as well as in situ
hybridizations in G. mellonella, D. melanogaster, D. simulans and D. virils confirmed
that this corazonin-ir cells express authentic corazonin (Veenstra and Davis, 1993;
Hansen et al., 2001; Choi et al., 2005). As in other species, these neurons innervated the
corpora cadiaca via the nervus corporis cadiaci II, supporting also a function of
corazonin as neurohormon or in the control of hormone release in R. maderae.
Interestingly, also in optic lobes of the cockroaches P. americana (Veenstra and Davis,
1993) B. germanica, and B. bisignata (Wen and Lee, 2008) only one neuron was
corazonin-ir. Since a homologous cell connected the AME with different layers of the
medulla in R. maderae, this corazonin-ir neuron part of the circadian system in different
cockroach species. According to its size and position it can be assigned to the group of
MNes (Reischig and Stengl, 2003b). Besides cockroaches, only in D. melongaster
corazonin-ir optic lobe neurons were described so far. In fruit flies not one single
neuron but numerous cells on the anterior surface of the medulla express corazonin agedependently (Choi et al., 2005). Thus, it is unlikely that the optic lobe cell of
cockroaches has a homologues counterpart in the fruit fly.
Futhermore, cells at the base of the optic stalks were also observed in B.
germanica, and B. bisignata, A. nigrinodosa, and O. yezoensis (Roller et al., 2003; Wen
and Lee, 2008), while smaller somata also occurred in the pars lateralis of P. americana
and P. interounctella (Veenstra and Davis, 1993; Zavodska et al., 2012). Unfortunately,
it was not possible to trace the branchings of these cells in R. maderae due to their
considerably weaker immunoreactivity. Thus, it remains an open question whether also
these cells constitute conserved homologous sets of cells. The same is the case for the
weakly stained anterior cells only observed in R. maderae.
Given that the applied antiserum was thoroughly characterized (Veenstra, 1991;
Veenstra and Davis, 1993) and R. maderae expresses corazonin with an identical
sequence against which the antibody was raised, it is likely that our study describes the
complete pattern of corazonin-expressing neurons in the brain. However, it cannot be
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excluded that there is crossreactivity with other neuropeptides in some of the weakly
stained neurons.

5.2.2. The pars lateralis cells might constitute an output axis from the circadian
pacemaker to the endocrine system
The neurosecretory pars lateralis cells express PER in at least two cricket species (A.
allardi and D. nigrofasciatus), M. sexta as well as in B. germania and B. bisignata.
Furthermore, they are contacted by s-LNvs clock cells in D. melanogaster. This makes
an involvement in the circadian systems – at least in these species – likely. In this
context, it was assumed that corazonin acts downstream of the core pacemaker and
functions as output factor (Wise et al., 2002; Choi et al., 2005; Sehadova et al., 2007;
Wen and Lee, 2008; Yang et al., 2009). Also in R. maderae a connection between the
PDF-ir AME neurons and the corazonin-ir pars lateralis cells is possible, since PDF
cells branch in regions of the superior lateral protocerebrum as well as in the superior
median protocerebrum (Wei et al., 2010). The output signals to this brain area provided
by PDF-ir cells are essential for the maintenance of stable locomotor rhythms under
constant conditions (Reischig and Stengl, 2003a). Here, they may form synapses with
the corazonin-ir pars lateralis cells and thus constitute an output axis from the AME to
the endocrine system.
AKHs are an essential part of this system and necessary for energy mobilization during
prolonged activity from the fat body (Gade et al., 1997; Van der Horst et al., 2001).
However, AKH is not produced in the brain but in endocrine cells of the corpora
cardiaca (Schooneveld et al., 1983), from where its release needs to be controlled. Upon
release, AKH triggers octopamine release from dorsal unpaired median (DUM) neurons
of the ventral nerve cord (Wicher et al., 2001; Wicher et al., 2006). The DUM neurons
are part of the arousal system since octopamine acts comparably to nor-adrenaline in
vertebrates (Bacon et al., 1995; Roeder, 2005). The arousal state in turn is also
controlled by a circadian clock in vertebrates as well as insects (e.g. Aston-Jones et al.,
2001; Gonzalez and Aston-Jones, 2006; Wu et al., 2008). Ablation of the corazonin
expressing homologous pars lateralis cells in Drosophila reduced the trehalose levels
(Lee et al., 2008) while constitutive activation of these cells increased it (Sellami et al.,
2010). This is suggestive for a function of corazonin in the control of AKH release,
which might be triggered via PDF clock-dependently. Since there is also an
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evolutionary link between corazonin and AKH (Hansen et al., 2010; Hauser and
Grimmelikhuijzen, 2014), future behavioral experiments should investigate whether
corazonin provides indeed a connection between the circadian system and the control of
metabolism. Possibly, rhythmic release of corazonin, which supplies energy sources, is
phase-coupled to rhythmic expression of behavior.
If corazonin indeed triggers AKH release, it also should increase locomotor activity
similar to AKH in P. americana (Wicher et al., 2006). To further investigate this, we
need to repeat behavioral assays without CO2 anesthesia and cool the cockroaches
instead, since CO2 strongly affects overall activity levels (Rensing and Ruoff, 2002;
Colinet and Renault, 2012).

5.2.3. The corazonin cell in the optic lobes provides input signals to the
circadian pacemaker
The results from the injection experiments demonstrated that corazonin is not only part
of circadian output pathways in cockroaches. It directly acts as input factor into the
clock, since injections of corazonin shifted the beginning of circadian locomotor
activity CT-dependently. Because only one cell associated with the AME contains
corazonin, this MNe appears to release corazonin into the AME. Furthermore, since
homologous sets of cells occur in other cockroaches (Veenstra and Davis, 1993; Wen
and Lee, 2008), this might be a conserved feature in these species. It is unlikely that
corazonin-dependent clock input is directly regulated via ipsilateral light entrainment,
since the corazonin-ir MNe does not overlap with the termination sites of histaminergic
photoreceptor cells. However, it is possible that light-sensitive local interneurons such
as a MNe recorded by Loesel and Homberg (2001) signals to the corazonin cell.

5.2.4. Corazonin is involved in the integration of information from the
contralateral optic lobe
The ipsilateral medulla is contacted by cells of the contralateral optic lobe which belong
to two different groups. The MC I cells project via the anterior fiber fan towards the
proximal lamina and appear to provide clock-dependent phase information. In contrast,
the MC II cells innervate the median fiber system of the medulla in at least two distinct
layers and appear to provide light information (Petri and Stengl, 1997; Loesel and
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Homberg, 2001; Reischig and Stengl, 2002; Reischig et al., 2004). PDF-ir fibers as well
as orcokinin-ir branchings can be found in the layer more distally and anteriorly (Wei
and Stengl, 2011). Furthermore, some of the orcokinin-ir commissural cells resembled
cells that responded to light pulses and also to polarized light. Thus, orcokinin-ir
neurons transmit multiple components of light information (Loesel and Homberg, 2001;
Hofer and Homberg, 2006; Schendzielorz and Stengl, 2014). However, that the
corazonin-ir cell also contains orckokinin is unlikely since Schendzielorz and Stengl
(2014) found no MNe co-localizing MIP, GABA and orcokinin.
Since both optic lobe fiber systems are contacted by the corazonin-ir MNe, this local
interneuron of the optic lobes might act as interface between contralateral light and
phase information. It is likely that here not only the intensity but also the polarization
patterns of the received light pulses are integrated. Furthermore, it is possible that the
triple-stained corazonin cell integrates information from the contralateral optic lobe
with the phase of the circadian pacemaker from the ipsilateral site. However, since
mostly the shell of the AME is innervated it is more likely that the cell provides input
signals depending on information from the contralateral site.

5.2.5. No synergistic effects between corazonin and Rhm-MIP-2 could be
revealed
Since corazonin injections advanced the circadian pacemaker during the late subjective
night similar to the Rhm-MIP-2 (Schendzielorz and Stengl, 2014), both neuropeptides
were applied in a combined injection. Neither doses of 2 x 10-15, 2 x 10-12 nor 2 x 10-9
mol of both peptides were sufficient to induce a stronger effect as application of
individual peptides (Schendzielorz and Stengl, 2014). Since doses of 2 x 10-9 mol of
both peptides revealed similar phase shifts as 2 x 10-12 mol, the lower dose appeared to
already saturate the response. However, lower doses of 2 x 10-15 mol still advanced the
beginning of locomotor activity rhythms but not significant as compared to control
injection. However, effects of a combined injection of corazonin and MIP-2 were
indistinguishable from injections of 2 x 10-15 mol of corazonin alone. Thus, further
coinjection experiments which employ additional sub-threshold concentration between
2 x 10-15 and the saturating concentration at 2 x 10-12 are necessary to further analyze
common effect of both neuropeptides on the circadian system.
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Figure 5.10: Putative connections of the corazonin-immunoreactive (-ir) optic lobe neuron in Rhyparobia
maderae. The corazonin-ir median neuron (MNe; red; arrowhead) innervates the shell and interglomerular part of
the accessory medulla (AME), but not the glomerular part (grey). It connects the AME mainly with median layers of
the medulla (ME) where it overlaps with projections of medulla commissural (MC) II cells (green). In addition, it
innervates the most distal layer of the ME which is contacted by MC I cells (blue). None of these layers receives
direct contacts of histamine-ir (cyan) photoreceptor cells. They terminate in the lamina (LA) and in a distal layer of
the ME that is not contacted by MC cells or the corazonin-ir MNe.

Injection of other neurotransmitters, peptides, or second messengers never resulted in
phase advances larger than 2.5 hours during the late subjective night (Petri et al., 2002;
Hofer and Homberg, 2006; Schendzielorz et al., 2014; Schendzielorz and Stengl, 2014).
However, the application of six hour long light pulses with an intensity of 700 lux led to
significant larger advances (Page, 1987). This is why future triple-injections should
consider also GABA. With this approach larger advances might be achieved in this
behavioral assay due to the modulation of the effects of this neurotransmitter by the two
advancing neuropeptides.
ELISAs measuring PDF levels demonstrated that PRCs allow to predict peptide release
to a certain degree (Chapter 9). Since both, MIP-2 as well as corazonin, advanced the
circadian pacemaker at the end of the subjective night for approximately two hours
(Schendzielorz and Stengl, 2014), both peptides are likely released around dawn
simultaneously. However, if the release of both peptides occurs at dawn, injections
during the middle of the subjective day should result in phase delays. Possibly, some
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unknown mechanism maintaining homeostasis counteracts the influence of the peptides
at this time. Since until now no tested substance with the exception of FMRFamide
releated peptides was able to influence the phase during the early subjective day under
constant darkness (Page, 1987; Petri and Stengl, 1997; Petri et al., 2002; Hofer and
Homberg, 2006; Soehler et al., 2008; Schendzielorz, 2013; Schendzielorz et al., 2014)
injections under constant light might result in different effects. Under constant darkness,
substances shifting the circadian pacemaker towards the subjective night might be less
effective since these comply with the internal state of the animal during the subjective
day. Accordingly, injections under constant light might result in opposite effects and
might reveal the missing delay components which can be expected for corazonin and
MIP-2.

5.2.6. Is the corazonin-immunoreactive cell a morning cell?
The dual oscillator model (Aschoff, 1966; Pittendrigh and Daan, 1976) predicts two
coupled oscillators in a circadian system which react differently to applied stimuli and
control different components of circadian behavior. While light during the early
morning advances the M-oscillator, it delays the E-oscillator during the evening.
Besides the circadian system of vertebrates, this concept was applied to Drosophila.
Here, a function as component of either the M-oscillator or E-oscillator circuit was
assigned to single neurons (Grima et al., 2004; Stoleru et al., 2004; Stoleru et al., 2005;
Helfrich-Forster, 2009). Although evidences point to the presence of such oscillators in
the cockroach R. maderea (Chapter 7), the cellular composition of those is still unclear.
Only one MNe in the optic lobes contains corazonin, which in injection experiments
advanced the circadian pacemaker during the late subjective night as predicted for the
M-oscillator. This cell colocalizes GABA and apparently also MIP – two substances
which also yielded phase advances during the late subjective night (Petri et al., 2002;
Schendzielorz and Stengl, 2014). Thus, it is tempting to speculate that it is an integral
part of the M-oscillator network in R. maderae. Future experiments should further
investigate the M- and E-oscillator composition in the circadian system of the
cockroach.
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6. MIPs are involved in the coupling of both bilateral symmetric
circadian pacemakers
The assumed role of MIPs as coupling factor involved in the synchronization of both
bilateral symmetric AMAE was further investigated by applying multiple-label
immunocytochemistry in combination with backfill experiments. To further analyze the
peptidome of certain commissural cells, antibodies against MIP and PDF were
employed. We found not as many MIP-immunoreactive (-ir) commissural neurons as
suggested previously, but still it is assumed that MIPs act as coupling factors which
synchronize phases of the bilaterally symmetric circadian pacemaker centers.

6.1.
6.1.1.

Results
Backfills labeled known cell groups

Neurobiotin backfills from the contralateral optic stalk labeled four different medulla
soma groups in the ipsilateral optic lobe (Figure 6.1). Preparations which contained only
cell groups MC I-III were considered as not sufficient and not further evaluated. In
total, six backfilled optic lobes were analyzed.
The labeled MC groups contained different numbers of cells. In the MC I group,
approximately 5 VNes were stained (5 ± 0.26; n=6), while the MC II group contained

Figure 6.1: Four medulla commissural (MC) cell groups connect both optic lobes of the Madeira cockroach
Rhyparobia maderae with each other. Confocal laser scans of optic lobes show backfilled cells and fibers after
neurobiotin incubation of the contralateral optic stalk. A. In the anterior sections of the optic lobe, five MC I, five
MC II as well as one MC IV cell were labeled. B. In a section more posterior, 14 MC II cells were labeled. This cell
group next to the accessory medulla (AME) contained always most somata. C. In the posterior optic lobe, six
additional MC II cells and two MC III cells were stained. Here, also the two median layer fiber systems (asterisk)
of the medulla (ME) were backfilled. LOVT, Lobula valley tract. Scale bar = 100 µm.
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Figure 6.2: Only one contralaterally projecting circadian clock neuron colocalized myoinhibitory peptides
(MIPs) and pigment-dispersing factor (PDF) in the Madeira cockroach Rhyparobia maderae. Maximum
projections of confocal laser scans show MIP-immunoreactivity (MIP-ir; magenta), PDF-ir (cyan) and neurons
labeled with neurobiotin-backfills from the contralateral optic stalk (green). Colocalization is shown in white
(D,H,L). A-D. Anterior section of the ipsilateral optic lobe. One medulla cell of group I (MC I) colocalized PDF
and MIP (filled arrowhead) while four backfilled MC I cells neither expressed PDF nor MIP. One backfilled
MC IV cell was devoid of PDF- or MIP-immunoreactivity. Three very weakly stained PDF-ir ventral neurons
(VNes; open arrowhead), four MIP-ir medial neurons (MNes; yellow arrowhead), two MIP-ir ventro-median
neurons (VMNes) as well as a bundle of MIP-ir local interneurons (consisting of 6 medial-frontoventral neurons
[MFVNes] and 10 distal-frontoventral neurons [DFVNes]; not tagged) were not backfilled. E-F. Two posterior
backfilled MC I cells expressed PDF but not MIP (filled double-arrowhead). One strongly PDF-ir cell did not
express MIP and was not backfilled (open arrowhead). None of the 15 MC II Neurons or the MC IV cell were
stained by the applied antibodies, although two MNes (yellow arrowhead), four VMNes (not tagged), one VNe
(not tagged), four MFVNes (not tagged) and one ventro-posterior neuron (VPNe) were MIP-immunoreactive.
Furthermore, colocalizations in the interglomerular (internodular) neuropil of the accessory medulla (AME) were
observed. I-L. Sections through posterior parts of the optic lobe revealed neither MIP-ir nor PDF-ir MC III cells.
Here, four MC III cells were backfilled. While layers of the median fiber system (asterisk) of the medulla (ME),
which originated from contralateral projecting cells, were only sparsely innervated by MIP-ir fibers, colocalizations
were observed in accessory laminae (filled arrow) as well as in fibers at the proximal edge of the lamina (open
arrow). The group of posterior-PDF ME neurons (open double-arrowhead) was also not stained by the
neurobiotin backfill. Scale bar = 50 µm.
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Figure 6.3: MC II cells were not MIP-immunoreactive. Maximum projections of confocal laser scans of an optic
lobe show MIP-immunoreactivity (magenta) and neurons labeled with neurobiotin-backfills from the contralateral
optic stalk (green) in an overview (A-C) and in more detail (D-F; boxed area in A-C). Although 14 medulla cells of
group II (MC II) were labeled by the neurobiotin backfill, none of them were stained by the MIP antibody. MIPimmunoreactive cells could be assigned to medial neurons (MNe; two neurons), ventral neurons (VNe; two neurons)
and small medial-frontoventral neurons (MFVNe; four neurons). The five MIP-immunoreactive neurons labeled
with asterisks have previously been assigned to the group of ventromedian neurons (Schulze et al., 2012;
Schendzeilorz and Stengl, 2014), but might also belong to the diverse group of MNes. AME, accessory medulla;
ME, medulla. Scale bar = 50 µm.

with approximately 17 VMNes (17.17 ± 2.5; n=6) most labeled cells. These cells
occurred not only in anterior sections but also more posteriorly (Figure 6.1).
Furthermore, in posterior regions of the optic lobe in close vicinity to the lobula valley
tract, about 4 MC III cells (3.67 ± 1.51; n=6) were stained in this study. Furthermore, 2
backfilled MNe neurons (2 ± 0.37; n=6), which neither expressed MIP, nor PDF were
assigned to the MC IV group. The obtained results are consistent with previous studies
and summarized in Table 6.1.

6.1.2.

Only MC I cells were MIP-immunoreactive

Out of six evaluated preparations, five contained one MC I neuron which colocalized
MIP and PDF (83,3%; Figure 6.2). This colabeled cell belonged to the group of large
PDFMe cells but was not the largest. Moreover, in one evaluated optic lobe,
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Table 6.1. Commissural cells stained by neurobiotin backfills

Cell group

MC I

mean ± standard error

MC II

MC III

MC IV

5 ± 0.26

17.17 ± 2.50

3.67 ± 1.51

2 ± 0.37

Highest number

6

26

5

3

n

6

6

6

6

MC, medulla cells. Only preparations which contained all MC groups were evaluated.

two MC I cells colocalized both neuropeptides. However, in this case the MIPimmunoreactivity of one colocalizing VNe was only weakly visible (not shown). In the
remaining specimen no cell colocalized the two neuropeptides. Next to the soma,
colocalizations were also observed in the interglomerular and shell region of the AME
as well as in fibers in the proximal lamina and in the ALAE (Figure 6.2 I-L). Although
about the same numbers of backfilled cells were detected (Table 6.1) as published
previously (Table 1.4; Reischig and Stengl, 2002; Reischig et al., 2004; Soehler et al.,
2011), neither MC II, nor MC III, or MC IV cells were stained with anti-MIP or antiPDF antisera (Figures 6.2, 6.3). However, the number of counted MIP-ir cells in AME
soma groups was also consistent with results from earlier studies (Table 6.2; Schulze et
al. 2011). Furthermore, MIP and neurobiotin backfills did also not colocalize in the
middle layer fiber system (Figure 6.2 I-L), which consists of branchings from MC II
and possibly also MC III cells (Reischig and Stengl, 2002).
Although a triple-labeled neuron was frequently observed, triple-labeled fibers were
found neither in the AOC nor in the POC. Furthermore, also no fibers double-labeled
Table 6.2. Number of MIP-immunoreactive cells associated with the accessory medulla (AME)

Cell group

DFVNe

MFVNe

MNe

VMNe

VNe

VPNe

Total

5.8 ± 1.4

7.5 ± 1.9

3.9 ± 1.1

4.5 ± 1.3

5.2 ± 1.4

2.1 ± 0.6

29

6.7 ± 2.4

4.3 ± 1.6b

3.2 ± 0.3

6.7 ± 1.4

7.7 ± 0.4

1.7 ± 0.4

30

Highest number

14

8

4

12

9

3

50

n

6

6

6

6

6

6

6

Schulze et al.
2011a
This study a

To evaluate the number of MIP-immunoreactive neurons in AME cell groups (DFVNe, distalfrontoventral neurons; MFVNe, medial-frontoventral neurons; MNe, medial neurons; VMNe, ventromedian neurons; VNe, ventral neurons; VPNe, ventro-posterior neurons) the same preparations as for the
evaluation of neurons in MC groups (Table 6.1) were considered.
a

cell number is given as mean ± standard error of mean.

b

Lower resulted from two specimens containing no MIP-ir MFVNe. Without these samples, the number

of MFVNes is 6.5 ± 1.2.
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Figure 6.4: No colocalizations occurred between MIP and neurobiotin in tracts connecting both optic lobes of
Rhyparobia maderae. Maximum projections of confocal laser scans showing MIP- (magenta) and PDFimmunoreactive (-ir; cyan) fibers as well as tracts labeled with neurobiotin-backfills from the contralateral optic stalk
(green). Boxed area in M-P is shown in detail in Q-T. A colocalization is shown in white. Nomenclature of tracts was
adopted from Reischig and Stengl (2002). A-D. Colocalizations between neurobiotin and PDF (arrow) were
observed in tract 4, which connected both accessory medullae via the anterior optic commissure (AOC). MIP-ir
neurites, which connected both hemispheres (arrowhead), run parallel to the AOC. MIP and PDF did not colocalize
in fibers, but were expressed in close vicinity in varicosities (double arrowhead) in the fiber network prior to the
AOC (asterisk) in the superior median protocerebrum. E-H. This becomes apparent in a detailed view of this brain
area. I-L. Only fibers labeled with neurobiotin backfills (open arrow) branched in Tract 3. M-P. Also Tract 2 was
Also Tact 2 was not labeled by the used antibodies. M-T. Also in the posterior protecerebrum, only a colocalisation
between neurobiotin and PDF in Tract 7 branching through the posterior optic commissure (arrow) was observed,
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not labeled with anti-PDF or anti-MIP antibodies. Q-X. Also in the posterior protecerebrum only colocalization
between neurobiotin and PDF in Tract 7 in the posterior optic commissure (arrow) was observed. Further MIP-ir
fibers (arrowhead) and neurites stained only with neurobiotin (open arrow) connected both hemispheres. CBL,
lower unit of the central body; CBU, upper unit of the central body; LAL, lateral accessory lobes; ML, medial lobe;
VL, vertical lobe. Scale bar = 50 µm.

with neurobiotin and MIP in tracts three, four and seven, which directly connect both
AMAE (Reischig and Stengl, 2002) were observed (Figure 6.4). Moreover, no
colocalization between neurobiotin and MIP-immunoreactivity occurred in tract 2.
However, several MIP-ir fibers connected both brain hemispheres. In contrast, PDF and
neurobiotin were frequently found in the same fibers branching through the AOC and
POC. The backfill in the AOC was frequently weaker than in other tracts and in some
cases only barely visible. Nevertheless, prior to the AOC in the superior median
protocerebrum apparently varicosities containing MIP- and PDF were found in close
vicinity to each other. Also here no colocalizations in fibers were observed (Figure 6.4
E-H).

6.2.

Discussion

With neurobiotin backfills in combination with immunocytochemical stainings, the
involvement of MIPs in commissural pathways between both optic lobes was
investigated. No MIP-immunoreactive fibers in tracts connecting both OL were
observed despite of at least one backfilled MIP-ir VNe (MC I) that also colocalized
PDF. The possible function of this is cell is discussed further.

6.2.1. MIPs could be part of the coupling pathway between the two AMAE
Based on results of early behavioral studies, a strong coupling of both AMAE via a
direct connection was proposed (Page et al., 1977; Page, 1978; Page, 1981; Page,
1983a; b). Later, it was demonstrated that four cell clusters connect both optic lobes via
three different tracts. These appear to transmit not only phase-information but serve also
as light entrainment pathway from the contralateral optic lobe since intracellularly
recorded commissural fibers responded to light stimulation (Loesel and Homberg, 2001;
Reischig and Stengl, 2002; Soehler et al., 2011). Besides PDF as the most important
coupling factor in insect circadian clocks, orcokinin as well as FMRFamides are
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implicated as coupling factors since they colocalize with PDF in MC I cells (Hofer and
Homberg, 2006a; Soehler et al., 2011).
Furthermore, based on observed colocalizations between MIPs and PDF as well as
MIPs and orcokinin it was concluded that MIPs also might also connect the two AMAE
via AOC and POC (Schulze et al., 2012; Schendzielorz and Stengl, 2014). With the
current backfill experiments it was demonstrated that at least one VNe colocalizing PDF
and MIP appears to directly connect both AMAE. Only one preparation revealed a
second triple-labeled VNe, however, without colocalization between MIP and PDF in
fine branches running beside the two thick PDF-ir axons through the POC as described
by Schulze and colleagues (2012). It should be noted that the MIP-immunoreactivity of
the second VNe as well as of the fibers was only weakly observed under normal
conditions (Schulze et al., 2012). Moreover, also no MIP staining was seen in any of the
three tracts which directly connected both optic lobes. Thus, the MIP content after the
backfill might be below the detection threshold of the antibody. This is in accordance
with results from Soehler and colleagues (2011). They also described colocalizations of
PDF, orcokinin and FMRFamide in projection neurons without finding orcokinin- or
FMRFamide-immunoreactive fibers colabeled with neurobiotin. If lesions of neurons
resulting from cutting off the optic stalk lead to peptide loss, antibodies might no longer
be able to stain otherwise sparsely labeled fibers or somata. This may be more likely
than the involvement of proposed peptide sorting mechanisms of circadian pacemaker
cells (Soehler et al., 2011). Such mechanisms enable the channeling of vesicles with
different neuropeptides towards specific axons to achieve a spatial control of peptide
release (Sossin et al., 1990; Landry et al., 2003). However, this mechanism would also
explain why some fibers were only labeled by the PDF- but not the MIP-antibody.
Thus, it is concluded that at least one large PDFMe cell colocalizes MIPs, which hence
are also involved in the coupling of both AMAE.

6.2.2. Are all VMNes MC II cells?
No preparation contained 35 MC II neurons as assigned maximal by Reischig and
Stengl (2002) to this cell group. Here, maximal 26 MC II neurons were observed (Table
6.1). However, the average number of MC II cells was with approximately 17 cell
(17.17 ± 2.5; Table 6.1) higher than the average number of cells observed in previous
studies (12.5 ± 9.7;Reischig and Stengl, 2002). Furthermore, all other described MC
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groups were observed and the number of cells per group was consistent with results
from previous studies investigating the coupling of circadian pacemakers (Reischig and
Stengl, 2002; Reischig et al., 2004; Soehler et al., 2011). This indicates that backfills
were sufficient to label most if not all MC neurons.
Inconsistent with previous studies none of the MC II cells were MIP-immunoreactive.
Approximately 5 MIP-immunoreative cells were assigned to the VMNes (4.5 ± 1.3;
Schulze et al., 2012). Previously all VMNes (35 ± 5 cells; Reischig and Stengl, 2003b)
were assigned to the MC II cells (35 cells counted maximal; 12.5 ± 9.7; Reischig and
Stengl, 2002; Hofer and Homberg, 2006a; Schulze et al., 2012). Therefore, it was
expected that also the MIP-ir VMNes will be stained by the backfill, which was not the
case. Furthermore, this is contradicting the results from Hofer and Homberg (2006a)
and Schendzielorz and Stengl (2014), who revealed colocalization between MIP and
orcokinin in one of three orcokinin-immunoreactive VMNes, which also belong to the
group of MC II cells. Possibly, none of the MIP-immunoreactive cells assigned to the
VMNes were labeled in this studies and therefore no colocalizations in the MC II group
were observed. However, it is more likely that some MIP-immunoreactive cells were
wrongly assigned to the VMNes instead of the MNes. Accordingly, also the observed
neuron which colocalized MIP and orcokinin (Schendzielorz and Stengl, 2014) might
be rather a MNe than a VMNe and therefore no MC neuron. This assumption is in
further agreement with the staining pattern of the medial layer fiber system of the
medulla, which is innervated by fibers from MC II and III cells (Reischig and Stengl,
2002) but not by MIP-immunoreactive branchings. Future multiple-label experiments
should therefore reevaluate to which cell group double-labeled MIP and orcokinin
immunoreactive cells belong.

6.2.3. Various peptides seem to be necessary to synchronize both pacemakers
The presents of four different MC groups suggested that four independent coupling
pathways connect both AMAE in the cockroach R. maderae. While the peptide content
of the different MC III and IV neurons remains elusive, it was shown that MC I cells
express PDF, orcokinin and probably also baratin while MC II neurons contain at least
orcokinin (Reischig and Stengl, 2004; Hofer and Homberg, 2006a; Söhler et al., 2011).
Since the MC II cells in the Madeira cockroach and their homologues in crickets
innervate the middle layer fiber system of the contralateral medulla and since they
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respond to light in electrophysiological recordings, a function in transmission of
contralateral light information was assigned to this group (Labhart and Petzold, 1993;
Loesel and Homberg, 2001; Yukizane et al., 2002). In contrast to this, the MC I cells are
assumed to transmit phase information, with a stronger coupling of both pacemakers in
R. maderae than in G. bimaculatus, where pacemakers can easily be uncoupled (Page et
al., 1977; Wiedenmann et al., 1988; Stengl and Homberg, 1994; Ushirogawa et al.,
1997; Reischig et al., 2004). A computer model based on results from behavioral
experiments predicted that neurotransmitters and/or –peptides, which advance as well as
delay the circadian pacemakers, are necessary to keep both AMAE in phase with each
other (Petri and Stengl, 2001). This model is consistent with the observed neuropeptideimmunoreactivities and their respective phase-response curves.
While the study from Soehler and colleagues (2011) first demonstrated that single MC
cells express at least three different neuropeptides from different peptide families, the
results obtained in this study showed that also MIPs are part of the coupling pathway as
previously assumed (Schulze et al., 2012; Schendzielorz and Stengl, 2014). The
detection of an additional peptide in the MC I group further points to a complex
interaction of several neuropeptides in the same functional circuits. In this case, the
release of different peptides might be necessary for a proper synchronization of
different neuronal assemblies expressing different neuropeptide receptors. It was
hypothesized that input- and output neurons of the circadian pacemaker might be
autoreceptive for released neuropeptides and thus form synchronized “labeled lines”
necessary to gate different behaviors (Stengl et al., 2015). The MC I cell colocalizing
PDF, MIP and putatively other neuropeptides might be a necessary to orchestrate and
syncronise the gated outputs from both optic lobes.
Moreover, Rhm-MIP-1 delayed the onset of locotomor activity rhythms while RhymMIP-2 advanced it (Schendzielorz et al., 2013; Schendzielorz and Stengl, 2014). Since
MIP-1 and MIP-2 are most likely processed from the same precursor molecule (Schulze
et al., 2012), single MC cells might contain advancing and delaying peptides as
demanded by the model by Petri and Stengl (2001) for proper synchronization.
Moreover, because not only colocalizations between MIP and PDF but also between
MIP and orcokinin in single VNes were observed (Schulze et al., 2012; Schendzielorz et
al., 2014), the large PDFMe cell might also express three different neuropeptides, given
that not only medium-sized PDFMe cells but also large ones contain orcokinin (Soehler
et al., 2011; Wei and Stengl, 2011). This hypothesis should be challenged with multiple-
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label experiments, considering further antibodies against orcokinin as well as
FMRFamide in combination with backfills. These experiments will not only further
analyze the neuropeptidome of single MC cells but might also further elucidate the
functions of MCI cells in commissural pathways. Through this approach it might be
further revealed how combinatory peptide release contributes to the synchronization of
the circadian network.
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7.

Bimodal oscillation of cyclic nucleotides

Since signal transduction for most neuropeptides involves GPCRs, the cyclic nucleotide
levels in the AME and optic lobe neuropils were investigated to conclude when peptide
and transmitter release in the circadian clock and its target areas takes places. For this,
cAMP and cGMP levels in AME and optic lobes were examined in 12:12 LD cycle as
well as one or two day under constant conditions (DD1 first day, DD2 = second day
under constant conditions).

7.1.

Results

7.1.1. Biphasic oscillations of cAMP concentrations in LD and DD2 in the AME
“In LD in the AME cAMP concentrations oscillated with a minimum at ZT 18 and two
maxima at dusk and dawn (Figure. 7.1 A; able 7.1). Significantly lower cAMP levels
were measured at ZT 18 as compared to ZT 12 and ZT 24 (Dunn‟s post hoc test,
P< 0.01). At DD1 (Figure. 7.1 C; able 7.1) cAMP concentrations were elevated as
compared

to

LD

and

no

significant

differences

were

observed

Table 7.1: Concentrations (mean±SE) of cAMP- and cGMP in accessory medullae and optic lobes at
different Zeitgeber times (ZT) or circadian times (CT) of animals kept in a 12:12 light-dark photoperiod
(LD), one day (DD1), or two days in constant conditions (DD2).

Accessory medullae

LD

DD1

DD2

Optic lobe neuropiles

cAMP/protein

cGMP/protein

cAMP/protein

cGMP/protein

(nmol/mg)

(pmol/mg)

(nmol/mg)

(pmol/mg)

ZT 6

15.2±2.2

154.0±19.7

8.2±1.3

251.6±26.5

ZT 12

21.4±3.3

282.5±37.2

4.9±1.0

441.7±72.8

ZT 18

8.3±1.2

139.3±12.1

4.7±1.0

208.5±38.3

ZT 24

17.5±1.5

398.8±83.2

7.9±0.8

207.1±24.4

CT 6

29.3±5.6

1017.0±128.8

15.9±3.6

304.0±70.2

CT 12

40.2±4.8

823.0±94.0

11.3±2.2

535.6±94.2

CT 18

39.5±6.3

868.4±112.9

24.8±3.2

222.1±33.6

CT24

43.8±9.3

848.5±148.3

20.4±2.6

229.7±43.2

CT 6

12.3±1.6

478.4±63.6

3.7±0.4

219.9±22.2

CT 12

33.1±4.1

577.6±55.9

15.0±2.0

262.6±51.1

CT 18

17.4±1.2

587.7±30.9

10.0±1.0

287.9±24.1

CT24

30.0±1.4

558.7±37.6

15.5±2.7

285.6±44.7

Table modified after Schendzielorz et al. 2014 (supplemental material).
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Table 7.2: Comparison of cAMP- and cGMP concentrations (mean±SE) in accessory medullae and
remaining optic lobe neuropils. Levels measured at either 12:12 light-dark photoperiod (LD), one day under
constant conditions (DD1), or two days under constant conditions (DD2) were pooled.

Accessory medullae

Optic lobe neuropils

cAMP/protein

cGMP/protein

cAMP/protein

cGMP/protein

[nmol/mg]

[pmol/mg]

[nmol/mg]

[pmol/mg]

LD

15.2 ± 1.3; 42

238.7 ± 27.1; 42

6.4 ± 0.6; 52

267.3 ± 25.4; 55

DD1

38.8 ± 3.4; 30

880 ± 58; 30

18.1 ± 1.6; 60

323.2 ± 35.7; 59

DD2

24.3 ± 2.0; 29

555.3 ± 22.9; 25

10.8 ± 1; 44

268.8 ± 17.0; 42

Table modified after Schendzielorz et al. 2014 (supplemental material).

at different CTs. However, at DD2 (Figure. 7.1 E; able 7.1) a bimodal oscillation of
cAMP became apparent with minima at CT 6 and CT 18 and maxima at CT 12 and CT
24 (able 7.1). The means of CT 6 and CT 18 significantly differed when compared to
CT 12 and CT 24 (Dunn‟s post-hoc test, P< 0.05, Figure 7.1 E; able 7.1).
7.1.2. Biphasic oscillations of cAMP concentrations only in DD2 in optic lobe
neuropils
Measurements of cAMP levels in optic lobes (without AMAE) under LD revealed no
significant oscillation (Figure 7.1 B; able 7.1), but mean values at ZT 12 and ZT 18
were approximately half the values measured at ZT 6 and ZT 24. At DD1, cAMP levels
strongly increased at all CTs with a significant maximum at CT 18 (Dunn‟s post hoc
test, P< 0.01; Figure 7.1 D; able 7.1). In DD2, cAMP levels oscillated (Figure 7.1 F)
with minima at CT 6 and CT 18. In DD2 mean cAMP values at CT 6 were significantly
lower in comparison to CT 12 and CT 18 as well as to CT 24 (Dunn‟s post-hoc test,
P< 0.01; able 7.1).
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Figure 7.1: cAMP levels oscillated in accessory medullae (AMAE; A, C, E) and remaining optic lobes (OLs;
B, D, F) of Madeira cockroaches. Oscillations of cAMP levels in AMAE of cockroaches in a 12:12 light-dark
photoperiod peaked at dusk (Zeitgebertime 12 = ZT 12) and dawn (ZT 24; LD; A). While overall cAMP levels
increased in the AMAE, the oscillation ceased on the first day in constant darkness (DD1; C). Oscillations of cAMP
levels reappeared on DD2 (E) with the same phase as in LD. In optic lobes, concentrations of cAMP remained
constant of cockroaches kept in LD (B), while they oscillated on the DD1 (D) with a significant peak at circadian
time (CT) 18 compared to CT 12, and in DD2 (F) with two significant peaks at CT 12 and CT 24, as compared to
CT 6. (Dunn‟s post hoc test, * P< 0.05; ** P< 0.01; *** P<0.001). Lights on (white bar), lights off (black bar), in
DD: subjective lights on (gray). Color of bars indicates light/dark phase under LD conditions. Incubation buffers
contained 10 nM Ca2+; (n = 1: 20 AMAE or 6 optic lobes without AMAE). Figure and figure legend adapted and
modified after Schendzielorz et al. 2014.
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Figure 7.2: Oscillations of cGMP concentrations in accessory medullae (AMAE; A, C, E) and remaining optic
lobes (OLs; B, D, F) of the Madeira cockroach depend on external zeitgeber. Concentrations of cGMP
oscillated in AMAE of cockroaches kept in a 12:12 hours light-dark photoperiod (LD) with maxima at dusk and
dawn (A), whereas they remained constant and maximally elevated at the first day under constant conditions (DD1;
C) and were constant and moderately elevated in DD2 (E) compared with LD. Also in the remaining optic lobes,
concentrations of cGMP oscillated in LD (B) with a significant peak at ZT 12compared with ZT 18. The oscillations
remained in DD1 (D) with a significant peak at CT 12 compared with CT 18 or CT 24, while they declined to a
constant low level at DD2 (F; Dunn‟s post hoc test, * P< 0.05). Lights on (white bar), lights off (black bar), in DD:
subjective lights on (gray). Color of bars indicates light/dark phase under LD conditions. Incubation buffers
contained 10 nM Ca2+; (n = 1: 20 AMAE or 6 optic lobes without AMAE). Figure and figure legend adapted and
modified after Schendzielorz et al., 2014.
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7.1.3. Biphasic oscillations of cGMP concentrations only in LD in AMAE
Under LD also concentrations of cGMP oscillated in AMAE with a significant
minimum at ZT 18 and maxima at dusk and dawn (Figure. 7.2 A; Table 7.1). Significant
differences in cGMP concentrations were measured between ZT 18 and ZT 12 as well
as between ZT 18 and ZT 24 (Dunn‟s post hoc test, P< 0.05; Table 7.1). An almost
tripling of cGMP concentrations at DD1 was detected at all CTs (Figure. 7.2 C; Table
7.1). During DD2 cGMP concentrations remained constant at a lower level as compared
to DD1 (Figure 7.2 E; Table 7.1).
7.1.4. Monophasic oscillation of cGMP levels in LD and DD1 in optic lobe
neuropils
In optic lobe neuropils (without AMAE) in LD and DD1 cGMP levels oscillated with a
single, significant maximum at ZT 12 (Dunn‟s post hoc test, P< 0.05; Figure 7.2 B;
Table 7.1; P< 0.05; Figure 7.3 D; Table 7.1). The concentration of cGMP at DD2
remained constant at a lower level as compared to the maximum in DD1 (Figure 7.2 F;
Table 7.1).
7.1.5. Cyclic nucleotide concentrations usually increased in DD1
Mean values of cAMP- and cGMP concentrations of all samples tested per day were
combined and statistically evaluated (Figure 7.3; Table 7.2). In AMAE, cAMP- and
cGMP levels increased significantly at DD1 as compared to LD (Figure 7.3 A, C;
Dunn‟s post hoc test, P< 0.001). At DD2, both cAMP and cGMP levels decreased
significantly as compared to DD1 (Figure 7.3 A, C; Dunn‟s post-hoc test, P< 0.05) but
remained elevated as compared to LD levels (Figure 7.3 A, C; Dunn‟s post hoc test, P<
0.01). In optic lobes (without AMAE), mean cAMP levels increased significantly at
DD1 as compared to LD (Figure 7.3 B; Dunn‟s post-hoc test, P< 0.001). DD2 values
decreased significantly as compared to DD1, while still remaining elevated as compared
to LD values (Figure 7.3 B; Dunn‟s post-hoc test, P< 0.01). The mean cGMP
concentrations in optic lobes remained constant at low levels (Figure 7.3 D)”
(Schendzielorz et al., 2014).
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Figure 7.3: Loss of Light-dark transition changes cyclic nucleotide levels. Transfer from LD 12:12 to constant
conditions (DD1) increased cAMP and cGMP levels in accessory medullae (AMAE; A,C), while in optic lobes (B,
D) only cAMP levels increased. In contrast, in DD2 cyclic nucleotide levels declined again in AMAE as well as in
other optic lobe tissues (A-C; Dunn‟s post-hoc test, *** P< 0.001). Data from Figures 7.1 and 7.2. Figure and figure
legend adapted and modified after Schendzielorz et al., 2014.
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7.2.

Discussion

Rhythmic changes of cyclic nucleotide levels in the AME, the cockroaches' circadian
clock, and in the optic lobes as the clock's prominent input and output region (Reischig
and Stengl, 2003), were examined by applying ELISAs. “Maxima in cyclic nucleotide
levels were presumed to be indicative of maxima in neurotransmitter- or neuropeptide
release of the circadian pacemaker network.
Reminiscent for the mammalian circadian clock the AME expressed maxima in
cAMP- and cGMP concentrations at ZT 12 (dusk) and ZT 24 (dawn) (Prosser and
Gillette, 1991), suggestive of light-dependent neuropeptide release via two
synchronized populations of circadian pacemaker circuits, the evening (E)- and morning
(M)- oscillators, coupled at 12 hours phase difference. The rhythms were lost at DD1
apparently due to disrupted homeostasis between inputs and endogenous rhythms. Since
cAMP levels significantly increased at DD1 and DD2 as compared to LD in both tissues
investigated, light seemed to suppress AC activity. At DD2, a bimodal oscillation in
cAMP concentration with peaks at dusk and dawn returned both in the AME and in
optic lobes, resembling the rhythm observed in AME at LD. Therefore, the presence of
two coupled endogenous circadian oscillators is assumed. Most likely these oscillators
are located in the AME, the circadian pacemaker controlling circadian locomotor
activity (Stengl and Homberg, 1994; Reischig and Stengl, 2003a), and driving rhythms
in both tissues under constant conditions. However, the presence of further oscillators
located in other areas of the brain, also involved in the generation of these rhythms,
cannot be excluded (Helfrich-Förster, 2009).
In LD maxima of cGMP concentrations were found in the optic lobes at dusk
apparently depending on photic stimuli. In DD1 and to a lesser extend also in DD2
cGMP levels were constant and elevated as expected for mostly inhibitory photic input
into the clock (Eskin et al., 1984). In optic lobes neuropils a cGMP peak at dusk
dampened out at DD2 indicating that it resulted from photic input and not from
endogenous clocks. We hypothesize that cGMP concentration changes in the clock are
mostly controlled via photic inputs delaying locomotor activity rhythms at dusk. In
contrast cAMP levels appeared to be light- and clock-controlled signals which might be
mediated” (Schendzielorz et al. 2014) among other things via PDF-release during the
light phase.
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7.2.1. The levels of cAMP and cGMP are influenced by different neuropeptides
“Experiments in D. melanogaster demonstrated PDF-dependent rises in intracellular
cAMP levels in most circadian pacemaker neurons via activation of different ACs and
an increase of intracellular calcium in a subset of clock neurons (Shafer et al., 2008;
Duvall and Taghert, 2012; 2013; Seluzicki et al., 2014). Also in the Madeira cockroach
calcium imaging experiments showed that PDF can modulate intracellular calcium
levels of circadian pacemaker neurons mostly via activation of AC (Wei et al., 2014)”
(Schendzielorz et al. 2014). Furthmore, PDF application increased cAMP levels in optic
lobe lysates (see Chapter 9). Therefore, PDF is one possible candidate among several
other neuropeptides expressed in cells assoziated with the AME for the control of
cAMP levels in different circuits of the circadian clock.
“In accordance, the PDF-receptor of D. melanogaster is a class II G-protein coupled
receptor which activates AC (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005;
An et al., 2011). Furthermore, in both the Madeira cockroach and the fruit fly a Gαs
independent signaling pathway is assumed. This is further supported by the resemblance
of the PDF-receptor with the VPAC-2 receptor of VIP which couples to both AC and
phospholipase Cβ (Meyer-Spasche and Piggins, 2004; Dickson and Finlayson, 2009; An
et al., 2011; Agrawal et al., 2013; Wei et al., 2014).
Since cAMP- and cGMP elevations are not changing synchronously neither in the AME
nor in other optic lobe neuropils under DD it is likely that cGMP levels depend on
additional excitatory photic inputs. Accordingly, accumulation of cGMP concentrations
were obtained after exposure to light in the eyes of the mollusk Aplysia (Eskin et al.,
1984). It was assumed that light-dependent excitatory neurotransmitters such as
acetylcholine or other neuropeptides and -transmitters result in activation of guanylyl
cyclases (Prosser et al., 1989). Therefore, receptor-type guanylyl cyclases or
intracellular calcium levels might be affected, which activated calcium-sensitive nitric
oxide synthase resulting in increased nitric oxide sensitive guanylyl cyclase activity. A
candidate for such a neuropeptide is Rhyparobia-MIP-1 since injections resulted in an
all delay PRC resembling the cGMP-dependent PRC (Schulze et al., 2013;
Schendzielorz et al., 2014). To test whether acetylcholine affects the circadian
locomotor activity in cGMP-dependent manner, injection experiments need to be
performed” (Schendzielorz et al. 2014).

Bimodal oscillations of cyclic nucleotides 123

7.2.2. Morning and evening oscillators in the circadian pacemaker center of the
Madeira cockroach
“The morning (M) and evening (E) dual oscillator model is a very useful concept
(Aschoff, 1966; Pittendrigh and Daan, 1976) which can explain adaptations to different
photoperiods as well as internal desynchronization into two free-running activity
components with long or short period (Grima et al., 2004; Stoleru et al., 2004; Inagaki
et al., 2007; Naito et al., 2008; Helfrich-Forster, 2009). The M-oscillator couples to
dawn and is advanced (accelerated) by light resulting in a shorter period, while the Eoscillator with a longer period is delayed (decelerated) by light and synchronizes to
dusk. While in the fruit fly the M-oscillator, but not the E-oscillator is assumed to
consist of PDF-releasing neurons of the AME (Yoshii et al., 2009; Peschel and
Helfrich-Forster, 2011), in the cockroach the cellular and molecular natures of M- and
E-oscillators are not known. However, as two maxima of cAMP concentrations were
observed, dual oscillator circuits appear to be also present in the Madeira cockroach.
Thus, the first cAMP peak at CT 12 seems to be associated with an E- and the second
peak at CT 24 with a M-oscillator circuit.” (Schendzielorz et al. 2014). Since cAMP
increases most likely reflect neuropeptide release, it is hypothesized that circadian
pacemaker neurons are recruited via different neuropeptides to form synchronised cell
ensembles. These are coupled to dusk respectively dawn and can act in gating of outputs
and control of behavior (Stengl et al., 2015). Since PDF is most likely released during
the light phase (see Chapter 9) and forms cell coupled ensembles (Schneider and Stengl,
2005), a similar function in the Madeira cockroach as in D. melanogaster is possible.
Which further neuropeptides and/or neurotransmitters also participated in the M- and Eoscillator network is not known yet.
However, “consistent with the assumption of light-controlled PDF-neurons,
photoperiod-dependent changes in the number of medium-sized and posterior PDFMes
were observed (Wei and Stengl, 2011). Thus, light appears to affect the expression of
PDF in the aPDFMes, making them ideal candidates for adjustment to annual changes
in photoperiods (Wei and Stengl, 2011). Furthermore, in agreement with this hypothesis
light controls cyclic nucleotide concentrations, decreasing them in LD. Possibly, the
strong inhibitory input into the AME during the day is a light-dependent gain control
mechanism preventing light-dependent overstimulation. A good candidate for lightdependent inhibition is the neurotransmitter γ-aminobutyric acid (GABA). The
GABAergic distal tract connects the AME to the ipsilateral medulla and lamina and
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could function as either entrainment pathway (Petri et al., 2002) or as gain control
mechanism keeping light-dependent circuits in their response range. Furthermore,
metabotropic GABA receptors (GABAB) couple to Gi proteins, which reduce AC
activity (Hamasaka et al., 2005b).
Whether the same or different PDFMes can be inhibited and/or excited by light,
depending on the internal state of the cells and depending on additional environmental
signals is not known but is likely. Thus, it is not surprising that we found evidence that
PDF can both be excitatory or inhibitory for AME pacemakers (Wei et al., 2014)”
(Schendzielorz et al. 2014).
Unfortunately, it is not yet known how the M- or E-oscillator network is composed on
the cellular level. Besides the PDFMes, the corazonin-ir MNe might be an integral part
of the dual-oscillator system as component of the M-orscillator (see Chapter 5). It
remains to be investigated which of the other approximately 240 neurons associated
with the AME are part of which circuit. Furthermore, also an analysation of the
interaction of different neuropeptides colocalized in single pacemaker cells in
accelerating or deaccelarting single AME neurons and/or how these affect second
messanger levels remains a challenging task for the future.
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8.

PDF-immunoreactivity in the ventral nerve cord

The PDF-ir in the brain of the Madeira cockroach is well characterized but it is not
known if and where the peptide is expressed in the ventral nerve cord. Therefore,
immunocytochemical methods combining two antisera were applied to investigate its
distribution in the ventral nerve cord. For this, whole mount preparations of the
complete ventral nerve cord were performed and simultaneously stained with two PDFantisera.

8.1.

Results

As reported previously (Soehler et al., 2011), both antisera basically labeled the same
structures in the brain of the cockroach. Prominent fibers i.e. in the anterior fiber fan or
the lamina as well as somata of the anterior ME-neurons reacted equally with both
antisera. However, minor differences were observed in finer PDF-ir branches. For
example, the anti-Ucp-PDH antiserum stained more fine fibers in ALAE or the inferior
lateral protocerebrum, whereas the anti-Drm-PDF antibody labeled only prominent
varicosities here (Figure 8.1). Since the PDF-distribution in the brain was thoroughly
characterized in several studies (Stengl and Homberg, 1994; Reischig and Stengl, 1996;
Reischig et al., 2004; Wei et al., 2010), it will not be described here in further detail.
Instead, we focus on the SOG and the ventral nerve cord. While in the frontal ganglion
no immunoreactivity was observed (not shown), in every other ganglion various fibers
were stained by both antisera.

8.1.1. PDF distribution in the SOG
In the SOG, both antisera labeled a network of fibers innervating the ventral part of the
neuropil (Figure 8.2). While in the brain only minor variations in the staining pattern of
both antisera were observed, most striking differences occurred in dorsal parts of the
SOG. Here, different fibers innervating the neuropil were either stained by the
anti-Ucp-PDH antibody or the anti-Drm-PDF antibody. No colocalizations in fibers in
dorsal parts of the ganglion were observed but also differently labeled somata occurred
in all preparations. Although strongly stained, these somata were lacking contralateral
counterparts. Since they did not belong to the DUM or ventral unpaired median neurons
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Figure 8.1: Both applied antisera labeled the same structures in the optic lobe. All pictures show maximum
projections of substacks of confocal scans obtained from whole mount preparations. Structures stained with the antiDrm-PDF antibody are shown in cyan, while structures labeled by the anti-Ucp-PDH antibody are shown in red. A
colocalization in the overlay appears in white. Boxed areas in A-C of the accessory medulla (AME; D-F), the medial
lamina (LA; G-I) and ventral PDF lamina cells (open double-arrowhead; J-L) are shown in detail. A-C. Overview
of the PDF-immunoreactivity in LA, medulla (ME) and AME. Ventral and dorsal (double arrowheads) PDF LA
cells as well as anterior (open arrowhead) and posterior (arrowhead) PDF ME cells and the anterior fiber fan were
labeled by both antisera. D-F. Detail of the AME demonstrates that some fibers of the anterior fiber fan were stained
exclusively by the anti-Ucp-PDH antibody (arrow). G-I. Also in the LA, small fibers were only stained by the antiUcp-PDH antibody. J-L. Some cells of the ventral LA were stronger labeled by the anti-Drm-PDF antibody and only
faintly stained with the other antiserum (open arrow). Scale bars = 100 µm in A-C and 20 µm in D-L.

(VUM), staining in these cells was considered as unspecific and thus not further
evaluated. Furthermore, fibers running through connectives, connecting the SOG with
the brain as well as with the first thoracic ganglion, were stained (Figure 8.3). Besides
colabeling in parts of these fibers, a meshwork of branches in ventral regions of the
SOGs neuropil was stained by both antibodies. This fiber meshwork innervated in
particular the cranial part of the ventral neuropil. However, also colabeled fibers which
crossed the midline in medial parts of the SOG occurred (Figure 8.3).
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Figure 8.2: In the subesophageal ganglion (SOG; B-D), the three thoracic ganglia (TG; E-M) and the
terminal abdominal ganglion (TAG; N-P) a network of PDF-ir fibers innervated ventral parts of the
neuropil. Substacks from image stacks acquired with a confocal laser scanning microscope are shown as maximum
projection. Staining acquired with the anti-Drm-PDF antibody is shown in cyan, with the anti-Ucp-PDH antibody
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in red, and colabeled structures in white. A. Schematic representation of the nervous system of Rhyparobia
maderae. B-D. Distribution of PDF in the SOG. Both antisera labeled a network of fibers in the ventral region of
the ganglion (asterisk). Several cells were labeled either by the anti-Drm-PDF antibody (open arrow) or the antiUcp-PDH antibody (arrow). Both antibodies stained fibers in the dorsal part of the ganglion. Here, no
colocalization was observed. E-G. In the first thoracic ganglion the anti-Ucp-PDH antibody stained a pair of
bilaterally symmetric cells in the caudal part (open arrowhead) and a group of cells in the cranial part
(arrowhead). Arborizations of these cells resulted in an antler-shaped branching pattern in ventral parts of the
neuropil, which was also labeled by the anti-Drm-PDF antibody. Some cells of the cranial cell group were labeled
by both antisera (double arrowhead). A similar staining pattern was obtained for the second (H-J) and third (K-M)
thoracic ganglion. N-P. While in the TAG no bilaterally symmetric cell bodies were stained, both antibodies labeled
a ladder shaped meshwork of fibers in ventral parts of the ganglion. Scale bars = 200 µm.

8.1.2. PDF-ir neurons were found in the thoracic ganglia
In the pro-, meso-, and metathoracic ganglia the anti-Ucp-PDH antibody labeled a
homologues group of cells that was bilateral distributed in cranial parts of the ganglion
(Figures 8.6, 8.8). Those neurons send their neurites in a caudal direction before they
branched in the median ventral neuropil. The cell group contained approximately 12
somata (12.21 ± 0.79; maximal count 18; n=8) with a diameter of approximately 14 µm
(14.05 ± 0.21; n= 183). In contrast, the anti-Drm-PDF antibody only reacted with a
smaller number of neurons in this group (1.83 ± 0.52; maximal number 7; n=8). This
antibody stained the somata significantly weaker and never stained traceable neurites of
cells of this group. Interestingly, only some cells were colabeled by the both antisera,
while others were stained exclusively with either the anti-Drm-PDF antibody or the
anti-Uca-PDH antibody (Figure 8.4).
Most colabeled cells were found in the second thoracic ganglion of one preparation.
Here up to six cells were stained by both antisera. However, on average only
approximately one cell was labeled by both antisera (0.88 ± 0.33). This low mean value
is a result of nervous systems in which no cell was stained in some ganglia by the antiDrm-PDF antibody but which were nonetheless considered for evaluation. However, in
all thoracic ganglia of every dissected nervous system an antler shaped meshwork of
fibers was stained by both antisera. Also in all thoracic ganglia, fibers labeled by both
antisera crossed the midline of the ganglion and the cranial regions were stronger
innervated by colabeled fibers as the caudal parts. Furthermore, always a pair of
bilaterally symmetric neurons in the cranial part were labeled by the anti-Ucp-PDH
antiserum here (observed in all three thoracic ganglia of four nerve cords). Those cells
were not stained by the anti-Drm-PDF antibody. Besides these strongly labeled
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Figure 8.3: The subesophageal ganglion is innervated by PDF immunoreactive fibers. Due to high fluorescence
of the ganglionic sheat, maximum projections of substacks (A-F) or single images of acquired image stacks (G-I) are
shown. Staining obtained with the anti-Drm-PDF antibody is shown in cyan, with the anti-Ucp-PDH antibody in red
and colocalizations in white. A-C. PDF-ir fibers branched in connectives towards the brain. Here, different fibers
were stained by the anti-Drm-PDF antibody (open arrowhead) and anti-Ucp-PDH antibody (open arrowhead). DF. Both antibodies stained a meshwork of fibers in the ventral part of the ganglion (asterisk). Furthermore, also
weakly immunoreactive cells occurred. Again, different cells were labeled by the different antibodies (arrow, antiUcp-PDH antibody; open arrow, anti-Drm-PDF antibody). Besides the colocalized fibers, further neurites were only
stained by one of the two antibodies. G-I. In the connective towards the first thoracic ganglion, besides fibers only
stained by the anti-Drm-PDF antibody a neurite labeled by both antibodies was observed. Scale bar = 100 µm.

bilaterally symmetric cells, further weakly stained somata appeared in all preparations
(Figure 8.4). Those cells were not bilaterally distributed, never labeled by both antisera,
and never traceable neurites were observed. Thus, those neurons were similar to cells
stained in the SOG considered as unspecifically stained similar and also not further
evaluated. Moreover, also in dorsal parts of thoracic ganglia fibers were stained by
either antibody which showed no colabeling.

8.1.3. All abdominal ganglia are innervated by a meshwork of PDF-ir fibers
Similar to the thoracic ganglia, also in all abdominal ganglia a meshwork of PDF-ir
fibers was observed. Here, in every preparation both antibodies labeled an antler-shaped
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Figure 8.4: Two bilateral cell groups in every thoracic ganglion were stained. Due to high fluorescence of the
ganglionic sheat (asterisk), maximum projections of sub stacks of acquired image stacks are shown. Staining
acquired with the anti-Drm-PDF antibody is shown in cyan and with the anti-Ucp-PDH antibody in red.
Colocalizations of both are shown in white. A-C. In the ventral median part of the ganglion, both antisera labeled an
antler-like meshwork of fibers. One pair of bilateral symmetric cells (open arrowhead), only labeled by the antiUcp-PDH antibody, branched towards this arborizations (open double arrowhead). D-F. In the caudal part, an
additional cell showed PDF-immunoreactivity. Here, most cells were labeled by the anti-Ucp-PDH antibody
(arrowhead), but some cells were also stained by both antisera (arrow) or only by the anti-Drm-antibody (open
arrow). Neurites from this cell group (double arrowhead) branched in dorsal direction towards the double-labeled
structures in the median neuropil. G-I. Neurites in the connectives between the metathoracic ganglion and first
abdominal ganglion were stained by the anti-Drm-PDF antibody (triple arrowhead) as well as the anti-Ucp-PDH
antibody (open triple arrowhead). Scale bars = 100 µm in A-C and 50 µm in D-F.

pattern of fibers, which was also located in ventral regions of the neuropil. Similar to
other, colabeled fibers innervated preferentially the cranial part of the neuropil and
crossed the midline in a median region. In all connectives between the abdominal
ganglia as well as between the first abdominal ganglia and the metathoracic ganglion,
different fibers were stained by both antibodies (Figure 8.8). Branches of theses fibers
could partially be traced towards the fiber meshwork stained by both antibodies.
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Figure 8.5: Both antibodies reveal the presents of PDF in anterior parts of abdominal ganglia and the
terminal ganglion. Maximum projections of substacks obtained with a confocal microscope showing the staining
pattern obtained with an anti-Drm-PDF antibody in cyan and with an anti-Ucp-PDH antibody in red in anterior (AC) and posterior parts (D-F) of the first abdominal ganglion as well as in anterior (G-I) and posterior (J-L) parts of
the terminal abdominal ganglion. Structures colabeled are shown in white. A-F. Both antibodies stained an antlershaped meshwork of fibers in cranial anterior parts of the abdominal ganglions neuropil (asterisk), while fibers in
dorsal parts were individually labeled. Furthermore, both antibodies also labeled different somata with a low
staining intensity (arrow, anti-Ucp-PDH antibody; open arrow, anti-Drm-PDF antibody) and fibers in the
connectives towards the mesothoracic ganglion (arrowhead, anti-Ucp-PDH antibody; open arrowhead, anti-DrmPDF antibody). G-L. In the terminal abdominal ganglion a different innvervation pattern was observed. Here, in
dorsal, medial and ventral regions parts of the neuropil were stronger innervated by co-labeled fibers which were
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PDF antibody). G-L. In the terminal abdominal ganglion a different innervation pattern was observed. Here, in
cranial, medial and caudal regions, parts of the neuropil were stronger innervated by colabeled fibers. These were
connected their bilateral symmetric counterpart via commissures crossing the midline of the ganglion. J-L. In the
dorsal ganglion no fibers were colabeled but PDF-ir neurites labeled by the anti-Ucp-PDH antibody were traced
towards connectives between the fifth abdominal ganglion and the terminal abdominal ganglion. Scale bars = 100
µm.

If observed, stained cell bodies were always in close vicinity to the ganglionic sheat,
had no prominently stained axons, and most of all, were always lacking a contralateral
counterpart. Thus, also in the abdominal ganglia these neurons were considered as
unspecifically labeled artifacts.
Also in connectives between the fifth abdominal ganglion and the terminal abdominal
ganglion, fibers were stained. Again, branches from these neurites could be traced
towards the meshwork labeled by both antisera in abdominal as well as terminal
abdominal ganglia. However, the colabeled meshwork in the terminal abdominal
ganglion differed from the other abdominal ganglia. Here, both antisera labeled a
“ladder shaped” meshwork of fibers again in ventral parts of the neuropil. This laddershaped innervation pattern was the result of bilaterally distributed branching sites in
dorsal, middle, and ventral parts of the ganglion, which were innervated by PDF-ir
fibers to a high degree. These highly branching sites were highly interconnected with
each other via commissures crossing the midline of the terminal ganglion. As in the
SOG and the thoracic ganglia, also in dorsal regions of the abdominal ganglia and the
terminal abdominal ganglion both antibodies stained individual neurites. Again, also
here no colabeled fibers were observed. Furthermore, reproducible staining of
bilaterally distributed somata located in the terminal ganglia were not achieved with
either antibody. Thus, we did not consider any of the stained cells for further
evaluations.

8.1.4. Removing the optic lobes did not affect the staining pattern of the ventral
nerve cord
The anti-Ucp-PDH as well as the anti-Drm-PDF antibody labeled the same structures
and cell bodies in the ventral nerve cord of cockroaches 21 days after removal of both
optic lobes as in nervous systems of untreated animals. While the immunoreactivty in
the ventral nerve cord persisted, the treatment was sufficient to abolish the PDF-
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Figure 8.6: In all abdominal ganglia (AGs) the PDF-ir fibers showed a homologue innervation pattern.
Substacks from image stacks acquired with a confocal laser scanning microscope are shown as maximum
projection. Staining acquired with the anti-Drm-PDF antibody is shown in cyan, with the anti-Ucp-PDH antibody in
red, and colabeled structures in white. A. Schematic representation of the nervous system of Rhyparobia maderae.
B-P. In all AGs, both antibodies colabeled a network of fibers in the dorsal anterior region of the neuropil. Both
halves neuropil. Both halves were connected with each other by co-labeled commissures crossing the midline of the
ganglion. Scale bars = 100 µm.

Bimodal oscillations of cyclic nucleotides 134

halves were connected with each other by colabeled commissures crossing the midline of the ganglion. Scale bars =
100 µm.

immunoreactivity in the proto- and deutocerebrum. However, PDF-ir fibers in the
tritocerebrum of treated animals were still labeled by both antisera (Figure 8.7).

8.2.

Discussion

Immunostainings of the complete ventral nerve cord demonstrated that the PDF
expression in R. maderae is not restricted to the brain. PDF-ir fibers were found in all
ganglia while only the thoracic ganglia contained bilateral symmetrically distributed
PDF-ir somata. Moreover, removing the optic lobes three weeks prior to the dissection
of the ventral nerve cord did not affect its staining pattern. Therefore, it is assumed that
PDF, otherwise closely associated with the circadian system, is involved in further
functions in circuits of thoracic and abdominal ganglia. Possibly, it acts as
neuromodulator influencing central pattern generators located there.

8.2.1. PDF-distribution in the ventral nerve cord suggests the involvement in
additional functional circuits
In several insects PDF-ir neurons were observed in abdominal ganglia (Nässel et al.,
1993; Helfrich-Forster, 1997; Persson et al., 2001). Interestingly, in the other cockroach
species B. germanica and B. bisignata no PDF-ir somata occurred in the ventral nerve
cord. Here, only colocalizations of PER and PDF immunoreactivity in axon bundles
connecting thoracic and abdominal ganglia were observed (Wen and Lee, 2008). Since
numerous PDF-ir somata are present in the ventral nerve cords of Onychophora, it was
hypothesized that the absence of PDF expressing cells in the thoracic ganglia of insects
was due to the evolutionary loss in some lineages (Mayer et al., 2015).
In contrast to this, in R. maderae PDF-ir somata were found only in the thoracic but not
in the abdominal ganglia. Thus it might be assumed that the primal insects still
possessed PDF expressing somata in the whole ventral nerve cord before the
evolutionary loss in various lineages occurred. Since also intersegmental fibers in all
connectives were found, the PDF-ir arborizations in the abdominal ganglia and the SOG
derived most likely from processes of the cell groups in the thoracic ganglia.
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Figure 8.7: The PDF-immunoreactive (-ir) pattern persisted in all ganglia after the optic lobes have been
removed. Substacks from image stacks acquired with a confocal laser scanning microscope are shown as maximum
projection. Staining acquired with the anti-Drm-PDF antibody is shown in cyan, with the anti-Ucp-PDH antibody in
red, and colabeled structures in white. A.Schematic representation of the nervous system of Rhyparobia maderae
with removed optic lobes. B-F. PDF-ir pattern of the brain and subesophageal ganglion (SOG). Boxed areas in B-D
are shown in detail in E-G (Tritocerebrum) or H-J (SOG) in detail. Three weeks after removal of the optic lobes, the
charactersistic
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charactersistic PDF-staining pattern was no longer visible in the protocerebrum but unaffected in the tritocerebrum
and SOG. Here, still a meshwork of immunoreactive fibers was labeled by both antisera (arrow). K-M. Also, in the
ventral median part of the thoracic ganglion (TG) an antler-like meshwork of fibers were stained by both antisera
(arrow). This pattern was connected to on pair of bilateral symmetric cells (open arrowhead) only stained by the
anti-Ucp-PDH antibody, and a cell group in caudal parts of the ganglion (arrowhead). N-P. The colabeled pattern
in the abdominal ganglion (AG) also persisted. Q-S. Fibers stained by the anti-Ucp-antibody (double arrowheads)
branched connectives towards the “ladder shaped” branching pattern of PDF-ir colabled fibers. Scale bar = 200 µm.

While lesion- and transplantation studies demonstrated that the PDF-ir connections to
the superior median and lateral protocerebrum are particular important for rhythmic
locomotor behavior (Stengl and Homberg, 1994; Reischig and Stengl, 2003a), the
excessive innervations of the thoracic ganglia suggest now a direct affection and
orchestration of central pattern generators here and thus a direct influence on locomotor
behavior (e.g. Nässel, 1996; Marder and Bucher, 2001; Dickinson, 2006). Moreover, the
innervation-patterns in the abdominal ganglia and the terminal abdominal ganglion
further indicated that PDFs role as central neuromodulator is not restricted to the thorax
but also present in the abdomen as demonstrated for S. gregaria. Here, application of
PDF strengthened the ongoing rhythmic motor pattern or increased the frequency of
spiking activity (Persson et al., 2001).
Furthermore, it was indicated that PDF also functions as neurohormone in Locusts, give
that projections from PDF-ir somata in abdominal ganglia innervated with the
perisympathetic organs (PSOs) also neurohemal release sites (Persson et al., 2011).
However, the corpora cardiaca and corpora allata of R. maderae were devoid of PDFimmunoreactivity and also no colabeled fibers which branched towards PSOs were
observed in abdomional as well as thoracic ganglia. Therefore, a similar functional role
of

PDF

in

R.

maderae

is

unlikely.

However,

future

studies

combining

immunocytochmistry with direct tissue mass spectrometry should investigate if PDF is
indeed absent from these hormone release sites.
Based on results from ELISAs, Persson and colleagues (2001) further concluded that
PDFs role in the ventral nerve cord is independent of the circadian system. Although no
significant differences in peptide levels of abdominal ganglia were revealed, this
interpretation has to be treated with caution. Since measurements were performed only
at two points (ZT 8.5 and 20.5), the minima and maxima in peptide levels might have
occurred between these times. Thus, ongoing ELISA experiments are currently
analyzing the PDF levels of the terminal abdominal ganglion and the thoracic ganglia in
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the course of a day to search for circadian fluctuations in the ventral nerve cord of the
Madeira cockroach.
However, if PDF also acts as output factor of the circadian system in the ventral
nerve cord, a connection between the AME and the PDF-ir network must exist.
Extracellular recordings from cervical connectives found a rhythm in electrical activity
that was abolished after crushing of the optic lobes. Thus, at least an electrical
connection between the circadian clock and descending neurons innervating areas
outside of the brain was demonstrated (Colwell and Page, 1990). Unfortunately, the
morphology of the involved neurons has not been revealed. No direct connection
between the PDF-ir AME cells and the network in the SOG was observed in this study
(not shown) as well as in previous studies (Stengl and Homberg, 1994; Wei et al.,
2010). Furthermore, the immunoreactivity in the ventral nerve cord persisted after the
optic lobes were removed three weeks prior to the immunocytochemical experiments.
Therefore, it is unlikely that the PDF-ir branches of the ventral nerve cord are related to
the PDFMe neurons associated with the AME. Moreover, while the PDF-ir pattern of
the protocerebrum was absent in treated animal, staining of co-labeled fibers in the
tritocerebrum persisted. This indicates that these immunoreactive branches resulted
from ascending fibers from the ventral nerve cord. Possibly, these fibers transmit the
state of ongoing activity of certain pattern generators towards the brain.
In contrast to this, studies from Drosophila indicated a direct connection
between the fruit fly‟s AME and the PDF-ir abdominal neurons (Helfrich-Förster,
1997). Further backfill studies with application of tracers at these connectives should
further investigate the connection between the AME and the PDF network in the ventral
nerve cord.

8.2.2. Does the anti-PDF staining pattern in the ventral nerve cord result from
different structural isoforms of PDF?
Like in D. melanogaster or other insect species studied until now, it is assumed that
only one PDF is expressed in the nervous system of the cockroach R. maderae (Park
and Hall, 1998; Hamasaka et al., 2005a). This peptide differs in four amino acids from
the sequence against which the monoclonal anti-Drm-PDF antibody was raised (Cyran
et al., 2005) and in three amino acids from the sequence against which the polyclonal
anti-Ucp-PDH antibody was raised (Dircksen et al., 1987; Table 8.1). Both applied
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Table 8.1: Comparison of PDF and PDH sequences.

Species

Sequence

Reference

Drosophila melanogaster

NSELINSLLSLPKNMNDAa

Park and Hall, 1998

Rhyparobia maderae

NSEIINSLLGLPKVLNDAa

Hamasaka et al., 2005

Uca pugilator

NSELINSILGLPKVMNDAa

Rao et al., 1985

Differences between the sequence of Rhyparobia maderae PDF and Uca pugilator PDH or Drosophila
melanogaster PDF are shown in bold.

antibodies were used to analyze the distribution of the circadian coupling factor PDF in
a variety of insects (e.g. Homberg et al., 1991; Nässel et al., 1991; Nässel et al., 1993;
Stengl and Homberg, 1994; Helfrich-Forster, 1997; Soehler et al., 2011; Kauranen et
al., 2012). Interestingly, besides the s-LNvs and l-LNvs, associated with the AME of the
fruit fly, the anti-Ucp-PDH antibody also labeled cells in the dorsal protocerebrum in
close vicinity to the mushroombody‟s calyx with a low intensity (Helfrich-Forster and
Homberg, 1993; Helfrich-Forster, 1997). These cells do not express pdf mRNA and
were also not labeled by the anti-Drm-PDF antibody, whereas the PDF expressing
s-LNvs and l-LNvs were reliably stained by both antisera (Helfrich-Forster and
Homberg, 1993; Helfrich-Forster, 1997; Park et al., 2000; Hermann-Luibl et al., 2014).
Thus, it should be expected that also the colabeled soma and especially the colabeled
fibers in the nervous system of R. maderae express authentic PDF.
Furthermore, also in G. bimaculatus differences in the staining intensity of PDF-ir
lamina cells were observed with the anti-Ucp-PDH. Here, the antibody yielded a
staining pattern in which outer PDF-ir lamina cells were weaker labeled as compared to
inner cells of this group. By a thorough characterization of the antibody, it was
demonstrated that a lysine residue at position 13, an aspartic acid residue at position 17,
as well as an amidated alanine at the C-terminus are crucial for appropriate binding of
the anti-Ucp-PDH antibody to PDF. In addition, also the N-terminal tripeptide NSE as
well as Ile5, Asn6, or Ser7 are necessary for proper immune responses by the antibody
(Honda et al., 2006). Since the molecule stained by this antibody meets all requirements
for a peptide to be considered as PDF (Rao et al., 1987), the authors concluded that two
different PDF isoforms, putatively resulting from different splicing of the pdf gene,
were responsible for the different intensities observed in the staining pattern (Honda et
al., 2006). In Drosophila only one PDF has been detected so far. Although this peptide
seems to be amidated only in certain clock neurons, its sequence shows no variations
(Park et al., 2008).
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Until now, also in R. maderae only one isoform of the PDF peptide was identified
(Hamasaka et al., 2005a), whereas also here the occurrence of an additional PDF cannot
be excluded. The expression of another PDF in the subesophageal ganglion and the
ventral nerve cord could explain fibers labeled only by the anti-Ucp-PDH antibody. It
should also be considered that this antibody detected smaller amounts of
Rhyparobia-PDF in ELISA experiments (Chapter 9). Thus, also in the ventral nerve
cord some soma and fibers might be labeled which contained PDF amounts below the
detection limit of the anti-Drm-PDF antibody. Especially in the cell groups of the
thoracic ganglia this might be the case, since these were partially colabeled but only
with a weak staining intensity by the anti-Drm-PDF antibody. On the other hand, a
false-positive reaction with a similar peptide cannot be excluded.
What remains puzzling is the fact that certain fibers were only labeled by the
anti-Drm-PDF antibody. Since this is a monoclonal antiserum, it binds to only one
epitope of the PDF-Peptide. This epitope is most likely also recognized by the anti-UcpPDH antibody (Honda et al., 2006). Thus, any cell or fiber should either be stained by
both antibodies or only by the anti-Ucp-PDH antibody. The only explanation might be a
false-positive reaction by the anti-Drm-PDF antibody with an additional peptide which
is not recognized by the anti-Ucp-PDH antibody.
Labeled cells, which showed only weak immunoreactivity and were not reproducible
labeled, were also considered as false-positive results, especially since those cell bodies
frequently occurred in close vicinity to the ganglionic sheath, which was strongly
stained by the anti-Drm-PDF antibody. Furthermore, those cells had no contralateral
counterpart and did also not belong to the dorsal unpaired median neurons or to the
ventral unpaired median neurons, which is also indicative for a false-positive result.
Future experiments should consider immunoaffinity chromatography with subsequent
analysis via mass spectrometry to reveal the molecules which react with the antibodies.
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9.

Release of PDF in the course of a day

To obtain more information about the time of PDF release and action in the AME, the
optic lobes, and the median protocerebrum, several approaches were considered. First,
the PDF PRC was completed between CT 22 and 24. In addition, PDF effects on cyclic
nucleotide levels at different ZTs were evaluated with self-made ELISAs (see also
Chapter 7) on optic lobe lysates incubated with 1 µM Rhm-PDF. Furthermore, another
competitive ELISA was developed to measure PDF concentrations of individual R.
maderae brains in the course of a day. The behavioral experiments in combination with
the two ELISAs made it possible to draw conclusions about the time when PDF is
released.

9.1.

Results

9.1.1. Injection of Rhyparobia-PDF induced a biphasic PRC with phase delay at
dusk and phase advance at dawn without affecting the period length
“Next to significant phase delays at the end of the subjective day (Petri and Stengl,
1997), now for the first time also significant phase advances of up to 2.15 hCT were
obtained at CT 22.5 as compared to control injections (Dunn‟s post-hoc test, P< 0.05)”
(Schendzielorz et al., 2014; Figures 9.1, 9.2; Table 9.1). However, “no significant
differences of the period of circadian locomotor activity rhythms was detected after
injecting Rhyparobia-PDF and saline (Mann-Whitney U-test, P> 0.05)” (Schendzielorz
et al. 2014). “The period length was 23.23 h before and 23.31 h after injection. The chiSquare periodogram analysis of controls before saline injections was 23.58 h and 23.65
h after saline injections” (Schendzielorz et al. 2014). A further analysis of the PDF PRC
revealed two inflection points. The first occurred at CT 2.2 while the second was found
at CT 16.61.
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Figure 9.1: Injections of PDF during the late subjective night advanced the phase of circadian locomotor
activity. A, C. Original recordings of activity patterns of a cockroach of the species Rhyparobia maderae housed in
a running-wheel represented as double-plot. B, D. Regression analysis through the consecutive onset of locomotor
activity, with calculated periods before (τ1) and after (τ2) the injection and calculated phase shifts (Δφ). Time of day
was plotted on the x-axis while consecutive days were plotted on the y-axis. A. At day six a dose of 2 x 10-12 mol
(corresponding to an injection of 2µl of a 10 -6 M PDF solution) was injected into the heamolymph of the
cockroach‟s head capsule at circadian time (CT) 23.4 (arrowhead). B. Regression analysis through the consecutive
onset of locomotor activity before and after the injection revealed that the PDF injection advanced the phase of the
circadian pacemaker controlling locomotor activity for 1.56 h CT without significantly changing τ.

9.1.2. Incubation of optic lobe lysates with PDF increases cAMP but not cGMP
ZT-dependently
A treatment of optic lobe lysates with incubation buffer containing 1 µM Rhm-PDF
reliably increased the cAMP levels but did not affect the amount of cGMP (Figure 9.3;
Table 9.2). Moreover, the observed effect on cAMP levels was ZT-dependent since only
in samples collected in the absence of photic stimuli at ZT 18 a significant increase
(Friedman test followed by Dunn‟s post-hoc test, P< 0.05) was achieved by the addition
of PDF to the incubation buffer. Here, mean cAMP levels increased from 4.706
nmol/mg protein to 8.673 nmol/mg protein (Figure 9.3; Table 9.2). During the middle of
the day (ZT 6) only minor increases were achieved, while at dusk (ZT 12) or dawn (ZT
24), although not significant, more pronounced rises were observed (Figure 9.3; Table
9.2).

PDF-release 142

Table 9.1: Effects of PDF and insect saline on the phase of circadian locomotor activity.

Phase shifts in circadian hours

PDF
00.00 – 03.00

Number

(mean ± SE)

Circadian time

Saline
x

0.51 ± 0.15

x

PDF

Saline

-0.28 ± 0.39

y

7

6

-0.39 ± 0.32

y

4

7

03.00 – 06.00

-0.18 ± 0.32

06.00 - 09.00

-2.42 ± 0.44x

-0.10 ± 0.32y

12

7

09.00 – 12.00

-2.40 ± 0.41b,x

0.19 ± 0.24y

10

6

12.00 – 15.00

-1.24 ± 0.16x

-0.17 ± 0.26y

10

7

15.00 – 18.00

-0.01 ± 0.28x

-0.37 ± 0.35y

5

7

18.00 – 21.00

0.48 ± 0.40x

-0.52 ± 0.27y

7

11

y

8

9

21.00 – 00.00

2.15 ± 0.36

a,y

-0.04 ± 0.39

Phase shifts of PDF injections differed significantly (a; Dunn‟s post hoc test, p < 0.05) or highly
significantly (b; Dunn‟s post hoc test, p < 0.01) from control experiments were only insect saline
was injected (x, Data published in Petri and Stengl, 1997; y, Data published in Schendzielorz et
al., 2014).
Table 9.2: Comparison of cAMP and cGMP levels in optic lobe lysates with and without additional
incubation of PDF

cAMP /protein

cGMP /protein

(nmol/mg)

(pmol/mg)

Zeitgebertime
-PDF

+PDF

n

-PDF

+PDF

n

213.3 ± 38.46

13

441.7 ± 72.83b, x

318.1 ± 58.21

13

13

208.5 ± 38.30b,x

234.4 ± 46.19x

15

13

207.1 ± 24.24x

229.6 ± 39.44

12

6

8.18 ± 1.30

x

9.15± 1.37

13

251.6 ± 26.48

12

4.87 ± 1.05x

8.01± 2.01

13

18

4.71 ± 0.96a, x

8.67± 1.57a, x

24

7.94 ± 0.78x

13.44± 1.97

x

Significant different from each other (a, Friedman test with Dunn‟s post hoc test, P< 0.05; b, KruskalWallis test with Dunn‟s post-hoc test, P< 0.05; x, Data published in Schendzielorz et al. 2014).

Table 9.3: Measured PDF concentrations in brains of Rhyparobia maderae at different Zeitgebertimes

Zeitgebertime

a

pmol PDF per brain

Lower 95% CI;

(mean ± SE)

Upper 95 % CI

Number

6

8.729 ± 1.297a

5.795; 11.66

10

12

6.062 ± 1.400

2,943; 9.180

11

2.310; 5.439

11

4.460; 9.348

10

18

3.905 ± 0.689

24

6.904 ± 1.080

a

Significant different from each other (Dunn‟s post hoc test, P< 0.05)
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9.1.3. PDF-Levels oscillate in the course of the day
So far, two antisera were used to
characterize the distribution of PDF in
the brain of R. maderae in detail (Stengl
and Homberg, 1994; Reischig and
Stengl, 1996; Wei et al., 2010; Soehler
et al., 2011). The sensitivity of the antiUcp-PDH and anti-Drm-PDF (Table 3.2)
were compared in an initial ELISA to
develop

a

competitive

PDF

quantification system as sensitive as
possible.
Since in competitive ELISAs using the
anti-Ucp-PDH the EC50 of detectable
Rhm-PDF was 7.33 ± 1.169 pmol/well
(mean ± standard error; n=5), while
assays applying anti-Drm-PDF resulted
in an EC50 of 27.69 ± 2.376 pmol/well
(mean ± standard error; n=6), anti-UcpPDH was used in further experiments to
detect small amounts of PDF extracted
from individual cockroach brains. With
the

developed

competitive

ELISA

system the highest PDF values were
measured at ZT 6. These differed
significantly from the lowest value
obtained from dissections at ZT 12
(Dunn‟s post-hoc test, P< 0.05; Figure
9.4, Table 9.3).

Figure 9.2: Injections of Rhm-Pigment Dispersing
Factor (PDF) at the late subjective night advanced the
phase of circadian locomotor activity. Phase-response
curve (PRC) of insect saline (A, gray line in C) and PDF
(B; dashed line in C) compared with each other (C). Data
presented as scatter plots (A, B) and b-spline curves (A, B,
C) as well as 3-h merged bins (mean circadian hours ± SE;
C). Next to significant phase delays at the end of subjective
night published in Petri and Stengl (1997; black dots),
Rhm-PDF induced significant phase advances at CT 22.5
(red dots; Dunn‟s post-hoc test, P< 0.05, asterisk; C).
Figure and figure legend adapted and modified after
Schendzielorz et al., 2014.
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Figure 9.3: The cAMP levels (A) of optic lobes are elevated after incubation with Rhm-PDF while the cGMP
levels (B) remained unaffected. Bars represent mean percentage change of cyclic nucleotide levels in optic lobe
lysates induced by Rhm-PDF incubation compared to control experiments at different Zeitgebertimes (ZT). Error bars
represent standard error of mean. Light/dark phase is indicated by color of the bars. The induced cAMP increase was
ZT dependently and significant only during the middle of the night (ZT 18; asterisk, Friedman test followed by
Dunn‟s post-hoc test, P< 0.05). Incubation buffers contained 10 nM Ca2+; one sample contained six optic lobes. The
PDF effect on cAMP and cGMP levels during ZT 18 has been published in Schendzielorz et al., 2014.

9.2.

Discussion

To determine when and where PDF is
released

clock-dependently,

we

performed injection studies and two
different ELISAs. We found that PDF
delays locomotor activity at the end of
the day/the beginning of the night and
advances it at the end of the night. Since
we expected that PDF injections only
have effects when endogenous PDF
levels are low, we predicted rising levels
of PDF during the day and falling levels
at night. Confirming previous results
PDF application increased cAMP-levels
in optic lobe lysates maximally during
the

middle

of

the

night,

when

endogenous levels of PDF were expected
to be low.

Figure 9.4: The amount of PDF in a cockroach brain
was maximal during the middle of the day. Bars
represent

mean

PDF-Levels

determined

with

a

competitive ELISA. Error bars are standard error of mean.
Color of bars indicates light/dark phase. PDF-levels in
Rhyparobia maderae brains were highest at ZT 6 and
decreased until the middle of the night (ZT 18), before the
amount increased again. The PDF-levels at the middle of
the day (ZT6) differed significantly form levels during the
middle of the night (ZT18; asterisk; Kruskal-Wallis test
followed by Dunn‟s post-hoc test P<0.05). A sample
consisted of one brain.

PDF-release 145

9.2.1. The PDF signal transduction involves the activation of an AC.
Incubation of tissue with PDF increased the cAMP-levels in our ELISA-experiments.
This is consisted with studies from D. melanogaster as well as R. maderae, all
demonstrating that PDF acts via a GPCR by activating an AC resulting in an cAMP
increase (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005; Shafer et al., 2008;
An et al., 2011; Duvall and Taghert, 2012; Duvall and Taghert, 2013; Wei et al., 2014).
Also, a comparison of the PRC resulting from cAMP injections (Schendzielorz et al.,
2014) with the PDF-dependent PRC revealed striking similarities. Hence, a signal
transduction mechanism using cAMP is further supported.
Since PDF increased cAMP levels only during the middle of the night, internal PDF
levels are expected to be low during ZT 18. This is consistent with the PDF-dependent
PCR whose inflection point at CT 16.6 h indicates minimal peptide levels.
9.2.2. PDF is released during the light phase
In D. melanogaster as well as R. maderae it was shown, that PDF is necessary to
maintain normal rhythms in behavior. While behavioral rhythms reoccurred in
cockroaches without optic lobes after implantation of an AME with associated PDF
expressing cells and re-innervations of their original targets in the superior median and
lateral protocerebrum, altering the PDF expression in clock cells or their electrical
properties was sufficient to affect the synchrony of the circadian network as well as the
behavior of flies (Renn et al., 1999; Nitabach et al., 2002; Reischig and Stengl, 2003;
Nitabach et al., 2006; Wu et al., 2008).
In Drosophila, staining intensity and morphological changes of axonal termini of the
s-LNvs indicated PDF-release between ZT 2-3 and 13-15 into the dosal protocerebrum
(Park et al., 2000; Fernandez et al., 2008). Unfortunately, no differences in staining
intensity of somata or termini of l-LNvs were observed (Park et al., 2000; Fernandez et
al., 2008). However, electrophysiological recordings indicated that also the l-LNvs
release PDF after light-dependent activation (Muraro and Ceriani, 2015). In R. maderae
analysis of staining intensity in different brain areas did not reveal ZT-dependent
differences in PDF levels (Hamasaka et al., 2005a).
However, based on the PDF levels measured in individual cockroach brains via ELISAs
or the ZT-dependent effects of PDF on cAMP levels in optic lobe lysates, it can be
assumed that similar to the fruit fly also in R. maderae the majority of PDF release
occurs between maximal levels at ZT 6 and the trough at ZT 18. This is the case under
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the assumption that like in D. melanogaster or P. regina the pdf mRNA is not expressed
in a rhythmical manner but constitutively (Park and Hall, 1998; Matsushima et al.,
2003). Besides PDF this is also the case for other insect neuropeptides (Leming et al.,
2014; Oh et al., 2014). However, PDF release during the day is not a general principal
mechanism in insects, since in day-active G. bimaculatus the PDF levels reach their
maximum during the middle of the night and their trough at ZT/CT 6 (Abdelsalam et
al., 2008).
In Drosophila the s-LNvs are part of the morning oscillators and release PDF
light-dependently (Yoshii et al., 2009; Peschel and Helfrich-Forster, 2011; Guo et al.,
2014). Furthermore, excess PDF release near the s-LNvs termini, although not directly
from these cells, increased locomotor activity (Helfrich-Forster et al., 2000). While in
the cockroach connections between the AME and the median protocerebrum are
necessary to maintain behavioral rhythms (Stengl and Homberg, 1994; Reischig and
Stengl, 2003), the time of PDF release indicates an inhibition of locomotion, or an
activation of sleep, since R. maderae is a nocturnal animal. It remains an open question,
whether this inhibition is directly caused by PDF or the activation of inhibitory
interneurons (Wei et al., 2014). Inhibition of certain clock cells by PDF might also be
the reason of maximal electrical activity in isolated AMAE at ZT 18, while during the
middle of the day the electrical activity was lowest (Schneider and Stengl, 2007).

9.2.3. Phase response curves allow to predict peptide release
PDF injections shift the phase of the circadian locomotor activity rhythms CTdependently. Interestingly, until CT 6 when PDF levels are highest under LDconditions, only minor effects not significantly different from control injections were
caused (Petri and Stengl, 1997). After that, effects became more prominent and the
circadian pacemaker controlling locomotor activity rhythms was delayed and thus
shifted towards the highest peptide level. Since PDF delayed the circadian pacemaker
between CT 8 and CT 9 approximately three hours (-2.91 hCT; n=12; Petri et al., 1997),
this fits nicely to the highest measured PDF value under LD conditions. On the other
hand, injections during the subjective night between CT 22 and CT 24 advanced the
circadian pacemaker for approximately two hours and hence shifted the clock also
towards the maximal measured PDF level. Since only four six hour bins were
considered during this study, the highest PDF value might thus not be directly at CT 6
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but more similar to the situation in the fruit fly also between CT 2 and CT 6. This is also
indicated by the calculated inflection points of the PRC. These led to the assumption
that highest PDF levels occur at CT 2.2. On the other hand, the second inflection point
at CT 16.61 might correspond to the minimal peptide level, since all injections hereafter
resulted in advances.
Therefore, future studies should analyze levels of further neuropeptides associated with
the circadian pacemaker in the course of a day. This approach could reveal if inflection
points of PRCs are indeed sufficient to predict peptide release or if this is only the case
for the circadian coupling factor PDF, which is only expressed in a subset of clock
neurons.
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10.

Future prospects

The results obtained in this study further emphasize the important role of neuropeptides
as well as the complex nature of the circadian network in R. maderae. Although
functional implications in the circadian system for further neuronal signalling
substances could be achieved, open questions still remain.
Although a role of SIFamide and corazonin in the circadian system of R. maderae was
implied, other physiological functions of these peptides remain obscure. Future
behavioural assays analysing the involvement of these peptides in different
physiological circuits might thus be worthwhile.
Furthermore, a vast amount of different neuropeptides was identified in the AME either
via immunocyctochemical methods or direct tissue profiling mass spectrometry.
Although, the complete neuropeptidome of the circadian pacemaker still remains
unknown. Future mass spectrometric studies in combination with transcriptomic data
should thus reveal the peptide content of this small neuropile. Moreover, a combination
with backfill experiments or the application of imaging mass spectrometry could also
reveal the peptide content of certain pacemaker cells. Therefore, the function of the
hitherto unknown peptides should also be analysed, whereas also phase response curves
for peptides already associated with the circadian system like baratin or additional MIPs
3-5 should be obtained (Nässel et al., 2000; Soehler et al., 2011; Schulze et al., 2012).
Furthermore, virtually all injection experiments affected the circadian pacemaker during
the same phase. Applications of neuropeptides during the end of the subjective day
caused delays, whereas advances were observed only at the end of the subjective night.
Thus, a phase response curve mimicking the effects of dark pulses under constant light
as demonstrated for nocturnal and diurnal vertebrates (e. g. Boulos and Rusak, 1982;
Lee and Labyak, 1997) is still missing, most likely since animals in all experiments
performed so far were exposed to constant darkness. Therefore, injections under
constant light should be considered to reveal whether peptides have a different effect
under these conditions.
Besides, it is unknown why certain cells even colocalize different neuropeptides and
how these substances affect the core TTFL. While VIP in mammals directly induces
PER transcription via the activation of a cAMP responsive element binding protein
(CREB), which in turn binds to the promoter region of PER, its functional homologue
PDF seems to affect the level of clock proteins in D. melanogaster only indirectly by

Future prospects 149

Figure 10.1: Possible approach to directly measure peptide release instead of peptide levels. A. A two-barrel
capillary pulled to a small tip placed inside the accessory medulla (AME) enables to directly sample peptides released
by axons. One syringe pump can be used to generate a vacuum. After initial damaging of the surrounding tissue, this
will lead to sampling of peptides released into the interstitial room. To avoid drying up of brain tissue, saline with the
exact composition of the hemolymph should be provided by a second syringe pump in the same amount as sampled
liquid. Alternatively, a microdialysis probe with a small membrane only covering the area of the AME can be used
instead of a two-barrel capillary. This approach would require only perfusion with one syringe pump. B. Air tight
sample tubes can be easily exchanged after set sample times, allowing to measure the peptide release form one animal
over the course of a day or under different condition (e. g. constant darkness or constant exposure to light).

influencing their stability (O'Neill and Reddy, 2012; Li et al., 2014; Seluzicki et al.,
2014). Unfortunately, no such data are available for cockroaches. On the other hand, the
peptides SIFamide and corazonin, which are clearly input signals to the circadian
pacemaker of R. maderae, only function as putative output factors in D. melanogaster
but not as entraining signals (Choi et al., 2005; Cavanaugh et al., 2014). Thus, future
biochemical studies should also focus on the question how the TTFL is affected by PDF
and further neuropeptides in the Madeira cockroach. These studies might also clarify
why it is necessary for single cells of the circadian network to express more than one
neuropeptide.
Furthermore, for most peptides it is not known at what time they are released. Although
this study provides the first evidence when PDF release in R. maderae takes places, it
cannot reveal if the peptide is released from all cells during the same time or if the
release from different circuits occurs at different times. To answer this question,
neuropeptides should be sampled only from certain brain areas via suitable capillaries or
microdialysis probes. Although microdialysis is an established technique frequently
used to collect small molecules in the extracellular space of certain brain areas of
rodents under varying conditions (e.g. Kendrick, 1990; Bosch et al., 2010; Takeda et al.,
2011), only very few labs used it in insects (Ikemoto et al., 1993; Peralta et al., 2000).
This might be explained by the limited availability of commercial probes in the right
size to obtain samples from relatively small neuropiles in the insect‟s brain. A more
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suitable approach might be the utilization of two-barrel capillaries. The tip of these can
be varied to fit the target area and to sample only the peptides released here (Figure
10.1). Application of dextrans conjugated with fluorescence dyes or neurobiotin via the
same capillary should even make it possible to mark the location from where the sample
was acquired. Varying of sampling conditions in combination with this approach might
further provide important insight into the functional connection of different
neuropeptides. For example, application of light pulses under otherwise constant
darkness can lead to the release of certain peptides which will as a result be enriched in
the obtained sample. Unfortunately, methods with a lower detection limit are necessary
to analyse these samples. Nonetheless, to know when which peptide is released in which
parts of the circadian network is essential to understand how these signal molecules
interact in the circadian system.
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Abbreviations
AC

-

adenylate cyclase

CAN

-

acetonitrile

ACP

-

AKH/corazonin related peptide

AKH

-

adipokinetic hormone

ALAE

-

accessory laminae

AME

-

accessory medulla

AMAE

-

accessory medullae

ANes

-

anterior neurons

AOC

-

anterior optic commissure

B0

-

maximum binding of antibody respectively tracer in
ELISAs

BB

-

blocking buffer

BSA

-

bovine serum albumin

cAMP

-

cyclic adenosine monophosphate

CBL

-

lower division of the central body

CBU

-

upper division of the central body

cGMP

-

cyclic guanosine monophosphate

CHCA

-

cyano-4-hydroxycinnamic acid

CLK

-

clock

CREB

-

cAMP responsive element binding protein

CRY

-

cryptochrome

CT

-

circadian time

CWO

-

clockwork orange

CYC

-

cycle

DAB

-

3,3-diaminobenzidine tetrahydrochloride

DAG

-

diacylglycerol

DBT

-

doubletime

DCV

-

dense core vesicle

DD1

-

first day under constant condition

DD2

-

second day under constant conditions

DDT

-

DL-1,4-dithiothreitol

Δφ

-

phase shift
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DFVNes

-

distal-frontoventral neurons

DNs

-

dorsal neurons

DUM neurons

-

dorsal unpaired median neurons

E-oscillator

-

evening oscillator

EC50

-

half maximal effective concentration

EDAC

-

1-Ethyl-3-(3-dimethylaminopropyl)carbodii-mid

EDTA

-

ethylenediaminetetraacetic acid

EGTA

-

ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′tetraacetic acid

ELISA

-

enzyme-linked immunosorbent assay

ERK

-

extracellular signal-regulated kinase

FAB

-

antigen-binding fragment

FaRPs

-

FMRFamide related peptides

GA

-

glutaraldehyde

GABA

-

γ-aminobutyric acid

GaR

-

goat anti rabbit

GPCR

-

guanine nucleotide-binding protein coupled receptor

HB

-

homogenization buffer

IB

-

incubation buffer

IgG

-

immunoglobulin G

IP3

-

inositol trisphosphate

-ir

-

immunoreactive

ITP

-

ion transport peptide

KLH

-

keyhole limpet hemocyanin

LAS AF

-

Leica application suite – advanced fluorescence

LD cycle

-

light/dark cycle

l-LNvs

-

large ventral lateral neurons

LMS

-

leucomyosuppressin

LNs

-

lateral neurons

LNds

-

dorsal lateral neurons

LNvs

-

ventral lateral neurons

M-oscillator

-

morning oscillator

MALDI-TOF MS

-

matrix-assisted laser desorption/ionization – time of flight
mass spectrometry
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MC

-

medulla cell

MFVNes

-

medial-frontoventral neurons

MIP

-

myoinhibitory peptide

MNes

medial neurons

MOPS

-

3-(N-morpholino)propanesulfonic acid

NCC

-

nervus corporis cardiaci

NGS

-

normal goat serum

NPF

-

neuropeptide F

NSB

-

non-specific binding

PB

-

phosphate buffer

PDF

-

pigment-dispersing factor

PDFMe

-

PDF medulla cells

PDH

-

pigment-dispersing hormone

PDP1

-

par domain protein 1

PER

-

period

PIP2

-

phosphatidylinositol 4,5-bisphosphate

PKA

-

protein kinase A

PMP

-

posterior median protocerebrum

POC

-

posterior optic commissure

PRC

-

phase-response curve

PSOs

-

perisympathetic organs

RRID

-

research resource identifier

RT

-

room temperature

RWR/h

-

revolutions of running wheels per hour

s-LNvs

-

small ventral lateral neurons

sNPF

-

short neuropeptide F

SOG

-

subesophageal ganglion

SPR

-

sex peptide receptor

τ

-

period length

TBS

-

tris buffered saline

TIM

-

timeless

TrX

-

Triton X-100

TTFL

-

transcriptional/translational feedback loop

VIP

-

vasoactive intestinal (poly)peptide
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VMNes

-

ventro-median neurons

VNes

-

ventral neurons

VPNes

-

ventro-posterior neurons

VRI

-

vrille

VUM neurons

-

ventral unpaired median neurons

WB

-

wash buffer

ZT

-

Zeitgebertime
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