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Summary 

 

Life on earth is influenced by numerous biological rhythms. Among them circadian 

rhythms with an endogenous period length of about (lat. circa) 24 hours seem to be the 

most prominent. During evolution daily changes of light-dark cycles led to the develop-

ment of circadian clocks which control physiology and behavior of almost all species. In 

the cockroach Rhyparobia (Leucophaea) maderae, an established model organism of cir-

cadian research, the circadian clock controlling circadian locomotor activity was localized 

to the accessory medulla (AMe), a small neuropil at the ventromedian edge of the medul-

la in the brains’ optic lobes. As it is suggested that next to classical neurotransmitters 

neuropeptides are also involved in maintaining a stable endogenous rhythm or in en-

trainment processes to the clock, in this doctoral thesis it was investigated whether the 

myoinhibitory peptide (MIP) could also be part of the circadian system of the Madeira 

cockroach. Employing matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry five Rhyparobia-MIPs were identified in preparations of the AMe from 

which two of them could be fully sequenced. Immunocytochemical studies revealed next 

to wide distribution of MIP staining in the brain strong MIP immunoreactivity in the AMe 

as well as in numerous associated neurons. Colocalization of MIP- and pigment-dispersing 

factor immunoreactivity was observed in at least two circadian pacemaker cells. As MIP-

immunoreactivity was detected in numerous commissures it is suggested that Rhyparo-

bia-MIPs are also involved in coupling both pacemakers. Moreover, with double-label 

immunocytochemistry it could be determined that Rhyparobia-MIPs are apparently can-

didates for transmitting photic information from the ipsi- and contralateral compound 

eye to the AMe. Injection experiments at different times of the subjective day combined 

with running-wheel assays showed that Rhyparobia-MIP-1 and -2 are input signals to the 

circadian clock. By using enzyme-linked immunosorbent assays it was investigated in 

preparations of the AMe and optic lobe whether Rhyparobia-MIP-1 could act via G-

protein coupled receptors. Interestingly, MIP-1 receptor seems to be either differently 

expressed or sensitized in a circadian time dependent manner. 
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Zusammenfassung 

 

Das Leben auf der Erde unterliegt biologischen Rhythmen, wobei der circadiane Rhyth-

mus mit einer Periodendauer von etwa (lat. circa) 24 Stunden der wohl bekannteste ist. 

Dieser seit Jahrmillionen täglich stattfindende Wechsel von Hell- und Dunkelphasen führ-

te zur Entwicklung von inneren Uhren in nahezu allen Organismen, welche die Physiologie 

und das Verhalten dieser steuern. In Säugetieren konnte die innere Uhr im suprachiasma-

tischen Nucleus (SCN) oberhalb der Sehnervenkreuzung im Hypothalamus lokalisiert wer-

den. Hingegen war die Schabe Rhyparobia (Leucophaea) maderae das erste Tier, in wel-

chem eine innere Uhr auf einen bestimmten Gehirnbereich, nämlich in der akzessorischen 

Medulla (AMe) in den bilateral symmetrischen optischen Loben, eingegrenzt werden 

konnte. Seither hat sich die Madeira-Schabe auf Grund ihrer Robustheit, Regenerations-

fähigkeit, leichten Zugänglichkeit zur inneren Uhr sowie strukturellen Ähnlichkeit zum SCN 

als ein Modellorganismus in der circadianen Rhythmusforschung etabliert. Diverse Arbei-

ten konnten zeigen, dass in Säugetieren und Insekten neben klassischen Neurotransmit-

tern auch Neuropeptide unablässig für die Aufrechterhaltung des endogenen Rhythmus 

oder aber für die Synchronisation mit der Umwelt sind. Daher bestand der Hauptfokus 

dieser Doktorarbeit auf der Analyse einer möglichen Beteiligung des myoinhibitorischen 

Neuropeptids (MIP) am circadianen System der Madeira-Schabe. Es wurden dafür im-

munzytochemische Analysen, Injektions- sowie Verhaltensexperimente, aber auch bio-

chemische Nachweisverfahren angewendet, welche im Folgenden näher zusammen ge-

fasst werden. 

 

1. Kapitel Myoinhibitorische Peptide im Gehirn der Schabe Rhyparobia (Leucophaea) 

maderae und Kolokalisation mit Pigment-dispersing Faktor (PDF) in circadianen 
Schrittmacher-Zellen 
 
Das erste Kapitel beschäftigt sich mit der massenspektrometrischen Identifizierung sowie 

immunzytochemischen Beschreibung von MIP und möglichen Kolokalisationen mit dem 

Neuropeptid PDF in der Madeira-Schabe. Eine Vielzahl von MIPs, welche ein 

W(X6)Wamid- oder W(X7)Wamid-Motiv aufweisen, wurden bisher in verschiedenen Insek-

tenspezies gefunden. Neben der Hemmung der Juvenilhormon- oder aber Ecdysteroid-

synthese wurden in den meisten Spezies inhibitorische Effekte auf die Eingeweidemusku-
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latur festgestellt. Eine detailierte Beschreibung der Verteilung oder aber der möglichen 

Funktionen innerhalb des Insektengehirns fehlte jedoch bisher. Mittels Matrix-

unterstützter Laser-Desorption/Ionisation Massenspektrometrie und Flugzeitanalysator 

konnten fünf Rhyparobia-MIPs in Präparationen des Hauptschrittmachers, der akzessori-

schen Medulla (AMe), sowie der Corpora cardiaca identifiziert und zwei MIPs vollständig 

sequenziert werden. Mit einem anti-MIP Antikörper konnte eine weite Verteilung von 

MIP-Immunreaktivitäten im Gehirn der Schabe festgestellt werden. Insgesamt wurden ca. 

1560 MIP-immunreaktive (-ir) Somata, welche sich überall im Zell-Cortex des Gehirns ver-

teilen, identifiziert. Ebenfalls zeigten die Neuropile des optischen Lobus (oLs), das supe-

rior-mediane sowie -laterale Protocerebrum, der Zentralkörperkomplex, aber auch das 

Tritocerebrum eine dichte Innervierung von MIP-ir Fasern. Die Glomeruli des Antennallo-

bus sowie das antenno-mechanosensorische Zentrum wiesen ebenfalls eine gleichmäßige 

MIP-Innervierung auf. Hingegen zeigte der Pilzkörperkomplex nur eine schwache MIP-

Immunreaktivität. In der AMe waren die Glomeruli besonders stark innerviert und es 

konnten in sechs von sieben mit der AMe assozierten Neuronen- 

gruppen MIP-Färbung beobachtet werden. Kolokalisationen zwischen MIP und PDF wur-

den in zwei AMe Neuronen sowie in zwei parallel zur PDF-ir posterioren optischen Kom-

missur (POC) verlaufenden Fasern gefunden. Die PDF-ir anteriore optische Kommissur 

(AOC) zeigte keine Kolokalisationen. Die Resultate suggerieren, dass Rhyparobia-MIPs in 

diversen Schaltkreisen wie der Lokomotionssteuerung, der Seh- und Geruchsinforma-

tionsverarbeitung, aber auch im circadianen System der Madeira-Schabe involviert sein 

können.  

 

2. Kapitel Mit einer verbesserten Injektionsmethode analysierte neuropeptiderge Ein-
gangswege in den circadianen Schrittmacher der Schabe Rhyparobia (Leucophaea) ma-

derae 

 

Auf Grund der vorher beobachteten intensiven MIP-Färbung im oL, der AMe und mit ihr 

assoziierten Neuronengruppen sowie einer Vielzahl von Kommissuren, wurde untersucht, 

ob Rhyparobia-MIPs Kandidaten für die Übermittlung von ipsi- oder kontralateralen Licht-

informationen sein können. Unter konstanten Umweltbedingungen wurden Injektionsex-

perimente mit Rhyparobia-MIP-1 durchgeführt und mögliche Effekte auf die circadiane 

lokomotorische Laufaktivität mittels eines Laufrad-Assays bestimmt. Für die Untersu-

chung wurden zwei Injektionsmethoden angewandt: zunächst eine bereits etablierte Me-
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thode, bei welcher in die Nähe der AMe injiziert wurde. Des Weiteren wurde eine weni-

ger invasive Injektionsmethode entwickelt. Die Ergebnisse beider Methoden wurden sta-

tistisch miteinander verglichen, wobei keine signifikanten Unterschiede festgestellt wer-

den konnten. Rhyparobia-MIP-1-Injektionen führten zu einer dosisabhängigen monopha-

sischen all-delay Phasenantwortkurve (PRC) mit dem maximalen Effekt zum Beginn der 

subjektiven Nacht, welcher Ähnlichkeiten zu licht-induzierten Effekten aufweist. Zudem 

zeigten frühere Untersuchungen, dass Allatotropin (AT)- und Orcokinin (ORC)-zugehörige 

Peptide in der Madeira-Schabe biphasische lichtähnliche PRCs auslösten. Jedoch waren 

die Rhyparobia-spezifischen Sequenzen bislang unbekannt, sodass im Rahmen dieses Ka-

pitels mittels MALDI-TOF MS die AT-Sequenz und zwei neue Insekten-ORCs vollständig 

identifiziert wurden. Rhyparobia-AT, -ORC-1 und ORC-2 wurden schließlich injiziert, um zu 

testen, ob sie ähnliche Effekte bewirken wie die artfremden Peptide. Rhyparobia-AT-

Injektionen resultierten in einer monophasischen all-delay PRC, wohingegen Rhyparobia-

ORCs weiterhin biphasische lichtähnliche PRCs induzierten. Die Ergebnisse lassen darauf 

schließen, dass Rhyparobia-MIP-1 und -AT Kandidaten für die Übermittlung von licht-

abhängigen Phasenverzögerungen und/oder eines nicht-photischen Eingangs in die inne-

re Uhr sein könnten und Rhyparobia-ORCs wahrscheinlich Phasenbeschleunigen und  

-verzögerungen übertragen.  

 

3. Kapitel Identifizierung möglicher neuropeptiderger Lichteingangswege in den circa-
dianen Schrittmacher der Schabe Rhyparobia (Leucophaea) maderae 

 

Dieses Kapitel beschäftigt sich mit der möglichen Beteiligung von Rhyparobia-MIPs an 

neuronalen Lichteingangswegen in die innere Uhr der Madeira-Schabe unter Anwendung 

immunzytochemischer Kolokalisationsexperimente mit Antikörpern gegen γ-

Aminobuttersäure (GABA), AT und ORC. Frühere Studien zeigten, dass der ipsilaterale 

Lichteingang vermutlich über den GABA-ir distalen Trakt (DT), welcher die Glomeruli der 

AMe mit der Medulla und wahrscheinlich auch mit der Lamina verbindet, erfolgt. Hinge-

gen scheinen AT-ir Neurone, welche ebenfalls in die Glomeruli der AMe verzweigen, diese 

Lichtinformationen zu verarbeiten. Der kontralaterale Lichteingang wird vermutlich über 

ORC-ir ventromediane AMe Neurone vermittelt, welche über die POC beide akzessori-

schen Medullae (AMae) miteinander verbinden. Diese Neuronen zeigen zudem Ähnlich-

keiten mit vorher identifizierten licht-sensitiven kommissuralen Neuronen. Weder im DT 
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noch in der AMe konnten Kolokalisationen mit MIP, AT und ORC1 beobachtet werden, 

sodass angenommen wird, dass über diesen keine neuropeptidergen Lichtinformationen 

übertragen werden. Jedoch zeigte ein medianes AMe Neuron kolokalisierte GABA-, MIP- 

und AT Immunreaktivitäten, welches einem licht-sensitiven ipsilateral verzweigenden 

Neuron ähnelt. Weiterhin wurden in einem ventromedianen sowie ventralen AMe Neu-

ron, aber auch in je zwei Fasern der AOC und POC Kolokalisationen von ORC und MIP de-

tektiert. Die Studie deutet daraufhin, dass Rhyparobia-MIPs Kandidaten für den ipsi- und 

kontralateralen Lichteingangsweg sein können. Des Weiteren wurden Rhyparobia-MIP-2 

Injektionen durchgeführt, welche in einer dosisabhängigen monophasischen all-advance 

PRC mit dem maximalen Effekt zum Ende der subjektiven Nacht resultierten. Interessan-

terweise ist dies das erste bekannte Neuropeptid, welches in der Madeira-Schabe eine 

all-advance PRC hervorruft. Da mathematische Modellierungen das Vorhandensein einer 

reinen advance-Komponente für die Aufrechterhaltung einer endogenen Periodenlänge 

von 23.7 Stunden in einem gekoppelten Oszillator voraussetzten, ist es möglich, dass 

Rhyparobia-MIP-2 diese Aufgabe übernimmt.  

 

4. Kapitel Vorkommen und Beteiligung von Acetylcholin im circadianen System der 
Schabe Rhyparobia (Leucophaea) maderae 

 

Da in der Madeira-Schabe bereits Hinweise für eine Beteiligung des meist inhibitorischen 

Neurotransmitters GABA an Licht-Synchronisationsprozessen vorhanden sind, wurde im 

Rahmen dieses Kapitels überprüft, ob dies für Acetylcholin (ACh), der in Insekten exzitato-

rische Hauptneurotransmitter des visuellen und olfaktorischen Systems, ebenfalls zutrifft. 

Mittels einer histochemischen Methode zur Detektion von Acetylcholinesterase (AChE), 

dem ACh-abbauenden Enzym, wurde indirekt die Verteilung von ACh untersucht. Des 

Weiteren wurden ACh-Injektionen durchgeführt, um zu überprüfen, ob ACh ähnlich wie 

GABA eine licht-ähnliche biphasische PRC hervorruft. Neben AChE-Aktivität in der Lamina, 

Medulla und Lobula zeigten besonders die Glomeruli der AMe eine intensive AChE-

Färbung, wohingegen im GABA-ir DT keine AChE-Aktivität beobachtet wurde. Eine Viel-

zahl von Fasern projizierte über den Lobula Valley Trakt, dem Haupteingangs- sowie  

-ausgangstrakt der AMe, in unterschiedliche Hirnbereiche. Die Glomeruli der Antennallo-

ben wurden von einer Vielzahl AChE-gefärbter olfaktorischer Rezeptoraxone innerviert, 

                                                      
1
 Kolokalisationsexperimente mit ORC und GABA publiziert in Hofer und Homberg 2006: Orcokinin immunoreactivity in 

the accessory medulla of the cockroach Leucophaea maderae. Cell Tissue Res 325:589-600. 
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wobei cholinerge Projektionsneurone über den inneren antenno-cerebralen Trakt ihre 

Fortsätze über die Calyces bis zum lateralen Horn schicken. Starke AChE-Aktivität wurde 

zudem im Zentralkörperkomplex beobachtet. ACh-Injektionen resultierten in einer dosis-

abhängigen monophasischen all-delay PRC mit dem maximalen Effekt zum Ende des sub-

jektiven Tages, welcher starke Ähnlichkeit zu lichtinduzierten Phasenverzögerungen auf-

weist. Die Ergebnisse lassen darauf schließen, dass ACh in der Madeira-Schabe neben 

einer Beteiligung an olfaktorischen Informationsverarbeitungsprozessen auch licht-

abhängige Phasenverzögerungen übermitteln könnte. 

 

5. Kapitel Circadiane Schrittmacher von Vertebraten und Invertebraten zeigen Ähnlich-
keiten in zellulären Mechanismen 
 

Nachdem sich die vorangegangenen Kapitel mit der Analyse und möglicher Kandidaten 

des Lichteingangsweges in die innere Uhr beschäftigt haben, wurden in diesem Kapitel die 

molekularen Grundlagen des Uhrwerks untersucht. Es ist bekannt, dass die zyklischen 

Nukleotide cAMP und cGMP adaptierend oder stimulierend wirken können. Im SCN kön-

nen sie tageszeitabhängige Phasenverschiebungen induzieren bzw. mindestens cAMP 

zeigt eine circadiane Oszillation auf. Mittels enzyme-linked immunosorbent Assays (ELI-

SAs) wurde untersucht, ob in der AMe bzw. dem oL als Eingangs- und Ausgangsregion 

derer cAMP- bzw. cGMP-Oszillationen beobachtet werden können. Unter Licht-

Dunkelbedingungen (LD) zeigten cAMP- und cGMP-Konzentrationen in der AMe Oszilla-

tionen mit den Maxima zur Morgen- und Abenddämmerung, welche jedoch am 1. Tag 

unter konstanten Umweltbedingungen (DD1) wegfielen. Am 2. Tag unter konstanten 

Umweltbedingungen (DD2) wurde hingegen eine bimodale cAMP-Oszillation in der AMe 

und dem oL beobachtet, wobei Maxima zu denselben Zeiten auftraten wie in der AMe. 

Starke cGMP Konzentrationserhöhungen wurden an DD1 detektiert, welche an DD2 leicht 

abfielen, aber auf einem konstanten Niveau verharrten. Auf Grund der beobachteten bi-

modalen cAMP-Oszillation unter DD ist es möglich, dass in der Madeira-Schabe zwei ver-

schiedene Oszillatoren existieren, die zwölf Stunden phasenverschoben oszillieren. Hin-

gegen deuten die ausbleibenden cGMP-Oszillationen unter DD auf eine Stimulusabhän-

gigkeit hin.  
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6. Kapitel Neuropeptide und Neurotransmitter zeigen tageszeitabhängige Effekte auf 
den circadianen Schrittmacher der Schabe Rhyparobia (Leucophaea) maderae 
 

Dieses Kapitel beschäftigt sich mit der Analyse möglicher Signalwege von Neurotransmit-

tern und Rhyparobia-spezifischen Neuropeptiden, von welchen gezeigt wurde, dass sie im 

circadianen System der Madeira-Schabe Phasenverschiebungen induzieren. Zu diesem 

Zweck wurden zunächst Injektionen von cAMP- und cGMP-Analoga zu unterschiedlichen 

circadianen Zeiten durchgeführt, um zu überprüfen, ob auch sie Phasenverschiebungen 

bewirken können. cAMP-Injektionen resultierten in einer dosisabhängigen biphasischen 

licht-ähnlichen PRC, wohingegen cGMP eine dosisabhängige monophasische all-delay PRC 

mit dem maximalen Effekt zum Beginn der Nacht induzierte. Anschließend wurden Ho-

mogenisate von AMae und oLs zu unterschiedlichen Tageszeiten und unter verschiedenen 

Umweltbedingungen (LD/DD) hergestellt, welche mit Rhyparobia-AT, -MIP-1, -ORC-1,  

-PDF bzw. ACh und GABA inkubiert wurden. Mittels ELISAs wurden mögliche Effekte auf 

cAMP- und cGMP- Level bestimmt. Während unter LD kaum signifikante Effekte beobach-

tet werden konnten, wurden unter DD eine Vielzahl auf cAMP- und cGMP-Level in beiden 

Geweben detektiert. Mit Ausnahme von Rhyparobia-MIP-1 beeinflussten alle getesteten 

Substanzen tageszeitabhängig das cAMP-Niveau in AMae und oLs. Aber auch die cGMP-

Level wurden tageszeitabhängig durch alle getesteten Substanzen mit Ausnahme von 

GABA beeinflusst. Die Ergebnisse legen zum einen die Vermutung nahe, dass cAMP und 

cGMP an der Übermittlung von Eingangssignalen in die AMe der Madeira-Schabe invol-

viert sind. Zum anderen scheinen die getesteten Neurotransmitter und Neuropeptide 

unter anderem über G-Protein gekoppelte Rezeptoren zu agieren. Auf Grund der unter-

schiedlichen tageszeitabhängigen Effekte auf cAMP- und cGMP-Level sind diese entweder 

unterschiedlich exprimiert oder aber unterschiedlich sensitiv.  
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Introduction 

 

Annual variations in the light-dark cycle, light-intensity, and also in temperature and hu-

midity are caused by the inclination of the earth’s axis of about 23.5 degrees. Thus, all life 

on earth is influenced by these temporal geophysical rhythms and adaption strategies 

were developed to counteract or exploit these periodicities. Daily changes of light-dark 

(LD) cycles were the basis for the development of circadian rhythms with a period length 

(tau = τ) close to 24 hours driven by an endogenous clock (pacemaker), whereby circadian 

is reflected from the Latin words circa (= approximately) and dies (= day). Excluding all 

external cycles (free-running conditions), circadian rhythms can be observed and already 

in the 18th century, de Mairan (1729) discovered that leaf movement cycles of Mimosa 

remained stable under constant conditions. Thereby, a circadian day is defined as the 

time span between two arbitrarily set phase references points (e.g. begin of locomotion) 

and consists of 24 circadian hours (CT). The first half of a circadian day is defined as sub-

jective day, whereas the second half is defined as subjective night. Since the generated 

endogenous period length is only close to 24 hours, daily synchronization of the clock 

with the environment is necessary (entrainment).  

 

 

 
 

Figure 1. Non-linear model of a circadian system. External Zeitgeber, e.g. light-dark (LD)-cycle, synchronize the 

circadian clock, e.g. the mammalian suprachiasmatic nucleus (SCN), with environmental cycles via entrainment-/ 

input pathways. The circadian clock generates output signals (coupling) to effectors such as body temperature. 

Effectors also feed-back to the circadian clock and to the entrainment pathways. Input signals also influence the 

effectors without participation of the circadian clock. Modified after Golombek and Rosensetin (2010).  
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This entrainment occurs when inputs to the circadian clock such as rhythmic LD-

transitions or temperature cycles phase shift the clock as external Zeitgeber.  

 

 

In apparently all species on earth the pacemaker controls the physiology and behavior. It 

rhythmically controls body temperature, blood pressure, and other parameters of the 

 
 
Figure 2A-F. Actograms of locomotor activity rhythms of a model night-active animal with a circadian period length 

τ > 24 hours. Sun indicates light-phases, moon indicates dark phases. At the beginning of each experiment, the 

animal was entrained to a 24-hours light-dark cycle and then transferred to constant conditions (indicated by the 

grey bar in the middle of each actogram). Phase advances are indicated by +Δφ and phase delays by –Δφ. Top 

panel shows actograms after presenting a non-photic stimulus, e.g. a novel running wheel, at the early (A) and late 

subjective day (B), and middle of the subjective night (C). Only at the late subjective day a phase advance was 

induced (B). Middle panel shows actograms after presenting a light pulse at the middle of the subjective day (D), 

begin (E), and middle (F) of the subjective night. Light pulses induced either phase delays at the beginning of the 

subjective night (E) or phase advances at the middle of the subjective night (F). G: Phase response curves (PRCs) 

resulting from treatments in B-F. Dotted line represents a monophasic all-advance PRC after a non-photic stimulus, 

solid line a biphasic PRC after a photic stimulus. Modified after Golombek and Rosenstein (2010). 
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metabolism. It also controls diurnal, nocturnal, or crepuscular activity at defined phases 

of the external day-night-cycle via output- or effector pathways to locomotor control cen-

ters in the central nervous system. Further characteristics of a circadian clock are temper-

ature compensation in a physiological temperature range and genetically determined 

period length within a species (Saunders 2002; Foster and Kreitzmann 2004; Tomioka and 

Abdelsalam 2004; Penzlin 2009; Golombek and Rosenstein 2010). To summarize, the gen-

eral model of a circadian system (Fig. 1) consists of an endogenous clock generating a 

period length of about 24 hours (pacemaker), pathways transmitting information from 

external Zeitgeber to the clock (entrainment, input), and from the clock to effectors (out-

put). In addition, the effectors feed-back to the clock and to the entrainment pathways 

(Tomioka and Abdelsalam 2004; Penzlin 2009; Golombek and Rosenstein 2010).  

Input signals to the circadian pacemaker either accelerate (phase advance = Δφ= 

delta phi) or slow down (phase delay = - Δφ) the clockwork at specific times of the day at 

constant conditions (DD: circadian time = CT [1h = τ/24]). If these stimulus-dependent 

phase shifts (Δφ [h]) are plotted per time (with x-axis = CT [h] and y-axis = Δφ [h]) a phase 

response curve (PRC) results which is characteristic for the respective stimulus (Saunders 

2002; Golombek and Rosenstein 2010). For example, light pulses only delay the clock at 

the late day/early night (dusk) and advance the clock at the late night/early day (dawn) 

resulting in a biphasic PRC (Fig. 2). To measure PRCs experimental animals can be kept 

under constant conditions (DD) in running-wheels for several weeks or months to record 

free-running circadian-locomotor activity. Then, different stimuli can be applied (e.g. light 

pulses or neuropeptide injections) to test whether these stimuli are inputs to the circa-

dian clock. Only inputs to the clock will phase-shift the clock circadian time-dependently. 

PRCs can be either mono- or biphasic, whereby the monophasic PRCs can be further sub-

divided into all-delay or all-advance curves. Furthermore, stimuli are distinguished as be-

ing photic- or non-photic stimuli (Fig. 2). Photic stimuli are expected to always produce 

biphasic PRCs as mentioned above (Fig. 2), or monophasic PRCs which express either 

phase delays at dusk or phase advances at dawn. Non-photic stimuli cause PRCs at other 

CTs, or with other polarity as compared to light pulses (Penzlin 2009; Golombek and 

Rosenstein 2010).  
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1 The circadian system of D. melanogaster 

 

1.1 Molecular mechanisms in D. melanogaster 

 

In 1971, Konopka and Benzer identified and isolated the first known clock gene, period 

(per), from D. melanogaster mutants with either arrhythmic eclosion rhythms or  

arrhythmic circadian locomotor activities of adult flies. Since then, numerous other clock 

genes were discovered (Tab. 1) and the molecular mechanisms generating an endogenous 

period length of about 24 hours were identified. Nuclear transcription factors such as 

CLOCK (CLK) and CYCLE (CYC) induce or inhibit time-dependently transcription of per and 

timeless (tim) with cyclic fluctuations of mRNA and protein levels in the cytoplasm.  

 

Table 1. Clock genes of D. melanogaster and R. maderae. 

Gene D. melanogaster R. maderae 

casein kinase 2 
+ 

(Lin et al. 2002) 

o 

clock 
+ 

(Allada et al. 1998) 

o 

clockwork orange 
+ 

(Kadener et al. 2007) 

o 

cryptochrome 1 
+ 

(Stanewsky et al. 1998) 

o 

cryptochrome 2 
- + 

(Werckenthin et al. 2012) 

cycle  
+ 

(Rutila et al. 1998) 

o 

doubletime 
+ 

(Price et al. 1998) 

o 

PAR-domain protein 1 
+ 

(McDonald and Rosbach 2001) 

o 

period  
+ 

(Konopka and Benzer 1971) 

+ 

(Werckenthin et al. 2012) 

protein phosphatase 1 
+ 

(Fang et al. 2007) 

o 

protein phosphatase 2a 
+ 

(Sathyanarayanan et al. 2004) 

o 

shaggy  
+ 

(Martinek et al. 2001) 

o 

timeless 
+ 

(Sehgal et al. 1994) 

+ 

(Werckenthin et al. 2012) 

vrille  
+ 

(Blau and Young 1999) 

o 

     Clock gene is known (+), unknown (o), or not present (-) in this species.  
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Around midday, the heterodimer CLK/CYC binds to E-Box sequences (CACGTG), to 

the promotor region of numerous clock genes and induces the transcription of per and 

tim resulting in increases of per- and tim mRNA levels in the cytoplasm at the early night 

[Zeitgeber time (ZT) 15/16]. Because of the light-sensitivity of TIM, maximum PER/TIM 

concentrations in the cytoplasm only occur at the late night around ZT 22/23. Then, the 

proteins enter the nucleus either as homo- or as heterodimers. Via a PER/CLK interaction, 

the CLK/CYC heterodimer is blocked, thus, it is unable to bind to DNA resulting in an inhi-

bition of the per and tim transcription by PER itself. This mechanism is described as nega-

tive feedback loop. In the morning, CRYPTOCHROME 1 (CRY1) is activated by light and 

binds and degrades TIM. Since PER is unstable in the absence of TIM, it is also degraded 

and CLK/CYC can bind again to the DNA (Hardin et al. 1990; Edery et al. 1994; Ceriani et 

al. 1999; Yu et al. 2006; Peschel and Helfrich-Forster 2011). 

 

 

 

1.2 Cellular circuits of the circadian pacemaker system in D. melanogaster 

 

In 1983, the circadian clock controlling circadian locomotor activity rhythms in Drosophila 

could be located to each side of the brain (Konopka et al.). Using antibodies against clock 

 
Figure 3. Scheme of the PERIOD (PER) and TIMELESS (TIM) negative feedback loop in D. melanogaster. CLOCK (CLK) 

and CYCLE (CYC) bind as heterodimer (CLK/CYC) to the E-box of period (per) and timeless (tim) and promote their 

transcription. PER and TIM levels peak at the late night and they enter the nucleus as either homo- or heterodimers 

(PER/TIM). In the nucleus, PER interacts with CLK  and, thus, inhibits binding of CLK/CYC to E-boxes. Thus, per and 

tim are not longer transcribed. With this negative feed-back loop, PER inhibits its own transcription. In the morn-

ing, sun-light activates the blue-light photoreceptor CRYPTOCHROME (CRY) which degrades TIM. This destabilizes 

PER which becomes degraded. Modified and strongly simplified after Tomioka and Matsumoto (2010). 
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proteins, 150 circadian pacemaker neurons per hemisphere were identified and assigned 

to seven soma groups according to their anatomical position (Fig. 4). In the dorsal proto-

cerebrum, three dorsally located neuron groups were identified (DN1-3), while the other 

neuron groups are located more laterally. They consist of dorso-lateral- (LNd), posterior-

lateral- (LPN), small- (s-LNv), and large ventro-lateral (l-LNv) neurons (Siwicki et al. 1988; 

Zerr et al. 1990; Kaneko and Hall 2000; Nitabach and Taghert 2008; Tomioka and 

Matsumoto 2010; Peschel and Helfrich-Forster 2011). Next to the identification of clock 

proteins, somata also show immunoreactivity against a lot of neuropeptides (Fig. 5).  

 

 

 

Among them is pigment-dispersing factor (PDF) which belongs to a family of octadeca-

peptides with a high degree of conservation within its amino acid sequence. Thereby, the 

N-terminus shares an asparagine residue, while the C-terminus is characterized by an 

amidated alanine (Rao and Riehm 1989; Hamasaka et al. 2005a). In D. melanogaster, the 

PDF expression is restricted to the central nervous system. While in 10 % of the pace-

maker cells PDF immunoreactivity was detected, 60 % contain the PDF receptor (PDFR). 

Thereby, each four s-LNvs and l-LNvs showed colocalization of PER and PDF immunostain-

ing, while one s-LNv (5th s-LNv) was only immunoreactive against PER. The s-LNvs send 

 
Figure 4. Scheme of a Drosophila brain with clock-gene expressing soma groups and their arborizations. AMe ac-

cessory medulla, DN1-3 dorsal neurons, H-B Hofbauer-Buchner, LNd dorso-lateral neurons, LPN posterior-lateral 

neurons, l-LNv large ventro-lateral neuron, R photoreceptor cells, (5
th

) s-LNv small ventro-lateral neuron (Helfrich-

Forster et al. 2007).  
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their neurites to the DNs, while the l-LNvs connect both AMae via the posterior optic tract 

(Helfrich-Forster and Homberg 1993; Helfrich-Forster 1995; Helfrich-Forster et al. 2007; 

Peschel and Helfrich-Forster 2011; Taghert and Nitabach 2012). Under constant condi-

tions, flies lacking PDF or PDFR showed no stable circadian locomotor activity as well as 

no PER cycling. Additionally, CRY1, a blue-light photopigment, and PDFR are coexpressed 

in diverse pacemaker cells. A higher percentage of PDF/CRY and PDFR/CRY double mu-

tants showed arrhythmicity than single mutants. All these data support the assumption 

that PDF is involved in maintaining stable endogenous behavioral rhythms and in promo-

ting stable PER expression rhythms. Thus, PDF seems to directly affect circadian pace-

makers in D. melanogaster (Peng et al. 2003; Taghert and Nitabach 2012).  

 

 

 

  

 
 
Figure 5. Circadian clock neurons of D. melanogaster and their neurochemical characterization. Choline acetyl-

transferase (Cha, purple), cryptochrome (green), dorsal neurons (DN1-3), dorso-lateral neurons (LNd), ion transport 

peptide (ITP, grey), IPNamide (orange), large ventro-lateral neuron (l-LNv), NPF (neuropeptide F, red), PDF (pig-

ment-dispersing factor, green), posterior-lateral neurons (LPN), small ventro-lateral neuron [(5
th

) s-LNv], sNPF 

(short neuropeptide F, blue), unknown neuropeptides/neurotransmitters (black). From Peschel and Helfrich-

Forster (2011).  
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1.3 Light entrainment of Drosophila’s clock 

 

In D. melanogaster, the compound eyes, ocelli and the Hofbauer-Buchner eyelet are 

known to be the photoreceptive organs (Fig. 4), whereas CRY1 acts as blue-light photo-

pigment which is expressed in the compound eyes as well as in neurons of the DN1, LNds, 

l-LNvs, s-LNvs, and in the 5th s-LNv. Activated by light, CRY1 leads to a rapid degradation of 

TIM resulting in a phase shift of the clock (Ceriani et al. 1999; Helfrich-Forster et al. 2002; 

Benito et al. 2008; Yoshii et al. 2008; Tomioka and Matsumoto 2010; Peschel and Helfrich-

Forster 2011).  

 

2  The circadian system of the cockroach R. maderae 

 

2.1 Structure of the accessory medulla  

 

While Drosophila is best suited to genetic investiga-

tions, the Madeira cockroach R. maderae (Fig. 6) is a 

well established model organism for behavioral, 

physiological and anatomical studies (Page 1982; 

Stengl and Homberg 1994; Homberg et al. 2003). 

Indeed, this cockroach was the first animal where a 

circadian pacemaker was localized to a particular 

brain region. Employing lesion- and transplantation 

experiments, the circadian clock controlling circa-

dian locomotor behavior was assigned to the accessory medulla (AMe), a small neuropil 

at the inner ventromedian edge of the medulla in both optic lobes (Nishiitsutsuji-Uwo and 

Pittendrigh 1968a; Roberts 1974; Sokolove 1975; Page 1982; Reischig and Stengl 2003a). 

The AMe shows a pear-shaped form and has a longitudinal direction of 80 – 100 µm. 

While the optic neuropils lamina, medulla and lobula are retinotopically organized, the 

AMe shows a glomerular (former: nodular) organization and consists of glomeruli, an in-

terglomerular region and a shell surrounding the neuropil which extends to the anterior 

neuropil (Reischig and Stengl 1996). With the AMe, up to 250 neurons are associated that 

were clustered to seven groups according to their position relative to the AMe (Fig. 7A). 

 
 
Figure 6. Dorsal view on the cockroach R. 

maderae (kindly provided by A. Wercken-

thin, University of Kassel). 
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They were termed: anterior neurons (ANe), distal- (DFVNe) and medial-frontoventral neu-

rons (MFVNe), median- (MNe), ventral- (VNe), ventromedian- (VMNe), and ventroposte-

rior (VPNe) neurons (Reischig and Stengl 1996; Reischig and Stengl 2003b; Soehler et al. 

2008). In the AMe itself and in a lot of AMe neurons, an unusual high number of neuro-

peptides and neurotransmitters were mainly detected by immunocytochemistry (Tab. 2). 

Among them are γ-aminobutyric acid (GABA), histamine, and serotonin, allatotropin (AT), 

allatostatin, baratin, corazonin, FMRFamide related peptides, orcokinins (ORCs), and PDF 

(Homberg et al. 1991; Petri et al. 1995; Nässel et al. 2000; Petri et al. 2002; Reischig and 

Stengl 2003b; Hamasaka et al. 2005a; Hofer and Homberg 2006a; Soehler et al. 2007; 

Soehler et al. 2008).  

 

Table 2. Neuropeptides and neurotransmitters identified in the AMe of the cockroach R. maderae. 

Neuropeptide / neuro-
transmitter 

Immunocytochemical 

identification 

Mass-spectrometric 

identification 

Neuron groups of the 

AMe 

Allatostatin Petri et al. 1995 - (-) 

Allatotropin Petri et al., 1995; Rei-

schig and Stengl 2003b 

- DFVNe, MFVNe, MNe, 

VNe 

Baratin Nässel et al. 2000 - VNe 

Corazonin  Petri et al. 1995 - (-) 

extended FMRFamide Petri et al. 1995; Soehler 

et al. 2008 

Soehler et al. 2008 ANe, DFVNe, MNe, VNe, 

VPNe 

GABA Petri et al. 2002 - (-) 

Gastrin/Cholecystokinin Petri et al. 1995 - (-) 

Leucokinin Petri et al. 1995 - (-) 

Leucomyosuppressin Soehler et al. 2007 Soehler et al. 2007 VNe 

Orcokinin Hofer et al. 2005; Hofer 

and Homberg, 2006a 

- DFVNe, MNe, VMNe, 

VNe, VPNe  

Pigment-dispersing 
factor 

Petri et al. 1995, Rei-

schig and Stengl, 2003b 

- DFVNe, VNe 

Serotonin Petri et al. 1995  (-) 

Short neuropeptide F Soehler et al. 2008 Soehler et al. 2008 ANe, VNe 

ANe anterior neurons, DFVNe distal-frontoventral neurons, MFVNe medial-frontoventral neurons, MNe median neu-

rons, VNe ventral neurons, VMNe ventromedian neurons, VPNe ventroposterior neurons. (-) neurons were labeled but 

were not assigned to the AMe groups.  

 

 

With electron microscopy it was shown that in the AMe at least four different types of 

dense core vesicles (DCVs) with specific distributions occur and that there is a correlation 

to the abundance of neuropeptides (Reischig and Stengl 1996; Homberg et al. 2003; 

Reischig and Stengl 2003b). While granular DCVs are characteristic for the glomeruli, 

small- and medium-sized DCVs occur in the shell and anterior neuropil. Large DCVs are 

localized in the shell, anterior neuropil as well as in the interglomerular region.  
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2.2  Structure and function of PDF-immunoreactive neurons  

 

Among the neuropeptides, PDF represents the best characterized peptide of the Madeira 

cockroach. Lesion experiments, AMe transplantations, and injections into the vicinity of 

the AMe resulting in an all-delay PRC with the maximal effect at the end of the subjective 

day demonstrated that PDF plays a key role in the circadian control of cockroach locomo-

tor activity (Stengl and Homberg 1994; Petri and Stengl 1997; Reischig and Stengl 2003a). 

With immunocytochemistry, four neuron groups could be localized in the optic lobes (Fig. 

7B). Two of them are located dorsally- (dPDFLa) and ventrally (vPDFLa) to the lamina. 

They consist of 50-70 somata and arborize in the lamina, distal medulla, and also in the 

AMe. Their function in the circadian system is unknown (Stengl and Homberg 1994; Petri 

et al. 1995; Reischig and Stengl 1996; Reischig and Stengl 2003b; Wei et al. 2010). Next to 

the medulla, posterior- (pPDFMe) and anterior (aPDFMe) PDF-immunoreactive (-ir) neu-

rons were detected, whereby the pPDFMes consist of up to 5 large and 3 small neurons 

and have branchings apparently restricted to the ipsilateral optic lobe (Reischig and 

Stengl 2003b; Wei et al. 2010; Soehler et al. 2011; Wei and Stengl 2011). The aPDFMes 

can be further divided in 4 small, 4 medium-sized, and 4 large neurons with one neuron 

larger than the others (llaPDFMe). Furthermore, the medium-sized aPDFMes contain 

large DCVs and the large aPDFMes medium-sized DCVs. According to their size and posi-

 
Figure 7. Frontal 3D-reconstruction of the AMe with soma groups (A) and of PDF-ir somata and fibers in the optic 

lobe (B). A: AMe accessory medulla, DFVNe distal-frontoventral neuron, DT distal tract, MFVNe medial-

frontoventral neuron, MNe median neuron, VMNe ventromedian neuron, VNe ventral neuron, VPNe ventroposte-

rior neuron. Anterior neurons are not shown (modified after Reischig and Stengl 2003b). B: Small- (blue), medium-

sized- (green), large- (yellow), and the largest (red) anterior PDF medulla (Me) neuron (aPDFMe), dPDFLa dorsal 

lamina (La) neurons, pPDFMe posterior Me neurons, vPDFLa ventral La neurons, 1.OC first optic chiasm (modified 

after Wei et al., 2010). Scale bars = 50 µm in A, 50 µm in B.  
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tion relative to the AMe, the small aPDFMes are grouped to the DFVNes, while the me-

dium-sized and large aPDFMes belong to the VNes (Reischig and Stengl 2003b; Wei et al. 

2010; Soehler et al. 2011). Although, individual branching patterns are not known, some 

basic morphological characteristics can be described. The small aPDFMes seem to be local 

neurons which arborize in the AMe and possibly also in other ipsilateral optic lobe neuro-

pils. The large aPDFMes arborize in the anterior and shell neuropil, the medium-sized 

aPDFMes project to the glomeruli and to a lesser extent to the interglomerular region and 

anterior neuropil of the AMe. Neurites of the PDFMes connect the AMe with the ipsila-

teral medulla and lamina using two fiber systems: first, the anterior fiber fan of the me-

dulla with projections to the lamina through the distalmost layer of the medulla and also 

to the accessory laminae; second, the middle layer system of the medulla with arboriza-

tions in a middle layer of the medulla (Reischig and Stengl 2003b; Reischig et al. 2004; 

Wei et al. 2010; Soehler et al. 2011). Additionally, medium-sized and large aPDFMes send 

processes via the lobula valley tract (LoVT) to output regions of the midbrain, e.g. the 

superior lateral (SLP) and medial (SMP) protocerebrum, and also to the contralateral optic 

lobe (Fig. 6). Three aPDFMes directly connect both accessory medullae (AMae) via the 

anterior optic commissure (AOC) from which two belong to the medium-sized aPDFMes 

and showed colocalized immunoreactivity with FMRFamide and ORC. The third neuron 

colocalized ORC immunoreactivity, but could not clearly be assigned to the large or 

medium-sized aPDFMe. These PDFMes are assumed to either carry contralateral light 

input to the AMe, and/or are ipsi-and contralateral outputs to locomotor control areas. 

Furthermore, the llaPDFMe sends processes to the contralateral AMe via the AOC and 

posterior optic commissure (POC) and showed so far no colocalized immunoreactivities 

(Reischig and Stengl 2002; Reischig et al. 2004; Soehler et al. 2011). It arborizes in all pro-

jection areas of the PDF-ir neurons and is assumed to couple all PDF-sensitive neurons, 

also in the ipsi- and contralateral AMae. To summarize, PDF appears to fulfill input, out-

put-, as well as coupling functions in the Madeira cockroach.  

Interestingly, numbers of medium-sized and large aPDFMes as well as pPDFMes 

increased under long day conditions although it is not known whether these changes 

were induced due to neurogenesis or an increased PDF-expression in already existing 

cells. However, PDFMes seem to be responsible for different photoperiods and possibly 

allow adjustment to annual changes in photoperiods (Wei and Stengl 2011; Kappa 2013).  
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2.3  Light entrainment pathways to the accessory medulla  

 

To synchronize the AMe with environmental cycles photoreceptors of the compound eyes 

are essential since covering the compound eyes prevented entrainment of the cockroach 

R. maderae (Roberts 1965). In addition, it is assumed that both the ipsi- and contralateral 

compound eyes allow for light entrainment (Page 1978). However, the respective cellular 

nature of these entrainment pathways is largely unknown. Immunocytochemistry with an 

antibody against histamine, the neurotransmitter of the insect photoreceptor cells, re-

vealed no direct innervation of the AMe by histaminergic photoreceptor axons. Photore-

ceptor axons 1-6 terminated in the lamina and 7 and 8 ended in a distal layer of the me-

dulla. Thus, light information appears to be transmitted indirectly to the AMe (Loesel and 

Homberg 1999). A good candidate for providing light information from the ipsilateral 

compound eye to the AMe is the GABA-ir distal tract which connects the medulla and 

probably also the lamina with the glomeruli of the AMe (Reischig and Stengl 1996; Petri et 

al. 2002). Next to the innervation by GABA-ir fibers, the glomeruli were also innervated by 

Manduca sexta-AT-ir neurons (Reischig and Stengl 2003b). Moreover, injections of GABA 

 
 
Figure 8. Schematic drawing of a cockroach brain with assumed arborizations patterns of contralateral aPDFMes 

which all belong to the ventral neurons of the accessory medulla (AMe). The largest aPDFMe projects via the ante-

rior- (AOC) and posterior optic commissure (POC) to the contralateral AMe as well as medulla (Me) and lamina (La). 

This neuron also branches in the inferior lateral protocerebrum (ILP). Two medium-sized aPDFMes with colocalized 

orcokinin (ORC)- and FMRFamide immunoreactivity directly connect both AMae via the AOC. A third aPDFMe 

which could not be clearly assigned to the medium-sized or large aPDFMes showed colocalized ORC immunoreac-

tivity and connects both AMae via the AOC. dSLP dorsal lateral protocerebrum, SMP superior median protocere-

brum, POTu posterior optic tubercle. Modified after Soehler et al. (2011).  
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and Manduca-AT into the vicinity of the AMe produced light-like PRCs with phase delays 

at the late subjective day and phase advances during the subjective night suggesting an 

involvement of both substances in the transmission of light information from the ipsila-

teral compound eyes to the glomeruli of the AMe (Page and Barrett 1989; Petri et al. 

2002). Contralateral light input is suggested to be transmitted by three ORC-ir VMNes 

which connect both AMae via the POC. The VMNes resembled light-sensitive commissural 

neurons and have arborizations in the interglomerular region of the AMe as well as in the 

medulla. Additionally, injections of Orconectes limosus-ORC also revealed a biphasic PRC 

similar to that obtained after light pulses (Page and Barrett 1989; Loesel and Homberg 

2001; Hofer and Homberg 2006b).  

 

 

 
  

 
 
Figure 9. Schematic representation of assumed light entrainment pathways to the accessory medulla (AMe) of the 

cockroach R. maderae. The glomeruli (grey area within the AMe) seems to be the main recipient of ipsilateral light 

information which might be mediated via the GABA-immunoreactive (-ir) distal tract (DT; orange). The DT connects 

several layers of the medulla (Me) with the glomeruli of the AMe. Local neurons showing Manduca sexta-

allatotropin immunoreactivity (green) appear to receive DT information and also innervate the glomeruli of the 

AMe. Contralateral light entrainment is assumed to be transmitted via three orcokinin-ir ventromedian AMe neu-

rons (blue) which arborize in middle layers of the medulla and in the interglomerular region of the AMe (white area 

within the AMe). They project to the contralateral AMe via the lobula valley tract (LoVT) and posterior optic com-
missure (POC). La lamina, Lo lobula. Scheme was adapted from Soehler et al. (2011). 
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2.4  Optic lobe commissures and coupling pathways between both AMae 
 

Backfills from one optic stalk or AMe revealed seven commissures (tracts) with projec-

tions to the contralateral optic lobe three of which directly connect both AMae (tracts 3, 

4, and 7). Neurons of four medulla cell groups (MC I-IV) are associated with these tracts 

and could be assigned to specific soma groups of the AMe (Fig. 10). MC I consists of five 

VNes (four aPDFMes, see above, and one additional VNe with unknown immunoreactivi-

ties) and originates from the LoVT. They send fibers via the anterior fiber fan system of 

the medulla to the lamina and also have arborizations in the interglomerular region of the 

AMe. Up to 35 VMNes belong to the MC II. Passing the AMe posteriorly, they contribute 

to the middle layer system of the medulla. Apparently three ORC-ir VMNes with similari-

ties to light-sensitive neurons belong to the MC II. Posteriorly to the AMe and in close 

vicinity to the pPDFMes up to six MC III were detected but their individual branching pat-

tern could not be traced. Two MNes could be assigned to the MC IV that showed no im-

munoreactivity against FMRFamide, ORC, or PDF (Loesel and Homberg 2001; Reischig and 

Stengl 2002; Reischig et al. 2004; Hofer and Homberg 2006b; Soehler et al. 2011).  

 

 

 

3 Neuropeptides 

 

Neuropeptides consist of 3 to about 80 amino acids and are released from neurosecretory 

and endocrine nerve cells. They are ubiquitous and serve multiple functions, e.g. in de-

velopment, metabolism, reproduction, or behavior (Tab. 3) and were discovered every-

where in the nervous system. It is assumed that neuropeptides were established as neu-

 
 
Figure 10. Contralaterally projecting neurons of the medulla cell groups (MC) I to IV labeled after neurobiotin back-

fills from one optic stalk. MC I consist of four ventral accessory medulla (AMe) neurons, MC II of 35 ventromedian 

AMe neurons, and MC IV of two median AMe neurons. Posterior neurons of the MC III (up to six) are located in 
close vicinity to the lobula valley tract (LoVT). Scale bars = 50 µm. Modified after Soehler et al. (2011).  
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ronal signaling molecules very early in evolution since in coelenterates like Hydra nu-

merous neuropeptides were described while conventional neurotransmitters such as ace-

tylcholine, serotonin, or catecholamine were not detected. Furthermore, in the nematode 

Caenorhabditis elegans 113 genes potentially encoding 250 neuropeptides were identi-

fied (Masler et al. 1993; Nässel 1996; Nässel 2002; Altstein and Nässel 2010; Bendena et 

al. 2012; Mains and Eipper 2012; Taghert and Nitabach 2012).  

 

Table 3. Selected functions of neuropeptides in invertebrates. 

Functions Peptides 

Development ASTs, AT, ETH, CRZ, PTTH, pyrokinin 

Feeding ASTs, NPF, SKs, sNPF 

Metabolism AKH, ILP 

Myotropic ASTs, myosuppressins, FMRFamides, proctolin, pyrokinin, SKs, TRKPs 

Reproduction ILP, neuroparsins, pyrokinin, SIFamide, sNPF 

Water- and ion regulation CAP2B, ITP, DH, kinins, TRKPs 

AKH adipokinetic hormone, ASTs allatostatins, AT allatotropin, CAP2B cardioaccelatory peptide2B, CRZ corazonin, DH 

diuretic hormone, ETH ecdysis triggering hormone, ILP insulin-like peptide,  ITP ion transport peptide, PTTH prothoraci-

cotropic hormone, SKs sulfakinins, sNPF short neuropeptide F, TRKPs tachykinin-related peptides. Table was modified 

after Altstein and Nässel 2010 and complemented after Kastin (2006).  

 

Neuropeptides are synthesized from precursor proteins on ribosomes at the endoplas-

matic reticulum (Fig. 11). The precursors often contain a variety of other peptides sepa-

rated via simple cleavage sites of a pair of basic amino acid residues, such as lysine or ar-

ginine. Since genetic data are available of several organisms, peptides from one precursor 

are now summarized to peptide families which were earlier grouped according to se-

quence homologies or functional similarities. In the Golgi apparatus posttranslational 

modifications of the precursor starts and the peptide is processed to its active form  

during the axonal transport where it is commonly packed and stored in large DCVs. Typi-

cal modifications are amidation of the carboxyl terminal residue, acetylation of the N-

terminal residue, pyroglutamate formation, and glycosylation. While neurotransmitter 

release is restricted to axon terminals, peptides can be also released at non-synaptic sites 

(varicosities) throughout the soma, axon, and dendrites (Turner 1984; Nässel 2002; 

Altstein and Nässel 2010; Bendena et al. 2012; Mains and Eipper 2012).  
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3.1  Neuropeptide receptors  

 

Neuropeptides may act as neurohormones, neuromodulators, or neurotransmitters 

(Predel and Eckert 2000). As neurohormones, they are released in the circulatory system 

and transported over long distances to their targets, whereas as neuromodulators they 

can influence the sensitivity of neurons to neurotransmitters and act then as co-

transmitters. An action as neurotransmitter like the FMRFamide receptor ion-channel 

known from mollusks was so far rarely observed (Cottrell 1997; Nässel 2002; Altstein and 

Nässel 2010).  

Most neuropeptides appear to act via G protein-coupled receptors (GPCRs) be-

longing to the rhodopsin-like- or secretin-like family. However, only little is known about 

the specific receptor-ligands, thus, many GPCRs are orphanized (Bendena et al. 2012; 

Caers et al. 2012). While receptors for substance P, substance K, and neurotensin were 

the first peptide receptors discovered, the D. melanogaster tachykinin-like receptor was 

the first insect neuropeptide receptor (Höfkelt 1991; Caers et al. 2012). GPCRs consist of 

seven transmembrane (7TM) α-helices which are connected by three intra- and extracel-

lular loops (Fig. 12). The C-terminus is located in the cytoplasm while the N-terminus is 

located extracellularly and is involved in ligand-specific binding of peptides. Contrarily, 

 
 
Figure 11. Intracellular processing pathway of neuropeptides. In the nucleus (Nuc), genes are transcribed to mRNA 

which are translated to precursor peptides (propeptides) on ribosomes at the endoplasmatic reticulum. Processing 

of precursor peptides using specific enzymes starts in the Golgi apparatus and is continued along the axonal trans-

port. Mature active peptides are stored in large dense core vesicles which can release their neuropeptides at dif-

ferent sites of the soma (dendrites, axon, and synapse). From Mains and Eipper (2012).  



24 

 

intracellular domains interact with a member of the heterotrimeric GTP-binding protein 

(G-protein) consisting of α-, β-, and γ-subunits.  

 

 

 

After ligand-binding to the receptor, the G-protein is activated and its α-subunit and the 

ßγ-dimer dissociate to the cytoplasm where they can interact with their specific effector 

proteins. The Gαq subunit activates the phospholipase Cβ/inositol phosphate signal cas-

cade and causes an increase of intracellular calcium from intracellular store like the en-

doplasmatic reticulum. The Gαs- and Gαi/o subunits activate or inhibit adenylyl cyclases 

resulting in lowering or raising intracellular cyclic adenosine monophosphate (cAMP) con-

centrations (Hallberg and Nyberg 2003; Bendena et al. 2012; Caers et al. 2012; Mains and 

Eipper 2012). Inactivation of neuropeptides is mediated by desensitization of receptors or 

by enzymatic degradation via peptidases which are localized either at the extracellular 

cell membrane or they occur in the cytoplasm. Thereby, receptors are phosphorylated 

and/or down regulated after long-lasting stimulations (Nässel 2002; Hallberg and Nyberg 

2003; Mains and Eipper 2012).  

 

  

 
Figure 12. Structure of a seven transmembrane α-helix (I-VII) G-protein coupled receptor. The C-terminus (COO

-
) is 

located intracellular and the N-terminus (NH3
+
) extracellular. Binding of large peptides occurs at the extracellular 

domains only, while binding sites for smaller peptides are located within the transmembrane domains and in the 

extracellular loops. From Mains and Eipper (2012). 
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3.2  Myoinhibitory peptides 

 

In a number of insect species, peptides with a W(X6)Wamide or W(X7)Wamide motif were 

detected (Tab. 4). These peptides mainly showed inhibiting effects on visceral muscle 

contractions and were therefore termed myoinhibitory peptides (MIPs). Some of the 

MIPs showed sequence similarity to mammalian galanin (Aguilar et al. 2006; Huybrechts 

et al. 2010; Nässel and Winther 2010; Lange et al. 2012). Furthermore, in the cricket Gryl-

lus bimaculatus (Grb) allatostatic effects on the juvenile hormone synthesis in the corpora 

allata were also observed with MIPs. Thus, MIPs were also termed B-type allatostatins 

(AST-B, Lorenz at al. 1995). In Bombyx mori, they were designated as prothoracicostatic 

peptides (PTSPs) as they inhibited ecdysteroid biosynthesis in the prothoracic glands (Hua 

et al. 1999; Yamanaka et al. 2010). The first peptide of this family was identified in the 

locust Locusta migratoria (Lom-MIP) due to its inhibitory effect on spontaneous muscle 

contractions of the hindgut and oviduct (Schoofs et al. 1991). In the tabacco hornworm 

Manduca sexta, six MIPs (Mas-MIP) could be identified which inhibited the anterior hind-

gut peristalsis (Blackburn et al. 1995; Blackburn et al. 2001). While the MIPs of the stick 

insect Carausius morosus (Cam-MIP 1-6) inhibited juvenile hormone synthesis of G. bima-

culatus, they were not allatostatic in C. morosus (Lorenz et al. 2000). In the cockroach 

Periplaneta americana two MIPs (Pea-MIP) were identified, whereby Pea-MIP-1 caused in 

in vitro assays only at high concentrations inhibition of the foregut (Predel et al. 2001; 

Neupert et al. 2012). Interestingly, Mas-MIP-2, Grb-AST B1, and Grb-AST B3 had strong 

inhibiting effects on both foregut and hindgut contractions in the German cockroach Blat-

tella germanica and injections of Grb-AST B3 resulted in a reduced food intake in starved 

female cockroaches (Aguilar et al. 2006). With sequence analysis, five MIPs were pre-

dicted for D. melanogaster (Drm) from which Drm-MIP-2 and -5 could be detected and 

sequenced (Williamson et al. 2001; Baggerman et al. 2002). In the red flour beetle Tribo-

lium castaneum (Trica), six MIPs were identified (Li et al. 2008) and recently, nine MIPs 

were identified in the kissing bug Rhodnius prolixus (Rhopr-MIP 1-9) from which Rhopr-

MIP-4 and -MIP-7 reduced both the frequency and amplitude of hindgut contractions 

(Ons et al. 2011; Lange et al. 2012). Contrarily, no members of this family were reported 

for the leaf-cutting ant Acromyrmex echinatior and the wasp Nasonia vitripennis (Hauser 

et al. 2010; Nygaard et al. 2011). Next to the genomic or mass spectrometric identifica-
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tion (see above), immunocytochemical studies revealed MIP-immunoreactivity in numer-

ous insect species in selected brain circuits, in the retrocerebral complex, ventral nerve 

cord, and also in the gut of both larvae and adults (Schoofs et al. 1996; Predel et al. 2001; 

Davis et al. 2003; Santos et al. 2007; Veenstra et al. 2008; Carlsson et al. 2010; Yamanaka 

et al. 2010; Kahsai and Winther 2011; Kolodziejczyk and Nassel 2011; Neupert et al. 

2012). However, a detailed analysis of the distribution and physiological functions of MIPs 

in the Madeira cockroach, an established model organism for circadian rhythm research 

(Page 1982; Homberg et al. 2003), is still missing.  

 

Table 4. Peptide sequences of myoinhibitory peptides (MIPs), also known as B-type allatostatins (AST-B) or 

prothoracicostatic peptides (PTSPs), in different insect species. 

Peptide name Peptide sequence References 

Locusta migratoria 

MIP-1 

 
AWQDLNAGWa 

 

Schoofs et al. 1991 

Gryllus bimaculatus 
AST-B1 
AST-B2 
AST-B3 
AST-B4 

 
GWQDLNGGWa 
GWRDLNGGWa 
AWRDLSGGWa 
AWERFHGSWa 

 

Lorenz et al. 1995 

Manduca sexta 

MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 
MIP-6 

 
AWQDLNSAWa 
GWQDLNSAWa 

APEKWAAFHGSWa 
GWNDMSSAWa 
GWQDMSSAWa 
AWSALHGAWa 

 

Blackburn et al. 1995; Blackburn et al. 2001 

Bombyx mori 

PTSP-1 
PTSP-2 
PTSP-3 
PTSP-4 
PTSP-5 
PTSP-6 
PTSP-7 
PTSP-8 

 
AWQDLNSAWa 
GWQDLNSAWa 

APEKWAAFHGSWa 
GWNDISSVWa 
AWQDMSSAWa 
AWSALHGTWa 
SWQDLNSVWa 
AWSSLHSGWa 

 

Hua et al. 1999; Yamanaka et al. 2010 

Carausius morosus 
MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 
MIP-6 

 
AWQDLQGGWa 
AWQDLNTGWa 
GWQDLQSGWa 
AWQDLQGAWa 
AWQDLQAGWa 
AWQDLGSAWa 

 

Lorenz et al. 2000 

Periplaneta americana 

MIP-1 

MIP-2 

 
GWQDLQGGWa 

GDTNWNRLSAAWa 

 

Predel et al. 2001; Neupert et al. 2011 
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Peptide name Peptide sequence References 

Drosophila melanogaster 

MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 

 
AWQSLQSSWa 
AWKSMNVAWa 

<EAQGWNKFRGAWa 
EPTWNNLKGMWa 
DQWQKLHGGWa 

 

Williamson et al. 2001; Baggermann et al. 2002 

Tribolium castaneum 

MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 
MIP-6 

 
DWNKDLHIWa 
GWNNLHEGWa 
AWQSLQSGWa 
NWGQFHGGWa 

SKWDNFRGSWa 
EPAWSNLKGIWa 

 

Li et al. 2008 

Acyrthosiphon pisum 

MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 
MIP-6 
MIP-7 

 
AWRDLQTAGWa 
GWQNLKTTWa 

AQDWQNLHSSWa 
(p)QGWQKLHGGWa 

GWKDMQSGGWa 
SWDNFQGSWa 

AADWTSFRGSWa 

 

Huybrechts et al. 2010 

Zophobas atratus 

MIP-1 
 

NWGQFHGGWa 
 

Marciniak et al. 2010 

Rhodnius prolixus 

MIP-1 
MIP-2 
MIP-3 
MIP-4 
MIP-5 
MIP-6 
MIP-7 
MIP-8 
MIP-9 

 
SWKDLQSSGWa 
GWKDMQTVGWa 
AWTDLPSSGWa 
AWSDLQSSGWa 
GWKDMQSSGWa 
DWKDMQSSGWa 
AWNSLHGGWa 

TADWGSFTGSWa 
EPAWQNLKGLWa 

 

Ons et al. 2011; Lange et al. 2012 

 

So far, in insects the G-protein coupled Drosophila sex peptide receptor (SPR) is the only 

known MIP receptor (MIPR). The sex peptide (SP) consists of 36 amino acids and induces 

post-mating changes in female behavior, e.g. reduction in willingness to re-mate, increas-

es in food-intake, and activation of egg-production. It is transferred to females only  

during copulation and is one of the male seminal fluid proteins. Contrarily, the SPR is also 

expressed in the central nervous system of both sexes suggesting that the SPR is respon-

sible for other ligands than the SP and, therefore, triggers further functions. Across in-

sects the SPR is highly conserved and orthologous were identified in Aedes aegypti, Ano-

pheles gambiae, B. mori as well as T. castaneum. Interestingly, several MIPs activated the 

SPRs of Drosophila, Aedes, Bombyx, and Tribolium in a dose-dependent manner and 

caused increases of intracellular calcium concentrations. Thereby, both tryptophan resi-

dues are necessary to achieve full SPR functionality. Since MIPs appear not to mediate 

post-mating behavior and are not present in the seminal fluid, it is suggested that MIPs 
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are the ancestral ligands for the SPR  (Yapici et al. 2008; Kim et al. 2010; Poels et al. 2010; 

Caers et al. 2012; Lange et al. 2012). 

 

4  Aims of this study 

 

In this doctoral thesis, it was investigated whether Rhyparobia-MIPs could be part of the 

circadian system of the Madeira cockroach because it suggested that next to classical 

neurotransmitters neuropeptides are also involved in maintaining stable endogenous 

rhythms or in entrainment processes to the circadian clock. Therefore, this study focused 

in particular on the following issues employing immuncytochemical single- and double 

label experiments, behavioral- and injection experiments as well as biochemical methods:  

 

� In which brain regions with focus on the circadian system are Rhyparobia-MIPs distri-

buted?  

� Does matrix-assisted laser desorption/ionization time of flight mass spectrometry 

confirm Rhyparobia-MIPs in the circadian pacemaker of the Madeira cockroach? 

� Are Rhyparobia-MIPs candidates for ipsi- and/or contralateral light entrainment- 

and/or coupling pathways? 

� Does injection of Rhyparobia-MIP-1 and/or MIP-2 reveal light-like-phase response 

curves?  

� Which signal transduction cascades could be activated by Rhyparobia-MIP-1? 

� Are there daytime- and/or circadian time dependent effects of Rhyparobia-MIP-1 

receptivity? 
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Abstract  

 

The circadian pacemaker controlling locomotor activity rhythms in the Madeira cockroach 

is located to the accessory medulla (AMe). The ipsi- and contralateral compound eyes 

provide light input to the AMe, possibly via the γ-aminobutyric acid (GABA)-

immunoreactive (-ir) distal tract which connects the glomeruli of the AMe to the ipsi-

lateral medulla and lamina. To identify possible light-entrainment pathways, double-label 

immunocytochemistry was performed employing antibodies against GABA, myoinhibitory 

peptide (MIP), allatotropin (AT), and orcokinin (ORC). While all antisera tested except the 

anti-ORC prominently stained the glomeruli of the AMe, colocalization with anti-GABA 

was detected neither in the glomeruli nor in the distal tract. However, one median neu-

ron which colocalized GABA-, AT- and MIP-immunoreactivity appeared to connect all 

glomeruli of the AMe to medulla and lamina. Furthermore, one distal-frontoventral local 

neuron with arborizations in all glomeruli of the AMe colocalized anti-AT- and anti-MIP 

immunoreactivity. As candidates for contralateral light entrainment pathways, one ven-

tromedian and one ventral neuron colocalized MIP- and ORC immunoreactivity projecting 

via posterior and anterior commissures. Both branched in the interglomerular region of 

the AMe, where arborizations co-labelled with anti-ORC- and anti-MIP antisera. A possible 

role for MIP in light entrainment is supported also by injections of Rhyparobia maderae-

specific MIP-2 which generated an all-advance phase-response curve at the late night. 

Future experiments will challenge our hypothesis that GABA-, MIP-, and AT-ir neurons 

provide ipsilateral light entrainment to all glomeruli, while MIP- and ORC-ir neurons carry 

contralateral light entrainment to the AMe’s interglomerular region either delaying or 

advancing AMe neurons light-dependently. 
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Introduction 

 

In the cockroach Rhyparobia (Leucophaea) maderae, an established model organism for 

circadian research (Page 1982; Stengl and Homberg 1994; Homberg et al. 2003), lesion- 

and transplantation experiments located the circadian clock to the accessory medulla 

(Singular: AMe, Plural: AMae) in the brain’s optic lobes (Nishiitsutsuji-Uwo and 

Pittendrigh 1968a; Sokolove 1975; Page 1982; Reischig and Stengl 2003a). Synchroniza-

tion of the clock with the environment is mediated via light entrainment pathways. How-

ever, the cellular nature of these pathways is largely unknown. It was shown in behavioral 

assays that the Madeira cockroaches’ circadian clock is entrained by light input from pho-

toreceptors of the ipsi- and contralateral compound eyes but apparently not from the 

ocelli (Roberts 1965; Nishiitsutsuji-Uwo and Pittendrigh 1986b). However, no direct in-

nervation of the AMe with histaminergic photoreceptor axons was found with anti-

histamine immunocytochemistry (Loesel and Homberg 1999). Thus, light input from the 

compound eyes is transmitted indirectly. Previous work suggested that the following 

morphological and physiological criteria are characteristic for light entrainment pathways 

in the Madeira cockroach: (1) ipsilateral light entrainment pathways connect the glomeru-

li of the AMe (previously named noduli, because of abundant dense-core vesicles contain-

ing neuropeptides) with the ipsilateral medulla and lamina (Reischig and Stengl 1996; 

Loesel and Homberg 2001; Petri et al. 2002; Reischig and Stengl 2003b); (2) contralateral 

light entrainment pathways project along the anterior (AOC)- and posterior optic commis-

sures (POC) and connect the interglomerular neuropil of the AMe (previously named in-

ternodular neuropil) with contralateral optic lobe neuropils: the medulla via a characteris-

tic middle layer fiber system and/or the lamina via the anterior fiber fan (Reischig and 

Stengl 2002); (3) the respective neurotransmitters and neuropeptides of the light en-

trainment pathways phase-shift circadian locomotor activity rhythms similar to light in-

puts: (3a) they phase delay at the late day/early night or/and (3b) they phase advance at 

the late night/early day (Page and Barrett 1989; Petri et al. 2002; Hofer and Homberg 

2006b); (4) cells of the light entrainment pathways respond to light in intracellular re-

cordings (Loesel and Homberg 2001). 

 Based upon morphological criteria (#1, above) a candidate for an indirect ipsi-

lateral light entrainment pathway is the γ-aminobutyric acid-immunoreactive (GABA-ir) 
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distal tract. It connects the glomeruli of the AMe to different layers of the medulla and 

apparently also to the distal lamina (Reischig and Stengl 1996; Petri et al. 2002). Addition-

ally, allatotropin (AT)-ir local interneurons of the AMe appear to receive distal tract in-

formation (Reischig and Stengl 2003b). They densely arborize in the glomeruli of the AMe 

and possibly also in other ipsilateral optic lobe neuropils (Petri et al. 1995). In support of 

this hypothesis, GABA-injections caused biphasic, light-like phase response curves (PRCs) 

as well as injections of Manduca sexta-specific AT (PRCs; Petri et al. 2002; #3a,b) while 

Rhyparobia-AT injections rendered only delays at the late subjective day/early subjective 

night (Schulze et al. 2013; #3a). While the glomeruli of the AMe are connected to ipsi-

lateral optic lobe neuropils, the interglomerular region and the shell of the AMe is con-

nected to the lobula valley tract (LoVT). The LoVT feeds into the AOC and POC of the mid-

brain which connect both optic lobes (Reischig and Stengl 1996; Reischig and Stengl 2002; 

Homberg et al. 2003). Contralateral light-entrainment was suggested to be mediated by 

three ventromedian orcokinin-ir neurons (ORC-ir VMNes) that connect the interglomeru-

lar neuropil of both bilaterally symmetric accessory medullae (AMae) via the POC. They 

arborize in different middle layers of the medulla. They do not display the fan-shaped 

arborization pattern which is characteristic of ventral neurons which connect the inter-

glomerular neuropil of the AMe with the most distal layer in the medulla, the proximal 

lamina and with the accessory laminae (Loesel and Homberg 2001; Reischig and Stengl 

2002; #2). Moreover, they resemble previously characterized cells that respond to photic 

stimuli (Loesel and Homberg 2001; Hofer and Homberg 2006a; Hofer and Homberg 

2006b). In support of this hypothesis, phase-shift experiments with Rhyparobia-ORCs re-

vealed light-like biphasic PRCs (Hofer and Homberg 2006b; Schulze et al. 2013). In con-

trast, next to Rhyparobia-AT injections of Rhyparobia-MIP-1 generated an all-delay PRC at 

the late day/early night comparably to light at this CT (Schulze et al. 2013). Thus, we hy-

pothesize that other peptides, possibly of the same peptide family, result in all-advance 

PRCs at the late night/early day comparably to light. 

 In this study, the neuronal organization of possible ipsi- and contralateral light 

entrainment pathways to the AMe with focus on the role of MIPs was investigated em-

ploying double-label immunocytochemistry with antibodies against MIP, GABA, AT, and 

ORC. With injections of R. maderae-specific MIP-2 into the hemolymph combined with 
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running-wheel assays it was examined whether Rhyparobia-MIP-2 is a light-like input sig-

nal into the AMe which might complement Rhyparobia-MIP-1-dependent phase delays. 

 

Material and methods 

 

Animals 

Adult male cockroaches (Rhyparobia [=Leucophaea] maderae) were taken from laborato-

ry colonies. They were reared under a 12:12 hour light-dark photoperiod with lights on 

from 8 a.m. to 8 p.m., at 50 % relative humidity and 25°C room temperature. The animals 

were fed with dried dog food, apples, potatoes, salad, and water ad libitum.  

 

Immunocytochemistry 

GABA and MIP- or AT immunostaining  

Cockroaches were cold-anesthetized and decapitated. Brains were dissected and fixed for 

2 hours at room temperature or overnight at 4 °C in 4 % paraformaldehyde and 0.1 % 

glutaraldehyde in sodium phosphate buffer (PBS: 0.1 M, pH 7.4). After fixation the brains 

were rinsed for 4 x 15 minutes in Tris-buffered saline (TBS: 0.1 M Tris-HCl, 0.3 M NaCl, pH 

7.4) containing 0.1 % Triton X-100 (TrX), embedded in gelatin/albumin (4.8 % gelatin, 20 

% ovalbumin in demineralized water) and postfixed overnight at 4 °C in 10 % formalin in 

PBS. The brains were sectioned in frontal plane with a vibrating blade microtome (VT 

1000, Leica, Wetzlar, Germany) at a thickness of 40 µm. Brain sections were washed in 

TBS containing 0.1 % TrX for 3 x 10 minutes and preincubated in TBS with 0.5 % TrX and 5 

% normal goat serum (NGS, Dianova, Hamburg, Germany) for 1-2 hours. Primary antisera 

were applied simultaneously: either polyclonal rabbit anti-Pea-MIP-1 (see Predel et al. 

2001) at a concentration of 1:12,000 or polyclonal rabbit anti-Mas-AT (# 13.3.91, provided 

by J. Veenstra, University of Bordeaux, France) at a dilution of 1:2,500 and polyclonal gui-

nea pig anti-GABA covalently coupled to keyhole limpet hemocyanin (KLH; Protos Biotech, 

New York, USA) at a dilution of 1:1,000 in TBS containing 0.5 % TrX and 2 % NGS. Primary 

antisera were incubated for 18-24 hours, followed by rinses in TBS containing 0.1 % TrX (3 

x 10 minutes). Secondary antibodies, goat anti-guinea pig Cy2-conjugated and goat anti-

rabbit Cy5-conjugated, were diluted in TBS containing 0.5 % TrX and 1% NGS and also 

applied simultaneously at concentrations of 1:300. All secondary antibodies (Dianova, 
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Hamburg, Germany) were incubated for 1-2 hours. Before mounting on chroma-

lum/gelatine coated microscope slides all brain sections were washed with TBS containing 

0.1 % TrX for 3 x 10 minutes. 

 Additionally, alternating vibratome slices with a thickness of 14 µm were pre-

pared. Dissection, embedding, incubation times, washing steps, preincubation, secondary 

antibodies and mounting were the same as described above. Slices were either incubated 

with anti-GABA and anti-MIP or anti-GABA and anti-AT antibodies with the same dilutions 

as described earlier.  

 

MIP- and AT- or ORC immunostaining 

Brains were fixed in 4 % paraformaldehyde in PBS. The embedding procedure was the 

same as described above. Here, the brains were sectioned in frontal plane with a  

vibrating blade microtome (VT 1000, Leica, Wetzlar, Germany) at a thickness of 30 µm. 

Afterwards, they were washed in TBS containing 0.1 TrX for 3 x 10 minutes and preincu-

bated in 5 % normal donkey serum (NDS, Dianova, Hamburg, Germany) in TBS containing 

0.5 TrX for one hour. Primary antiserum, either polyclonal rabbit anti-Pea-MIP-1 at a dilu-

tion of 1:12,000 or polyclonal rabbit anti-Asn
13

-orcokinin (provided by H. Dircksen, Stock-

holm University, Sweden) at a dilution of 1:4,000, were incubated in 2 % NDS in TBS con-

taining 0.5 TrX for 18-24 hours. The next day, the sections were rinsed 3 x 10 minutes in 

TBS containing 0.1 TrX and for 4 hours incubated with goat anti rabbit monovalent Fab 

fragment (Dianova, Hamburg, Germany), that was diluted 1:40 in 1 % NDS in TBS contain-

ing 0.5 TrX. Then, the sections were washed 2 x 10 minutes with TBS containing 0.1 TrX 

and incubated with a donkey anti-goat Cy2 conjugated antibody (Dianova, Hamburg, 

Germany) for two hours. The antibody was used at a concentration of 1:300 and diluted 

in 1 % NDS in TBS containing 0.5 TrX. They were then washed as described and incubated 

with the second primary antiserum, either polyclonal rabbit anti-Mas-AT at a dilution of 

1:2,500 or polyclonal rabbit anti-Pea-MIP-1 as described above. The following day, the 

slices were washed 3 x 10 minutes in TBS containing 0.1 TrX and incubated with a donkey 

anti-rabbit CF633 antibody (Biotium, Hayward, USA) for two hours. The antibody was di-

luted in 1 % NDS in TBS containing 0.5 TrX at a concentration of 1:400. After thoroughly 

rinsing (3 x 10 minutes) the slices were mounted on microscope slides as described.  
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Table 1. Primary antibodies used.  

Antibody Immunogen Manufacturer Dilution used 

Anti-Pea-MIP-1 Periplaneta americana MIP-1-

thyroglobulin 

Conjugates 

(GWQDLQGGWa; Predel et al., 2001) 

Rabbit polyclonal; Pre-

del et al., 2001 
1:12,000 

 

Anti-Mas-

allatotropin 
Manduca sexta thyroglobulin-

glutaraldehyde conjugates 

(GFKNVEMMTARGFa; Kataoka et al., 

1989) 

 

Rabbit polyclonal; 

Veenstra and Hagedorn, 

1993 

1:2,500 

Anti-γ-aminobutyric 

acid (GABA) 
GABA-keyhole limpet hemocyanin-

glutaraldehyde conjugates 

 

Guinea pig polyclonal; 

Protos Biotech, New 

York (USA) 

1:1,000 

Anti-Asn
13

-orcokinin Orconectes limosus 

Asn
13

–orcokinin 

(NFDEIDRSGFGFN-OH; Stangier et al., 

1992) 

Rabbit polyclonal; 

H. Dircksen (University 

of Stockholm, Sweden); 

Bungart et al., 1994 

1:4000 

 

Specificity controls 

The specificity of the anti-MIP antibody on brain sections from R. maderae was described 

in Schulze et al. (2012). The polyclonal anti-GABA antibody, raised in guinea pig, was cova-

lently coupled to KLH. The specificity of the anti-GABA antibody was tested through liquid 

phase pre-adsorption of the diluted antiserum with various concentrations (10
-4

 M - 10
-7

 

M) of GABA-glutaraldehyde-KLH conjugates. Immunostaining was abolished after pre-

adsorption the antiserum with 10 µM GABA-conjugate. Specificities of the here used pep-

tide-antibodies were all tested by liquid phase pre-adsorption of the diluted antiserum 

with various concentrations (10
-4

 M - 10
-7

 M) of the respective peptides. All synthetic pep-

tides were purchased by Biomatik (Ontario, Canada). Immunostaining of the anti-Mas-AT 

was abolished after pre-adsorption with 10 µM Rhyparobia-AT (GFKNVALSTARGFa; 

Schulze et al. 2013), while immunoreactivity of the anti-Asn
13

-ORC was abolished after 

pre-adsorption with 1 µM Rhyparobia-ORC-1 (NFDEIDRSGFNSFV-OH, Schulze et al. 2013) 

or Rhyparobia-ORC-2 (NFDEIDRSGFDSFV-OH, Schulze et al. 2013), respectively. Crossreac-

tivity of the anti-MIP antiserum with Rhyparobia-AT, Rhyparobia-ORC-1, Rhyparobia-ORC-

2, and anti-GABA was tested through pre-adsorption of the diluted MIP antiserum with 

various concentrations (10
-4

 M - 10
-7

 M) of the peptides or GABA-glutaraldehyde-KLH con-

jugate, respectively. No differences in the staining intensities were observed, thus,  

crossreactivity can be excluded.  
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Evaluation and visualization 

Immunostained brain sections were evaluated with a confocal laser scanning microscope 

(Leica TCS SP5, Wetzlar, Germany). An acusto-optical tunable filter for selecting the wave-

lengths and controlling the intensity of the excitation light, an acusto-optical beam split-

ter for separating excitation and emission light, and a variable spectrophotometer detec-

tion system were used for capturing the double-labeled fluorescence images. To exclude 

crosstalk artefacts, a lambda scan of the secondary antibodies was executed. According to 

the obtained absorption spectra the detection spectra were chosen to ensure that there 

was no overlap of the emitted light. Details of the used laser lines for excitation as well as 

detection spectra of each secondary antibody are given in Table 2. The slices were 

scanned with a z-resolution of 0.75-1.0 µm and were merged by using the maximum pro-

jection option. Image processing was done with CorelDRAW Graphics Suite X5 and Adobe 

Photoshop CS5. The magenta-green fluorescence images were prepared by replacing the 

red channel with magenta. 

 

Table 2. Parameter settings for the lambda-scan and image capturing.  

Secondary 

antibody 

Laser line for 

excitation [nm] 
λ-scan range [nm] 

Range of spectral  

detection 

DaG Cy2 488 400-600 500-540 

GaGp Cy2 488 400-600 505-545 

GaR Cy5 633 600-750 660-700 

DaR CF 633 633 600-750 630-670 

 

Behavioral experiments 

Behavioral assays  

Adult male cockroaches (R. maderae) were taken from laboratory colonies. Behavioral 

analysis was performed in constant darkness (DD) at constant temperature (25 °C) in a 

wheel-running assay. Experimental animals were fed with sesame sticks and water ad 

libitum. Rotations per minute were recorded by custom made software (developed by C. 

Lohrey, University of Kassel) and exported as text file for ActogramJ (Schmid et al. 2011). 

The freerunning period (τ) was calculated by using Chi-Square periodogram analysis. Li-

near regression before injection was performed through corresponding activity onsets to 

calculate circadian time (CT) of injection. Thereby, begin of locomotion was set as CT 12 

and defined as the phase reference point. Injection times could be then accordingly de-

termined. Linear regression through corresponding activity onsets was also performed 
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after injection to calculate peptide-dependent phase shifts (Δφ). The difference of both 

functions on the day of injection is Δφ.  

 

Operations and injections 

Operations were performed under constant dim red light conditions at different CTs (Tab. 

3). After removing the cockroaches from the running-wheels they were shortly anesthe-

tized with CO2 and fixed in a metal holder. Injections were performed into the hemo-

lymph of the head capsule by using a repetitive pipette (HandyStep, Brand, Wertheim, 

Germany; Schulze et al. 2013). The injected volume was exactly 2 µl. The PRC was pre-

pared with 10
-6

 M (2 x 10
-12

 mol) Rhyparobia-MIP-2 (GWRDLQGGWa; Schulze et al. 2012; 

Biomatik, Ontario, Canada), whereas for the dose-dependency curves 10
-10

 M (2 x 10
-16

 

mol) and 10
-14

 M (2 x 10
-20 

mol) Rhyparobia-MIP-2 were used. The peptide was dissolved 

in insect saline with the following composition (in mM): sodium chloride 128; potassium 

chloride 2.7; calcium chloride 6; sodium hydrogen carbonate 1.25; pH 7.1. Control injec-

tions contained only insect saline.  

 

Data analysis 

Because the results of normality tests (Shapiro-Wilk-test and the Kolmogorov-Smirnov-

Lilliefors-test) showed no gaussian distribution, we used conservative, nonparametric 

statistics. Rhyparobia-MIP-2- and control injections were statistically evaluated at CT 1.5, 

4.5, 7.5, 10.5, 13.5, 16.5, 19.5 and 22.5 by using the Kruskal-Wallis test followed by 

Dunn’s post hoc test, in order to test whether there are CT dependent effects. Moreover, 

Rhyparobia-MIP-2- and saline injections were compared at each CT time by using the 

Kruskal-Wallis test followed by Dunn’s post hoc test to detect Rhyparobia-MIP-2-

dependent effects. These tests were also used for the analysis of dose dependency curve. 

Phase shifts after Rhyparobia-MIP-2- or saline injections are stated in the text as mean of 

circadian hours±SD. Graphical illustration was performed using OriginLab 8 (Northhamp-

ton, Massachusetts, USA) and CorelDRAW Graphics Suite X5. 
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Results  

 

With double-label immunocytochemistry employing antibodies against MIP, GABA, AT, 

and ORC it was examined whether MIP-ir neurons are candidates for ipsi- and contrala-

teral light entrainment pathways to the AMe. Additionally, with injections of Rhyparobia-

MIP-2 at different times of the subjective day it was investigated whether this neuropep-

tide is an input signal into the AMe, complementing Rhyparobia-MIP-1.  

 

GABA-ir distal tract fibers innervated all glomeruli of the AMe and did not colocalize 

any of the neuropeptides tested 

Numerous neurons located in the anterior optic lobe associated with the medulla coloca-

lized MIP- and GABA immunoreactivity (Fig. 1A-B). In contrast to the colabeled somata no 

colabeled processes of these cells could be found in any of the optic lobe neuropils (Fig. 

1A-D). GABA-immunoreactivity is very wide-spread in the optic lobe and the arborization 

patterns of the many GABA-ir somata cannot be discerned. However, a very prominent 

GABA-ir tract in the optic lobe entering the AMe (Fig. 1D) could be identified previously 

which was at least partially reconstructed (Reischig and Stengl 1996; Petri et al., 2002). 

This GABA-ir distal tract was suggested to be a photic entrainment pathway to the circa-

dian pacemaker of the Madeira cockroach (Petri et al. 2002). The distal tract connects 

apparently all glomeruli of the AMe (Fig. 1C-D) with different non-discerned layers in the 

medulla and also with non-discerned layers in the lamina. In all glomeruli and apparently 

also in the interglomerular region but not in the shell region of the AMe GABA-ir fibers 

were detected forming a loose uniform meshwork (Fig. 1C-D, 2B,C). In double-label stu-

dies no colocalization of MIP- and GABA-, or AT- and GABA-immunoreactivity was de-

tected in fibers of the distal tract (Fig. 1C-D, 2). Indeed, neither MIP-, nor AT-, or ORC-ir 

fibers projected via the GABA-ir distal tract to the AMe.  

 

Colocalization of immunoreactivities in the neuropil of the accessory medulla is sparse 

Within the AMe GABA-, MIP-, and AT-ir fibers branched throughout the volume of appar-

ently all glomeruli directly adjacent to each other, without forming layers or columns 

(Figs. 1C,D, 2A-C, 3A-C). 
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Figure 1. Confocal laser images show GABA- (green; A1-D1) and myoinhibitory peptide (MIP, red; A2-D2)-

immunoreactivity in the optic lobe of the Madeira cockraoch. Colocalization of GABA- and MIP immunoreactivity is 

shown in orange in panels A3-D3. A1-3: Overview of the optic lobe. Boxes of interest are enlarged in B1-3 and C1-3.  B1-

3. Filled double arrowheads point to MIP- and GABA-colabeled somata. C1-3: Two median accessory medulla (AMe) 

neurons (MNe) showed double-labeling of GABA- and MIP immunoreactivity (filled double arrowheads). Within the 

AMe no co-labeled GABA- and MIP-immunoreactive (-ir) fibers could be observed. Ventromedian (asterisk) and 

ventral AMe neurons (VNes; open arrowhead) showed GABA- and MIP immunoreactivity but no colocalizations. 

Arrow points to a MIP-ir fiber bundle apparently originating from distal-frontoventral AMe neurons (filled 

arrowhead) and from VNes. D1-3: Two fiber bundles of the GABA-ir distal tract (DT) enter the AMe and have loose 

uniform arborizations in all glomeruli. No colocalization between GABA- and MIP immunoreactivity was observed 

neither in the DT nor in the AMe. Medial-frontoventral AMe neurons (open double arrowhead), Medulla (Me). 

Scale bars = 100 µm in A; 50 µm in B-D.  
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 While GABA-ir fibers branched loosely and homogenously within all glomeruli of the AMe 

the MIP-ir fibers densely and homogenously arborized in apparently all glomeruli. The 

branching pattern of AT-ir fibers within the glomeruli of the AMe, however, was not ho-

mogeneous. The dorsal glomerulus appeared to be more strongly stained than ventral 

glomeruli of the AMe (Fig. 2B,C). 

 

 

 

 
 

Figure 2. Confocal laser images show GABA- (green; A1-C1) and allatotropin (AT, red; A2-C2) immunoreactivity in the 

medulla (Me) and accessory medulla (AMe) of the optic lobe of the Madeira cockroach brain. Colocalization of 

GABA- and AT immunoreactivity is shown in orange in panels A3-C3. All images are maximum projections from 

stacks of images. A-C: Neither in the AMe nor in the distal tract (DT) colocalization of GABA- and AT 

immunostaining was observed. A1-3: At least in one median neuron adjacent to the AMe (MNe) colocalized GABA- 

and AT immunoreactivity was detected (filled double arrowhead). GABA immunoreactivity was further observed in 

ventromedian AMe neurons (asterisk) and another MNe (open arrow). B1-3: One distal-frontoventral AMe neuron 

(DFVNe) showed colocalization of GABA- and AT immunostaining (filled double arrowhead). GABA- and AT 

immunostaining were also detected in medial-frontoventral neurons (open double arrowhead) but showed no 

colocalization. Scale bars = 50 µm.  
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 While no colocalization of GABA- and MIP-immunoreactivity was found in fibers branch-

ing in all noduli or in the internodular region of the AMe (Fig. 1C,D), colocalization of MIP- 

and AT-immunoreactivity was detected in apparently all ventral glomeruli but to a lesser 

extent in the dorsal or frontal glomeruli (Fig. 3A-C). 

 

 

 

 
 

Figure 3. Confocal laser images show allatotropin (AT, green; A1-C1)- and myoinhibitory peptide (MIP, red; A2-C2)-

immunoreactivity in the Madeira cockroach’s accessory medulla (AMe) with associated neurons (A-C). 

Colocalization of AT- and MIP immunoreactivity is shown in orange in panels A3-C3. All images are maximum 

projections from stacks of images. A1-3-B1-3: Colocalized AT- and MIP immunostaining was detected in one median 

neuron (MNe; filled double arrowhead in A) and in at least one distal-frontoventral neuron and its processes (filled 

double arrowhead in B). Next to this neuron, AT- and MIP immunoreactivity was further detected in MNes, but they 

showed no colocalized staining (open arrow). Numerous ventral (open arrowheads) and ventromedian AMe 

neurons (asterisk) were MIP-immunoreactive. In the glomeruli and most likely also in ther interglomerular region of 

the AMe colocalized AT- and MIP immunoreactivity was observed, whereas one glomerulus showed stronger MIP 

immunoreactivity than others (arrow). C1-3: Colocalized AT- and MIP immunoreactivity was detected in a fiber-loop 

innervating the AMe. Scale bars = 50 µm.  
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Several soma groups associated with the AMe colocalized immunostainings 

In contrast to lack of colocalization in most neuronal processes in the circadian clock, two 

median AMe neurons (MNe) colocalized MIP- and GABA immunoreactivity (Fig. 1C). In 

addition, one MNe colocalized GABA- and AT- (Fig. 2A) and one colocalized MIP- and AT-

immunostaining (Fig. 3A). With double-label studies on alternating sections it became 

clear that one of these MNes was triple-labeled and colocalized GABA-, MIP-, and AT im-

munostaining while the other MNe only colocalized MIP- and GABA-immunoreactivity 

(Fig. 4A-B). The individual arborization patterns of the respective multiple-labeled MNes 

could not be revealed due to lack of double- or triple-labeled processes. Colabeling of 

GABA- and AT immunostaining was also detected in one distal-frontoventral AMe neuron 

(DFVNe; Fig. 2B). The staining pattern of different soma groups next to the AMe with anti-

sera against MIP (Fig. 1C, 3A-B, 6) and AT (Fig. 3A-B, 4B) generally confirmed previous 

work (Reischig and Stengl 2003b; Schulze et al. 2012).  

 

 

 

Next to the DFVNes and MNes GABA-ir neurons could be assigned to the medial-

frontoventral neurons (MFVNes), VMNes, and ventral neurons (VNes; Fig. 1C-D, 2, 4B). 

However, it was not possible to reconstruct individual branching patterns of specific neu-

ronal groups. Only ventral neurons were known previously to connect the AMe to a me-

dian layer in the medulla and to the proximal lamina and accessory laminae (ALae) via the 

anterior fiber fan. In the anterior fiber fan system of the medulla, in the proximal lamina 

 

Figure 4. Confocal laser images of two 

consecutive slices showing either GABA- (green; 

A1,A2,B1,B2) and myoinhibitory peptide (MIP, 

red; A1,A2)-immunoreactivity or GABA- and 

allatotropin (AT, red; B1,B2)-immunoreactivity in 

the medulla (Me) and accessory medulla (AMe) 

of the Madeira cockraoch. Colocalization of 

GABA- and AT- or MIP immunoreactivity is 

shown in orange. Boxed areas in A1 and B1 are 

enlarged in A2 and B2. All images are maximum 

projections from stacks of images. A1-A2: Two 

median AMe neurons (MNe) showed 

colocalization of GABA- and MIP 

immunostaining (filled and open arrowhead). 

B1-B2: Only one MNe also showed AT 

immunoreactivity (filled arrowhead) whereas 

the other MNe exhibited only GABA 

immunoreactivity (open arrowhead). Distal 

tract (DT), lamina (La), ventromedian AMe 

neuron (asterisk), ventral AMe neuron (non-

filled arrowhead). Scale bars = 50 µm.  

 



82 

 

and in ALae GABA- and MIP immunostaining was detected in close vicinity but never 

showed any co-labeling (Fig. 5A-B). Colocalization of GABA- and AT was observed in only a 

few fine fibers of the anterior medulla, but not in ALae and lamina (Fig. 5C-D).  

 

 

 

Next to the colocalized MIP- and AT immunoreactivity in one MNe (Fig. 3A), colocalization 

also was observed in 1-2 local DFVNes. Colocalized MIP- and AT-immunoreactive fibers 

were detected predominantly in the ventral glomeruli and interglomerular region of the 

AMe and to a lesser extend in the dorsal and frontal glomeruli where especially dense 

MIP-immunoreactivity dominated (Fig. 3A-C). Additionally, a characteristic loop apparent-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Confocal laser images show either 

GABA- (green) and myoinhibitory peptide 

(MIP, red; A1,A2,B1,B2)- or allatotropin (AT, 

red; C1,C2,D1,D2)-immunoreactivity. Coloca-

lization of GABA- and MIP- or AT immuno-

reactivity is shown in orange. A,C: Medulla 

(Me) fiber fan. B,D: Accessory laminae 

(ALae). Boxed areas A1-D1 are enlarged in A2-

D2. All images are maximum projections 

from stacks of images. A-B: No 

colocalizations could be observed between 

GABA- and MIP immunoreactivity (non-filled 

double arrowheads). C-D: Colocalization of 

GABA- and AT immunostaining was observed 

in fine fibers of the anterior Me fiber fan 

(filled double arrowheads) whereas no 

colocalization was detected in the ALae 

(non-filled double arrowheads). Distal tract 

(DT), lamina (La). Scale bars = 100 µm in A1-

D1, 25 µm in A2-D2. 
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ly formed by neurites from the DFVNes and VNes colocalized immunoreactivities of MIP 

and AT (Fig. 3C).  

 

MIP- and ORC immunoreactivity colocalized in one VMNe and one VNe which appar-

ently connected both AMae via the POC and AOC  

Double-labeled MIP- and ORC immunoreactivities were detected in at least one VMNe 

and one VNe and in processes of the interglomerular neuropil of the AMe (Fig. 6A-B).  

 

 

 
 

Figure 6. Confocal laser images show orcokinin (ORC, green; A1-C1)- and myoinhibitory peptide (MIP, red; A2-C2)- 

immunoreactivity obtained from sections of the accessory medulla (AMe) from anterior to posterior. Colocalization 

of ORC- and MIP immunoreactivity is shown in orange in panels on the right (A3-C3). All images are maximum 

projections from stacks of images. A1-3-B1-3: Colocalization of ORC- and MIP immunostaining was observed in one 

ventromedian (VMNe; filled double arrowhead in A) and in one ventral AMe neuron (VNe; filled double arrowhead 

in B). C1-3: In at least four fibres of the lobula valley tract (LoVT) colocalized ORC- and MIP immunoreactivity was 

detected. Distal-frontoventral AMe neuron (filled arrowhead), median AMe neuron (open arrow), VMNe (asterisk), 

VNe (open arrowhead), ventro-posterior AMe neuron (arrow). Scale bars = 50 µm.  
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As previously reported (Hofer and Homberg 2006a; Soehler et al. 2011), ORC immuno-

staining was observed in DFVNes, MNes, and ventroposterior neurons (VPNe) whereas 

the DFVNes were only weakly labeled (Fig. 6). In the lobula valley tract (LoVT) shortly after 

the AMe in the optic stalk at least four fibers were observed with colocalized staining of 

MIP- and ORC (Fig. 6C). Consistently, up to two double-labeled MIP- and ORC-

immunoreactive fibers were observed in both the AOC and POC close to the midline of 

the brain (Fig. 7A-B).  

 

 

 

Rhyparobia-MIP-2 injections revealed the first observed monophasic all-advance PRC 

with maximum at the late subjective night 

In running-wheel assays combined with Rhyparobia-MIP-2 injections into one compound 

eye under constant conditions, phase-advances were obtained at defined circadian times 

only (Fig. 8A-B).  

 
 

Figure 7. Confocal laser images show orcokinin (ORC, green; A1-B1)- and myoinhibitory peptide (MIP, red; A2-B2)- 

immunoreactivity in the anterior (A) and posterior optic commissure (B). Colocalization of ORC- and MIP 

immunoreactivity is shown in orange in panels on the right (A3-B3). All images are maximum projections from stacks 

of images. A1-3: In the anterior optic commissure ORC- and MIP immunostainings were colocalized in at least two 

fibers (arrows). B1-3: Two fibers of the posterior optic commissure (arrows) showed colocalized ORC- and MIP 

immunoreactivity. Calyces (Ca); central body (CB). Scale bars = 100 µm. 
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A monophasic all-advance PRC with the maximum advance at the late subjective night at 

CT 22.5 (2.50±0.93; 95 % CI, 1.72 to 3.23; n = 8; Fig. 8, 9A,C; Tab. 3) was revealed with 2 x 

10
-12

 mol Rhyparobia-MIP-2 injections into one compound eye (Fig. 9A-C). The induced 

phase shifts were compared at each CT-bin analyzed and highly significant differences 

were detected (Kruskal-Wallis test; p < 0.001). Between CT 1.5 (-0.54±0.94; 95 % CI, -1.41 

to 0.33; n = 7) and CT 22.5 as well as between CT 10.5 (-0.85±0.47; 95 % CI, -1.61 to -0.53; 

n = 11) and CT 19.5 (0.69±0.90; 95 % CI, 0.08 to 1.30; n = 11) significant differences were 

observed (Dunn’s post hoc test; p < 0.05). Moreover, highly significant differences were 

observed when CT 4.5 (-0.77±1.31; 95 % CI, -1.87 to 0.32; n = 8), CT 7.5 (-0.76±1.33; 95 % 

CI, -1.65 to 0.14; n = 11), CT 10.5 or CT 13.5 (-1.18±0.99; 95 % CI, -2.10 to -0.27; n = 7) 

were compared with CT 22.5 (Dunn’s post hoc test; p < 0.01). Saline injections induced no 

significant phase shifts at each CT-bin analyzed (Kruskal-Wallis test; p > 0.05; Fig. 9B).  

 
 

Figure 8. Running-wheel recording (A) and regression analysis through consecutive activity onsets (B) of the circa-

dian locomotor activity of the cockroach R. maderae are shown. Injection of 2 x 10
-12

 mol Rhyparobia-MIP-2 at CT 

22.97 of day 12 (arrowhead) resulted in a phase advance of 2.48 circadian hours (CTh) after the injection. No sig-

nificant effect on the period length (τ) of the activity rhythm was observed. x-axis time of the day; y-axis days. 
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Figure 9. Effects of injections with 2 x 10
-12

 

mol Rhyparobia-MIP-2 and insect saline 

(control) on the phase of the circadian 

locomotor activity of the cockroach R. 

maderae are shown at different circadian 

times (CTs). A: PRCs of Rhyparobia-MIP-2- 

(black line) and insect saline injections 

(control; grey line). Results are presented 

as b-spline curve. Data were merged into 3 

hr bins. Phase shifts after Rhyparobia-MIP-

2- as well as after control injections are 

plotted (mean±SD) in the middle of each 3 

hr bin. At CT 22.5 peptide injection caused 

a significant advance in comparison to the 

control injection (asterisk; 2.5±0.93 hr; 

Dunn’s post hoc test; p < 0.05). B: Insect 

saline (n = 60). Results are presented as 

scatter plot as well as b-spline curve. Small 

and non-significant phase delays and phase 

advances could be detected between the 

CTs. C: Rhyparobia-MIP-2 (n = 72). Results 

are presented as scatter plot as well as b-

spline curve. Injections caused a mono-

phasic PRC with strongest advance at the 

end of the late subjective night. Small and 

non-significant delays were detected 

throughout the subjective day and begin-

ning of the subjective night, respectively.  
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However, comparing peptide- with saline injections significant difference was detected 

(Kruskal-Wallis test; p < 0.05). At CT 22.5 Rhyparobia-MIP-2 caused a significant phase-

advance in circadian locomotor activity (Dunn’s post hoc test; p < 0.05, Fig. 9A).  

 

Table 3. Effects of 2 x 10
-12

 mol Rhyparobia-MIP-2- and saline (control) injections at different circadian times 

on the phase of the circadian locomotor activity of the cockroach R. maderae. 

Circadian 

time [hours] 

Phase shifts in circadian 

hours (mean±SD) 

95 % CI 

(lower value;highest value) 
Number 

Rhyparobia-

MIP-2 
Saline 

Rhyparobia-

MIP-2 
Saline 

Rhyparobia-

MIP-2 
Saline 

00:00-03:00 -0.54±0.94 -0.28±0.95 -1.41;0.33 -1.28;0.72 7 6 

03:00-06:00 -0.77±1.03 -0.39±0.86 -1.87;0.32 -1.18;0.40 9 7 

06:00-09:00 -0.76±1.33 -0.10±0.84 -1.65;0.14 -0.88;0.67 11 7 

09:00-12:00 -0.85±0.47 -0.21±1.18 -1.16;-0.53 -1.29;0.88 11 7 

12:00-15:00 -1.18±0.99 -0.17±0.69 -2.10;-0.27 -0.81;0.46 7 7 

15:00-18:00 0.11±1.06 -0.37±0.91 -0.71;0.93 -1.21;0.47 9 7 

18:00-21:00 0.69±0.90 -0.52±0.91 0.08;1.29 -1.13;0.09 11 11 

21:00-00:00 2.50±0.93
a
 -0.11±0.90 1.72;3.28 -0.86;0.64 8 8 

a  
Significant differences (Dunn’s post hoc test, p < 0.05) between Rhyparobia-MIP-2- and saline induced 

phase-shifts. 

 

Rhyparobia-MIP-2 injections induced dose-dependent phase advances 

At CT 22.5 it was investigated whether the MIP-2-dependent phase advance expressed 

dose-dependency (Fig. 10). Therefore, injections with 2 x 10
-16

 mol and 2 x 10
−20 

mol Rhy-

parobia-MIP-2 were performed and resulting phase shifts were compared with saline in-

jections. Highly significant differences were obtained between peptide- and saline injec-

tions (Kruskal-Wallis, p < 0.01).  

 

 

Figure 10. Rhyparobia-MIP-2-induced phase 

shifts between CT 21 and CT 24 are dose-

dependent. Bars represents the mean phase 

shift (in circadian hours±SD) resulting from 

injections of insect saline (control; n = 8), 2 x 

10
−12

 mol Rhyparobia-MIP-2 (n = 8), 2 x 10
−16

 

mol Rhyparobia-MIP-2 (n = 5), and 2 x 10
−20

 

mol Rhyparobia-MIP-2 (n = 4). Between 2 x 

10
−12

 mol Rhyparobia-MIP-1 and control 

injection a highly significant difference was 

observed (asterisks; Dunn’s post hoc test; p 

< 0.001).  
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At a peptide concentration of 2 x 10
-16

 mol phase advances of 0.99±0.99 hr (mean±SD; 95 

% CI, -0.24 to 2.22; n = 5) were obtained, while injections of 2 x 10
−20 

mol Rhyparobia-

MIP-2 resulted in a phase advance of 0.22±1.15 hr (mean±SD; 95 % CI, -0.99 to 1.43; n = 

6). Highly significant differences were obtained (Fig. 10) between saline- and peptide-

dependent phase shifts for injections with 2 x 10
−12 

mol Rhyparobia-MIP-2 (Dunn’s post 

hoc test; p < 0.001). 

 

Peptide- and saline injections did not affect the period length of locomotor activity 

rhythms 

No significant differences in the period length of the circadian locomotor activity rhythms 

could be detected in all groups tested (Mann-Whitney U-test; p > 0.05). Before starting 

with Rhyparobia-MIP-2 injections the average period length was 23.72±0.27 hr 

(mean±SD; 95 % CI, 23.66 to 23.79; n = 72, Tab. 4) and after the injections it was 

23.73±0.30 hr (mean±SD; 95 % CI, 23.66 to 23.80; n = 72, Tab. 4). The Chi-Square  

periodogram analysis of controls before saline injections was 23.60±0.31 hr (mean±SD; 95 

% CI, 23.52 to 23.68; n = 60, Tab. 4) and after saline injections it was 23.66±0.40 hr 

(mean±SD; 95 % CI, 23.56 to 23.76; n = 60, Tab. 4). 

 

Table 4. Effects of 2 x 10
-12

 mol Rhyparobia-MIP-2- and saline (control) injections on the period length (τ) of 

the circadian locomotor activity of the cockroach R. maderae before (τbefore) and after (τafter) injections. 

 Rhyparobia-MIP-2 Saline 

 mean±SD 
95 % CI 

(lower value;upper value) 
mean±SD 

95 % CI 

(lower value;upper value) 
τbefore [hours] 23.72±0.27 23.66;23.79 23.60±0.31 23.52;23.68 

τafter [hours] 23.73±0.30 23.66;23.80 23.66±0.40 23.56;23.76 

 

 

Discussion  

 

This study focused on the role of Rhyparobia-MIPs in light entrainment pathways to the 

circadian pacemaker in the cockroach R. maderae. Double-label immunocytochemistry 

was performed with anti-MIP together with other antisera against GABA, AT, and ORC 

which are candidates for light-input signals to the clock. In circadian locomotor activity 
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assays these neuroactive substances caused phase-shifts of the same polarity and at the 

same specific circadian times as light pulses.  

 Multiple-label immunocytochemistry showed colocalizations of anti-MIP, anti-

GABA, and anti-AT in one MNe, and GABA- together with MIP immunoreactivity in anoth-

er MNe, as possible ipsilateral light entrainment pathways to the AMe. Then, local neu-

rons of the AMe belonging to the DFVNes which colocalized either MIP- and AT- or GABA- 

and AT-immunostaining were suggested to possibly receive photic input from these 

MNes. Light entrainment pathways from the contralateral compound eyes were appar-

ently provided to AMe neurons via one VMNe running via the POC and one VNe pro-

jecting via the AOC. Both neurons colocalized anti-MIP- and anti-ORC immunostaining. 

Consistently with an apparently dominant role of Rhyparobia-MIPs in light entrainment 

was the finding of Rhyparobia-MIP-2-dependent phase advances at the late night, com-

plementing phase-delays of Rhyparobia-MIP-1 at the early night. Thus, it is very likely that 

specific Rhyparobia-MIPs are released light-dependently at specific CTs from different 

MNes, VNes, and VMNes relaying ipsi- and contralateral light entrainment pathways to 

the AMe.  

 

Multiply-labeled MIP-ir MNes are candidates for ipsilateral light entrainment pathways 

to the circadian pacemaker center  

In the Madeira cockroach, no histaminergic photoreceptors directly connect to the AMe 

(Loesel and Homberg 1999). Thus, the GABA-ir distal tract with arborizations in the lamina 

and medulla was suggested to carry ipsilateral light information to the glomeruli of the 

AMe as main light-entrainment pathway (Reischig and Stengl 1996; Petri et al. 2002). In 

addition, light-sensitive neurons (OL1, Loesel and Homberg 2001), which resemble GABA-

ir interneurons (Petri et al. 2002), connect the glomeruli of the AMe with the lamina and 

ALae via the anterior fiber fan and via a median fiber system with the medulla (Reischig 

and Stengl 2002). However, since neither MIP-, nor AT-, nor ORC-ir processes (Hofer and 

Homberg 2006a) were observed in the distal tract and no colocalized somata could be 

associated with distal tract fibers the distal tract could not be confirmed as 

neuropeptidergic light entrainment pathway. Thus, so far, distal tract neurons appear to 

signal only with GABA- and possibly also with so far not characterized excitatory 

neurotransmitters such as acetylcholine (Baz el et al. 2013).  
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 In contrast, at least some of the about 56 heterogeneous MNes could be 

postsynaptic to photoreceptors providing ipsilateral neuropeptidergic light entrainment 

from the lamina and medulla to the glomeruli of the AMe (Reischig and Stengl 2003b). 

The triple-labled MNe which colocalized GABA-, MIP- and AT-immunostaining resembled 

the giant GABA-ir neuron (Petri et al. 2002) as well as light-sensitive optic lobe neurons 

(OL1, OL2; Loesel and Homberg, 2001) and, thus, could provide ipsilateral light input to 

the clock. This cell type connects the glomeruli of the AMe via the anterior fiber fan to the 

proximal lamina and the ALae, and also send branches in distinct layers of the medulla. 

Possibly, also the GABA- and MIP-colabeled MNe, a previously described AT- and ORC-

colabeled MNe, and a ORC-ir MNe belonged to this type of optic lobe interneurons (Hofer 

and Homberg 2006a). Since individual branching patterns could not be traced due to lack 

of triple- or double-labled branches intracellular recordings combined with multiple 

immunolabelings need to challenge this hypothesis. Since in the anterior fiber fan system 

of the medulla only colocalization of GABA- and AT immunoreactivity was detected, 

peptide sorting and differential peptide release is likely, as was also suggested previously 

(Soehler et al. 2011). Thus, MIP is released in other regions of the optic lobe than AT and 

very likely both neuropeptides fulfill different light-dependent functions and are 

connected with different postsynaptic pathways.  

 

Local neuropeptidergic DFVNes could serve as postsynaptic neurons to the MNes  

Next to the multiple-labeled MNes, colocalized immunoreactivities of MIP- and GABA or 

MIP- and AT were detected in at least one DFVNe. The about 30 (29±10) DFVNes appear 

to be local neurons of the AMe and, so far, expressed different peptide-immunoreactivity 

such as PDF (3-5 cells), AT (~10 cells), FMRFamide (~9 cells), ORC (~6 cells), leucokinin (~7 

cells), and also GABA-immunoreactivity (3-5 cells) (Petri et al. 1995; Reischig and Stengl 

1996; Reischig and Stengl 2003b; Hofer and Homberg 2006a; Soehler et al. 2008). Since 

MIP- and AT immunoreactivities were colocalized in a neurite loop characteristic for 

DFVNes, in the glomeruli and apparently in the interglomerular region of the AMe, all 

colocalized MIP- and AT immunoreactivity within the AMe most likely originates from the 

DFVNes. Possibly, these local DFVNes are postsynaptic to the MNes and are also involved 

in processing light information. Since the individual branching pattern of the MIP- and 
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GABA colabeled DFVNe could not be traced further this hypothesis needs to be 

challenged in future experiments.   

 

The MIP- and ORC colabeled VMNe is a candidates for transmitting contralateral light 

information  

Employing backfills from the contralateral optic stalk and AMe, seven commissures direct-

ly connecting both optic lobes and neurons in medulla cell groups (MC I-IV) which could 

be assigned to specific soma groups of the AMe were identified. MC I consists of five 

VNes, MC II of 35 VMNes, MC III of posterior AMe neurons, and MC IV of two MNes 

(Reischig and Stengl 2002; Reischig et al. 2004; Soehler et al. 2011). Tracer injections into 

one AMe and immunocytochemistry with anti-ORC antisera revealed three ORC-ir VMNes 

belonging to the MC II that directly connect both AMae via the POC. They innervated the 

interglomerular region of the AMe and had characteristic tangential branches in a median 

layer of the medulla (Hofer and Homberg 2006b). Additonally, they resembled cells which 

responded to photic stimuli such as polarized light (Loesel and Homberg 2001). Injections 

of ORCs revealed a light-like PRC and and an involvement in transmitting different aspects 

of photic information from the contralateral optic lobe was suggested (Hofer and 

Homberg 2006b; Schulze et al. 2013). Double-label experiments with anti-MIP and anti-

ORC antisera showed colocalizations of MIP- and ORC immunostaining in at least one 

VMNe and in one VNe as wells as in the interglomerular region of the AMe. Since up to 

four colocalized MIP- and ORC-ir fibers projected in the LoVT and two fibers in the AOC 

and POC each showed MIP- and ORC immunostaining, this colabeled VMNe apparently 

connects both optic lobes and is part of the MC II group. Thus, it is hypothesized that 

Rhyparobia-MIPs also transmit photic information to the contralateral AMe at least via 

one VMNe in the POC.  

 

Rhyparobia-MIPs could also serve different coupling pathways between both 

pacemakers  

Backfills combined with anti-PDF immunocytochemistry revealed four PDF-ir VNes among 

the MC I (Reischig and Stengl 2002; Reischig et al. 2004; Soehler et al. 2011). One of them 

is the largest PDF-ir anterior PDFMe (llaPDFMe) which appears to connect all PDF-ir 

termination areas in the midbrain and optic lobe via the AOC and POC to both AMae as a 
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possibly coupling pathway (Wei et al. 2010). The other three aPDFMes which connect 

both AMae via the AOC appear to consist of two medium-sized maPDFMes which 

colocalize PDF-, FMRFamide-, and ORC immunoreactivities and one additional aPDFMe 

which colocalizes PDF- and ORC immunoreactivity but which could not clearly be assigned 

either to the laPDFMe or maPDFMe (Soehler et al. 2011). Here, we reported colocalization 

of MIP- and ORC immunoreactivity in one VNe and in two fibers of the AOC suggesting a 

role of Rhyparobia-MIPs in coupling both pacemakers. Backfill studies combined with 

immunocytochemistry will examine whether this VNe colocalizes also PDF 

immunoreactivity and has projections to the contralateral AMe, medulla, and lamina.  

Additionally, two MNes belonging to the MC IV were shown to directly connect 

both AMae but were not immunoreactive against FMRFamide, ORC, or PDF (Soehler et al. 

2011). Here, GABA- and AT immunoreactivity as well as colocalization of GABA- and MIP 

immunostaining was detected in MNes with unknown branching patterns. Thus, it 

remains to be examined whether the MC IV contain GABA, MIP- and/or AT by performing 

backfills combined with double-label immunocytochemistry.  

 

Rhyparobia-MIP-1 and -MIP-2 apparently act in several separate pathways of the circa-

dian system 

Neither injections of Rhyparobia-MIP-1 nor -MIP-2 revealed a biphasic light-like PRC. In-

stead, Rhyparobia-MIP-1 produced a monophasic all-delay PRC with the maximal effect at 

the late subjective day (Schulze et al. 2013), while Rhyparobia-MIP-2 injections resulted in 

a monophasic all-advance PRC with the maximal effect at the late subjective night. Both 

peptides differ only in one residue, the Q-residue of Rhyparobia-MIP-1 at position 3 is 

replaced by an R-residue in Rhyparobia-MIP-2 (GWQ/RDJQGGWa; Schulze et al. 2012), 

but their effects on the circadian locomotor activity differ distinctly. It was already shown 

previously that replacement of only one amino acid could change peptide functions dra-

matically (Predel and Nachman 2001; Roth et al. 2006). Thus, it is likely that both Rhypa-

robia-MIPs serve in different pathways of the circadian clock. Moreover, highly specific 

Rhyparobia-MIP-receptors are assumed. Since with immunocytochemistry we cannot 

distinguish between the Rhyparobia-MIPs, remaining peptides should be also injected to 

identify their functions in the circadian system.  
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Rhyparobia-MIP-2 induced the first observed all-advance PRC suggesting a role in main-

taining the endogenous period length of the Madeira cockroach 

A hypothetical model showed that synergistic all-delay- and all-advance interactions are 

necessary to maintain an endogenous period length of 23.7±0.2 hours (mean±SD) in a 

coupled circadian oscillator system (Page et al. 1977; Petri and Stengl 2001). Since Rhypa-

robia-MIP-1 and -MIP-2 revealed either an all-delay or all-advance PRC (Schulze et al. 

2013), it is likely that both peptides are essential in generating this endogenous period 

length and that delays and advances are transmitted in different neuronal pathways. Al-

though, MIP immunoreactivity was detected in numerous fibers of the AOC and POC 

(Schulze et al. 2012), it is not known whether phase shifts are relayed in separate or same 

commissures. In future experiments we will examine further the cellular and molecular 

mechanisms of photic entrainment and of circadian time-dependent phase shifts. 
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Abbreviations  

 

ALae  accessory laminae 

AMae  accessory medullae 

AMe  accessory medulla 

AOC  anterior optic commissure 

AT  allatotropin  

DFVNe  distal-frontoventral neuron 

GABA  γ-aminobutyric acid 

-ir  -immunoreactive 

LoVT  lobula valley tract  

Mas  Manduca sexta 

MFVNe medial-frontoventral neuron 

MIP  myoinhibitory peptide 
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MNe  median neuron 

ORC  orcokinin 

POC  posterior optic commissure 

PRC  phase response curve 

VMNe  ventromedian neuron 

VNe  ventral neuron 

VPNe  ventroposterior neuron
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Abstract 

 

Light entrainment via the compound eyes is sufficient for synchronization of the circadian 

pacemaker center of the Madeira cockroach Rhyparobia (Leucophaea) maderae with en-

vironmental cycles but the respective cells and mechanisms are largely unknown. In the 

Madeira cockroach, the γ-aminobutyric acid (GABA)-immunoreactive (-ir) distal tract 

which connects lamina and medulla with the circadian clock, the accessory medulla 

(AMe), is suggested to serve for light entrainment. Additionally, intracellular recordings 

showed that the AMe also receives excitatory input. To examine whether acetylcholine 

(ACh) might be part of the light entrainment pathway to the circadian clock of the Madei-

ra cockroach histochemistry for acetylcholinesterase (AChE), the ACh-degrading enzyme, 

was performed. Strong AChE activity was detected in lamina, medulla and lobula, and also 

in the glomeruli of the AMe but not in the GABA-ir distal tract. Numerous AChE-stained 

fibers projected via the lobula valley tract to midbrain targets and apparently to the con-

tralateral hemisphere. ACh-injections at different times of the circadian day revealed a 

dose-dependent monophasic all-delay phase response curve with its maximum effect at 

the end of the subjective day corresponding with light-dependent phase-delays. To sum-

marize, the excitatory neurotransmitter ACh is a candidate for transmitting light-

dependent phase-delays to the glomeruli of the AMe of the Madeira cockroach but not 

via the distal tract. 
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Introduction 

 

Acetylcholine (ACh) is the major excitatory neurotransmitter of the insect visual and ol-

factory system (Homberg 1994). It is synthesized from acetyl-CoA and choline by means 

of the enzyme choline acetyltransferase (ChAT) and packed in small synaptic vesicles, 

while it is inactivated by hydrolysis due to the enzyme acetylcholinesterase (AChE) (Breer 

1985). As in vertebrates, ACh can act via ionotropic nicotinic (nAChR) or metabotropic 

muscarinic ACh receptors (mAChR) (Knipper and Breer 1988). Daily fluctuations of the 

cholinergic system such as ACh, AChE, and ChAT were detected in mammals as in insects 

suggesting a connection to the circadian system (Cymborowski et al. 1970; Hanin et al. 

1970; Schiebeler and von Mayersbach 1974; Vijayalakshimi et al. 1977; Nordberg and 

Wahlstrom 1980; Hut and Van der Zee 2011). In the fruit fly Drosophila melanogaster, it 

was shown that the circadian pacemaker neurons of larvae and adults were cholinergic 

(Wegener et al. 2004; McCarthy et al. 2011; Lelito and Shafer 2012). Additionally, an in-

volvement of ACh in light entrainment to the larval circadian clock was demonstrated 

(Keene et al. 2011). Since in the Madeira cockroach, Rhyparobia (Leucophaea) maderae, 

almost all cells of the circadian pacemaker, the accessory medulla (AMe) (Reischig and 

Stengl 2003a), responded to ACh applications with an increase of intracellular Ca
2+

 via 

nAChR it was suggested that ACh is involved in transmitting light information to the cock-

roaches’ circadian pacemaker (Baz el et al. 2013).  

So far, only little is known about the neurochemical architecture of light entrain-

ment pathways in R. maderae, an established model organism for circadian research 

(Homberg et al. 2003). Lesion experiments showed that the ipsi- and contralateral com-

pound eye transmits light information to the circadian clock (Page 1978). However, im-

munocytochemical experiments with histamine antibodies, the neurotransmitter of the 

insect compound eye photoreceptors (Hardie 1987), revealed no direct photoreceptor 

input to the AMe (Loesel and Homberg 1999). As further candidate for a light entrain-

ment pathway the γ-aminobutyric acid (GABA)-immunoreactive (-ir) distal tract was sug-

gested which connects the glomeruli of the AMe with the medulla and the lamina 

(Reischig and Stengl 1996; Petri et al. 2002). Allatotropin (AT)-ir local neurons with dense 

arborizations in the glomeruli of the AMe seem to receive distal tract information (Petri et 

al. 1995; Reischig and Stengl 2003b). While injections of GABA revealed a biphasic light-
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like phase response curve (PRC), Rhyparobia-AT induced a monophasic all-delay PRC 

which rendered phase-delays of light at the late subjective day/early subjective night 

(Page and Barrett 1989; Petri et al. 2002; Schulze et al. 2013). Contralateral light entrain-

ment is apparently mediated by light-sensitive orcokinin (ORC)-ir neurons of the AMe 

which connect the interglomerular neuropil of the AMe via the posterior optic commis-

sure to contralateral optic lobe neuropils. In support of this hypothesis, injections of ORCs 

induced a biphasic light-like PRC (Loesel and Homberg 2001; Hofer and Homberg 2006a; 

Hofer and Homberg 2006b; Schulze et al. 2013).  

 To examine whether the excitatory neurotransmitter ACh could be a candidate in 

transmitting photic information to the circadian pacemaker of the Madeira cockroach, we 

first analyzed its distribution indirectly applying a cytochemical technique for the detec-

tion of AChE. Then, with ACh injections we investigated whether the neurotransmitter 

serves as an input signal to the circadian clock affecting circadian locomotor behavior and 

whether it produces a PRC similar to that obtained after light-pulses. 

 

Materials and methods 

 

Animals 

Adult male cockroaches (Rhyparobia [Leucophaea] maderae) were taken from laboratory 

colonies. They were reared under a 12:12 hour light-dark photoperiod with lights on from 

8 a.m. to 8 p.m., at 50 % relative humidity and 25 °C room temperature. The animals were 

fed with dried dog food, apples, potatoes, salad, and water ad libitum.  

 

AChE histochemistry on brain sections of R. maderae 

Cockroaches were cold-anesthetized and decapitated. Brains were dissected and fixed for 

2-4 hours at room temperature (RT) or overnight at 4 °C in 4 % paraformaldehyde (PFA) in 

sodium phosphate buffer (PBS; 0.1 M, pH 7.4). After fixation, the brains were rinsed for 4 

× 15 minutes in Tris-buffered saline (TBS; 0.1 M Tris-HCl, 0.3 M NaCl, pH 7.4) containing 

0.1 % Triton X-100 (TrX), embedded in gelatin/albumin (4.8 % gelatin, 20 % ovalbumin in 

demineralized water) and postfixed overnight at 4 °C in 10 % formalin in PBS. The next 

day, brains were sectioned in frontal plane with a vibrating blade microtome (VT 1000, 

Leica, Wetzlar, Germany) at a thickness of 30 µm. Unless noted otherwise, incubations 
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and rinsing were performed on a shaker at RT. For detection of AChE, the thiocholine me-

thod of Karnovsky and Roots (1964) as modified by Tago et al. (1986) and described in 

Homberg et al. (1995) was performed. Free-floating sections were incubated for one hour 

in the Karnovsky-Roots medium with the following compostion (in µM): sodium citrate 

100, copper sulfate 60, acetylthiocoline iodide 36, potassium ferricyanide 10, and tetra-

isopropyl pyrophosphoramide 30; in maleate buffer containing 0.5 % TrX at pH 7.6. After 

the incubation, sections were intensively rinsed 6 x 10 minutes with 50 mM Tris-HCl (pH 

7.6) and incubated for 5 minutes with 0.04 % 3,3'-diaminobenzidine tetrahydrochloride 

and 0.3 % nickel(II)sulfate-hexahydrate in 50 mM Tris-HCl. Next, 0.003 % hydrogen per-

oxide was added. Incubation lasted for 30 minutes followed by intensive rinsing with 50 

mM Tris-HCl for at least 6 x 5 minutes. Subsequently, sections were mounted on slides in 

an anatomical correct order, dried, dehydrated and embedded with cover slips. 

 

Specificity of AChE histochemistry 

In all treatments, 30 µM tetraisopropyl pyrophosphoramide was added to the Karnovsky-

Roots medium as an inhibitor of nonspecific cholinesterase. In some cases acetylthioco-

line iodide was omitted from the medium and no staining was observed. Additionally, 

experiments were performed in which 1,5-bis(4-allyldimethylammoniumphenyl)pentan-3-

one  dibromide (BW284c51) as a specific AChE inhibitor was added to the medium at final 

concentrations of 10
-4

 M to 10
-7

 M. At a concentration of 10
-5

 M specific AChE inhibitor 

staining was abolished except in numerous cell nuclei which apparently resulted from 

intrinsic peroxidase activity as it was also reported for Manduca sexta (Homberg et al. 

1995). Since echothiophate, an irreversible and slowly diffusing cholinesterase inhibitor 

which inhibits extracellular AChE (Homberg et al. 1995), is no longer available, extracellu-

lar AChE could not be distinguished from intracellular AChE.  

 

Evaluation of the AChE histochemistry 

Brain sections that demonstrated the AChE staining were evaluated with a Leica DM750 

microscope that was equipped with a Leica DFC295 digital camera (Wetzlar, Germany). 

Microscope was kindly provided by C. Nowack, University of Kassel. Images were cap-

tured with a Hi Plan 10x/0.25 objective (Leica, Wetzlar, Germany) and were saved as jpg-

file. Image processing was done with CorelDRAW Graphics Suite X5.  
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Behavioral experiments 

Behavioral assays  

Adult male cockroaches (R. maderae) were taken from laboratory colonies. Behavioral 

analysis was performed in constant darkness (DD) at constant temperature (25 °C) in a 

running-wheel assay. Experimental animals were fed with sesame sticks and water ad 

libitum. Rotations per minute were recorded by custom made software (developed by C. 

Lohrey, University of Kassel) and exported as text file for ActogramJ (Schmid et al. 2011). 

Determination of the free-running period (τ) was performed by using Chi-Square periodo-

gram analysis. Calculation of circadian time (CT) of injection and neurotransmitter-

dependent phase shifts after injections was performed as described in Schulze et al. 

(2013).  

 

Operations and injections 

Operations were performed under constant dim red light conditions at different CTs (Tab. 

1). After removing the cockroaches from the running-wheels they were anesthetized with 

CO2 and fixed in a metal holder. Injections were performed into the hemolymph of the 

head capsule by using a repetitive pipette (HandyStep, Brand, Wertheim, Germany; 

Schulze et al., 2013). The injected volume was exactly 2 µl. The PRC was prepared with 2 x 

10
-12

 mol ACh (Roth, Karlsruhe, Germany), whereas for the dose-dependency curves 2 x 

10
-16

 mol and 2 x 10
-20

 mol ACh were used. The neurotransmitter was dissolved in insect 

saline with the following composition (in mM): sodium chloride 128; potassium chloride 

2.7; calcium chloride 6; sodium hydrogen carbonate 1.25; pH 7.1. Control injections con-

tained only insect saline.  

 

Data analysis 

Because normality tests (Shapiro-Wilk-test and the Kolmogorov-Smirnov-Lilliefors-test) 

showed no gaussian distribution, conservative, nonparametric statistics were used. Neu-

rotransmitter- and control injections were statistically evaluated at CT 1.5, 4.5, 7.5, 10.5, 

13.5, 16.5, 19.5 and 22.5 using the Kruskal-Wallis test followed by Dunn’s post hoc test, in 

order to test whether there are CT dependent effects. Moreover, neurotransmitter- and 

control injections were compared at each CT time using the Kruskal-Wallis test followed 

by Dunn’s post hoc test to detect neurotransmitter effects. These tests were also used for 
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the analysis of dose dependency curve. Phase shifts after ACh- or saline injections are 

stated in the text as mean of circadian hours±SD. Graphical illustration was performed 

using OriginLab 8 (Northhampton, Massachusetts, USA) and CorelDRAW Graphics Suite 

X5. 

 

Results 

 

It was investigated whether the most prominent excitatory neurotransmitter of the insect 

visual- and olfactory system ACh (Homberg 1994) could be a candidate in transmitting 

light information to the circadian clock of the Madeira cockroach since not much is known 

about the neurochemical architecture of this pathway. Therefore, AChE histochemistry on 

brain sections and hemolymph injections of ACh at different times of the subjective day 

were performed to examine whether ACh-dependent phase shifts of locomotor activity 

rhythms match light-dependent phase shifts. AChE activity was widely distributed 

throughout the cockroach brain neuropils. In the optic lobe (Fig. 1), the central complex 

(Fig. 2), antennal lobe (Fig. 3), and tritocerebrum (Fig. 4) AChE positive fibers were de-

tected, whereas the mushroom bodies were only sparsely stained (Figs. 2-4). Injections of 

ACh resulted in a dose-dependent monophasic all-delay PRC with its maximum phase 

shift around the end of the subjective night or beginning of the subjective night (Figs. 5-7) 

closely resembling light-dependent delays.  

 

AChE staining in the optic lobe 

All neuropils of the optic lobe exhibited diffuse AChE histochemical staining (Fig. 1). How-

ever, no AChE staining could be observed in somata located in the cell cortex. AChE activ-

ity was weakest in the lamina, but showed uniform distribution throughout the whole 

neuropil (Fig. 1A). Between lamina and medulla, numerous AChE stained fibers of the 

outer optic chiasm were observed connecting both neuropils (Fig. 1A). However, their 

origin could not be determined. Up to seven layers with different staining intensities 

could be distinguished in the medulla. Especially in the distal and proximal layer of the 

medulla strong AChE activity was detected (Fig. 1A). From the proximal medulla, numer-

ous AChE stained fibers projected apparently through the lobula valley tract (LoVT) to 

other brain targets like the ventro-posterior protocerebrum or via posterior commissures 
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to the contralateral hemisphere (Figa. 1A,C, 4A). AChE stained fibers with unknown ori-

gins entered the lamina through the anterior medulla fiber fan system (Fig. 1B-C). In the 

lobula, strong AChE activity was detected in distal parts, whereas the proximal lobula was 

characterized by a weaker stained loose fiber meshwork (Fig. 1B-C). Staining of the AMe 

was concentrated in the glomeruli and to a lesser extent in the interglomerular region, 

whereby in two dorsal glomeruli and in one ventral glomerulus strongest AChE staining 

was detected (Fig. 1B).  

 

 

 

AChE staining in the median protocerebrum 

In many areas of the median protocerebrum AChE activity could be detected. The supe-

rior lateral and superior median protocerebrum as well as the central complex including 

the central body, noduli, and protocerebral bridge exhibited strong AChE staining. Con-

 
 

Figure 1. Acetylcholinesterase (AChE) staining in the optic lobe. A: The outer optic lobe neuropil, the lamina (La), 

showed a uniform and weak AChE activity. Between the lamina and medulla (Me) numerous AChE stained fibers 

were observed in the first optic chiasm (filled arrows). At least seven layers with different AChE staining intensities 

were labeled in the medulla, whereby the distalmost and proximal layer was intensely stained (asterisk). At the 

most proximal edge of the medulla, numerous AChE positive fibers (filled arrowheads) projected apparently via the 

lobula valley tract (LoVT in C) toward the midbrain. B-C: AChE stained fibers were also observed in the anterior 

fiber fan system of the medulla projecting to the lamina (filled arrows). The accessory medulla (AMe) showed AChE 

staining in the glomeruli as well as in a lesser extent in the interglomerular region. Two dorsal glomeruli (non-filled 

arrows) and one ventral glomerulus (non-filled arrowhead) were strongly stained. Distal parts of the lobula (Lo) 

exhibited intensive AChE staining, whereas the proximal part was weaker stained. Scale bars = 100 µm. 
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trarily, weak staining was observed in the mushroom bodies except in the calyces which 

showed strong AChE labeling. In the pedunculus and medial lobes of the mushroom  

bodies AChE activity was detected in fine bands (Fig. 2).  

 

 

 

AChE staining was detected in the upper and lower part of the central body. Next to the 

columnar organization of both divisions, a horizontal stratification based on the AChE 

activity was observed. While the upper layer of both divisions was characterized by strong 

AChE staining, the lower layers were only weakly stained (Fig. 2B). Especially the noduli of 

the central complex exhibited intensive AChE staining (Fig. 2C). A uniform AChE staining 

 
 

Figure 2. Acetylcholinesterase (AChE) staining in various areas of the central brain from anterior to posterior. The 

superior median (SMP)-, superior lateral protocerebrum (SLP), and the anterior lip (aL) showed uniform AChE stain-

ing. Numerous AChE-positive neurons (non-filled arrowhead) were observed in the pars intercerebralis. Sparsely 

stained bands were detected in the medial lobe (mL; non-filled double arrowheads) and pedunculus (P; non-filled 

arrow) of the mushroom bodies, while the vertical lobe (vL) showed almost no AChE staining. Contrarily, the  

calyces (Ca) were innervated by numerous AChE stained fibers apparently originating from fibers of the inner an-

tenno-cerebral tract (iACT). In the central body (CB), columnar organization as well as horizontal stratification was 

visible in both the upper (CBU) and lower unit (CBL). The paired noduli (N) showed prominent AChE activity. Two 

AChE active fiber bundles projected vertically (filled double arrowheads) to the AChE positive protocerebral bridge 

(PB). Strongly AChE stained fibers of the median bundle (black arrows). Scale bars = 100 µm.   
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was observed in the protocerebral bridge. Each one strong AChE stained fiber bundle per 

hemisphere bypassed the protocerebral bridge in a vertical direction (Fig. 2D).   

Cells located in the pars intercerebralis or in the soma rind of the lateral and ven-

tral protocerebrum were mostly stained in the peripheral area of the cell body. In the 

median bundle, fibers with intense AChE staining were observed which projected from 

the super median protocerebrum to the tritocerebrum and/or to the suboesophageal 

ganglion (Fig. 2A-C, 4B).  

 

AChE staining in the deuto- and tritocerebrum  

In the antennal nerve, numerous fibers of sensory receptor axons showed AChE staining 

(Fig. 3A, 4B-C). They entered the antennal lobe in at least five fiber bundles and inner-

vated almost all glomeruli of the antennal lobe (Fig. 3A). In particular, the glomeruli 

showed AChE staining in the outer cap area (Fig. 3A). Neurons of the lateral cell group of 

the antennal lobe showed only sparse AChE activity but their individual branching pat-

terns could not be determined (Fig. 3A). In the ventro-posterior antennal lobe two in-

tensely AChE-stained glomeruli were observed (Fig. 4C). Within the inner-antenno-

cerebral tract (iACT) AChE positive fibers were detected and could be traced from the 

antennal lobe to the calyces and lateral horn of the protocerebrum (Fig. 3). The antennal 

mechanosensory and motor center (AMMC) showed AChE-active fiber meshworks with 

different staining intensities (Fig. 4B-C).  

In the tritocerebrum, an AChE-positive fiber meshwork with various staining inten-

sities was observed inter alia originating from fibers of the median bundle (Fig. 4A-B). At 

least four AChE stained fibers connected the tritocerebrum with the ventro-posterior pro-

tocerebrum which was also characterized by a differently stained meshwork (Fig. 4A). 

From the tritocerebrum at least four AChE stained fiber bundles apparently projected to 

the suboesophageal ganglion via the circumoesophageal connectives (Fig. 4A). The 

glomeruli of the glomerular lobe showed no AChE staining while AChE activity was de-

tected at the border to the tritocerebrum and apparently also in fibers connecting it with 

the AMMC (Fig. 4B).  
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ACh injections revealed a monophasic PRC with the maximal delay at the beginning of 

the subjective night 

Significant differences between all CTs were detected after injections of ACh (Kruskal-

Wallis test, p < 0.05). Between CT 1.5 (0.54±1.70; n = 7, Tab. 1) and CT 13.5 (-3.80±1.96; n 

= 5, Tab. 1) as wells as between CT 4.5 (0.03±1.62; n = 9, Tab. 1) and CT 13.5 significant 

effects were observed (Dunn’s post hoc test, p < 0.05). Maximal phase delays were re-

vealed after ACh injections at CT 13.5 (Fig. 5,6A).  

 

 

 
 

Figure 3. Acetylcholinesterase (AChE) staining in the deutocerebrum (A) and in projection areas of the inner anten-

no-cerebral tract (iACT; B-D). Numerous AChE stained fibers (non-filled arrow) from the antennal nerve (AN) en-

tered the antennal lobe (AL) where they terminated especially in the outer cap areas (non-filled double arrowhead) 

of the glomeruli (Gl). AChE-positive lateral neurons (non-filled arrowhead) innervated the AL, however, their indi-

vidual branching patterns could not be traced. AChE stained fibers joined to the iACT and projected by bypassing 

the protocerebral bridge (PB), calyces (Ca) and pedunculus (P) to the lateral horn (LH) where they apparently ter-

minated. The LH was also innervated by numerous AChE-positive lateral neurons (filled arrowhead). Fiber bundles 

projecting to the contralateral hemisphere (filled double arrowhead). Scale bars = 100 µm. 
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Table 1. Effects of acetylcholine (ACh)- and saline (control) injections at different circadian times on the 

phase of the circadian locomotor activity of the cockroach R. maderae. 

Circadian time [hours] 

Phase shifts in circadian hours 

(mean±SD) 

95 % CI 

(lower value;upper value) 
Number 

ACh Saline ACh Saline ACh Saline 

00:00-03:00 0.54±1.70 -0.28±0.96 -1.04;2.11 -1.28;0.72 7 6 

03:00-06:00 0.03±1.62 -0.39±0.86 -1.22;1.28 -1.18;0.40 9 7 

06:00-09:00 -1.37±0.75 -0.10±0.84 -2.16;-0.58 -0.88;0.67 6 7 

09:00-12:00 -2.73±2.01
a
 -0.21±0.60 -5.23;-0.23 -0.44;0.81 5 6 

12:00-15:00 -3.80±1.96
a
 -0.17±0.69 -6.23;-1.38 -0.81;0.46 5 7 

15:00-18:00 -1.11±1.02 -0.37±0.91 -2.37;0.16 -1.21;0.47 5 7 

18:00-21:00 0.02±0.88 -0.52±0.91 -0.80;0.84 -1.13;0.09 7 11 

21:00-00:00 -0.13±0.56 0.37±1.49 -0.72;0.46 -1.00;1.75 6 7 
a  

Significant differences (Dunn’s post hoc test, p < 0.05) between ACh- and saline induced phase-shifts. 

 

 
 

Figure 4. Acetylcholinesterase (AChE) staining in parts of the posterior proto- as well as tritocerebrum (A) and in 

the deutocerebrum (B-C). A: Two AChE-positive fiber bundles (filled arrow) projected from the optic lobe to the 

ventro-posterior protocerebrum (asterisk) from which one fiber bundle apparently projected to the contralateral 

brain (filled arrowhead) and the other to the tritocerebrum (non-filled arrowhead). At least four fiber bundles had 

projections to the circumoesophageal connectives (non-filled arrow). Large AChE stained neuron (non-filled double 

arrowhead) near the calyces (Ca). B-C: Strongly stained AChE-positive fibers in the antennal nerve (AN) which in-

nervated the glomeruli of the antennal lobe (Gl). The antennal mechanosensory and motor center (asterisk) was 

densely innervated by AChE-positive fibers. In the ventro-posterior antennal lobe two seperated glomeruli showed 

AChE staining (filled arrowhead). AChE-positive fibers of the median bundle (filled arrow) innervated the tritocere-

brum (TC). The glomeruli of the glomerular lobe (GL) showed no AChE activity. Scale bars = 100 µm. 
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Saline-dependent phase shifts at all CTs did not differ from each other (Kruskal-Wallis 

test; p > 0.05). Comparing ACh- with saline injections, significant differences were de-

tected (Kruskal-Wallis test, p < 0.05) at CT 10.5 and CT 13.5 (Dunn’s post hoc test; p < 

0.05; Fig. 6A, Tab. 1). 

 

 

 

Injections of ACh induced dose-dependent phase shifts 

Dose-dependent phase-shifts between CT 12 to 15 were obtained with ACh injections (2 x 

10
-16

 mol, 2 x 10
-20

 mol) and significant differences between ACh and saline injections 

could be detected (Kruskal-Wallis test; p < 0.05). At a concentration of 2 x 10
-16

 mol ACh 

phase delays of -1.65±1.69 h (n = 12) were obtained while injections of 2 x 10
-20

 mol ACh 

resulted in phase delays of -0.72±0.78 h (n = 10). Highly significant differences were ob-

tained between saline and ACh-dependent phase shifts for injections with 2 x 10
-12 

mol 

ACh (Dunn’s post hoc test, p < 0.01, Fig. 7).  

 
 

Figure 5. Running-wheel recording (A) and regression analysis through consecutive activity onsets (B) of the 

circadian locomotor activity of the cockroach R. maderae. Injection of 2 x 10
-12

 mol acetylcholine at CT 12.18 of day 

7 (arrowhead) resulted in a phase delay of -5.77 circadian hours (hCT) after the injection. Period length (τ) was 

slightly longer after the injection (τ2) than before (τ1). However, no significant effects on τ could be detected. x-axis 

time of the day; y-axis days.  
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Figure 6. Effects of injections with 2 x 10
-12

 

mol acetylcholine (ACh) and insect saline 

(control) on the phase of the circadian 

locomotor activity of the cockroach R. 

maderae at different circadian times (CTs). 

A: PRCs of ACh injections (black line) and 

insect saline injections (control; grey line). 

Results are presented as b-spline curve. Data 

were merged into 3-h bins. Phase shifts after 

ACh injections as well as after control 

injections are plotted (mean±SD) in the 

middle of each 3-h bin. ACh injection caused 

significant phase delays compared to the 

control injection (Dunn’s post hoc test; p < 

0.05; asterisk) at CT 10.5 (-2.73±2.01, 

mean±SD) and CT 13.5 (-3.80±1.96, 

mean±SD). B-C: Results after insect saline (n 

= 58; B) or ACh injections (n = 50; C) are 

presented as scatter plot as well as b-spline 

curve. While saline injections induced small 

and non-significant phase delays and phase 

advances, ACh caused a monophasic PRC 

with strongest delay at the beginning of the 

subjective night.  
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Injections of ACh did not change the period length of locomotor activity rhythms at all 

CTs tested 

No significant differences on the period length of the circadian locomotor activity could 

be detected in all groups tested (Mann-Whitney U-test; p > 0.05). Before ACh injections 

the average period length was 23.81±0.47 h (mean±SD; n = 50, Tab. 2) and after injec-

tions 23.78±0.57 h (mean±SD; n = 50, Tab. 2). The Chi-Square periodogram analysis of 

controls before saline injections was 23.59±0.31 h (mean±SD; n = 58, Tab. 2) and 

23.64±0.40 h (mean±SD; n = 58, Tab. 2) after saline injections. 

 

 

 
 

Table 2. Effects of ACh- and saline (control) injections on the period length (τ) of the circadian locomotor 

activity of the cockroach R. maderae before (τbefore) and after (τafter) injections. 

 ACh injections Saline (control) injections 

 mean±SD 
95 % CI 

(lower value;upper value) 
mean±SD 

95 % CI 

(lower value;upper value) 

τbefore [hours] 23.81±0.47 23.68;23.94 23.59±0.31 23.51;23.67 

τafter [hours] 23.78±0.57 23.62;23.95 23.64±0.40 23.53;23.74 

 

 

Discussion 

 

In this study, it was investigated whether ACh might be involved in the circadian system 

with focus on a role in light entrainment to the circadian pacemaker of the Madeira cock-

roach. Next to the observation that the AMe receives excitatory photic inputs (Loesel and 

Homberg 2001), it was shown that almost all cells of the AMe responded to ACh applica-

 
 

Figure 7. Dose dependency of acetylcholine 

(ACh)-induced phase shifts between CT 12 

and CT 15. Bars represents the mean phase 

shift (in circadian hours±SD) resulting from 

injections of insect saline (control; n = 5),  

2 x 10
-12

 mol ACh (n = 6), 2 x 10
-16

 mol ACh 

(n = 12), and 2 x 10
-20 

mol ACh (n = 10). 

Between 2 x 10
-12

 mol ACh and saline injec-

tion a highly significant difference was 

observed (double asterisk; Dunn’s post hoc 

test; p < 0.01).  
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tion with an increase of intracellular Ca
2+

 concentrations suggesting ACh as important 

neurotransmitter of the circadian pacemaker (Baz el et al. 2013). Therefore, a cytochemi-

cal technique was employed to localize AChE, the enzyme which rapidly degrades ACh, as 

an indicator for ACh-signaling. Additionally, injections of ACh at different times of the cir-

cadian day were performed and circadian locomotor activity rhythms were monitored 

with running-wheel assays to search for light-like PRCs.  

 Innervation of AChE-positive fibers was observed in all neuropils of the Madeira 

cockroaches’ brain except in the pedunculus and lobes of the mushroom bodies. Numer-

ous AChE-stained fibers were also detected in the antennal nerve, iACT as well as in the 

LoVT with arborizations apparently to the ventro-posterior protocerebrum and/or contra-

lateral hemisphere. The AChE-dependent staining pattern in the Madeira cockroach close-

ly resembled staining patterns obtained in other insects with AChE histochemistry and/or 

immunocytochemistry using antibodies against ChAT or ACh (Frontali et al. 1971; Buchner 

et al. 1986; Gorczyca and Hall 1987; Lutz and Tyrer 1987; Kreissl and Bicker 1989; 

Homberg et al. 1995; Yasuyama and Salvaterra 1999; Rind and Leitinger 2000).  

 

Cholinergic transmission of photic information to the circadian pacemaker neuropil of 

the Madeira cockroach is suggested 

In the Madeira cockroach, no evidence was found for ACh in photoreceptor axons and 

only weak staining was detected in the lamina. In contrast, strong innervation of AChE 

stained fibers was observed in the medulla and lobula while in the medulla at least seven 

layers could be distinguished based on different staining intensities. This staining pattern 

closely resembled that obtained in other insect species examined immunocytochemically 

or with AChE histochemistry (Frontali et al. 1971; Buchner et al. 1986; Gorczyca and Hall 

1987; Lutz and Tyrer 1987; Datum et al. 1989; Kreissl and Bicker 1989; Rind and Leitinger 

2000). Since in the optic lobes information from the compound eyes is received and 

processed (Fischbach and Hiesinger 2008) and strong AChE activity was detected in the 

Madeira cockroach, an involvement of a cholinergic visual pathway is suggested. The GA-

BA-ir distal tract which is assumed to transmit ipsilateral light information to the glomeru-

li of the AMe (Reischig and Stengl 1996; Loesel and Homberg 2001; Petri et al. 2002) 

showed no AChE staining thus, it is unlikely that it is cholinergic. However, in the glomeru-

li of the AMe strong AChE activity was detected. As numerous layers of the medulla were 



114 

 

stained by AChE-positive fibers it is likely that GABA as the main inhibitory- and ACh as 

the main excitatory neurotransmitter (Homberg 1994; Husch et al. 2009) get in contact in 

specific medulla layers where they could affect each other.  

 

ACh induces phase delays at the same CT as GABA, Rhyparobia-MIP-1, -ORCs, and light 

stimuli 

The ACh-dependent monophasic all-delay PRC with its maximal effect at the late subjec-

tive day/early subjective night resembled PRCs obtained with Rhyparobia-MIP-1 injec-

tions, while GABA and Rhyparobia-ORCs produced biphasic light-like PRCs with phase de-

lays at the late subjective day/early subjective night and phase advances during the mid-

dle of the subjective night (Page and Barrett 1989; Petri et al. 2002; Hofer and Homberg 

2006b; Schulze et al. 2013). Interestingly, the MIP-1 and ACh-dependent delay was strik-

ing similar to the delay-part after light-pulses suggesting an involvement of ACh and MIP-

1 in carrying phase delay information to the circadian clock. Consistently, strong AChE 

histochemical staining and MIP-immunoreactivity was detected in the glomeruli (Schulze 

et al. 2012), apparently the main recipient for light input pathways (Loesel and Homberg 

2001). Although, monophasic all-delay PRCs were also induced by PDF, serotonin, or cold-

pulses their maximal phase shifts and the time of maximum effects differed from ACh- or 

Rhyparobia-MIP-1-dependent phase shifts (Wiedenmann 1977a; Page 1987; Petri and 

Stengl 1997; Schulze et al. 2013). Thus, they appear to be involved in different input 

pathways to the clock. As there was also strong AChE staining detected in the LoVT, the 

main input and output pathway from the AMe to several midbrain targets and the contra-

lateral optic lobe (Reischig and Stengl 2003b), a cholinergic output pathway from the cir-

cadian pacemaker is likely.  

 

Possible cholinergic chemosensory pathways in the Madeira cockroach  

The deutocerebrum of insects usually consists of the antennal lobe and AMMC and  

receives input from thermal-, mechano-, hygro- and chemoreceptors via the antennal 

nerve. The antennal lobe is the first integration center for olfactory information and is 

structured in olfactory glomeruli where axons of one functionally uniform family of recep-

tor type project to the same glomerulus. Information is then processed in local interneu-

rons between or within glomeruli and transmitted by projection neurons to higher brain 
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centers in the protocerebrum (Homberg et al. 1989; Galizia and Rossler 2010). Here, we 

reported numerous AChE-stained fibers in the antennal nerve which innervated almost all 

glomeruli of the Madeira cockroaches’ antennal lobe. Since their termination in the outer 

cap areas of the glomeruli is typical for olfactory receptor neurons in different insect spe-

cies such as the hawk moth Manduca sexta (Homberg et al. 1995) most or all olfactory 

receptor neurons of the Madeira cockroach appear to be cholinergic. AChE-positive neu-

rons were also detected in a lateral cell group of the antennal lobe where local interneu-

rons of the antennal lobe reside. Therefore, next to the previously reported GABAergic 

inhibitory local interneurons (Hoskins et al. 1986; Distler 1989; Christensen et al. 1993) 

also excitatory cholinergic interneurons of the antennal lobe appear to exist in the Madei-

ra cockroach as it was reported for other insects (Shang et al. 2007; Das et al. 2008; Fusca 

et al. 2013). Whether these local antennal lobe neurons also colocalize neuropeptides 

(Carlsson et al. 2010; Neupert et al. 2012; Schulze et al. 2012) or biogenic amines (Daniels 

et al. 2008) remains to be studied. Additionally, cholinergic projection neurons might be 

present in the Madeira cockroach as in other insect species (Jefferis et al. 2007; Fusca et 

al. 2013) since strong AChE staining was detected in the iACT, the most prominent tract 

connecting the antennal lobe with the protocerebrum (Homberg et al. 1989; Fusca et al. 

2013).  

Next to the innervation of the lower margin of the mushroom body calyces, the LH 

was densely innervated by AChE-positive fibers apparently originating from fibers of the 

iACT. The LH is a neuropil region located in the lateral protocerebrum and is thought to be 

involved in olfactory processing like encoding odor preferences (Ernst et al. 1977; Gupta 

and Stopfer 2012). Arborizations of pheromone-sensitive and non-pheromonal odors se-

gregate to specific zones of the LH (Nishino et al. 2003; Jefferis et al. 2007; Galizia and 

Rossler 2010). Whether there is also a differentiation of the LH in the Madeira cockroach 

remained elusive, but the observed AChE-staining pattern in the antennal lobe, iACT, ca-

lyces, and LH suggests a prominent role of the cholinergic system in transmission, 

processing, and integration of olfactory information.  

The tritocerebrum which is innervated by nerves of the mouthparts and the sto-

matogastric system as well as the glomerular lobe, apparently the primary gustatory cen-

ter, are assumed to be involved in feeding behavior (Ernst et al. 1977; Rajashekhar and 

Singh 1994). In the Madeira cockroach, in the tritocerebrum numerous AChE stained fiber 
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bundles were observed apparently projecting to the suboesophageal ganglion which 

showed also intensive AChE in A. mellifera and P. americana (Frontali et al. 1971; Kreissl 

and Bicker 1989). Although, the glomeruli of the glomerular lobe showed no AChE activi-

ty, intense staining was observed at the border to the tritocerebrum and to the AMMC. 

Moreover, strongly stained AChE fibers of the median bundle could be traced to the trito-

cerebrum. Whether there is a further connection to the suboesophageal ganglion remains 

to be examined. However, the observed AChE staining suggest cholinergic involvement in 

stomatogastric functions.   

 

Cholinergic transmission in mechanosensory, cold- and hygroreceptive processes and 

similarities to MIP-immunoreactivities  

While probably all axons of the olfactory receptor neurons have their terminals in the 

antennal lobe, the AMMC is mainly innervated by axons from mechanosensory neurons 

of the antenna but also by dendrites of antennal-muscle motoneurons (Homberg et al. 

1989). In the Madeira cockroach, the AMMC was densely innervated by AChE-stained 

fibers building a loose fiber meshwork. Although individual projection patterns of AChE-

positive fibers could not be traced cholinergic involvement in mechanosensory actions is 

very likely as it was also described in various other insects (Frontali et al. 1971; Buchner et 

al. 1986; Kreissl and Bicker 1989; Homberg et al. 1995). Next to this, strong AChE-acitivity 

was observed in two glomeruli located in the ventro-posterior antennal lobe which were 

innervated by intensely stained AChE fibers. In P. americana, four glomeruli were  

described in which exclusively axons of hygro- and thermoreceptors terminate (Nishikawa 

et al. 1995; Nishino et al. 2003; Watanabe et al. 2010). Interestingly, anti-MIP-

immunocytochemistry also revealed two MIP-ir glomeruli (Schulze et al. 2012) which 

closely resembled the AChE-stained glomeruli. Therefore, it should be investigated 

whether in the Madeira cockroach hygro- and thermoreceptor-specific glomeruli can also 

be found and whether they are cholinergic and MIP-ir.  

 

Cholinergic modulation of locomotor control centers is likely  

The central complex of adult insects is located in the brain center and consists of the pro-

tocerebral bridge, upper and lower division of the central body, and a pair of noduli  

(Homberg 1994; Nässel and Homberg 2006). The central complex is involved in coordina-
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tion of complex behaviors such as control of flight and locomotion, spatial- and sky com-

pass orientation, and also in courtship behavior (Ilius et al. 1994; Strauss 2002; Popov et 

al. 2005; Wenzel et al. 2005; Sakai and Kitamoto 2006; Neuser et al. 2008; Homberg et al. 

2011). In the Madeira cockroach, AChE staining was detected in all neuropils of the cen-

tral complex, whereby stratification of the central body was visible and the noduli exhi-

bited intense AChE activity. Similar AChE staining patterns of the central complex were 

also observed in A. mellifera, D. melanogaster, and P. americana (Frontali et al. 1971; 

Buchner et al. 1986; Kreissl and Bicker 1989) implying conserved cholinergic signal trans-

mission and processing throughout various insect species. Studies employing immunocy-

tochemistry with ChAT-antibodies or using Drosophila ChAT-GAL4-driver lines as marker 

for ACh also supported this assumption (Buchner et al. 1986; Kahsai and Winther 2011). 

Additionally, in subpopulations of central complex neurons coexpression of MIP, Droso-

phila tachykinin, and short Neuropeptide F with the marker for ACh was detected sug-

gesting a peptidergic modulation (Kahsai and Winther 2011). It would be interesting to 

investigate whether there are also colocalizations of ACh with the same neuropeptides in 

the Madeira cockroach with immunocytochemistry in combination with histochemistry. 
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ACh  acetylcholine 

AChE  acetylcholinesterase 

AMe  accessory medulla 

AMMC  antennal mechanosensory and motor center 

AT  allatotropin 

ChAT  choline acetyltransferase 

CT  circadian time 

GABA  γ-amino butyric acid 
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iACT  inner antenno-cerebral tract 

LH  lateral horn  

LN  lateral neurons 

LoVT  lobula valley tract 

mAChR  muscarinic acetylcholine receptor 

MIP  myoinhibitory peptide 

nAChR  nicotinic acetylcholine receptor 

ORC  orcokinin 

PDF  pigment-dispersing factor 

PRC  phase response curve 
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Abstract 

 

The circadian pacemaker center of mammals, the suprachiasmatic nucleus (SCN), shares 

surprising similarities in cellular and molecular organization as well as appearance of nu-

merous neuropeptides with the accessory medulla (AMe), the circadian pacemaker cen-

ter of the Madeira cockroach Rhyparobia (Leucophaea) maderae. Circadian pacemaker 

neurons of insects and mammals alike generate circadian rhythms of clock gene expres-

sion and electrical activity of the plasma membrane which in turn control circadian 

rhythms of neuropeptide release such as pigment-dispersing factor (PDF) in insects and 

vasoactive intestinal peptide (VIP) in mammals. Still, the coupling between the nuclear 

circadian clock and the membrane circadian clock in pacemaker neurons is not well un-

derstood. It is hypothesized that neuropeptides such as VIP and PDF couple circadian pa-

cemaker neurons among each other which generate endogenous rhythms of second mes-

sengers. To test this hypothesis, with enzyme-linked immunosorbent assays (ELISAs) cyclic 

nucleotide concentrations of the AMe of R. maderae were quantified under light-dark- 

(LD) as well as constant conditions (DD). Furthermore, cyclic nucleotide levels were  

examined in optic lobe neuropils, as most prominent input and output region of the cir-

cadian pacemaker. Under LD cAMP and cGMP baseline levels showed an oscillation in the 

AMe both with maxima at dusk and dawn. Although, these rhythms disappeared at the 

first day under constant conditions (DD1), cAMP oscillations returned at the second day 

(DD2). Furthermore, cAMP baseline levels did not vary in optic lobe neuropils under LD, 

but oscillated in phase with AMe baseline levels at DD2. The cGMP baseline in optic lobe 

neuropils increased at the end of day under LD, but persisted at a constant level at DD2 in 

accordance with baseline of cGMP in AMe preparations. We hypothesize that in the ab-

sence of photic inputs circadian pacemaker-dependent control of optic lobe activity is 

uncovered. The cyclic nucleotide rhythms suggest the presence of two inversely coupled 

oscillators. 
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Introduction 

 

Lesion- and transplantation experiments identified the circadian pacemaker controlling 

daily rhythms in e.g. locomotor activity in mammals to the hypothalamic suprachiasmatic 

nucleus (SCN) and in insects such as Rhyparobia (Leucophaea) maderae to the accessory 

medulla (AMe) (Nishiitsutsuji-Uwo and Pittendrigh 1968a; Moore and Eichler 1972; 

Stephan and Zucker 1972; Page 1982; Meyer-Bernstein et al. 1999; Reischig and Stengl 

2003a). Surprisingly, both show striking similarities in their neuronal organization of a 

shell- and core region and are closely associated with the visual system (Petri et al. 1995; 

Reischig and Stengl 2003b; Gillette and Abbott 2009). While the SCN is located directly 

above the optic chiasm (Granados-Fuentes and Herzog 2013; Saper 2013), the AMe is 

situated at the ventromedian edge of the medulla in the bilateral symmetric optic lobes 

(oLs) (Nishiitsutsuji-Uwo and Pittendrigh 1968a; Page 1982; Reischig and Stengl 2003a). 

Furthermore, both circadian clocks are enriched with neurotransmitters and neuropep-

tides (Petri et al. 1995; Kramer et al. 2005; Reghunandanan and Reghunandanan 2006; 

Hofer and Homberg 2006a; Soehler et al. 2007; Hatcher et al. 2008; Schulze et al. 2012; 

Granados-Fuentes and Herzog 2013). Among them, the vasoactive intestinal peptide (VIP) 

in mammals and the pigment-dispersing factor (PDF) in insects seem to be functionally 

related peptides as both act as coupling factors by controlling circadian electrical activity 

of clock neurons (Vosko et al. 2007; Sheeba et al. 2008; Kudo et al. 2013). Additionally, in 

Drosophila melanogaster as in mammals, both neuropeptides were shown to act via G 

protein coupled receptors which are positively coupled to adenylyl cyclases and cause 

cAMP increases (Harmar 2001; Vosko et al. 2007; Duvall and Taghert 2012; Granados-

Fuentes and Herzog 2013; Kudo et al. 2013). Moreover, cAMP- and cGMP-specific protein 

kinases apparently influence the molecular feedback loop due to an interaction with the 

cAMP response element-binding protein (CREB) which in turn interacts with cAMP re-

sponse elements resulting in increasing or decreasing gene transcriptions (Golombek et 

al. 2004; Carlezon et al. 2005; Wong et al. 2012). Thus, a CREB-modulated gene expres-

sion of clock proteins was already demonstrated in both, mammals and D. melanogaster 

(Lim et al. 2007; Lee et al. 2010). 

 Therefore, this study focused on the quantification of cAMP- and cGMP levels in 

preparations of accessory medullae (AMae) and oLs of the Madeira cockroach as an indi-
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cator for a phase coupled clock network by employing enzyme-linked immunosorbent 

assays (ELISAs) under light-dark- (LD) and constant conditions (DD). Additionally, it was 

investigated whether cGMP is also stimulus-dependent and/or cycles in antiphase to 

cAMP as it was reported for the Madeira cockroaches’ antenna, a putative peripheral os-

cillator in several insects (Petrusz et al. 1976; Saper and Sawchenko 2003; Saifullah and 

Page 2009; Burry 2011; Schendzielorz et al. 2012). 

 

Material and methods  

 

Animals 

Adult male cockroaches (Rhyparobia [=Leucophaea] maderae) were taken from laborato-

ry colonies. They were reared under a 12:12 hour LD photoperiod with lights on from 8 

a.m. to 8 p.m., at 50 % relative humidity and 25 °C room temperature (RT). The animals 

were fed with dried dog food, apples, potatoes, salad, and water ad libitum.  

 

Quantification of cyclic nucleotides  

Sample collection and preparation 

For sample collection cockroaches were taken out of laboratory colonies at either Zeitge-

ber time (ZT) 6, 12, 18, or 24 or isolated at the end of the night in vessels for 6, 12, 18, 24, 

30, 36, 42, or 48 hours under constant conditions [DD-preparations with ZT 24 = circadian 

time (CT) 0]. For ZT-preparations, they were stored temporarily together in vessels to re-

duce stress and allow the cockroaches to calm down. For dissecting, cockroaches were 

cold-anesthetized, decapitated, and the head capsule was opened. All preparations were 

performed in insect saline with the following composition: 128 mM sodium chloride 

(NaCl), 2.7 mM potassium chloride; 2 mM calcium chloride (CaCl2); 1.2 mM sodium bicar-

bonate; pH 7.25. Trachea and fat body were put aside to expose the oLs. Using an ultra-

fine scissor, the AMe was separated from the oL and both were subsequently put in sepa-

rate iced cups filled with 900 µl homogenization buffer [HP; 0.05% sodium cholat, 200 

mM NaCl, 2 mM magnesium chloride (MgCl2), 10 mM ethylene glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid, 50 mM 3-(N-morpholino)propanesulfonic 

acid (MOPS), and 1 mM DL-1,4-dithiothreitol (DTT), pH 7.0]. Samples contained either 20 

AMae or 6 oLs per 900 µl HP. All DD-preparations were performed under constant dim 
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red light conditions. After that, samples were crushed in an ice-cooled ultrasonic bath 

(Transonic 310, Elma, Germany) for 25 minutes. After mixing 3 times for 10 seconds sam-

ples were centrifuged at 900 g for 5 minutes at 4 °C. Then, 50 µl of the supernatant was 

transferred into 200 µl incubation buffer at 37 °C. Protein determinations with 10 µl ho-

mogenate in duplicate were performed with Bradford assays (Bradford 1976). The incuba-

tion buffers contained 0.05% sodium cholat, 200 mM NaCl, 5 mM  MgCl2, 220 µM CaCl2, 1 

mM 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, 50 mM MOPS, 1mM DTT, 

1mM adenosine triphosphate, 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. This step was followed by mixing the contents and centrifuga-

tion 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 for quantifying both, cAMP and cGMP concentrations. Self-made immunoassay kits 

for determining cAMP and cGMP concentrations were used (see below). Because of the 

different weight of AMae or oLs per sample, the cyclic nucleotide concentrations were 

normalized by calculating a quotient of cyclic nucleotide concentration by corresponding 

protein concentration. 

 

Manufacturing of 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 (PBS; 

100 mM sodium phosphate dibasic dehydrate, 20 mM sodium phosphate monobasic mo-

nohydrate; pH 7.4) at 4 °C over night on a shaker covered with adhesive foil. After wash-

ing the wells one time with 250 µl washing buffer (WB; 0.05 % Tween® 20 in PBS), non-

specific binding was prevented by adding 250 µl blocking buffer (BB; 1 % bovines serum 

albumin, 0.05 % Tween® 20 in PBS) for one hour at RT. Then, the wells were rinsed 3 

times with WB. For a competitive ELISA, an anti-cyclic nucleotide antibody, a cyclic nuc-

leotide standard, and a cyclic nucleotide conjugated to an enzyme (= tracer) for competi-

tive reaction were necessary. Both, rabbit-anti cAMP and rabbit-anti cGMP antibodies 

(Genscript, Piscataway, USA) were diluted at 1:26,666 in BB. Standards of cAMP ranged 
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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 (Gen-

script, Piscataway, USA) were used at a concentration of 1:6,666 in BB. In order to  

measure cyclic nucleotide concentrations in duplicate, standard curve was performed 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. Sam-

ples 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. Final-

ly, wells were washed 3 times with WB and 125 µl 3,3',5,5'-tetramethylbenzidin (TMB) 

solution containing 1 mg TMB, 0.1 ml dimethyl sulfoxide, 9.9 ml 0.1 M sodium acetate, 

0.01 % hydrogen peroxide was added to each well. After 10 to 30 minutes incubation 

time at RT, reaction was stopped by adding 50 µl 1 M sulphuric acid. Photometric quanti-

fication was performed at 450 nm on a wellplate reader (POLARstar, BMG Labtech, Or-

tenberg, Germany, Bos et al., 1981). For calculation of a standard curve and cyclic nucleo-

tide concentrations, each value was subtracted by NSB and logit transformation (logit 

(standard/ B0); y-axis) was plotted versus log concentration of standards for linearization. 

The coefficient of determination of the linear regression fit was never below 0.95. 

 
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.  

 

Results 

 

To determine whether in the Madeira cockroach cyclic nucleotides express circadian  

oscillations in the circadian clock as well as in the clock controlled oLs, the present study 

focused on the analysis of cyclic nucleotide levels in both tissues under ZT- and DD condi-
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tions. Concentrations of cAMP and cGMP in animals kept either in a 12:12 LD photoperiod 

or two days in DD were compared.  

 

Measurements of cAMP concentrations in LD and DD in optic lobe neuropils  

In the circadian pacemaker neuropil, the AMe, an oscillation of cAMP was detected with 

its minimum at ZT 18 (Fig. 1A; Tab. 1). At ZT 18 highly significant lower cAMP levels were 

measured compared to ZT 12 and ZT 24 (Dunn’s post hoc test, p < 0.01). The mean con-

centration of cAMP was 8.3 nmol/mg at ZT 18, 21.4 nmol/mg at ZT 12, and 17.5 nmol/mg 

cAMP at ZT 24. At the first day under DD (DD1; Fig. 1B; Tab. 1) cAMP concentrations pro-

gressively increased and no significant differences were observed.  

 

Table 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), and two days in constant conditions (DD2).  

 Accessory medullae Optic lobes 

 cAMP/protein 

[nmol/mg] 

cGMP/protein 

[pmol/mg] 

cAMP/protein 

[nmol/mg] 

cGMP/protein 

[pmol/mg] 

LD 

ZT 6 

ZT 12 

ZT 18 

ZT 24 

15.2±2.2 

21.4±3.3 

8.3±1.2 

17.5±1.5 

154.0±19.7 

282.5±37.2 

139.3±12.1 

398.8±83.2 

8.2±1.3 

4.9±1.0 

4.7±1.0 

7.9±0.8 

251.6±26.5 

441.7±72.8 

208.5±38.3 

207.1±24.4 

DD1 

CT 6 

CT 12 

CT 18 

CT24 

29.3±5.6 

40.2±4.8 

39.5±6.3 

43.8±9.3 

1017.0±128.8 

823.0±94.0 

868.4±112.9 

848.5±148.3 

15.9±3.6 

11.3±2.2 

24.8±3.2 

20.4±2.6 

304.0±70.2 

535.6±94.2 

222.1±33.6 

229.7±43.2 

DD2 

CT 6 

CT 12 

CT 18 

CT24 

12.3±1.6 

33.1±4.1 

17.4±1.2 

30.0±1.4 

478.4±63.6 

577.6±55.9 

587.7±30.9 

558.7±37.6 

3.7±0.4 

15.0±2.0 

10.0±1.0 

15.5±2.7 

219.9±22.2 

262.6±51.1 

287.9±24.1 

285.6±44.7 

 

At the beginning of DD1 the cAMP mean was 29.3 nmol/mg and at the end of DD1 43.8 

nmol/mg (Fig. 1B; Tab. 1). However, at CT 6 of the second day of constant conditions 

(DD2; Fig. 1C; Tab. 1) a bimodal oscillation of cAMP was observed with minima at CT 6 

(12.3 nmol/mg) and CT 18 (17.4 nmol/mg). At CT 12 (33.1 nmol/mg) and CT 24 (30 

nmol/mg) maximum mean values of cAMP concentrations occurred (Tab. 1). The means 

of CT 6 and CT 18 significantly differed when compared with CT 12 and CT 24 (Dunn’s post 

hoc test, p < 0.05, Fig. 1C; Tab. 1).  
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Measurements of cAMP levels in the oLs under LD revealed no significant oscilla-

tion (Fig. 2A; Tab. 1), but mean values at ZT 12 (4.9 nmol/mg) and ZT 18 (4.7 nmol/mg) 

were approximately half of the values measured at ZT 6 (8.2 nmol/mg) and ZT 24 (7.9 

nmol/mg). At DD1, cAMP level strongly increased at all CTs with a significant maximum at 

CT 18 (24.8 nmol/mg; Dunn’s post hoc test, p < 0.01; Tab. 1).  

 

 

In DD2, an oscillation in cAMP levels was detected (Fig. 2C) with minima at CT 6 

(3.7 nmol/mg) and CT 18 (10 nmol/mg). Mean cAMP values at CT 6 were highly significant 

 
 

Figure 2. Concentration of cAMP in optic lobes (oLs) of animals kept in a 12:12 light-dark photoperiod (LD; A), one 

day (DD1; B), and two days in constant conditions (DD2; C). A: When kept under LD, the cAMP content of the ani-

mal’s oLs did not differ significantly. B: A highly significant difference between circadian time (CT) 12 and CT 18 was 

observed at DD1 (Dunn’s post hoc test, p < 0.01). C: At DD2 a bimodal oscillation could be observed. Thereby, the 

cAMP concentration at CT 6 is highly significant lower compared to CT 12, CT 18 and CT 24 (Dunn’s post hoc test, p 

< 0.01). The bar illustrates the different light conditions used in the experiments with lights on (white), lights off 

(black) or former phase of lights on (gray). The used incubation buffer contained 10 nM Ca
2+ 

(n = 1: 6 oLs).  

 

 
 

Figure 1. Concentration of cAMP in accessory medullae (AMae) of animals kept in a 12:12 light-dark photoperiod 

(LD; A), one day (DD1; B), and two days in constant conditions (DD2; C). A: The cAMP concentration at Zeitgeber 

time (ZT) 18 was highly significant lower compared to ZT 12 and ZT 24 (Dunn’s post hoc test, p < 0.01). B: No sig-

nificant differences in cAMP concentrations at DD1 were observed. C: At DD2, values for cAMP concentration were 

significant lower at circadian time (CT) 6 and CT 18 compared to CT 12 and CT 24, showing an oscillation (Dunn’s 

post hoc test, p < 0.05). The bar illustrates the different light conditions used in the experiments with lights on 

(white), lights off (black) or former phase of lights on (gray). The used incubation buffer contained 10 nM Ca
2+ 

(n = 

1: 20 AMae).  
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lower in comparison with CT 12 (15 nmol/mg) and CT 18 as well as CT 24 of DD2 (15.5 

nmol/mg; Dunn’s post hoc test, p < 0.01; Tab. 1).  

 

Measurements of cGMP concentrations in LD and DD in optic lobe neuropils  

Under LD also concentrations of cGMP showed a significant oscillation in AMae with mi-

nima at ZT 18 (139.3 pmol/mg; Fig. 3A; Tab. 1). Significant differences in cGMP concentra-

tions were measured between ZT 18 and ZT 12 (282.5 pmol/mg) as well as between ZT 18 

and ZT 24 (398.8 pmol/mg; Dunn’s post hoc test, p < 0.05; Tab. 1). An almost tripling of 

cGMP concentrations at DD1 occurred at all CTs with a maximum value of 1017 pmol/mg 

(Fig. 3B; Tab. 1). During DD2 cGMP concentration started to decline but no oscillation in 

cGMP levels was observed (Fig. 3C; Tab. 1).    

 

 

 

In the oLs, under LD a significant oscillation in cGMP level with maximum at ZT 12 (441.7 

pmol/mg; Dunn’s post hoc test, p < 0.05; Fig. 4A; Tab. 1) was observed. Measurements of 

oLs dissected at DD1 revealed similar cGMP concentrations compared to LD and also 

showed a significant oscillation with maximum at CT 12 (535.6 pmol/mg; Dunn’s post hoc 

test, p < 0.05; Fig. 4B; Tab. 1) compared to CT 18 (222.1 pmol/mg) and CT 24 (229.7 

pmol/mg). The concentration of cGMP at DD2 did not express any oscillation (Fig. 4C; Tab. 

1).  

 

 
 

Figure 3. Concentration of cGMP in accessory medullae (AMae) of animals kept in a 12:12 light-dark photoperiod 

(LD; A), one day (DD1; B), and two days in constant conditions (DD2; C). A: AMae contained significant lesser cGMP 

at Zeitgeber time (ZT) 18 when compared with ZT 12 and ZT 24 (Dunn’s post hoc test, p < 0.05). B,C: Neither DD1 

nor DD2 showed differences in cGMP concentrations of AMae at different circadian times. However, an almost 

tripling of cGMP levels occurred at DD1 before declining at DD2. The bar illustrates the different light conditions 

used in the experiments with lights on (white), lights off (black) or former phase of lights on (gray). The used incu-

bation buffer contained 10 nM Ca
2+ 

(n = 1: 20 AMae). 

 



132 

 

 

 

Comparison of cyclic nucleotide concentrations under different conditions in optic lobe 

neuropils  

Mean values of cAMP- and cGMP concentrations of all samples per tested day were com-

bined and statistically evaluated. In AMae at DD1 concentrations of cAMP and cGMP in-

creased highly significantly as compared to LD (Fig. 5A,C; Dunn’s post hoc test, p < 0.001). 

At DD2, both cyclic nucleotide levels were significantly decreased compared to DD1 (Fig. 

5A,C; Dunn’s post hoc test, p < 0.05) but did not reached values of LD as highly significant 

differences were still observed (Fig. 5A,C; Dunn’s post hoc test, p < 0.01).  

 

Table 2. Values of cAMP- and cGMP concentrations (mean±SE) accessory medullae and optic lobes of ani-

mals kept in a 12:12 light-dark photoperiod (LD), one day (DD1), and two days in constant conditions (DD2).  

 Accessory medullae Optic lobes 

 cAMP/protein 

[nmol/mg] 

cGMP/protein 

[pmol/mg] 

cAMP/protein 

[nmol/mg] 

cGMP/protein 

[pmol/mg] 

LD 15.2±1.3 238.7±27.1 6.4±0.6 267.3±25.4 

DD1 38.8±3.4 880.0±58.0 18.1±1.6 323.2±35.7 

DD2 24.3±2.0 555.3±22.9 10.8±1.0 268.8±17.0 

 

In the oLs, mean cAMP level increased highly significant from 6.42 nmol/mg at LD to 

18.09 nmol/mg at DD1 (Fig. 5B; Dunn’s post hoc test, p < 0.001) and showed highly sig-

nificant decreases at DD2 compared to DD1 (Fig. 5B; Dunn’s post hoc test, p < 0.01). The 

 
 

Figure 4. Concentration of cGMP in optic lobes (oLs) of animals kept in a 12:12 light-dark photoperiod (LD; A), one 

day (DD1; B), and two days in constant conditions (DD2; C). A: The oLs contained significantly more cGMP at Zeit-

geber time (ZT) 12 when compared with ZT 18 (Dunn’s post hoc test, p < 0.05). B: The cGMP concentrations in-

creased at DD1 until circadian time (CT) 12 and decreased subsequently, resulting in significant differences at CT 18 

and CT 24 as compared to CT 12 (Dunn’s post hoc test, p < 0.05). C: At DD2 no significant differences could be 

observed. The bar illustrates the different light conditions used in the experiments with lights on (white), lights off 

(black) or former phase of lights on (gray). The used incubation buffer contained 10 nM Ca
2+ 

(n = 1: 6 oLs). 
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mean cGMP concentrations in oLs did not differ significantly at all conditions measured 

(Fig. 5D).  

 

 

 

Discussion 

 

Concentrations of cyclic nucleotides were investigated in AMae and oLs of the Madeira 

cockroach under LD- and DD conditions by employing ELISAs. In AMae preparations, 

cAMP- and cGMP concentrations showed two maxima at ZT 12 and ZT 24, while at DD1 

both cyclic nucleotide levels were significantly increased compared to LD. As at DD1 cyclic 

nucleotide levels showed highly significant increases, a disrupted homeostasis of the cir-

cadian pacemaker caused by loss of synchronization with environmental cycles is as-

sumed. At DD2, a bimodal oscillation in cAMP concentration with peaks at CT 12 and CT 

24 occurred, whereas cGMP concentrations persisted at high levels without regaining 

 
 

Figure 5. Transfer from 12:12 light-dark cycle (LD) to constant conditions (DD) influences the cAMP- as well as the 

cGMP content of accessory medullae (AMae; A,C) and optic lobes (oLs; B,D). A,B: Measured data sets from each 

day were combined for comparison. In both tissues the cAMP content increases highly significant at the first day 

under constant conditions (DD1) compared to LD (Dunn’s post hoc test, p < 0.001). At the second day under con-

stant conditions (DD2), the cAMP level decreased in AMae significantly (Dunn’s post hoc test, p < 0.05) and in the 

oLs highly significant (Dunn’s post hoc test, p < 0.01). Thereby, the cAMP content of both tissues was highly signifi-

cant increased at DD2 when compared to LD (Dunn’s post hoc test, p < 0.01). C: The highest cGMP content of the 

AMae was observed at DD1 and differed significantly from DD2 (Dunn’s post hoc test, p < 0.05) and highly signifi-

cant from LD (Dunn’s post hoc test, p < 0.01). LD and DD2 showed also highly significant differences (Dunn’s post 

hoc test, p < 0.01). D: The cGMP content of the oLs remained constant. The used incubation buffer contained 10 

nM Ca
2+ 

(n = 1: 20 AMae; n = 1: 6 oLs). 
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oscillations. Under LD, significant increases of cGMP concentrations were only detected in 

oLs at ZT 12 and at CT 12 of DD1 before declining at DD2. Contrarily, cAMP concentrations 

of oLs started to oscillate at DD1 and at DD2 in accordance with cAMP phase in AMae.  

 

Evidence for phase-coupled oscillators in the circadian pacemaker of the Madeira cock-

roach  

At DD2, in AMae preparations a bimodal oscillation with higher amplitudes and 12-hours 

phase shifted cAMP maxima and minima occurred (Figs. 1C,6A). This could also be  

demonstrated in brain slices of rat SCN with maxima at the end of the subjective day and 

subjective night (Carré et al. 1989; Prosser and Gillette 1991). As all external Zeitgeber 

were eliminated, this bimodal oscillation indicates strong phase coupling in AMe tissue. 

Moreover, the circadian pacemaker seems to synchronize the oL as cAMP maxima and 

minima of AMae and oLs were in phase. In mammals, phase coupling is mediated by VIP, 

while PDF is suggested as coupling factor in insects. Both functional related peptides sig-

nal through Gαs and activate adenylyl cyclases resulting in increased cAMP-levels (Harmar 

2001; Hyun et al. 2005; Vosko et al. 2007; Shafer et al. 2008; Im et al. 2011; Duvall and 

Taghert 2012). Without VIP, single cell oscillators may lose their ability to oscillate or their 

synchrony among each other (Colwell et al. 2003; Aton et al. 2005). In D. melanogaster, 

PDF modulates different clock properties (Im et al. 2011; Duvall and Taghert 2012) while 

in the Madeira cockroach it is suggested to couple both AMae and assemble circadian 

pacemaker cells (Petri and Stengl 1997; Reischig et al. 2004; Schneider and Stengl 2005; 

Soehler et al. 2011). Thus, it is hypothesized that in the Madeira cockroach PDF is appar-

ently involved in synchronization of cAMP oscillations.  

 

Morning- and evening oscillator model is proposed for the Madeira cockroach circadian 

system 

Two activity peaks, one in the morning and one in the evening, observed in many animals, 

lead to the hypothesis of two separated circadian oscillators controlling this behavioral 

pattern (Aschoff 1966; Pittendrigh and Daan 1976). In mammals as well as in D. melano-

gaster these oscillators could be assigned to distinct cell groups which responded diffe-

rentially to light-pulses and photoperiods (Grima et al. 2004; Stoleru et al. 2004; Inagaki 

et al. 2007; Naito et al. 2008). Corresponding to their function in the control of the re-
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spective activity peak they were termed morning and evening cells (Helfrich-Forster 

2009). As two maxima of cAMP concentrations were observed (Fig. 1C,6A), a dual oscilla-

tor is hypothesized for the Madeira cockroach. Moreover, the first cAMP peak at CT 12 

seems to be associated with an evening- and the second peak at CT 24 with a morning 

oscillator. Thereby, in D. melanogaster it was shown that PDF modulates both oscillators 

by synchronizing morning cells and decelerating evening cells (Yoshii et al. 2009; Peschel 

and Helfrich-Forster 2011). Future experiments will determine whether a similar function 

in the cockroaches’ circadian network for this conserved peptide exists.  

 

 

 

Constant conditions reveal steady state cGMP level 

In the oLs, maximum cGMP level was detected at ZT 12 corresponding with the end of the 

light phase (Fig. 4A) which apparently resulted due to an accumulation of cGMP after ex-

posure to light. Similar effects were observed for intracellular cGMP levels in the eyes of 

the mollusk Aplysia (Eskin et al. 1984) and it was assumed that light stimulates neuro-

 
 

Figure 6. Both, accessory medullae (solid line) and optic lobes (dashed line) demonstrate synchronized bimodal 

oscillations in cAMP level under constant conditions (A), but not in cGMP level (B). Concentrations of cyclic nucleo-

tides are presented as cubic-spline curve by calculating the means at each time point investigated. The bar  

illustrates the different light conditions used in the experiments with lights on (white), lights off (black) or former 

phase of lights on (gray). x-axis = hours. 
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transmitter release which in turn activates guanylyl cyclases resulting in increasing cGMP 

values (Prosser et al. 1989). At DD1, maximal cGMP concentrations still occurred at CT 12 

(Fig. 4B) before starting to decline (Fig. 4B,C). In AMae, cGMP concentrations were highly 

significantly increased at both DD1 and DD2 (Fig. 5C) and no oscillations were observed 

(Fig. 3B,C,6B). Therefore, it is assumed that in the Madeira cockroaches’ circadian pace-

maker and its output region, the oL, cGMP concentrations are modulated stimulus-

dependently. This was also reported for peripheral oscillators of invertebrates 

(Ziegelberger et al. 1990; Stengl et al. 2001; Schendzielorz et al. 2012) and pineal gland 

cells of mammalia (Spessert et al. 1992).  
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Abbreviations  

 

AMe   accessory medulla 

AMae  accessory medullae 

CT  circadian time  

DD  constant conditions 

ELISA  enzyme-linked immunosorbent assay 

LD  light-dark  

oL  optic lobe 

PDF  pigment-dispersing factor 

RT  room temperature 

SCN  suprachiasmatic nucleus 

VIP  vasoactive intestinal peptide 

ZT  Zeitgeber time 
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Abstract 

   

Numerous neurotransmitters and neuropeptides are associated with the accessory me-

dulla (AMe), the circadian pacemaker which controls circadian locomotor activity of the 

cockroach Rhyparobia (Leucophaea) maderae. Injections of these neuroactive substances 

phase shifted locomotor rhythm specifically at different circadian times (CT) resulting in 

mono- and biphasic phase response curves (PRCs). However, underlying mechanisms and 

involved signal transduction cascades remained unknown. To examine whether neuro-

peptide and neurotransmitter dependent effects could be mediated by cyclic nucleotides, 

membrane permeable cyclic nucleotides were injected. While 8-br-cAMP mimicked pig-

ment dispersing factor-(PDF) dependent phase delays, 8-br-cGMP resembled Rhyparobia-

myoinhibitory peptide-1 (MIP-1) PRC with maximum phase delays at the beginning of the 

subjective night. Then, by employing enzyme-linked immunosorbent assays effects of 

acetylcholine, GABA, Rhyparobia-allatotropin, -MIP-1, -orcokinin-1, and -PDF on cAMP- 

and cGMP-level of AMe and optic lobe tissue under light-dark (LD) and constant condi-

tions (DD) were measured. All substances tested appeared to modulate adenylyl cyclase 

activity except Rhyparobia-MIP-1 which only effected cGMP levels. Interestingly, under 

DD more effects were observed than under LD suggesting either more synchrony or  

higher receptivitiy of the circadian pacemaker for the applied substances.   
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Introduction 

 

A circadian pacemaker could first be localized in the optic lobes and later more specifical-

ly in the accessory medulla (AMe) of the Madeira cockroach Rhyparobia (= Leucophaea) 

maderae, establishing this species as an model organism in circadian rhythm research 

(Nishiitsutsuji-Uwo and Pittendrigh 1968; Page 1982; Reischig and Stengl 2003a). Subse-

quently, a striking number of different neurotransmitters and neuropeptides has been 

associated with the AMe of which several were assumed to be involved in transmitting 

light information to the pacemaker (Petri et al. 1995; Petri et al. 2002; Hofer and 

Homberg 2006a; Soehler et al. 2007; Soehler et al. 2008; Schulze et al. 2012; Schulze et al. 

2013; Schulze and Stengl submitted). Injections of γ-aminobutyric acid (GABA) and orco-

kinins (ORCs) resulted in biphasic light-like phase response curves (PRCs) with maximum 

delays at the late subjective day and maxmimum advances at the subjective night (Petri 

et al. 2002; Hofer and Homberg 2006b; Schulze et al. 2013). Whereas injections of Rhypa-

robia-allatotropin (AT) and -myoinhibitory peptide-1 (MIP-1) and acetylcholine (ACh) gen-

erated monophasic all-delay PRCs with maximum delays in the beginning of the subjec-

tive night (Schulze et al. 2013; Schendzielorz and Stengl unpublished). In contrast, injec-

tions of pigment-dispersing factor (PDF) induced a monophasic PRC with maxmimum 

phase delay at circadian time (CT) 9 (Petri and Stengl 1997). The neuropeptide PDF shows 

highly conserved sequence and distribution pattern in different insect species and was 

suggested to be an coupling signal of circadian pacemaker cells in the Madeira cockroach 

and in the fruit fly Drosophila melanogaster (Homberg et al. 1991; Helfrich-Forster and 

Homberg 1993; Renn et al. 1999; Hamasaka et al. 2005a). Additionally, distribution and 

physiological function of its receptor (PDFR) has been thoroughly investigated which was 

determined as a G-protein-coupled-receptor (GPCR) acting through Gαs protein (Hyun et 

al. 2005; Shafer et al. 2008; Im et al. 2011). However, less is known about other neuro-

peptide receptors and their distribution, physiological function, or intracellular pathways 

(Caers et al. 2012). Although neuropeptides can mediate their actions by gating of ion 

channels (Cottrell 1997; Poet et al. 2001), by stimulating the extracellular signal-regulated 

kinase pathway (Rewitz et al. 2009), or membrane bound guanylate cyclase receptors 

(Chang et al. 2009), most of them exert their physiological functions by interacting with 

GPCRs (Hewes and Taghert 2001; Hauser et al. 2006). Additionally, classical neurotrans-
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mitters such as GABA and ACh are also able to signal via GPCRs (Knipper and Breer 1988; 

Millar et al. 1995; Mezler et al. 2001; Hamasaka et al. 2005b). Here, it was examined 

whether and how different neuroactive substances modulate cyclic nucleotide levels in 

the circadian pacemaker, the AMe, and its major input- and output regions, the optic 

lobes (oLs). First, it was examined with running wheel asays which PRCs are obtained af-

ter injections of 8-br-cAMP and 8-br-cGMP. Then, with enzyme-linked immunosorbent 

assays (ELISAs), neurotransmitter- and neuropeptide effects on cyclic nucleotide levels at 

different Zeitgeber times (ZTs) and circadian times (CTs) were measured. 

 

Materials and methods 

 

Animals 

Adult male cockroaches (Leucophaea [= Rhyparobia] maderae) were taken from labora-

tory colonies. They were reared under a 12:12 hour light-dark photoperiod with lights on 

from 8 a.m. to 8 p.m., at 50 % relative humidity and 25 °C room temperature. The animals 

were fed with dried dog food, apples, potatoes, salad, and water ad libitum.  

 

Behavioral experiments 

Behavioral assays  

Adult male cockroaches (R. maderae) were taken from laboratory colonies. Behavioral 

analysis was performed in constant darkness at constant temperature (25 °C) in a run-

ning-wheel assay. Experimental animals were fed with sesame sticks and water ad libi-

tum. The free-running period (tau = τ) before and after injection as well as phase shifts 

(delta phi = Δφ) after injections were calculated as described in Schulze et al. (2013).  

 

Operations and injections 

Operations were performed under constant dim red light conditions at different CTs (Tab. 

2-3). After removing the cockroaches from the running-wheels they were anesthetized 

with CO2 and fixed in a metal holder. Injections (2 µl) were performed into the hemo-

lymph of the head capsule by using a repetitive pipette (HandyStep, Brand, Wertheim, 

Germany; Schulze et al., 2013). The PRCs were prepared either with 2 x 10-10 mol mem-

brane permeable 8-br-cAMP or with 2 x 10-10 mol membrane permeable 8-br-cGMP (Sig-
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ma, Germany), whereas for the dose-dependency curves 2 x 10-13 mol and 2 x 10-16 mol  

8-br-cAMP or 8-br-cGMP were injected. Cyclic nucleotide analoga were dissolved in insect 

saline (in mM): sodium chloride 128; potassium chloride 2.7; calcium chloride 6; sodium 

hydrogen carbonate 1.25; pH 7.1). Control injections contained only insect saline.  

 

Data analysis 

Because normality tests (Shapiro-Wilk-test and the Kolmogorov-Smirnov-Lilliefors-test) 

showed no gaussian distribution of the data, conservative, nonparametric statistics were 

used. Cyclic nucleotide analoga- and control injections were statistically evaluated at CT 

1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, and 22.5 using the Kruskal-Wallis test followed by 

Dunn’s post hoc test to examine whether there are CT-dependent effects. Moreover, in-

jections of cyclic nucleotide analoga were compared with control injections at each CT 

with Kruskal-Wallis followed by Dunn’s post hoc test to detect cyclic nucleotide-

dependent effects. These tests were also used for the analysis of dose-dependency. Phase 

shifts after 8-br-cAMP-, 8-br-cGMP-, or saline injections are stated in the text as mean of 

circadian hours±SD. Graphical illustration was performed using OriginLab 8 (Northhamp-

ton, Massachusetts, USA) and CorelDRAW Graphics Suite X5. 

 

Quantification of cyclic nucleotides after incubation with neuropeptides or neuro-

transmitters  

Sample collection and preparation 

The sample collection was performed as described in (Schendzielorz et al. unpublished). 

Briefly, accessory medullae (AMae) and oLs were dissected at either ZT 6, 12, 18, and 24, 

or at different times after cockroaches were kept two days under constant conditions 

(DD; CT 6, 12, 18, and 24). The AMae were separated from the oLs and both were put in 

iced cups filled with 900 µl homogenization buffer (HB) which contained 0.05 % sodium 

cholate, 200 mM sodium chloride (NaCl), 50 mM 3-(N-morpholino)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. Sam-

ples contained either 20 AMae or 6 oLs per 900 µl HB and 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, 
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Germany) and 50 µl of the supernatant were transferred into 200 µl incubation buffer (IB) 

at 37 °C which hat the following composition: 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). For determining neu-

ropeptide- or neurotransmitter effects on cyclic nucleotide levels (details: Tab. 1), they 

were added to the IB at a final concentration of 1 µM. Incubation, neutralization, and 

normalization of the samples was performed as described in Schendzielorz et al. (2012). 

 

Table 1. Overview of Rhyparobia-specific peptides used in this study. 

Peptide name Peptide sequence Reference Manufacturer 

Allatotropin GFKNVALSTARGFa Schulze et al. 2013 
Biomatik, Ontario,  
Canada 

Myoinhibitory peptide-1 GWQDLQGGWa Schulze et al. 2012 
Orcokinin-1 NFDEIDRSGFNSFV-OH Schulze et al. 2013 
Pigment-dispersing 
factor 

NSELINSLLGLPKVLNDAa Hamasaka et al. 2005a 
Iris Biotech, Marktred-
witz, Germany 

 

Statistical analysis 

First, distribution of data sets was analyzed by using the Shapiro-Wilk normality test. As 

some data sets were not normally distributed, nonparametric tests were subsequently 

applied. Four different ZTs or CTs per day were analyzed to determine cyclic nucleotide 

concentrations (Kruskal-Wallis-test followed by Dunn’s post hoc test). Percentage 

changes of cyclic nucleotide levels comparing effects of control and neuroactive sub-

stances were presented as column bars with mean±standard error.  

 

Results 

 

To determine whether peptide-dependent phase shifts of circadian locomotor rhythms 

are mediated by cyclic nucleotides, injections of membrane permeable cAMP- and cGMP 

analoga combined with running-wheel assays were performed. It was examined whether 

cAMP or cGMP might be responsible for phase delays or phase advances at specific CTs, 

partly mimicking respective neurotransmitter- or neuropeptide-dependent PRCs. Then, it 

was tested with ELISAs whether neuropeptides and neurotransmitter identified with im-

muncytochemistry or matrix-assisted laser desorption/ionization time of flight mass spec-
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trometry in AMe preparations could change cyclic nucleotide levels in the AMe only at 

defined CTs, hinting circadian rhythms in receptor expression or circadian release. 

 

Injection of 8-br-cAMP induced a biphasic PRC with phase delays at the late subjective 

day and phase advances at the end of the subjective night 

After injections of 8-br-cAMP highly significant differences between all CTs were detected 

(Kruskal-Wallis test, p < 0.01). Between CT 10.5 (-2.36±1.58; n = 7) and CT 22.5 

(2.30±0.46; n = 5) as well as between CT 13.5 (-1.58±0.88; n = 10) and CT 22.5 highly sig-

nificant effects were observed (Dunn’s post hoc test, p < 0.01). While maximal phase de-

lays were induced at CT 10.5, maximal phase advances occurred at CT 22.5 after 8-br-

cAMP injections (Fig. 1,2; Tab. 2). Saline-dependent phase shifts at all CTs did not differ 

significantly from each other (Kruskal-Wallis test; p > 0.05). Comparing 8-br-cAMP- with 

saline injections, highly significant differences were detected (Kruskal-Wallis test, p < 

0.001). 8-br-cAMP induced at CT 10.5 significant phase delays and at CT 22.5 significant 

phase advances (Dunn’s post hoc test; p < 0.05; Fig. 1A).  

 

Table 2. Effects of 2 x 10
-10

 mol 8-br-cAMP- and saline (control) injections at different circadian times on the 
phase of the circadian locomotor activity of the cockroach R. maderae. 

Circadian 

time [hours] 

Phase shifts in circadian hours 

(mean±SD) 

95 % CI 

(lower value;upper value) 
Number 

8-br-cAMP Saline 8-br-cAMP Saline 8-br-cAMP Saline 
00:00-03:00 0.95±0.91 -0.28±0.95 -0,58;2.49 -1.28;0.72 3 6 
03:00-06:00 0.07±0.62 -0.39±0.86 -0.66;0.81 -1.18;0.40 4 7 
06:00-09:00 -1.27±2.09 -0.10±0.84 -4.79;2.25 -0.88;0.67 3 7 
09:00-12:00 -2.36±1.58

a
 -0.19±0.59 -3.52;-1.20 -0.44;0.81 7 6 

12:00-15:00 -1.58±0.60 -0.17±0.69 -2.09;-1.07 -0.81;0.46 10 7 
15:00-18:00 -0.44±1.31 -0.37±0.91 -1.69;0.81 -1.21;0.47 5 7 
18:00-21:00 0.65±1.29 -0.52±0.91 -0.59;1.82 -1.13;0.09 5 11 
21:00-00:00 2.30±0.46

a
 -0.04±1.09 1.87;2.74 -0.95;0.87 5 8 

a  
Significant differences (Dunn’s post hoc test, p < 0.05) between 8-br-cAMP- and saline induced phase-

shifts. 

 

The 8-br-cAMP-dependent phase shifts at the late subjective day were dose-dependent 

Dose-dependent significant phase-shifts between CT 9 to 12 were obtained with injec-

tions of 8-br-cAMP applying doses of 2 x 10-10 mol, 2 x 10-13 mol and 2 x 10-16 mol. There-

by, significant differences between 8-br-cAMP- and saline injections were detected 

(Kruskal-Wallis test; p < 0.05). 
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Figure 1. Injections with 2 x 10
-10

 mol 8-br-
cAMP generated a biphasic phase response 
curve (PRC). A: PRCs of 8-br-cAMP- (black 
line; b-spline) and insect saline injections 
(control; grey line; b-spline). Data were 
merged into 3-h bins. Phase shifts after 8-
br-cAMP injections as well as after control 
injections are plotted (mean±SD) in the 
middle of each 3-h bin. Significant phase 
delays (Dunn’s post hoc test; p < 0.05; 
asterisk) occurred at CT 10.5 (-2.36±1.58 h, 
mean±SD) and significant phase advances 
at CT 22.5 (2.30±0.46 h, mean±SD). Scatter 
plots and b-spline curves of controls- (B) 
and 8-br-cAMP  injections (C). 
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At a concentration of 2 x 10-13 mol 8-br-cAMP phase delays of -0.91±1.12 h (n = 5) were 

obtained while injections of 2 x 10-16 mol 8-br-cAMP induced phase delays of -0.09±1.23 h 

(n = 4). Between 2 x 10-10 mol 8-br-cAMP and saline induced phase shifts highly significant 

 
 

Figure 2. Running-wheel recordings (A,C) and regression analysis through consecutive activity onsets (B,D) of the 
circadian locomotor activity of the cockroach R. maderae after injections with 2 x 10

-10
 mol 8-br-cAMP. A,B: Injec-

tion at CT 10.5 of day 8 (arrowhead) resulted in a phase delay of -2.77 circadian hours (hCT) after the injection. C,D: 
Injection at CT 22.5 of day 9 (arrowhead) resulted in a phase advance of 2.62 hCT after the injection. In both cases 
no effects on the period length (Δφ) of the activity rhythm were observed. x-axis, time of the day; y-axis, days. 
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differences were detected (Dunn’s post hoc test, p < 0.01, Fig. 3).  

 

 

 

Injections of 8-br-cGMP revealed a monophasic all-delay PRC with its maximal effect at 

the late subjective day and/or early subjective night 

Significant differences between all CTs were observed after injections of 2 x 10-10 mol  

8-br-cGMP (Kruskal-Wallis test, p < 0.05). Phase shifts between CT 1.5 (0.83±0.88; n = 5) 

and CT 10.5 (-2.09±1.25 h; n = 8) as well as between CT 1.5 and CT 13.5 (-2.93±1.77 h; n = 

7) were significantly different from each other (Dunn’s post hoc test, p < 0.05). Maximal 

phase delays of -2.93 h were induced at CT 13.5. (Fig. 4,5; Tab. 3). Saline-dependent 

phase shifts at all CTs did not differ from each other (Kruskal-Wallis test; p > 0.05). Highly 

significant differences were detected when 8-br-cGMP-injections were compared with 

saline injections (Kruskal-Wallis test, p < 0.01). At CT 10.5 and 13.5 significant phase de-

lays were induced by 8-br-cGMP (Dunn’s post hoc test; p < 0.05; Fig. 5A).  

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3. Between CT 9 and CT 12 8-br-
cAMP induced dose dependent phase shifts. 
Bars represents the mean phase shift (in 
circadian hours±SD) resulting from injec-
tions of insect saline (control; n = 6), 2 x  
10

-10
 mol 8-br-cAMP (n = 7), 2 x 10

-13
 mol  

8-br-cAMP (n = 5), and 2 x 10
-16 

mol 8-br-
cAMP (n = 4). Between 2 x 10

-10
 mol 8-br-

cAMP- and saline injection a highly signifi-
cant difference was observed (double aste-
risk; Dunn’s post hoc test; p < 0.01).  
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Figure 4. Injections with 2 x 10
-10

 mol 8-br-
cGMP significantly delayed circadian 
locomotor activity rhythm at the late day and 
early night. A: Phase response curves (PRCs) 
of 8-br-cGMP- (black line; b-spline) and insect 
saline injections (control; grey line; b-spline). 
Data were merged into 3-h bins. Phase shifts 
after 8-br-cGMP and control injections are 
plotted (mean±SD) in the middle of each 3-h 
bin. 8-br-cGMP injection caused significant 
phase delays compared to the control 
injection (Dunn’s post hoc test; p < 0.05; 
asterisk) at CT 10.5 (-2.09±1.25 h, mean±SD) 
and CT 13.5 (-2.93±1.77 h, mean±SD). Scatter 
plots and b-spline curves of controls- (B) and 
8-br-cAMP  injections (C). 
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Table 3. Effects of 2 x 10
-10

 mol 8-br-cGMP- and saline (control) injections at different circadian times on the 
phase of the circadian locomotor activity of the cockroach R. maderae. 

Circadian 

time [hours] 

Phase shifts in circadian hours 

(mean±SD) 

95 % CI 

(lower value;upper value) 
Number 

8-br-cGMP Saline 8-br-cGMP Saline 
8-br-
cGMP 

Saline 

00:00-03:00 0.83±0.88 -0.28±0.95 -0,26;1.92 -1.28;0.72 5 6 
03:00-06:00 -1.54±1.20 -0.39±0.86 -3.46;0.38 -1.18;0.40 4 7 
06:00-09:00 -0.74±0.92 -0.10±0.84 -2.21;0.73 -0.88;0.67 4 7 
09:00-12:00 -2.09±1.25

a
 -0.19±0.59 -3.13;-1.04 -0.44;0.81 8 6 

12:00-15:00 -2.93±1.77
a
 -0.17±0.69 -4.57;-1.29 -0.81;0.46 7 7 

15:00-18:00 -1.22±1.35 -0.37±0.91 -4.58;2.13 -1.21;0.47 3 7 
18:00-21:00 -0.18±1.05 -0.52±0.91 -1.85;1.50 -1.13;0.09 4 11 
21:00-00:00 -0.58±0.78 -0.04±1.09 -7.57;6.41 -0.95;0.87 2 8 
a  

Significant differences (Dunn’s post hoc test, p < 0.05) between 8-br-cGMP- and saline induced phase-
shifts. 

 

8-br-cGMP injections induced dose-dependent delays at the late subjective day/early 

subjective night 

Application of 8-br-cGMP at three different doses (2 x 10-10 mol, 2 x 10-13 mol, and 2 x  

10-16 mol) produced dose dependent phase delays between CT 12 to 15 (Kruskal-Wallis 

 
 

Figure 5. Running-wheel recording (A) and regression analysis through consecutive activity onsets (B) of the circa-
dian locomotor activity of the cockroach R. maderae. Injection of 2 x 10

-10
 mol 8-br-cGMP at CT 10.5 of day 7 (ar-

rowhead) resulted in a phase delay of -4.07 circadian hours (hCT) after the injection without affecting the period 
length (Δφ). x-axis, time of the day; y-axis, days. 
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test; p < 0.05). Applying 2 x 10-13 mol 8-br-cGMP phase delays of -1.43±1.55 h (n = 4) were 

induced while injections of 2 x 10-16 mol 8-br-cGMP revealed phase delays of -0.30±1.02 h 

(n = 3). Between 2 x 10-10 mol 8-br-cGMP- and saline induced phase shifts highly signifi-

cant differences were detected (Dunn’s post hoc test, p < 0.01, Fig. 6).  

 

 

 

Both 8-br-cAMP- and 8-br-cGMP injections did not affect the period length of the circa-

dian locomotor activity  

In all tested groups no significant differences of the period of circadian locomotor 

rhythms were detected after injections of 8-br-cAMP or 8-br-cGMP (Mann-Whitney U-

test; p > 0.05). Before 8-br-cAMP injections the average period length was 23.53±0.32 h 

(mean±SD; Tab. 4) and after injections 23.53±0.39 h (mean±SD; Tab. 4). An average pe-

riod length of 23.52±0.44 h (mean±SD; Tab. 4) was determined before 8-br-cGMP injec-

tions and 23.64±0.48 h (mean±SD; Tab. 4) after the injections. The Chi-Square periodo-

gram analysis of controls before saline injections was 23.58±0.34 h (mean±SD; Tab. 4) 

and 23.65±0.39 h (mean±SD; Tab. 4) after saline injections. 

 

Table 4. Injections of 2 x 10
-10

 mol 8-br-cAMP- or 2 x 10
-10

 mol 8-br-cGMP as compared to saline (control) 

injections did not affect the period (τ) of locomotor activity rhythm. 

 8-br-cAMP injections 8-br-cGMP injections Saline (control) injections 

 
mean±SD 

95 % CI  
(lower;upper) 

mean±SD 
95 % CI 

(lower;upper) 
mean±SD 

95 % CI 
(lower;upper) 

τbefore 

[hours] 
23.53±0.32 23.44;23.62 23.52±0.44 23.36;23.67 23.58±0.34 23.50;23.67 

τafter 

[hours] 
23.53±0.38 23.42;23.63 23.64±0.48 23.48;23.81 23.65±0.39 23.56;23.75 

 

 
 

Figure 6. Dose dependent phase delays 
caused by 8-br-cGMP at CT 12 to CT 15. Bars 
represents the mean phase shift (in circadian 
hours±SD) resulting from injections of insect 
saline (control; n = 7), 2 x 10

-10
 mol 8-br-

cGMP (n = 7), 2 x 10
-13

 mol 8-br-cGMP (n = 4), 
and 2 x 10

-16 
mol 8-br-cGMP (n = 2). Between 

凿ࠆࠆࠆࠆࠆࠆ
ࠆ凿Ĉࠆ廿Ŋ愀ࠆ凿ࠆ凿伀ࠆࠆࠆ凿ࠆ嗿Ĉ凿ࠆ

a highly significant difference was observed 
(double asterisk; Dunn’s post hoc test;  
p < 0.01).  
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Neuropeptide- and neurotransmitter-dependent changes in cAMP- and cGMP levels in 

AMae 

Next, it was examined whether different neuroactive substances signal via changes in 

cyclic nucleotide levels possibly underlying cAMP- and cGMP-dependent phase shifts of 

locomotor activity rhythms at defined ZTs and/or CTs. Under LD at the end of the night 

Rhyparobia-ORC-1 and GABA significantly decreased cAMP levels (Dunn’s post hoc test, p 

< 0.05; Fig. 7A,8A; Tab. 5). All other substances tested showed no significant effects on 

cAMP- or cGMP concentrations under LD (Dunn’s post hoc test, p < 0.05; Figs. 9-12; Tab. 

5). In general, more significant effects could be detected under DD. Both GABA and Rhy-

parobia-ORC-1 caused highly significant cAMP increases of about 100 % at CT 6 (Dunn’s 

post hoc test, p < 0.01; Figs. 7B,8B; Tab. 5). Additonally, Rhyparobia-AT significantly de-

creased cAMP concentrations by 34.1±9.2 % at CT 18 (Fig. 9B; Dunn’s post hoc test, p < 

0.05; Tab. 5).  

 

Table 5. Neuropeptide- and neurotransmitter effects on cAMP- and cGMP concentrations (mean±SE) in 
accessory medullae at different Zeitgeber- (ZT) and circadian times (CT).  

  
ACh 

Rhyparobia-

AT 
GABA 

Rhyparobia-

MIP 

Rhyparobia-

ORC-1 

Rhyparobia-

PDF 

n
o

rm
a

li
ze

d
 c

A
M

P
 

[%
] 

ZT 6 

ZT 12 

ZT 18 

ZT 24 

33.7±14.3 
12.1±6.3 

1.6±8.3 
36.5±12.2 

1.2±9.9 
3.0±26.1 
8.7±13.9 

-11.9±13.1 

14.7±6.7 
14.1±24.1 
15.5±29.1 
-52.7±9.3

b
 

-9.7±7.6 
-3.4±3.3 
-4.8±7.1 
5.7±6.4 

15.7±10.5 
5.7±11.4 
9.5±26.8 

-44.1±10.2
a
 

-1.4±8.9 
-3.2±5.4 
-7.2±6.1 
13.5±4.8 

CT 6 

CT 12 

CT 18 

CT24 

52.9±20.4 
-17.4±17.4 

6.0±18.5 
15.8±7.4 

47.0±12.6 
-26.1±11.2 
-34.1±9.2

a
 

5.0±8.6 

111.3±38.1
b
 

-26.3±22.4 
-17.0±23.8 
22.0±11.3 

3.1±17.8 
-19.5±14.6 

-18.8±7.6 
-12.5±13.7 

102.7±40.4
b
 

-18.1±19.5 
-24.6±13.5 
22.9±11.8 

14.2±15.1 
22.2±13.6 
-13.2±8.9 

4.2±6.7 

n
o

rm
a

li
ze

d
 c

G
M

P
 

[%
] 

ZT 6 

ZT 12 

ZT 18 

ZT 24 

19.3±14.3 
8.7±9.1 

16.5±12.8 
4.8±12.5 

8.3±9.3 
24.7±24.0 
-5.6±13.2 
-9.1±20.0 

30.6±17.4 
13.6±26.7 

-11.4±15.7 
11.4±31.6 

-9.2±8.1 
-6.7±6.5 

-11.3±7.8 
2.5±7.4 

28.0±27.3 
18.8±20.8 

5.2±17.2 
19.3±20.1 

-10.2±7.0 
-0.2±3.7 

-16.8±8.3 
-3.7±10.1 

CT 6 

CT 12 

CT 18 

CT24 

15.5±12.5 
-37.7±8.1

b
 

-0.8±14.4 
-7.8±12.6 

51.0±18.1 
-40.3±7.0

b
 

-17.3±6.2 
-18.5±10.5 

46.3±12.1 
-23.5±1.8 

-11.1±16.7 
-0.5±8.0 

1.5±11.3 
-39.7±8.9

b
 

17.5±15.8 
0.5±16.8 

23.9±10.2 
-34.9±3.0

b
 

-22.8±11.3 
17.5±26.0 

28.2±16.5 
-37.9±8.1

b
 

7.4±9.0 
8.1±15.3 

a  
Significant effect (Dunn’s post hoc test, p < 0.05) of neuroactive substances.  

b  
Highly significant effect (Dunn’s post hoc test, p < 0.01) of neuroactive substances.  

c  
Highly significant effect (Dunn’s post hoc test, p < 0.001) of neuroactive substances.  

 

Interestingly, all substances tested except the neurotransmitter GABA revealed highly 

signficantly decreases in cGMP concentrations at CT 12 (Dunn’s post hoc test, p < 0.01; 

Figs. 7,9-12; Tab. 5). Thereby, the lowest decrease in cGMP concentration was measured 

by Rhyparobia-ORC-1 with 34.9±3.0 % (Fig. 7B; Tab. 5) and the highest decrease by Rhy-
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parobia-AT with 40.3±7.0 % (Fig. 9B; Tab. 5). However, all measured values for GABA in 

the homogenates of AMae resulted in a cGMP decrease at CT 12 but this effect was not 

significant (Dunn’s post hoc test, p > 0.05; Fig. 8D; Tab. 5). 

 

Neuropeptide- and neurotransmitter-dependent changes in cAMP- and cGMP levels in 

optic lobes 

Under LD, all substances tested except Rhyparobia-PDF did not affect cAMP- or cGMP 

concentrations (Dunn’s post hoc test, p > 0.05; Figs. 7-12; Tab. 6). Application of Rhyparo-

bia-PDF revealed highly significant increases in cAMP concentration by 82.7±19.9 % in the 

middle of the night at ZT 18 (Fig. 10E; Tab. 6; Dunn’s post hoc test, p < 0.01). Again, more 

significant effects were observed under DD. All substances tested except Rhyparobia-MIP-

1 showed significant increases (Dunn’s post hoc test, p < 0.05) in cAMP concentrations at 

CT 6 (Figs. 7F-12F; Tab. 6). Thereby, the highest increase in cAMP concentration was 

measured by Rhyparobia-AT with 126.2±20.6 % (Fig. 9F; Tab. 6) and the lowest increase 

by Rhyparobia-PDF with 60.4±14.4 % (Fig. 10F, Tab. 6). Moreover, at CT 18 Rhyparobia-

ORC-1 highly significant decreased cAMP level by 33.0±4.8 % (Fig. 7F; Tab. 6; Dunn’s post 

hoc test, p < 0.01).  

Contrarily, at CT 18 cGMP level were highly significant decreased by ACh, Rhypa-

robia-AT, -ORC-1, -PDF (Dunn’s post hoc test, p < 0.01; Tab. 6). Thereby, Rhyparobia-ORC-

1 showed the lowest decrease with 33.2±7.3 % (Fig. 7H; Tab. 6) and Rhyparobia-AT the 

highest decrease in cGMP level with 43.6±7.5 % (Fig. 9H; Tab. 6). 

 

Table 6. Neuropeptide- and neurotransmitter effects on cAMP- and cGMP concentrations (mean±SE) in 
optic lobes at different Zeitgeber- (ZT) and circadian times (CT).  

  
ACh 

Rhyparobia-

AT 
GABA 

Rhyparobia-

MIP 

Rhyparobia-

ORC-1 

Rhyparobia-

PDF 

n
o

rm
a

li
ze

d
 c

A
M

P
 

[%
] 

ZT 6 

ZT 12 

ZT 18 

ZT 24 

29.8±15.5 
43.6±15.5 
34.2±16.4 
-3.1±15.6 

31.2±21.7 
1.7±24.1 
24.4±9.4 

33.0±28.1 

21.5±19.1 
28.9±38.6 

12.3±6.5 
-7.9±23.7 

42.5±20.9 
55.6±20.1 
37.7±18.7 
46.0±12.3 

19.8±18.5 
-21.0±24.8 

23.5±3.4 
33.8±24.2 

15.3±12.4 
53.0±26.2 

82.7±19.9
b
 

50.2±22.2 

CT 6 

CT 12 

CT 18 

CT24 

111.6±21.7
c
 

-3.9±16.1 
7.8±13.0 
23.4±6.7 

126.2±20.6
c
 

15.1±20.8 
1.0±10.0 
-2.5±7.3 

101.8±16.5
b
 

-6.6±10.8 
-3.8±8.0 
-6.2±5.5 

48.5±11.4 
-7.5±10.0 
1.5±12.3 

2.7±6.2 

116.1±19.1
c
 

-18.3±9.0 
-33.0±4.8

b
 

-6.4±4.9 

60.4±14.4
a
 

1.7±12.8 
-3.8±13.3 

1.2±8.7 

n
o

rm
a

li
ze

d
 

cG
M

P
 [

%
] ZT 6 

ZT 12 

ZT 18 

ZT 24 

35.6±13.0 
41.2±34.6 
14.1±20.2 

-11.7±17.5 

0.7±24.5 
1.3±25.2 

-3.6±22.3 
7.2±21.6 

4.7±18.9 
0.1±23.5 

12.2±18.1 
35.3±34.6 

24.5±13.0 
15.0±25.4 
-8.4±21.9 
-1.9±15.7 

25.2±26.9 
-1.7±17.8 
23.4±20.8 

3.2±10.6 

14.7±16.7 
12.8±24.3 
26.1±21.4 
25.3±21.0 

CT 6 24.5±27.9 2.1±18.6 26.3±28.4 26.8±13.9 10.7±23.7 9.3±18.5 
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ACh 

Rhyparobia-

AT 
GABA 

Rhyparobia-

MIP 

Rhyparobia-

ORC-1 

Rhyparobia-

PDF 

CT 12 

CT 18 

CT24 

52.4±21.8 
-38.9±9.4

b 

2.0±6.4 

10.7±9.9 
-43.6±7.5

c
 

-13.5±6.0 

25.1±14.6 
-27.6±6.3 
-19.6±5.3 

-22.2±6.9 
-20.2±6.1 

-3.9±7.8 

6.8±7.8 
-33.2±7.3

b
 

-15.4±6.4 

-0.5±9.6 
-39.6±7.5

b
 

3.9±8.0 
a  

Significant effect (Dunn’s post hoc test, p < 0.05) of neuroactive substances.  
b  

Highly significant effect (Dunn’s post hoc test, p < 0.01) of neuroactive substances.  
c  

Highly significant effect (Dunn’s post hoc test, p < 0.001) of neuroactive substances.  

 
 

Discussion  

 

To investigate whether neuropeptides and neurotransmitters involved in the circadian 

system of the Madeira cockroach could signal via cAMP- and cGMP pathways, injections 

of cell membrane permeable analogs of cyclic nucleotides in combination with running-

wheel assays were performed. It was hypothesized that cAMP might be responsible for 

neuropeptide and -transmitter-dependent phase delays at the end of subjective day and 

phase advances at the end of subjective night whereas cGMP might be responsible for 

phase delays at the end subjective day/early subjective night. Additionally, with ELISAs it 

was examined whether neuropeptide and neurotransmitter located in the AMe signals via 

adenylyl- and/or guanylyl cyclases in their target cells. Interestingly, all neuroactive sub-

stances affected cyclic nucleotide levels time- and tissue-dependently.  

 

Injection of cAMP- and cGMP analoga revealed different effects on circadian locomotor 

activity rhythms  

Both cyclic nucleotides, cAMP and cGMP, are apparently able to change the phase of the 

circadian locomotor activity of the Madeira cockroach and could therefore serve as me-

diators to the cockroaches’ circadian clock network which was also shown for the elec-

trical activity in slices of the suprachiasmatic nucleus (SCN), the circadian pacemaker in 

mammals (Gillette and Prosser 1988; Prosser and Gillette 1989; Ruby et al. 1998). Here, 

time-dependent phase shifts after injections of membrane permeable analoga were re-

ported. Injections of 8-br-cAMP induced a biphasic PRC with its maximal delays at the late 

subjective day and phase advances at the late subjective night (Fig. 1). Contrarily, 8-br-

cGMP injections resulted in an all-delay monophasic PRC with its maximum effect at the 

late subjective night (Fig. 5). Both effects were shown to be dose-dependent (Fig. 3,6).  
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Figure 7. Effects of 1 µM Rhyparobia-orcokinin (ORC)-1 on cyclic nucleotide levels in accessory medullae (AMae; 
A-D) and optic lobes (oLs; E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant 
conditions (DD). Rhyparobia-ORC-1 caused significant decrease of cAMP at Zeitgeber time 24 (A; Dunn’s post hoc 
test, p < 0.05) and a highly significant increase at circadian time (CT) 6 (B; Dunn’s post hoc test, p < 0.01) while 
cGMP level were highly significant reduced at CT 12 (D; Dunn’s post hoc test, p < 0.01). In oLs, cAMP and cGMP 
showed highly significant decreases at CT 18 (F,H; Dunn’s post hoc test, p < 0.01), whereas at CT 6 highly 
significant increases in cAMP level were detected (F; Dunn’s post hoc test, p < 0.001). 
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Figure 8. Effects of 1 µM GABA on cyclic nucleotide levels in accessory medullae (AMae; A-D) and optic lobes (oLs; 
E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant conditions (DD). GABA caused 
highly significant decreases of cAMP in AMae at Zeitgeber time 24 (A; Dunn’s post hoc test, p < 0.01). At circadian 
time (CT) 6 cAMP level were highly significant increased in both AMae (B) and oLs (F; Dunn’s post hoc test, p < 
0.01).  
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Figure 9. Effects of 1 µM Rhyparobia-allatotropin on cyclic nucleotide levels in accessory medullae (AMae; A-D) and 
optic lobes (oLs; E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant conditions 
(DD). Both, cAMP at circadian time (CT) 18 (B) and cGMP at CT 12 (D) showed significant decreases in AMae 
(Dunn’s post hoc test, p < 0.05). In oLs, cAMP was highly significant increased at CT 6 (F; Dunn’s post hoc test, p < 
0.001), whereas cGMP was highly significant decreased at CT 18 (H; Dunn’s post hoc test, p < 0.001). 
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Figure 10. Effects of 1 µM Rhyparobia-PDF on cyclic nucleotide levels in accessory medullae (AMae; A-D) and 
optic lobes (oLs; E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant conditions 
(DD). In AMae, highly significant decreases in cGMP level were detected at circadian time (CT) 12 (D; Dunn’s post 
hoc test, p < 0.01). In oLs, significant increases in cAMP level were caused at Zeitgeber time 18 and CT 6 (E,F; 
Dunn’s post hoc test, p < 0.05). Highly significant decreases of cGMP were measured at CT 18 (H; Dunn’s post hoc 
test, p < 0.01).  
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Figure 11. Effects of 1 µM Rhyparobia-myoinhibitory peptide-1 on cyclic nucleotide levels in accessory medullae 
(AMae; A-D) and optic lobes (E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant 
conditions (DD). In AMae, highly significant decreases in cGMP level were revealed at circadian time 12 (D; Dunn’s 
post hoc test, p < 0.01). 
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Figure 12. Effects of 1 µM acetylcholine on cyclic nucleotide levels in accessory medullae (AMae; A-D) and optic 
lobes (oLs; E-H) of animals kept in a 12:12 light-dark photoperiod (LD) or two days in constant conditions (DD). At 
circadian time (CT) 12 highly significant decrease of cGMP in AMae was detected (D; Dunn’s post hoc test, p < 
0.01). In oLs, cAMP was highly significantly increased at CT 6 (F; Dunn’s post hoc test, p < 0.001), whereas cGMP 
was highly significant decreased at CT 18 (H; Dunn’s post hoc test, p < 0.01). 
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Interestingly, similarities between peptide- and cyclic nucleotide induced phase shifts 

were observed comparing their PRCs. Thereby, the PRC of 8-br-cAMP closely resembled 

that obtained after Rhyparobia-PDF injections (Fig. 13A) (Petri and Stengl 1997) as  

maximal phase shifts were induced at the same time bins. This would suggest that also in 

the Madeira cockroach PDF stimulates the adenylate cyclase as observed in clock neurons 

of D. melanogaster (Shafer et al. 2008; Duvall and Taghert 2012). Additionally, shape of 

PRCs after 8-br-cGMP- and Rhyparobia-MIP-1 injections closely resembled each other. 

Although amplitude of maximal effects were smaller after 8-br-cGMP injection, both 

showed significant phase delays between CT 9 and CT 15 (Fig. 13B) (Schulze et al. 2013). 

Furthermore, Rhyparobia-MIP-1 only decreased cGMP level. So far, the Drosophila sex 

peptide receptor is the only known MIP-receptor in insects which was shown to led to an 

increase of intracellular calcium concentrations (Yapici et al. 2008; Poels et al. 2010).  

Additionally, peptide-induced cGMP decreases were measured after proctolin application 

which could be suppressed with a protein kinase (PK) C inhibitor suggesting activation of 

Gαq pathways (Philipp et al. 2006).  

 

 

 

 
 

Figure 13. Comparison of injections with 2 x 10
-10

 mol 8-br-cAMP and Rhyparobia-PDF (A) as well as with 2 x 10
-10

 
mol 8-br-cGMP and Rhyparobia-MIP-1 (B) on the phase of circadian locomotor activity of the cockroach R. made-

rae at different circadian times (CTs). Effects of 2 x 10
-10

 mol 8-br-cAMP- or 2 x 10
-10

 mol 8-br-cGMP injections were 
merged in 3-h bins and presented as b-splines (line) with error bars of mean±SD. Effects of Rhyparobia-PDF- and  
-MIP-1 injections were presented as scatter plots (non-filled dots). A: Both substances caused closely resembling 
phase shifts in circadian locomotor activity with maximum phase delays between CT 9 and CT 12. B: The obtained 
phase shifts after 8-br-cGMP injections showed striking similarities with phase shifts after Rhyparobia-MIP-1 injec-
tions with strongest phase delays between CT 12 and CT 15. Results for Rhyparobia-PDF were adopted from Petri 
and Stengl 1997 and for Rhyparobia-MIP-1 from Schulze et al. 2013. 
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To determine whether Gαq-pathways are also involved in transmitting information to the 

circadian clock of the Madeira cockroach, injections of inositol trisphosphate (IP3) and/or 

diacylglycerol combined with running-wheel assays or application of PKC-inhibitor with 

ELISAs have to be performed.   

 

Only Rhyparobia-PDF, -ORC-1, and GABA showed effects on cAMP-level under LD 

Under LD, only a few substances tested caused changes in cyclic nucleotide levels sug-

gesting a light-suppressed receptivity of neurotransmitters and neuropeptides. In the oLs, 

cAMP levels significantly increased after PDF application in the middle of the night appar-

ently caused by an activation of Gαs protein. As Rhyparobia-PDF injections only at the end 

of the subjective day significantly phase delayed circadian locomotor behavior and not 

during the middle of the night (Petri and Stengl 1997), it is suggested that at this time 

receptors of downstreaming cells are sensitive for an output signal of the pacemaker acti-

vated by PDF or PDF release is at its minimum. To determine whether the expression or 

the sensitivity of the PDFR varies, studies focusing on the phosphorylation state of the 

receptor and quantification of its mRNA levels need to be performed. However, daytime 

dependent changes of adenylyl cyclase- or phosphodiesterase (PDE) activities are also 

likely as it have already been described for PDE in unicellular eukaryotes (Tong et al. 

1991) and circadian pacemakers of vertebrates (Prosser and Gillette 1991; Duffield et al. 

2002; Doi et al. 2011). In contrast to the oLs, in AMae preparations no significant effects 

of Rhyparobia-PDF on cAMP- or cGMP level were detected apparently due to low expres-

sion of PDFR in cells associated with the AMe. This is supported as in calcium imaging- 

and patch clamp experiments only few cells were shown to respond to Rhyparopbia-PDF 

applications (personal communication with Hongying Wei and Hanzey Yasar, University of 

Kassel).  

 Injections of GABA, ORCs (Petri et al. 2002; Hofer and Homberg 2006b; Schulze et 

al. 2013) as well as 8-br-cAMP revealed phase advances in circadian locomotor activity in 

the subjective night suggesting Gαs activation. Thus, next to the assumption that in the 

Madeira cockroach GABA acts through ionotropic pathways (Schneider and Stengl 2005), 

supporting information for a metabotropic GABA-dependent signaling cascade were pre-

sented here. Several studies have characterized the metaboptropic GABA receptor in 

mammals as well as in Drosophila and demonstrated its influence on the circadian system 
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(Hill 1985; Morishita et al. 1990; Mezler et al. 2001; Wang et al. 2003; Hamasaka et al. 

2005b). However, under LD application of GABA and Rhyparobia-ORC-1 induced signifi-

cant cAMP decreases in AMae preparations at the end of the night (ZT 24). Because pre-

vious studies demonstrated already high cAMP level in AMae preparations at ZT 24 

(Schendzielorz et al. unpublished), further Gαs activation might result in cAMP dependent 

PDE activation (Murthy et al. 2002; Omori and Kotera 2007). Therefore, experiments with 

PDE- or PKA inhibitors have to be done which should led to an increase of cAMP concen-

trations at this critically time bin.  

 

Substances tested evoked completely different effects on cAMP- and cGMP level under 

DD 

Almost all substances tested showed under DD numerous effects on cAMP- and cGMP 

level suggesting stronger coupling of both pacemakers and their output regions due to 

missing external Zeitgeber such as LD transition. While at CT 6 GABA and Rhyparobia-

ORC-1 application resulted in significant increases of cAMP in AMae- as well as in oL 

preparations, ACh, Rhyparobia-AT and -PDF only affected significant cAMP increases in 

oLs assuming signal transduction mechanisms via Gαs. Moreover, ACh, Rhyparobia-AT,  

-PDF, and -ORC-1 induced highly significant decreases of cGMP level in oLs at CT 18 as 

well as in AMae at CT 12 which was also highly significant for Rhyparobia-MIP-1 in AMae. 

It is supposed that this cGMP decrease might be either due to interaction of the IP3 signal-

ing pathway via PKC (see above; Philipp et al. 2006) or PKG-induced PDE activation which 

was shown for mammalian PDE 5 (Corbin et al. 2000; Omori and Kotera 2007). Applica-

tion of PKC- and/or PKG inhibitors should clarify whether interactions between different 

signal transduction cascades also exist in the Madeira cockroach (Lincoln et al. 1990; Jiang 

et al. 1992; Lincoln et al. 1995; Philipp et al. 2006).   

 

Bimodal oscillation of cAMP in oLs mediated by Rhyparobia-PDF? 

Interestingly, in the oLs an oscillation of cAMP mediated by PDF with its maximum during 

the midnight and minimum in the light phase was observed (Tab. 6). In contrast to several 

other genes (Claridge-Chang et al. 2001), PDF mRNA exhibit at best very gently cycling in 

D. melanogaster but seems to be controlled post-translationally in a circadian manner 

leading to cyclical release of active peptide (Park and Hall 1998; Helfrich-Forster et al. 
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2000; Park et al. 2000; Fernandez et al. 2008). This is similar to the circadian expression of 

vasoactive intestinal peptide and its receptors in the SCN which exercises homologous 

functions in the circadian system of vertebrates (Cagampang et al. 1998; Dardente et al. 

2004; Mertens et al. 2005; Vosko et al. 2007; Yoshii et al. 2009). Our data now suggest a 

light mediated control of PDF signaling influencing its output circuits.   

 

Abbreviations 

 

ACh  acetylcholine 

AMae  accessory medullae 

AMe  accessory medulla 

AT  allatotropin 

CT  circadian time  

DD  constant conditions 

ELISA  enzyme-linked immunosorbent assay 

GABA  γ-aminobutyric acid 

IP3  inositol trisphosphate 

LD  light-dark 

MIP  myoinhibitory peptide 

oL  optic lobe 

PDE  phosphodiesterase  

PDF  pigment-dispersing factor 

PDFR  pigment-dispersing factor receptor 

PK  protein kinase 

PRC  phase response curve  

ORC  orcokinin 

SCN  suprachiasmatic nucleus 

ZT  Zeitgeber time 
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