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1 Zusammenfassung 

Terrestrische Organismen müssen sich in Physiologie und Verhalten an täglich auftretende 

Veränderungen in der Umwelt anpassen, um überleben zu können. Regelmäßige geophysi-

kalische Rhythmen wie der dominante 24 h Wechsel von Tag und Nacht führten zur Ent-

wicklung circadianer Uhren, die es ermöglichen diese täglichen Veränderungen des Lichts 

und der Temperatur zu antizipieren. Die circadiane Uhr von Rhyparobia maderae weist viele 

Übereinstimmungen mit dem circadianen System von Säugetieren auf, ist aber experimentell 

viel leichter zugänglich. Entsprechend wurde die Schabe als Organismus zur Forschung an 

der Neuroanatomie und an Regulationswegen von Uhrnetzwerken etabliert. Die circadiane 

Uhr der Madeira Schabe, die circadiane Ruhe-Aktivitäts-(Schlaf-Wach-)Rhythmen steuert, 

konnte durch Läsions- und Transplantationsexperimente in der akzessorischen Medulla 

(AME) der optischen Loben lokalisiert werden. Die AME wird von etwa 240 Neuronen in-

nerviert. Die ungewöhnlich zahlreichen, zum Teil kolokalisierten Neuropeptide, die von den 

Uhrneuronen exprimiert werden, sind wichtige Neuromodulatoren/Neurotransmitter im 

Uhrnetzwerk. In meiner Dissertation habe ich die Rolle von myoinhibitorischen Peptiden 

(MIPs) und dem ion transport peptide (ITP) in Schaltkreisen der circadianen Uhr der Ma-

deira Schabe analysiert. Mein Fokus lag auf der Charakterisierung der Lokalisation und 

Funktion dieser Neuropeptide in Eingangsbahnen, welche die Uhr an externe Rhythmen an-

koppeln, sowie in Ausgangsnetzwerken, welche circadiane Rhythmen in Physiologie und 

Verhalten steuern. 

Zuerst wurde die Verteilung von Neuropeptiden und Neurotransmittern analysiert, 

die an der Ankopplung der Uhr (entrainment) an den Licht-Dunkel-Wechsel beteiligt sind. 

Immunzytochemische Mehrfachfärbungen, histochemische Methoden und backfills wurden 

eingesetzt, um Verbindungen zwischen den Terminalen der Photorezeptorzellen der Kom-

plexaugen und den pigment-dispersing factor-immunreaktiven (PDF-ir) circadianen Schritt-

macherzellen zu identifizieren. Zwei autorezeptive Ensembles von PDF-ir Medullazellen 

(PDFMEs) wurden zuvor identifiziert und in meiner Arbeit weiter charakterisiert. Es wurde 

vorgeschlagen, dass sie als Morgen (M)- und Abend (E)-Oszillatornetzwerke fungieren, wel-

che die circadiane Uhr an den Sonnenaufgang und Sonnenuntergang ankoppeln. Die Oszil-

latoren werden offenbar vom größten PDFME gesteuert, da rhythmische bursts dieser Zelle 

in vorherigen intrazellulären Ableitungen und rhythmische Veränderungen des PDF Levels 

mit antikörperbasierten Nachweisverfahren (ELISAs) gezeigt wurden. Diese Daten sprechen 

für eine Neurosekretion von PDF am Tag. Deshalb lautet die Hypothese, dass das größte 
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PDFME ein endogener circadianer Oszillator ist, dessen circadianer Rhythmus im Memb-

ranpotential lichtabhängig von cholinergen Eingangssignalen aus dem extraokularen, pho-

torezeptiven Lamina- und Lobulaorgan gesteuert wird. Es schüttet wahrscheinlich am Tag 

PDF aus. PDF aktiviert daraufhin das schlaffördernde M-Oszillatornetzwerk und hemmt das 

aktivitätsfördernde E-Oszillatornetzwerk. Das Ensemble des M-Oszillatornetzwerks wird 

vermutlich von ipsilateralen PDFMEs (iPDFMEs) gebildet, da in vorherigen Experimenten 

alle iPDFMEs von PDF aktiviert wurden. Sie werden vermutlich durch die PDF-Ausschüt-

tung des größten PDFMEs am Tag aktiviert und steuern nachgeschaltete schlaffördernde 

Schaltkreise, die mit der Medullaschicht ME4 verknüpft sind. Die UV-sensitiven, langen 

Photorezeptorzellen des Komplexauges terminieren in ME2. Von ME2 gibt es ver-

schiedenste neuropeptiderge und GABAerge Verbindungen zu ME4. Ich vermute, dass über 

diese Verbindungen, deren Ursprung wahrscheinlich einige mediale Neurone (MNes) sind, 

die Phasenlage der schlaffördernden Schaltkreise an den Sonnenaufgang gekoppelt wird. 

Jene PDFMEs mit Verzweigungen im kontralateralen optischen Lobus (cPDFMEs) bilden 

wahrscheinlich das E-Oszillatornetzwerk, da bekannt ist, dass sie durch die Ausschüttung 

von PDF inhibiert werden und die Aktivität der Schabe durch circadiane Schrittmacherneu-

rone mit ipsi- und kontralateralen Verzweigungen gesteuert wird. Die cPDFMEs verbinden 

die AME mit der proximalen Lamina (LA3). Dort grenzen sie an Terminalen der grünlicht-

sensitiven kurzen Photorezeptorzellen, die in LA1 und LA2 verzweigen. Über diesen Licht-

eingang wird vermutlich die Phasenlage des Aktivitätsbeginns am Abend gesteuert. Ich 

nehme an, dass bestimmte MIP-ir MNes zu den Netzwerken des M- oder E- Oszillatorsys-

tems gehören. Außerdem wurden bis zu fünf ITP-ir Uhrneurone identifiziert, welche poten-

ziell zum M-Oszillatornetzwerk zählen, da sie nur ipsilateral verzweigen. 

Im zweiten Teil wurde die Rolle von MIPs und ITP bei der Ankopplung an Eingangs-

signale anhand von Verhaltensversuchen analysiert. Injektionen von MIP-3 beschleunigten 

den Beginn der Lokomotion zu jener Zeit, welche subjektiv mit dem Zeitpunkt des Sonnen-

aufgangs übereinstimmt und verzögerten ihn zur Zeit des Sonnenuntergangs. Deshalb be-

stimmt MIP-3 als photisches Eingangssignal sowohl die Phasenlage des M- als auch jene 

des E-Oszillatornetzwerks. Die verschiedenen Effekte der einzelnen MIPs verdeutlichen je-

doch, dass es viele parallele Lichteingänge in die circadiane Uhr gibt. Nach Doppelinjektio-

nen von MIP-1 und orcokinin (ORC)-2 traten geringere Verschiebungen der Lokomotions-

aktivität auf als nach Einzelinjektionen. Das bestätigte die peptiderge Modulation des cir-
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cadianen Netzwerks und lässt vermuten, dass Ausgangssignale aus der Uhr durch Pha-

senkopplung von verschiedenen Ensembles getaktet werden. Die Art und Stärke der Syn-

chronisation basiert offenbar auf der jeweiligen Zusammensetzung und Konzentration frei-

gesetzter Neuropeptide, wobei die Peptidausschüttung abhängig von der Tageszeit und dem 

physiologischen Zustand des Tieres reguliert wird. Des Weiteren wurde der MIP Rezeptor 

charakterisiert und mittels RNA Interferenz (RNAi) als Teil der MIP-abhängigen Signal-

wege im circadianen System identifiziert. Dabei wurde dessen mRNA Level gesenkt und die 

Folgen dieser Reduktion mit Laufradassays untersucht. Die RNAi-abhängige Reduktion von 

mip precursors (mip-pre) oder itp precursors (itp-pre) zeigte, dass MIPs im Gegensatz zu 

ITP die Aktivität während der Lichtphase des Tages unterdrücken. Daher sind MIPs an der 

Steuerung der circadianen Rhythmik von Ruhe-Aktivitäts-Zyklen beteiligt. Außerdem deu-

ten die Ergebnisse darauf hin, dass MIPs und mindestens ein weiteres Neuropeptid die Funk-

tion von PDF als Stabilisator der Rhythmik kompensieren. 

Im letzten Teil wurden die Aufgaben von MIPs und ITP in physiologischen und Ver-

haltensprozessen analysiert. Knockdown Experimente deuteten auf eine Beteiligung von 

MIPs am Metabolismus weiblicher Schaben im Zusammenhang mit der Reproduktion hin, 

da MIPs zwar die Körpergröße von Weibchen erhöhten, aber nicht jene der Männchen. Ob-

wohl nicht bestätigt wurde, dass sich das Verhalten der Weibchen nach der Paarung MIP-

abhängig veränderte, wurde eine doppelte Funktion der MIPs als Myoinhibitoren und dem 

Sexpeptid ähnelnde Modulatoren des Paarungsverhaltens diskutiert. Die Paarung und Fut-

teraufnahme sind Verhaltensweisen, welche unter circadianer Kontrolle stehen. Allerdings 

ist bislang noch keine MIP-abhängige Verknüpfung zwischen Uhrneuronen und jenen Aus-

gangsnetzwerken, welche für die beobachteten Effekte verantwortlich sind, bekannt. Die 

Beteiligung von ITP an der Neurosekretion wurde von der deutlichen Immunreaktivität im 

retrocerebralen Komplex bestätigt. Die Verzweigungen der neurosekretorischen Zellen 

überlappen sehr wahrscheinlich zumindest im superior medialen Protozerebrum mit Projek-

tionen der Uhrneurone. Daher werden ITP-abhängige Vorgänge der Neurosekretion mög-

licherweise zeitlich reguliert. 
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2 Summary 

Terrestrial organisms adjust rhythms in physiology and behavior to daily changes in the en-

vironment. Circadian clocks evolved due to regular geophysical rhythms, such as the domi-

nant 24 h day and night cycle, and allowed to anticipate these daily changes of light and 

temperature. The circadian clock of Rhyparobia maderae exhibits many similarities with the 

mammalian circadian system, while offering experimental advantages. Thus, the cockroach 

was established as organism for research on the neuroanatomy and modulation pathways of 

clock circuits. The circadian clock of the Madeira cockroach controlling rest-activity (sleep-

wake) cycles was localized in the accessory medulla (AME) of the optic lobes via lesion and 

transplantation experiments. The AME is innervated by about 240 neuropeptidergic neurons. 

The abundant partly colocalized neuropeptides, which are expressed by the clock neurons, 

are important neuromodulators/neurotransmitters in the clock network. In my dissertation I 

analyzed the role of myoinhibitory peptides and ion transport peptide (ITP) in networks of 

the circadian clock in the Madeira cockroach. Input pathways entraining the clock to external 

rhythms and output circuits controlling physiology and behavior were focused. 

First, the distribution of candidate neuropeptides and neurotransmitters, which are 

involved in light entrainment to light-dark cycles was analyzed. Multiple-label immunocy-

tochemistry, histochemistry, and backfills were employed to identify connections between 

the compound eye photoreceptor terminals and pigment-dispersing factor-immunoreactive 

(PDF-ir) circadian pacemaker neurons. Two ensembles of autoreceptive PDF medulla cells 

(PDFMEs) were previously identified and characterized more precisely in my work. They 

were suggested as morning (M) and evening (E) oscillator circuits, which couple the circa-

dian clock to dawn and dusk. The oscillators were thought to be orchestrated by the largest 

PDFME, as rhythmic bursts of this neuron and rhythmic changes of the PDF level were 

previously determined via intracellular recordings and enzyme-linked immunosorbent as-

says (ELISAs). These data suggested that PDF neurosecretion occurs during the day. There-

fore, in this work the largest PDFME was hypothesized to be an endogenous circadian os-

cillator, whose circadian membrane potential oscillation is controlled light-dependently by 

cholinergic inputs from the extraocular photoreceptive lamina and lobula organ. Accord-

ingly, the largest PDFME might release PDF over the day, which excites the rest-promoting 

M oscillator and inhibits the activity-promoting E oscillator. Ipsilateral PDFMEs (iPDF-

MEs) likely belong to the M oscillator circuit because all iPDFMEs were excited by PDF in 

previous experiments. PDF released by the largest PDFME appears to activate the iPDFMEs 
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during the day, which control downstream rest-promoting circuits with connections to me-

dulla layer ME4. The UV-sensitive long photoreceptor cells terminate in ME2. Diverse neu-

ropeptidergic and GABAergic connections between ME2 and ME4 were identified. I suggest 

that the phase of rest-promoting circuits is coupled to dawn via these connections that likely 

originate from multipeptidergic medial neurons (MNes). The PDFMEs with arborizations in 

the contralateral optic lobe (cPDFMEs) were assumed as E oscillators, as they were previ-

ously shown to be inhibited by PDF and as the activity of the cockroach is known to be 

controlled by circadian pacemaker neurons with ipsi- and contralateral arborizations. The 

cPDFMEs connect the AME to the proximal lamina (LA3). There they contact green-sensi-

tive short photoreceptor cells with termination sites in LA1 and LA2. This light input path-

way probably controls the phase of activity onset in the evening (at dusk). I assume that 

certain MIP-ir MNes belong to the M or E oscillator circuits. Furthermore, up to five ITP-ir 

clock cells were identified and suggested as M oscillators, as they only arborized ipsilater-

ally. 

In the second part the role of MIPs and ITP in entrainment processes was investigated 

via behavioral analysis. Injections of MIP-3 advanced locomotor activity at the subjective 

time of the day corresponding to dawn and delayed it at dusk. Thus, MIP-3 is a photic input 

signal that determines the phase of M and E oscillator circuits. However, the different effects 

of single MIPs demonstrate that many parallel light entrainment pathways exist. Shifting 

effects resulting from double injections of MIP-1 and orcokinin (ORC)-2 were decreased 

when compared to single injections. This confirmed the peptidergic tunability of the circa-

dian network suggesting phase-dependent gating of clock outputs via formation of different 

cell ensembles. The way and strength of synchronization probably depends on the neuropep-

tide-composition and release level, whereby the peptide release is regulated by the daytime 

and physiological state of the animal. The MIP receptor was characterized and identified as 

part of circadian MIP signaling pathways via RNA interference (RNAi)-induced downregu-

lation of mip receptor mRNA levels combined with running wheel assays. RNAi-dependent 

downregulation of the mip precursors (mip-pre) or itp precursors (itp-pre) showed that MIPs 

but not ITP suppressed activity during the light phase of the day, indicating MIPs to partic-

ipate in the control of circadian rhythmicity of rest-activity cycles. Furthermore, the results 

indicate that MIPs and at least one additional neuropeptide compensate for the PDF function 

as stabilizer of rhythmicity. 
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In the last part the role of MIPs and ITP in physiological and behavioral processes 

was addressed. Knockdown experiments suggested that MIPs are involved in the reproduc-

tion-dependent metabolism of female cockroaches as MIPs increased the body size of fe-

males, but not males. Although the post-mating behavior of females did not prove to be 

altered by MIPs, a dual function as myoinhibitors and sexpeptide-related modulators of mat-

ing behavior was discussed. Mating and feeding are behaviors under circadian regulation. 

However, so far, no MIP-dependent connection between clock neurons and output circuits 

responsible for the observed effects is known. The involvement of ITP in neurosecretion was 

confirmed by the strong immunoreactivity of the retrocerebral complex. The arborizations 

of neurosecretory cells very likely overlapped with projections of clock neurons at least in 

the superior medial protocerebrum. Thus, ITP-dependent regulation of neurosecretion may 

be controlled time-dependently. 
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3 Introduction 

3.1 Circadian systems of mammals and insects resemble each other 

Life on earth is shaped by an immense diversity of rhythms that occur on multiple time scales 

from fractions of seconds to even longer periods than years. As the name implies the prom-

inent rhythm in “everyday life” of organisms from unicellular organisms and plants to hu-

man beings is the daily rhythm (review: Bell-Pedersen et al., 2005). Based on the daily en-

vironmental rhythms of light and dark, of temperature and humidity, endogenous circadian 

clocks evolved to time rhythms in physiology and behavior continuously and efficiently 

(Figure 3.1). For instance, humans are active during the light phase of the day because they 

strongly depend on their visual sense, while they sleep at night when light levels decline 

(Aschoff, 1967). The circadian clock drives the anticipation of daily changes in the environ-

ment and the circadian rhythm with a period (τ) of about 24 h even persists when external 

zeitgebers are eliminated (Aschoff & Wever, 1962). The phase or period of external zeit-

gebers that may change for example during seasons of the year constantly adjusts the endog-

enous rhythm (= entrainment) with light being the strongest zeitgeber (Figure 3.1). In the 

last decades knowledge about the cellular and molecular structure of circadian clocks in-

creased. Insects proved suitable models to understand mechanisms, modulators, and net-

works of clock systems, properties that are well conserved between insects and phylogenet-

ically distant mammals (review: Helfrich-Förster, 2004). The master clock of both classes is 

bilaterally symmetrical and located close to the optic tracts in the brain, from where it re-

ceives inputs. It is composed of various neurons, which form output connections to diverse 

brain regions. The inner structure of the mammalian and insect clock is divided into mor-

phologically and functionally different regions and cell groups (Reischig & Stengl, 2003b, 

Figure 3.1 The basis for daily oscillations in organisms is the endogenous circadian clock that adjusts to ex-

ternal rhythms. The circadian clock generates oscillations with a period (τ) of about 24 h per cycle. Thereby it 

drives daily rhythmic changes in physiology and behavior such as rest-activity (sleep-wake) cycles via output 

connections to the effectors. External rhythmic cues (zeitgebers; e.g. light-dark cycles) are detected by ade-

quate receptors and adjust the phase and period of the clock rhythm via input connections (entrainment).  
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1996; Schubert et al., 2018; review: Antle & Silver, 2005). These clock neurons express a 

variety of neuroactive substances that serve as modulators for the interaction within the net-

work or with other networks (reviews: Antle & Silver, 2005; Hermann-Luibl & Helfrich-

Förster, 2015; Stengl & Arendt, 2016). In mammals as well as insects the molecular circa-

dian oscillation in each cell depends on oscillating amounts of clock genes and respective 

proteins that regulate their own transcription forming a negative feedback loop (Figure 3.2; 

review: Patke et al., 2020). The molecular clock also exists in many peripheral tissues, but 

the master clock maintains synchrony between all clocks and is indispensable for daily rhyth-

mic behavior (review: Richards & Gumz, 2012; Tomioka et al., 2012).  

3.2 The circadian rhythm in pacemaker cells is based on molecular feedback loops 

3.2.1 The molecular clock of Drosophila melanogaster is best characterized 

In 1971, Konopka and Benzer discovered the first D. melanogaster clock gene, period. 

Wildtype flies with intact circadian clock exhibit clear rhythmic activity patterns that persist 

in constant darkness conditions, whereas period knockout flies lose the ability to anticipate 

light transitions in light-dark cycles and get arhythmic as soon as constant conditions are 

provided (Konopka & Benzer, 1971; Wheeler et al., 1993). For stable rhythmicity on the 

molecular level, the mRNA levels of the clock genes period (per), timeless (tim), Clock 

(Clk), and cycle (cyc) and the respective protein levels oscillate as parts of transcrip-

tional/translational feedback loops (Figure 3.2a; review: Patke et al., 2020). The clock pro-

teins CLK and CYC form heterodimers (CLK/CYC), which initiate the transcription of per 

and tim when binding to the E-box regulatory elements of their promotor region (Allada et 

al., 1998; Darlington et al., 1998; Rutila et al., 1998). Subsequently, per and tim mRNAs are 

translocated from the nucleus into the cytoplasm and translated. The resulting proteins ac-

cumulate, are phosphorylated, dimerize (PER/TIM), and enter the nucleus (Gekakis et al., 

1995; Lee et al., 1996; Sehgal et al., 1995). In the nucleus, the PER/TIM complex binds to 

the CLK/CYC complex and represses its transcriptional activity, therefore forming a nega-

tive feedback (Darlington et al., 1998). Consequently, per and tim expression levels decline. 

The decline increases the transcription activity of CLK/CYC and closes the loop. As these 

oscillations would result in a period far shorter than 24 h, the loop is modulated for example 

via (de-)phosphorylation and ubiquitination of clock proteins, which changes their stability 

or translocation ability and the resulting period at several stations (review: Patke et al., 2020). 

Further feedback loops, which regulate the transcription of Clk (Cyran et al., 2003) or change 
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the efficiency of CLK/CYC binding to the promotor E-box (Kadener et al., 2007), also shift 

the molecular rhythm. The mechanisms, which entrain the molecular clock to external zeit-

gebers via input from sensory neurons are mostly unknown. Inside the pacemaker cells, upon 

Figure 3.2 The molecular clockwork of mammals and insects is based on transcriptional translational feedback 

loops. The core feedback loop in clock cells of R. maderae is more related to the mammalian loop than to the 

loop of D. melanogaster. In all three systems the transcription factors CLOCK (CLK) and CYCLE (CYC) or 

the mammalian ortholog BMAL1 dimerize in the nucleus, bind to E-box regulatory elements, and initiate the 

transcription of clock genes. In the fruitfly period (per; dark magenta) and timeless (tim; light magenta) are 

transcribed, while per and cryptochrome (cry2; dark blue) are transcribed in mammals and cockroaches. The 

mRNA translocates into the cytoplasm. After translation, the proteins are phosphorylated and dimerize. The 

respective complex enters the nucleus and closes the negative feedback loop by repressing the transcription of 

per and tim or per and cry2. In the fruitfly, the light-sensitive variant of CRY (CRY1; light blue) light-de-

pendently degrades TIM, thereby destabilizing PER. Consequently, protein levels of PER and TIM decrease, 

which delays the oscillation. In mammals and cockroaches, the molecular mechanisms behind light entrain-

ment are unknown, but a homologue of cry1 was identified in cockroaches. The loop was suggested to include 

only per or tim in additional subsets of clock cells in R. maderae. Three variants of per and two variants of 

cry2 were described in mammals (asterisk; designed after Patke et al., 2020 [a,b] and Werckenthin et al., 2020 

[c]). 
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light stimulation the blue light-sensitive protein CRYPTOCHROME (CRY1) is activated 

and causes degradation of TIM (Figure 3.2a; Ceriani et al., 1999; Emery et al., 1998; 

Stanewsky et al., 1998). The lack of TIM destabilizes PER, which then degrades as well. 

Taken together, all mechanisms directly or indirectly influence PER/TIM levels in the nu-

cleus and advance or delay the repression of CLK/CYC activity, therefore changing the pe-

riod of circadian clock gene mRNA and protein level oscillations.  

3.2.2 The mammalian and cockroach molecular clock share many components 

While the basic elements in molecular clock loops are similar between mammals and insects, 

different lifestyles promoted variations of the system during evolution. Even inside one or 

between different drosophilid species the clock genes are modified dependent on external 

conditions along different latitudes (Helfrich-Förster et al., 2020) supporting a functional 

adaptation of molecular clocks to the lifestyle of the organism. Consistently, the long-lived 

(years) cockroach R. maderae, exhibits more similarities with the molecular clock of mam-

mals than that of the short-lived (weeks) fruitfly (Figure 3.2). Just like mammals, the cock-

roach that colonized regions far from the equator needs to adjust circadian rhythms to sea-

sonal changes during its lifetime. Mammals and cockroaches express the clock genes per 

and a light-insensitive cry variant (cry2; Albrecht et al., 1997; Shearman et al., 1997; van 

der Horst et al., 1999; Werckenthin et al., 2012; Zylka et al., 1998). Just as PER and CRY2 

were shown to dimerize in mammals and inhibit their own transcription (Shearman et al., 

2000), the same was lately assumed in R. maderae (Werckenthin et al., 2020). Clk and cyc 

(or the mammalian ortholog bmal1) were identified in both groups and close the core feed-

back loop as transcription factors for per and cry2 (Shearman et al., 2000, Achim Wercken-

thin, Monika Stengl, unpublished). In addition, subpopulations of pacemaker cells are 

thought to express only per or tim, but not per and cry2 together in R. maderae (Werckenthin 

et al., 2020). Furthermore, cry1 was identified in the cockroach, but its light-entrainment 

ability was not confirmed (Koziarek, 2016). While interactions between most clock genes in 

the cockroach still need investigation, far more is known about the neuroanatomy of its clock 

networks. As genetic approaches combined the extensive characterization of molecular, cel-

lular, and network properties of the circadian clock in D. melanogaster, first the neuroana-

tomical basis in the fruitfly system will be described.  
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3.3 Neuroanatomy and neurochemistry of clock circuits in D. melanogaster 

The clock network of D. melanogaster consists of about 150 neurons that were associated 

with clock mechanisms because clock gene expression oscillates in their nuclei. According 

to the size and location of the clock cells’ somata, the neurons were classically divided into 

seven bilaterally symmetrical groups (Figure 3.3a; Helfrich-Förster et al., 2007). Four 

groups of 18 neurons in total are located in the lateral brain, therefore named small ven-

trolateral neurons (LNvs), large LNvs, dorsal lateral neurons (LNds), and lateral posterior 

neurons (LPNs). About 60 neurons were assigned to three groups of dorsal neurons (DN1-3).  

The traditional classification of the groups was adjusted recently and subgroups were 

described in accordance with the arborization pattern and neurochemistry of clock cells (re-

view: Hermann-Luibl & Helfrich-Förster, 2015). Four of five small LNvs and the four large 

LNvs express the amidated octadecapeptide pigment-dispersing factor (PDF; Figure 3.3b; 

Helfrich-Förster, 1995; Helfrich-Förster & Homberg, 1993). This neuropeptide was strongly 

associated with the modulatory function of pacemaker cells across insect species (review: 

Shafer & Yao, 2014) and is the ortholog of mammalian vasointestinal peptide (VIP; review: 

Vosko et al., 2007). In D. melanogaster the intervention in PDF expression levels leads to 

disturbed or even lost rhythmicity under constant darkness conditions (Helfrich-Förster et 

al., 2000; Renn et al., 1999). In addition, PDF-expressing small LNvs are sufficient to main-

tain rhythmicity and determine the period (Grima et al., 2004; Stoleru et al., 2004). Both 

groups of LNvs arborize in the accessory medulla (AME) that integrates circadian in- and 

outputs (Figure 3.3a; Helfrich-Förster et al., 2007; Li et al., 2018; Schubert et al., 2018). 

The AME is a small neuropil at the frontomedial edge of another optic lobe neuropil, the 

medulla. The small LNvs receive inputs in the AME and form output connections to the 

dorsal (superior) protocerebrum, where all clock neurons except for the large LNvs branch 

(Helfrich-Förster, 1995; Helfrich-Förster et al., 2007; Helfrich-Förster & Homberg, 1993; 

Schubert et al., 2018). The large LNvs innervate the ipsilateral AME and project to the distal 

surface and serpentine layer of the medulla in both optic lobes, thus forming outputs to ipsi- 

and contralateral optic lobe neuropils (Helfrich-Förster, 1995; Helfrich-Förster et al., 2007; 

Helfrich-Förster & Homberg, 1993; Schubert et al., 2018). Nevertheless, the dorsal proto-

cerebrum was assumed as main output region of the clock for example to locomotor or neu-

rosecretory centers (Cavanaugh et al., 2014; King et al., 2017; Shiga, 2003; Siegmund & 

Korge, 2001). Consistently, arborization patterns of most LNds and DNs are restricted to the 

dorsal  protocerebrum  with  abundant  output  sites  in  the  superior  medial  protocerebrum,
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Figure 3.3 The clock network in D. melanogaster consists of about 150 neurons including morning (M) and 

evening (E) oscillator clusters that receive antagonistic exciting or inhibiting inputs from the compound eyes 

and Hofbauer-Buchner (HB) eyelets to entrain to external light-dark cycles. (a) According to morphological 

criteria, the neurons were divided into small ventrolateral neurons (s-LNvs), large LNvs (l-LNvs), dorsal lateral 

neurons (LNds), lateral posterior neurons (LPNs), and three groups of dorsal neurons (DN1-3). One neuron 

with soma close to the s-LNvs was termed 5th LNv because of its similarities with the LNds. All clock neurons 
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sometimes of both hemispheres (Helfrich-Förster et al., 2007; Schubert et al., 2018). Only 

one LNd and few DNs additionally branch in the AME. As the PDF-negative 5th small LNv 

strongly resembles this LNd, it was regrouped and termed 5th LNv (Figure 3.3a; Schubert 

et al., 2018). The two morphologically equal neurons exhibit ion transport peptide (ITP) 

immunoreactivity, another neuropeptide, which influences rhythmic behavior (Figure 3.3b; 

Hermann-Luibl et al., 2014; Johard et al., 2009). Two of the remaining LNds as well as the 

four small LNvs express short neuropeptide F (sNPF; Johard et al., 2009). Several more 

neuroactive substances, such as neuropeptide F (NPF), IPNamide, or glutamate are ex-

pressed in certain clock neurons (review: Hermann-Luibl & Helfrich-Förster, 2015). The 

neuropeptides and neurotransmitters are suggested to functionally characterize distinct os-

cillator networks that are interconnected to modulate circadian outputs (Yao & Shafer, 

2014).  

3.3.1 Morning and evening oscillators control the biphasic activity in D. melanogaster 

In addition to morphological and neurochemical similarities between specific neurons, some 

functionally distinct cell groups were determined in D. melanogaster. In 1976 Pittendrigh 

and Daan proposed a model of two coupled oscillators that explains the ability of animals to 

adjust their daily behavior to different photoperiods by means of separately advancing or 

delaying each oscillator (Figure 3.4). Consistently, the two prominent locomotor activity 

peaks of the crepuscular fruitfly synchronize to dawn and dusk independent of the photoper-

iod (review: Helfrich-Förster et al., 2020). Flies with intact clockwork anticipate the transi-

tion between light and dark phases, while flies lacking clock genes in certain neurons lose 

except for the l-LNvs, which branch in the medulla (ME), arborize in the dorsal brain. (b) The pigment-dis-

persing factor (PDF; red)-expressing s-LNvs and l-LNvs were found to control the morning peak of activity as 

morning (M) oscillators, while three subunits of evening (E) oscillators were identified (E1-E3), which control 

the evening activity peak. The E1 subunit comprises two short neuropeptide F (sNPF; green)-expressing LNds. 

The 5th LNv and one LNd, which both express ion transport peptide (ITP; light blue) and neuropeptide F (NPF; 

yellow), belong to the E2 subunit. The three remaining LNds, two of which express NPF, are E3 neurons. Light 

input from the compound eyes and extraocular photosensitive HB eyelets antagonistically excites or inhibits 

the M oscillator cells via acetylcholine (ACh) or histamine (black arrows). They are suggested to control the 

CRYPTOCHROME (CRY; dark blue)-positive E1 and E2 subunit via PDF release (red arrows), thereby shift-

ing the evening peak. The l-LNvs additionally feedback on the s-LNvs. The role of l-LNvs as part of the M 

oscillator circuit is under debate. The day (white bar) and night (black bars) activity profile is shown (bottom). 

LA, lamina; R1-8, receptor cells 1-8 (modified after Helfrich-Förster et al., 2007 [a] and Schlichting et al., 

2016 [b]). 
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this ability. It was demonstrated that morn-

ing activity is controlled by the small PDF-

expressing LNvs, whereas the 5th LNv, the 

LNds, and some DN1s expressing different 

neuroactive substances such as ITP control 

evening activity (Figure 3.3b; Grima et al., 

2004; Johard et al., 2009; Rieger et al., 2006; 

Stoleru et al., 2004). The role of the large 

LNvs as part of the morning (M) oscillator 

network is still under debate because just 

like small LNvs they determine the phase of 

evening activity via direct connections to 

evening (E) oscillators, while they are not 

required for circadian timekeeping 

(Cusumano et al., 2009; Schlichting et al., 

2016; Shafer & Taghert, 2009). The domi-

nance of the M over the E oscillator network 

changes light input-dependently and is 

based on neuropeptidergic communication 

between M and subclusters of E oscillators 

(Figure 3.3b; Chatterjee et al., 2018; Guo et 

al., 2014; Liang et al., 2017; Picot et al., 2007; Stoleru et al., 2007; Yao & Shafer, 2014; 

Zhang et al., 2009). The functional identity of each of the three E oscillator subclusters (E1-

E3) was reflected in their PDF-receptivity, CRY1 expression, neuropeptide content, and dis-

tinct arborization pattern (Schubert et al., 2018; Yao & Shafer, 2014). In contrast to the three 

E3 cells, the two E1 and two E2 neurons were PDF-receptive and expressed CRY1. While 

E1 neurons expressed sNPF, E2 neurons expressed ITP and NPF. 

3.3.2 Parallel light input pathways entrain the clock in D. melanogaster 

In D. melanogaster, light-sensitive CRY1 is one main component for light entrainment of 

the clock especially to dim light and expressed in about 50% of clock neurons (Emery et al., 

1998; Helfrich-Förster et al., 2001; Stanewsky et al., 1998). The CRY1-expressing and PDF-

receptive clock neurons match for the most part and behavioral rhythms are generated PDF-

dependently in these neurons (Figure 3.3b). Therefore, PDF was suggested to integrate light 

Figure 3.4 According to the dual oscillator model 

two oscillators entrain morning (M, magenta) and 

evening (E, blue) activity peaks to seasonal changes 

of the photoperiod (yellow). On short days the M os-

cillator is delayed, while the E oscillator is advances 

and vice versa on long days (designed after Helfrich-

Förster, 2009). 
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effects and control behavioral rhythms under constant darkness conditions (Guo et al., 2014; 

Im et al., 2011). Consistently, PDF sets the daily activity phase of M and E oscillator net-

works (Liang et al., 2017). The Hofbauer-Buchner (HB) eyelet, an extraocular photorecep-

tive organ located in the optic lobe (Hofbauer & Buchner, 1989), mainly participates in en-

trainment at high intensities of light (Schlichting et al., 2019a). It directly connects to M and 

E oscillator circuits in the AME, where it antagonizes inputs from the compound eye photo-

receptors daytime- and light regime-dependently (Figure 3.3b; Schlichting et al., 2019a; 

Schlichting et al., 2019b; Schlichting et al., 2016). The photoreceptor cells of the compound 

eye, which terminate in the lamina and distal medulla, entrain the clock via interneurons to 

low and medium light intensities (Li et al., 2018; Ogueta et al., 2018). Photopigments in the 

ocelli are not able to entrain the clock in dim light, suggesting that the ocelli are not part of 

light entrainment pathways (Saint-Charles et al., 2016). Altogether, the central hub for par-

allel light input from CRY1-expressing neurons, the HB eyelet, and compound eye photore-

ceptor cells to the clock network is the AME (Li et al., 2018). 

3.4 Neuroanatomy and neurochemistry of clock circuits in R. maderae 

As strong similarities between the mammalian and cockroach circadian system were ob-

served, this work concentrated on the characterization of the clock network in R. maderae. 

The cockroach was the first animal in which the circadian clock was located to a specific 

brain region. Lesion and transplantation experiments revealed that the optic lobes 

(Nishiitsutsuji-Uwo & Pittendrigh, 1968), more precisely the AME with innervating clock 

neurons controls circadian rhythmicity (Reischig & Stengl, 2003a; Stengl & Homberg, 

1994). The cockroach pear-shaped AME, which is located at the ventromedian edge of the 

medulla, measures about 90 µm in length and, in contrast to the fruitfly AME, it comprises 

three distinct parts: a glomerular core, an interglomerular neuropil consisting of loose fibers, 

and a shell region (Reischig & Stengl, 2003b, 1996). This non-retinotopic organization dis-

tinguishes the AME from the other optic lobe neuropils lamina, medulla, and lobula, which 

have a distinct retinotopic organization into columns and layers (=strata) to map visual in-

formation from the external environment (Strausfeld, 1976). The AME is innervated by 

about 240 neurochemically diverse neurons (Tables A 1, A 2; review: Stengl & Arendt, 

2016). According to morphological features they were divided into seven anterior groups 

and one posterior group (PNes; Figure 3.5a; Table A 1; Reischig & Stengl, 2003b; Söhler 

et al., 2008; Söhler et al., 2011). The somata of the anterior groups are located in close vi-

cinity to the AME and their location led to the designation as anterior neurons (ANes), distal 
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frontoventral neurons (DFVNes), medial frontoventral neurons (MFVNes), medial neurons 

(MNes), ventral neurons (VNes), ventromedial neurons (VMNes), and ventroposterior neu-

rons (VPNes; Figure 3.5a; Table A 1).  

As demonstrated also in the fruitfly the PDF-expressing clock neurons next to the 

AME are important pacemaker cells. Rhythmicity is lost in AME-deficient animals and re-

covers when cut or transplanted PDF cells reinnervate their original target sites in the supe-

rior lateral and medial protocerebrum (Reischig & Stengl, 2003a; Stengl & Homberg, 1994). 

In addition, under constant darkness conditions injections of PDF phase-advance activity in 

the subjective morning (circadian time [CT] 0 or 24; dawn) and phase-delay it in the subjec-

tive evening (CT 12; dusk; Schendzielorz, J. et al., 2014) of the circadian day (CT 0-24; 

Figure 3.6; Page, 1987; Page & Barrett, 1989). As light equally shifts activity, PDF is very 

likely part of light entrainment processes. Furthermore, PDF synchronizes spiking of neu-

rons, thereby forming cell ensembles (Schneider & Stengl, 2005; Wei et al., 2014). Thus, 

PDF is involved in input and output mechanisms of the clock network that are suggested to 

depend on the synchronization of cell ensembles. However, in contrast to the fruitfly rhyth-

micity is only weakened but not lost in PDF-deficient animals under constant darkness con-

ditions (Völker, 2019), suggesting parallel signaling pathways that compensate each other 

in this robust system. A total of 16 AME neurons expressed PDF immunoreactivity and was 

termed PDF medulla neurons (PDFMEs; Figure 3.5b,c; Table A 2; Petri et al., 1995; Reis-

chig & Stengl, 2003b). According to their soma size one largest, three large, and four me-

dium-sized VNes and four small DFVNes belonging to anterior groups were distinguished. 

The remaining four PDF-ir neurons belonged to the PNes. Two fiber systems in the medulla 

are innervated by PDFMEs, while the specific cells innervating each system are unknown 

(Reischig & Stengl, 2003b; Wei et al., 2010). The anterior fiber fan consists of projections 

from the AME via the distal surface of the medulla to the accessory laminae and the proximal 

lamina. The dorsal and ventral accessory lamina are small glomerular neuropils located at 

the proximal edge of the lamina (Figure 3.5c; Lösel & Homberg, 2001). The second PDF-

immunoreactive (-ir) system extends over the median medulla, therefore named median-

layer fiber system. In addition, dozens of PDF lamina neurons (PDFLAs) were located in 

proximity   to   the   dorsal   and   ventral   accessory   lamina   (Figure 3.5b,c;   Table A 2; 

Reischig & Stengl, 2003b). These optic  lobe  interneurons  innervate  the  accessory  laminae
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Figure 3.5 The clock network in R. maderae consists of about 240 neurons located in the optic lobe, which

innervate the accessory medulla (AME). They include pigment-dispersing factor-immunoreactive (PDF-ir; red 

circles in a,c) pacemaker cells with ipsi- and contralateral projections. (a) According to morphological criteria 

the clock cells were assigned to the anterior neurons (ANes), distal frontoventral neurons (DFVNes), medial 

frontoventral neurons (MFVNes), medial neurons (MNes), ventral neurons (VNes), ventromedial neurons 

(VMNes), ventroposterior neurons (VPNes), or posterior neurons (PNes). About 50 AME cells are coupling 

neurons (black ovals) between the AME networks of both hemispheres and were divided into four medulla cell 

groups (MC I-IV; black) belonging to the VNes (MC I), VMNes (MC II), PNes (MC III), and MNes (MC IV). 

(b) The 16 PDF-ir neurons located anterior (aPDFMEs) and posterior to the medulla (pPDFMEs) consist of 

one largest, three large, four medium-sized (all VNes), four small (DFVNes), and four PNes. Two large clusters 

of PDF-ir lamina cells (PDFLAs) are located at the dorsal and ventral proximal edge of the lamina (LA).



36 INTRODUCTION 

 

and connect the proximal lamina via the anterior fiber fan to the AME within one optic lobe, 

while they do not project to midbrain targets or to the contralateral optic lobe (Giese et al., 

2018).  

Next to PDF abundant neuropeptides 

and neurotransmitters were immunolabeled 

in AME neurons of all groups (Table A 2; 

review: Stengl & Arendt, 2016). Among 

others these substances include the neuro-

peptides sNPF, orcokinin (ORC), myoinhib-

itory peptide (MIP), extended FMR-

Famides, corazonin (CRZ), allatotropin 

(AT), and leucokinin and the neurotransmit-

ters histamine, y-aminobutyric acid 

(GABA), and serotonin (5-HT). Acetylcho-

line (ACh) was indirectly detected in the 

AME via acetylcholinesterase histochemis-

try (Schendzielorz, 2013). Mass spectromet-

ric and transcriptomic analysis not only con-

firmed the presence of neuropeptides in the 

AME, but identified two ORCs, nine MIPs, 

and more than 20 members of the extended 

FMRFamide family that were expressed 

from one precursor, respectively (Schulze et al., 2012; Schulze et al., 2013; Söhler et al., 

2008;   Susanne Neupert,   Achim Werckenthin,   Julia Schendzielorz,   Monika Stengl,   un-

(c) PDFLAs and PDFMEs connect the proximal LA and the accessory laminae (ALAs) to the AME via the 

anterior fiber fan (AFF). In addition, some PDFMEs arborize in the median-layer fiber system (MLFS). The 

largest PDFME projects to the contralateral optic lobe (red) via the anterior (AOC) and posterior optic com-

missure (POC). One large and two medium-sized contralateral PDFMEs only project into the POC. PDFMEs 

arborize in midbrain regions including the superior lateral (SLP) and medial protocerebrum (SMP), where they 

probably connect to neurosecretory or locomotor centers. Branches in the posterior optic tubercle (POTU) may 

also connect PDFMEs to locomotor centers. ME, medulla; OC, optic chiasm; LO, lobula; LAO, lamina organ; 

LOVT, lobula valley tract; ILP, inferior lateral protocerebrum; VLP, ventrolateral protocerebrum; AFP, ante-

rior fiber plexus; CAL, calices; MB, mushroom body; AL, antennal lobe; LAL, lateral accessory lobe; PB, 

protocerebral bridge; CB, central body (modified after Stengl & Arendt, 2016 [a,c] and Wei et al., 2010 [b]). 

Figure 3.6 Pulses of light (black) or injections of  

pigment-dispersing factor (PDF; magenta; 

Schendzielorz et al., 2014) presented at different cir-

cadian times (CT) of the day advance locomotor ac-

tivity around dawn (CT 0/24) and delay activity 

around dusk (CT 12; Page & Barrett, 1989). The ex-

periments were performed in constant darkness con-

ditions. Phase shifts (ΔΦ) were measured in circadian 

hours that equal 1/24 of the individual period (τ). 
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published). Several neurons colocalize at least two neuroactive substances including most 

PDF-ir neurons (Tables A 2, A 3). So far, up to five neuropeptides were detected in one 

neuron, which largely increases the tunability of neuronal signaling between clock neurons 

and with output circuits.  

3.4.1 Subclusters of AME neurons couple both AMEs in R. maderae 

The AME neurons can be functionally divided into input and output neurons that arborize 

only in the ipsilateral AME and those with projections to the contralateral clock. These cou-

pling neurons exchange information between the two clock networks in the optic lobes and 

synchronize them to keep a stable phase and rhythm (Page et al., 1977; Wiedenmann, 1984). 

Ipsilateral local neurons were shown to innervate mainly the glomerular core of the AME, 

whereas input and output information of coupling neurons and neurons with projections to 

midbrain regions is integrated in the interglomerular and shell region (Reischig & Stengl, 

2003b, 2002). Backfill experiments revealed four medulla cell groups (MC I-IV) with so-

mata adjacent to the AME as originators for coupling branches (Figure 3.5a,c; Table A 4; 

Reischig et al., 2004; Reischig & Stengl, 2002; Söhler et al., 2011). A maximum of five 

MC I neurons belonging to the VNes, 35 MC II neurons (VMNes), six MC III neurons 

(PNes), and five MC IV neurons (MNes) was counted. Three coupling tracts were identified, 

two of which connect both optic lobes via the anterior optic commissure and one that projects 

via the posterior optic commissure (Figure 3.7; Reischig & Stengl, 2002). The two commis-

sures meet in the lateral protocerebrum of both hemispheres and enter each optic lobe via 

the lobula valley tract. In the optic lobe contralateral projections were detected in the AME, 

the anterior fiber fan with branches terminating in the proximal lamina, and in at least two 

median layers of the medulla, while precise arborizations were not characterized (Arendt et 

al., 2017; Reischig et al., 2004; Reischig & Stengl, 2002).  

One prominent coupling neuron is the largest PDFME (MC I), which does not colo-

calize any other neuroactive substance tested (Table A 4; Reischig et al., 2004). The largest 

PDFME probably connects both optic lobes via the two optic commissures and may branch 

in the lateral protocerebrum, superior medial protocerebrum, and posterior optic tubercles 

(Figure 3.5a,c; Söhler et al., 2011). Next to these projection areas to locomotor and neuro-

secretory output centers, in the optic lobe the largest PDFME appears to project via the an-

terior fiber fan to the lamina where it was suggested as part of light entrainment pathways. 

Another three MC I cells are PDF-ir, confirming PDF as important coupling factor for the 
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synchronization of both clocks (Figure 3.5a,c; Table A 4; Reischig et al., 2004). One colo-

calizes ORC, MIP, FMRFamide, and baratin immunoreactivity (Arnold, 2016; Söhler et al., 

2011). The other two neurons likely also colocalize ORC, FMRFamide, and baratin immu-

noreactivity, as concluded from single and multiple staining experiments (Söhler et al., 

2011). In contrast to the largest PDFME these neurons exhibit PDF-autoreceptors being 

inhibited by PDF application (Gestrich et al., 2018). All three project via the anterior optic 

commissure (Söhler et al., 2011). The morphological and neurochemical similarities suggest 

Figure 3.7 Three tracts originating from medulla cell groups (MC) I-IV connect the optic lobe neuropils of 

both hemispheres via the anterior (AOC) and posterior optic commissure (POC). The somata of MC I-IV are 

located near the accessory medulla (AME). Tract 3 projects via the AOC and along the upper parts of both 

vertical lobes (α). It ramifies in the superior lateral protocerebrum (SLP). Tract 4 connects the optic lobes via 

the AOC and arborizes in the SLP and superior medial protocerebrum (SMP). Tract 7 belongs to the POC and 

branches in the posterior optic tubercle (POTU). Some additional neurons with cell bodies in the pars intercer-

ebralis join the POC. All tracts exit and enter the optic lobes via the lobula valley tract. The five MC IV somata 

were not identified in this study, but described by Söhler et al. (2011). Scale bar = 200 µm (modified after 

Reischig & Stengl, 2002). 
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a functional connection of the three multipeptidergic MC I neurons, whereas the largest 

PDF-insensitive PDFME may control circuits of ipsilateral and contralateral PDF-(auto)re-

ceptive clock neurons (Gestrich et al., 2018). The remaining MC I neuron is GABA-ir, but 

more detail is not known (Table A 4; Azar Massah, Susanne Neupert, Uwe Homberg, 

Monika Stengl, unpublished). Since about as many MC II neurons as VMNes were counted 

(Tables A 1, A 4), the VMNes were assumed to be coupling neurons that project via the 

posterior optic commissure to the contralateral optic lobe where they apparently innervate 

median layers of the medulla (Reischig et al., 2004; Reischig & Stengl, 2002; Söhler et al., 

2011). This was confirmed at least for three ORC-ir MC II cells with one of them colocaliz-

ing MIP immunoreactivity (Table A 4; Hofer & Homberg, 2006a; Schendzielorz & Stengl, 

2014). In addition, one MC II neuron was GABA-ir (Table A 4; Azar Massah, Susanne 

Neupert, Uwe Homberg, Monika Stengl, unpublished). While no neurochemicals tested 

were detected in MC III cells, one MC IV neuron expressed MIP immunoreactivity (Table 

A 4; Arnold, 2016). The function of specific MC groups in clock circuits remains largely 

unknown. Electrophysiological studies identified light-sensitive VMNes and MNes (Lösel 

& Homberg, 2001). Therefore, MC II and MC IV neurons might form light entrainment 

pathways that couple both clocks.  

3.4.2 Potential M and E oscillator neurons in R. maderae 

So far, no M or E oscillator circuits were identified in the cockroach. However, a coupled 

system of two oscillators that couple either to dawn (M oscillator) or dusk (E oscillator) is 

very likely, as R. maderae needs to adjust to seasonal changes during its lifetime. Consist-

ently, the PDF pacemaker neurons divide into two ensembles with related morphology and 

sensitivity to PDF (Gestrich et al., 2018). Furthermore, although a biphasic locomotor activ-

ity pattern was only rarely observed (Schendzielorz, T., 2014; Wiedenmann, 1977a), extra-

cellular recordings of AME neurons show two peaks of electrical activity over the day (Julia 

Gestrich, Jenny A. Plath, Pablo Rojas, Monika Stengl, unpublished).  

3.4.3 Possible parallel light entrainment pathways in R. maderae 

Just as in fruitflies, light entrainment of the cockroach clock is likely achieved via parallel 

light entrainment pathways. However, once the compound eyes are covered or optic nerves 

are cut, the animals no longer entrain to presented light-dark rhythms (Roberts, 1965, 1974). 

Therefore, light input from the compound eyes to the clock is essential for entrainment. So 

far, no direct connection between compound eye photoreceptors and the AME was revealed, 
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as histaminergic short photoreceptor cells terminate in the lamina and long photoreceptor 

cells terminate in the distal medulla (Figure 3.8; Lösel & Homberg, 1999). The PDFLAs 

were previously suggested to connect short photoreceptor cells in the lamina via the anterior 

fiber fan to the AME (Gestrich et al., 2018), but the connection was not yet proven. In addi-

tion, PDF-ir fibers do not contact termination sites of long photoreceptor cells in the medulla 

(Figure 3.8). Two GABAergic tracts, the distal tract accompanying the anterior fiber fan on 

the distal surface of the medulla and the medial-layer fiber tract located in a median layer of 

the medulla are candidates for the transmission of light information from photoreceptor ter-

minals to the AME (Figure 3.8; Gestrich et al., 2018; Petri et al., 2002). However, their 

projections terminate in the medulla without reaching the lamina and no connection to long 

photoreceptor termination sites in the medulla was observed. Nevertheless, as injections of 

GABA under constant darkness conditions revealed advances of the locomotor activity at 

dawn and delays at dusk that resembled light-induced effects, GABA plays a role in light 

entrainment processes (Page, 1987; Page & Barrett, 1989; Petri et al., 2002). Additional 

candidates for a GABAergic transmission of light information are MNes, as electrophysio-

logical experiments revealed light-sensitive MNes (Figure 3.8). The group of MNes was 

demonstrated to express various neuroactive substances including 5-HT, ORC, MIP, CRZ, 

and AT, which all reproduced at least part of the light-induced phase-shifts when injected 

(Arendt et al., 2017, review: Stengl & Arendt, 2016). Thus, especially two triple-labeled 

MNes (GABA, MIP, CRZ or GABA, MIP, AT immunoreactivity) were assumed as im-

portant connection between the AME and photoreceptive structures (Figure 3.8; Table A 2; 

Arendt et al., 2017; Schendzielorz & Stengl, 2014). In addition to MNes, PDFLAs and PDF-

MEs project via the anterior fiber fan (Lösel & Homberg, 2001; Petri et al., 1995; Petri et 

al., 2002; Reischig & Stengl, 2003b; Wei et al., 2010). All three groups arborize in the prox-

imal lamina and/or the accessory laminae, which were hypothesized to receive photic input 

from the potential extraocular photoreceptive lamina organ (Fleissner et al., 2001), an elon-

gated structure between lamina and medulla (Figures 3.5c, 3.8; Petri et al., 1995). The lam-

ina organ and the lobula organ, which is located next to the AME at the edge of the lobula, 

were previously described in beetles, where neurons innervating the organs exhibit PER im-

munoreactivity indicative of a connection with the circadian system (Frisch et al., 1996). In 

the cockroach the organs were UV opsin- and CRY-ir, which supports their photoreceptive 

character for short wavelengths of light (Fleissner et al., 2001; Hofer, 2004). The presence 

of CRY itself suggests another cell autonomous light entrainment pathway. However, it re- 
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Figure 3.8 Light entrainment of the circadian clock depends on inputs from the compound eye photoreceptor 

cells in R. maderae. (a) As no direct connections between photoreceptor cells (orange arrows in left optic lobe) 

with termination sites in the lamina (LA; short) or distal medulla (ME; long) and the accessory medulla (AME; 

red oval) exist, interneurons have to transmit light information. Possible candidates are pigment-dispersing 

factor-immunoreactive (PDF-ir) neurons (green) located next to the AME and accessory laminae (ALAs; yel-

low ovals), which innervate both neuropils and project to the LA. They do not contact long photoreceptor 

termination sites. The extraocular photoreceptive lamina organ (LAO; purple) was suggested to entrain the 

clock via connections to the ALAs (orange arrows in right optic lobe). (b) Consistently, light-sensitive medial 

neurons (MNes) arborize in the ALAs (Lösel & Homberg, 2001). The MNes exhibit GABA (yellow), 5-HT, 

ORC (blue), MIP (red), CRZ (purple), and AT immunoreactivity (green), which partially colocalize in neurons. 

A role of these neurochemicals in light entrainment processes was previously confirmed (review: Stengl & 

Arendt, 2016). The GABA-ir distal tract (DT) and medial-layer fiber tract (MLFT) were suggested to provide 

ipsilateral light input from the ME, while contralateral projecting ventral neurons (VNes) and ventromedial 

neurons (VMNes) could couple both AMEs to light-dark rhythms. The extraocular photoreceptive lobula organ 

adjacent to the AME is not shown, but is related to the LAO and might entrain the clock via connections to the 

AME (modified after Helfrich-Förster, 2019 [a] and Schendzielorz & Stengl, 2014 [b]). 
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mains unknown if clock neurons express the light-sensitive CRY1 as shown in D. melano-

gaster because cockroaches with cut optic nerves were not able to entrain to light-dark cycles 

(Koziarek, 2016). In addition, this confirmed that the ocelli were not able to entrain the clock 

to rhythmic light (Nishiitsutsuji-Uwo & Pittendrigh, 1968; Roberts, 1965). Contralateral 

light-sensitive MC II cells with arbors in the median medulla were suggested to transmit 

light information between the two clock networks and potentially signal via GABA, ORC, 

and MIP (Table A 4; Lösel & Homberg, 2001; review: Stengl & Arendt, 2016). 

3.5 Neuropeptides modulate circadian in- and outputs 

Most physiological and behavioral processes are connected to a specific time of the day. For 

instance, in cockroaches several developmental mechanisms are timed and cockroaches mate 

or feed around dusk during their most active phase (Lauprasert et al., 2006; Lipton & 

Sutherland, 1970; Lukat, 1978; Richter, 2001; Rymer et al., 2007; Silverman, 1986; 

Wiedenmann et al., 1986). Such processes are controlled by a variety of neuropeptides, func-

tioning as neurohormones to coordinate outputs of the clock. Details about the pathways are 

not known but compared to neurotransmitters that transmit information mainly via short 

ranges at synapses, neuropeptides are stored and transported in vesicles and their release is 

timed at various neuronal sites (review: Merighi, 2018). Volume transmission then allows 

the modulation of whole ensembles of receptive neurons in the surrounding (Agnati et al., 

1995; reviews: Nässel, 2018; Nässel & Winther, 2010). To adjust to external conditions but 

also changes in the inner state animals need to balance and readjust their physiology and 

behavior all the time. While PDF is almost exclusively associated with circadian processes, 

pleiotropic functions were described for other neuropeptides present in clock neurons (re-

view: Nässel & Zandawala, 2019). 

3.5.1 The coordination of mating and feeding behavior involves MIPs 

Characterized by two tryptophan residues that frame about six variable amino acids MIPs 

were identified in different insects (review: Williams, 2020). In R. maderae the peptide fam-

ily of MIPs consists of nine amidated peptides of 9-12 amino acids length (Schulze et al., 

2012; Susanne Neupert, Achim Werckenthin, Julia Schendzielorz, Monika Stengl, un-

published). Immunocytochemical analysis localized MIP throughout the cockroach brain 

(Schulze et al., 2012). Next to the role in circadian circuits MIPs were suggested as part of 

networks, which control locomotion, neurosecretion, chemosensation, and general metabo-
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lism. Consistently, MIP-1 and MIP-2 were demonstrated to shift locomotor activity depend-

ent on the circadian time (Chapter 3.4; Schendzielorz & Stengl, 2014; Schulze et al., 2013). 

Also, MIP signaling was described as part of sleep-stabilizing pathways in D. melanogaster 

(Oh et al., 2014). In several insects MIPs are involved in the regulation of ecdysis by inter-

fering with juvenile hormone or ecdysteroid synthesis (Hua et al., 1999; Lorenz et al., 1995; 

Lorenz et al., 1997; Lorenz et al., 1999; Lorenz et al., 2000). As those hormones are synthe-

sized in the corpora allata MIP-dependent effects were suggested to be controlled by neuro-

secretory cells in the pars intercerebralis and pars lateralis, which arborize in the corpora 

cardiaca and corpora allata via the nervi corporis cardiaci (I and II) also in the cockroach 

(Schulze et al., 2012). One crucial behavior for the survival of the species is mating. With 

changing priorities from finding a mating partner to birthing the offspring the behavior in 

females is strongly adjusted. In D. melanogaster characteristic post-mating behaviors are 

initiated by the sexpeptide, which is transferred with the seminal fluid into the female repro-

ductive tract during copulation (Chen et al., 1988; Liu & Kubli, 2003). MIPs are ancestral 

ligands of the sexpeptide receptor in D. melanogaster (Kim et al., 2010; Poels et al., 2010; 

Yapici et al., 2008). There, a role of MIPs in mating processes was confirmed, as MIPs 

increased sexual receptivity, thus antagonizing the sexpeptide-dependent effect (Jang et al., 

2017; Terhzaz et al., 2007). This mating-promoting function of MIPs was linked to a role as 

switch between mating and feeding behavior in certain neurons located in the pars intercer-

ebralis (Martelli et al., 2017; Min et al., 2016; Terhzaz et al., 2007). The abundant occurrence 

of MIP immunoreactivity in fibers innervating the olfactory and gustatory lobe of R. 

maderae further supported MIPs to modulate feeding processes (Schulze et al., 2012). In-

deed, MIP-dependent increases in the sensitivity of olfactory and gustatory sensory neurons 

changes food preferences of female fruitflies after mating (Hussain et al., 2016). Further-

more, the characteristic myoinhibitory function on gut or oviduct muscles was observed in 

various insects (Aguilar et al., 2006; Blackburn et al., 1995; Blackburn et al., 2001; Lange 

et al., 2012; Lubawy et al., 2020; Predel et al., 2001; Schoofs et al., 1991; Urbański et al., 

2019; review: Williams, 2020). Thus, MIPs likely function in different networks associated 

with mating and feeding behavior. Only little is known about the functions of MIPs in R. 

maderae and connections between the circadian system and output centers were not yet iden-

tified. 
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3.5.2 Water reabsorption is regulated by ITP 

Nothing is known about ITP in the cockroach. However, an important role in E oscillator 

circuits of the circadian clock that control locomotor activity in the evening was determined 

in D. melanogaster (Chapter 3.3.1; Grima et al., 2004; Johard et al., 2009; Rieger et al., 

2006; Stoleru et al., 2004). This large neuropeptide consisting of about 80 amino acids is 

related to the crustacean hyperglycemic hormone (CHH) that is involved in various pro-

cesses such as ecdysis (review: Chung et al., 2010). In insects ITP also regulates develop-

ment by initiating water reabsorption, thus acting as antidiuretic hormone (Audsley et al., 

1992; Sun et al., 2020). Furthermore, next to the ITP-dependent inhibition of water excretion 

as reaction to dehydration, ITP increases thirst and decreases food intake in D. melanogaster 

(Gáliková et al., 2018). Water uptake is regulated by neurosecretory cells of the retrocerebral 

complex (Gáliková et al., 2018). In addition to the identification in circadian circuits, in the 

brain ITP was detected in neurosecretory cells with projections via the nervi corporis cardiaci 

(I and II) to the corpora cardiaca and corpora allata (Dai et al., 2007; Dircksen et al., 2008; 

Drexler et al., 2007; Meredith et al., 1996). Furthermore, ITP was identified in peripheral 

tissues. Different splicing forms of short and long ITP were described in some species with 

short ITP being predominantly expressed in the retrocerebral complex, while long ITP was 

detected mostly in peripheral tissues (review: Dircksen, 2009). Their functional distinction 

is still discussed. 

3.5.3  Most neuropeptides signal via G protein coupled receptors 

While many studies focused on the distribution and function of neuropeptides in different 

tissues for a long time, their receptors have only partially been identified and localized in 

recent years in mammals as well as insects (reviews: Bendena et al., 2012; Laschet et al., 

2018). The signal transduction cascade of most neuropeptides involves seven transmem-

brane receptors that intracellularly couple to heterotrimeric G proteins (Figure 3.9; review: 

Pierce et al., 2002). Dependent on the type of G protein α-subunit (Gα) upon extracellular 

binding of the ligand the G protein subunits dissociate, and bind to effector proteins, thereby 

changing second messenger levels, which themselves regulate ion channels or enzymes such 

as protein kinases (review: Simon et al., 1991). Regardless of the pathway the activity of the 

cell and, thereby, signaling rates are modulated. Four main types of Gα-subunits were de-

scribed, three of which were previously related to neuropeptide signaling (review: Neves et 

al., 2002). The Gαs-subunit activates the adenylyl cyclase increasing cyclic adenosine mono-
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phosphate (cAMP) levels. This second messenger directly opens ion channels located in the 

plasma membrane or increases protein kinase A (PKA) activity (Figure 3.9a). The PKA-

dependent phosphorylations modulate different processes such as influx of cations via PKA-

dependent ion channels or PKA-dependent transcription factors in the nucleus. The Gαi/o-

subunit inhibits the adenylyl cyclase, thereby decreasing cAMP levels in the cell (Figure 

3.9b). The Gαq-subunit increases calcium influx by stimulating the phospholipase Cβ, which 

then accumulates the second messengers inositol trisphosphate (IP3) and diacylglycerol 

Figure 3.9 Signal transduction cascades including the stimulatory G protein α-subunit (Gαs) or Gαq increase 

the activity of the cell, while the inhibitory Gαi/o-subunit decreases the activity of the cell. Upon extracellular 

binding of the ligand the receptor changes its conformation, thereby activating the G protein (light magenta). 

The α-subunit dissociates and binds to its effector protein changing second messenger (dark magenta) levels.

(a) Gαs activates the adenylyl cyclase (AC), which converts ATP into cyclic adenosine monophosphate 

(cAMP). Cation channels in the plasma membrane open cAMP-dependently and cAMP activates the protein 

kinase A (PKA). The PKA phosphorylates calcium channels, which leads to further accumulation of cations 

(blue). In the nucleus, it activates the transcription factor cAMP-response element binding protein (CREB). (b) 

Gαi/o inhibits the AC, thereby decreasing cAMP levels and cAMP-dependent effects. (c) Gαq activates the 

phospholipase Cβ (PLCβ) that cleaves phosphatidylinositol (4,5)-bisphosphate (PIP2) into inositol trisphos-

phate (IP3) and diacylglycerol (DAG). Calcium levels increase as IP3-dependent calcium channels release ions 

from the endoplasmatic reticulum into the cytoplasm. Rising calcium levels and DAG activate the protein 

kinase C (PKC), which phosphorylates calcium channels in the plasma membrane and further increases cal-

cium influx (designed after Sadava et al., 2019). 
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(DAG; Figure 3.9c). Subsequently, the release of intracellular calcium is triggered by IP3 

and DAG activates the calcium-dependent protein kinase C, which leads to further modula-

tion of calcium channel activity in the plasma membrane. In addition to G protein-coupled 

receptors few peptide-gated ion channels were described that allow a quicker but less sensi-

tive signal transduction (Cottrell, 1997; Golubovic et al., 2007; Lingueglia et al., 1995; 

Schmidt et al., 2018). 

3.6 Aim of this study 

In this work I addressed input and output pathways of the cockroach circadian clock in three 

parts. The work focused on the role of MIPs, a neuropeptide family with pleiotropic func-

tions including circadian processes, and ITP, which was not yet investigated in R. maderae 

but is an important modulator in the circadian oscillator network of D. melanogaster. 

First, I characterized light entrainment pathways more precisely. While termination 

sites of compound eye photoreceptor cells and the distribution of candidate neuropeptides 

(PDF, ORC, MIP, FMRFamide, CRZ, AT) and neurotransmitters (ACh, GABA, 5-HT) in-

volved in light entrainment in the optic lobe were previously described, connections between 

sensory neurons and circadian pacemaker cells are unknown. As PDF-expressing clock neu-

rons were recently proposed to provide at least two separate oscillator ensembles, I searched 

for parallel light input pathways to PDFMEs by combining multiple-label immunocyto-

chemistry, histochemistry, and backfill studies. The compound eyes are not the only known 

sensory structure for photic entrainment. Therefore, potential input pathways from extraoc-

ular photoreceptive organs were also investigated. As the distribution of ITP in the cock-

roach was examined for the first time, arborization patterns of ITP-expressing neurons in the 

whole brain were analyzed to identify target sites of clock cells. 

Following the neuroanatomical analysis, the involvement of MIPs and ITP in entrain-

ment of the clock was characterized on the behavioral level. As MIP-1- or MIP-2-injections 

were demonstrated to differently affect the phase of locomotor activity during free-running 

conditions, further MIPs were injected and activity was monitored in running wheels to de-

termine the diversity of MIP functions in entrainment processes. The abundance of neuroac-

tive substances even within single cells of the circadian network suggests complex interac-

tions between cell ensembles that are recruited and synchronized by different substances. At 

least two clock neurons colocalize MIP and ORC-immunoreactivity and MIP-1 and ORC-2 

mono- (MIP-1) or biphasically (ORC-2) shifted locomotor activity rhythms. Therefore, with 
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injection experiments of MIP-1 and ORC-2 together the occurrence of time-dependent syn-

ergistic or antagonistic phase-shifting effects was analyzed to improve the understanding of 

neuropeptide-dependent network connectivity. This connectivity is not solely shaped by the 

spatially timed release of the neuroactive substances but equally depends on the localization 

and amount of their receptors in the network. Thus, the dependency of entrainment functions 

of MIPs on a putative MIP receptor was investigated in knockdown experiments. At the 

same time, I wanted to deorphanize the receptor and reveal the MIP-dependent signaling 

cascade by combining heterologous expression of the putative MIP receptor in human em-

bryonic kidney (HEK293T) cells with measurements of cAMP levels in a bioluminescence 

resonance energy transfer (BRET2) assay. Completing this second part of the work, with 

knockdown experiments I searched for candidate neuropeptides that compensate the lack of 

PDF in oscillator networks, as the cockroach rhythmic behavior does not collapse, if PDF 

signaling is impaired, although PDF-ir neurons were previously associated with rhythmicity. 

 In the last part physiological and behavioral processes that are suggested to be regu-

lated by MIPs or ITP were targeted to identify unknown output circuits of MIP- and ITP-

expressing clock neurons. MIPs were previously demonstrated to participate in growth and 

mating mechanisms in other insects, processes that are timed in a daily manner to some 

degree. Growth was investigated via measurements of body weight and size. As reproduction 

naturally underlies a strong sexual dimorphism that predominantly influences the female 

behavior on the long term, I searched for sex-specific MIP-dependent effects, thereby focus-

ing on mating behavior. As ITP is involved in the control of neurosecretory processes in 

insects, its occurrence in the retrocerebral complex was analyzed.  
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4 Material and methods 

4.1 Animals 

Cockroaches were reared in colonies of about 1000 individuals of all stages in boxes 

equipped with wood shavings (rodent litter) and cartons. Room temperature (RT) was con-

stantly kept at 25 °C and relative humidity at 50%. The animals had access to dried dog food 

and water ad libitum and were fed with fresh potatoes and carrots in addition. Light was 

applied in 12:12 h LD cycles. When entering the colony room in the dark phase only dark 

red light was used as light source, as R. maderae does not entrain to red light (Wiedenmann, 

1984) and cockroaches studied so far do not have red light receptors (Koehler et al., 1987; 

Mote & Goldsmith, 1970). 

4.2 Histochemical techniques 

4.2.1 Enzyme-mediated acetylcholinesterase (AChE) histochemistry 

The thiocholine method of Karnovsky and Roots (1964) modified by Tago, Kimura, and 

Maeda (1986) and described by Homberg, Hoskins, and Hildebrand (1995) was performed 

to detect AChE. Cockroaches were cold anesthetized and decapitated. Brains were dissected 

in animal-specific saline (Figure 4.1; 0.128 M NaCl, 0.0027 M KCl, 0.002 M CaCl2, 

0.0012 M NaHCO3, pH 7.25) and fixed for 2-4 h at RT or overnight at 4 °C in 4% formal-

dehyde (FA) in 0.1 M sodium phosphate buffer (PBS; Roti-Histofix, pH 7.0; Carl Roth 

GmbH, Karlsruhe, Germany) if not stated otherwise. After fixation, the brains were briefly 

rinsed in sodium phosphate buffer (NAPI; 0.019 M NaH2PO4xH2O, 

0.0788 M Na2HPO4xH2O, pH 7.4), embedded in gelatin/albumin (4.8% gelatin, 20% oval-

bumin), and postfixed overnight at 4 °C in 10% FA in NAPI. Brains were sectioned with a 

vibrating blade microtome (VT 1000; Leica, Wetzlar, Germany) at a thickness of 40 µm. 

Following incubations and rinsing of sections were performed on a shaker at RT. Free-float-

ing sections were incubated for 30 min in Karnovsky-Roots medium (100 µM sodium cit-

rate, 60 µM copper sulfate, 36 µM acetylthiocholine iodide, 10 µM potassium ferricyanide, 

and 30 µM tetraisopropyl pyrophosphoramide) in maleate buffer (0.1 M maleic acid, pH 7.6) 

containing 0.5% Triton X-100 (TrX). After the incubation, sections were rinsed 6 x 10 min 

with 0.05 M Tris-HCl (pH 7.6). Next, 0.04% 3,3'-diaminobenzidine tetrahydrochlo-

ride (DAB) and 0.3% nickel(II)sulfate-hexahydrate in Tris-HCl were incubated for 5 min 

followed by 0.003% hydrogen peroxide application. Sections were incubated for up to 
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30 min and finally rinsed with Tris-HCl for at least 3 x 5 min. Further procedure 

corresponded to immunofluorescence staining.  

4.2.2 Immunofluorescence staining 

AChE histochemistry was always combined with single/ double immunofluorescence, or 

antibodies against synapsin (DSHB Cat# 3C11 [anti SYNORF1], RRID:AB_528479), 

horseradish peroxidase (HRP; Sigma-Aldrich by Merck, Darmstadt, Germany; Cat# P7899, 

RRID:AB_261181), histamine (Millipore Cat# AB5885, RRID:AB_177540), pigment-dis-

persing factor (PDF; DSHB Cat# PDF C7, RRID:AB_760350), corazonin (CRZ; J.A. 

Veenstra, University of Bordeaux 1, Bordeaux, France, Cat# anti-corazonin, 

RRID:AB_2532101), y-aminobutyric acid (GABA; Sigma-Aldrich Cat# A2052, 

RRID:AB_477652), serotonin (5-HT; Sigma-Aldrich Cat# S5545, RRID:AB_477522), or-

cokinin (ORC; H. Dircksen, University of Bonn, Bonn, Germany, Cat# orcokinin, 

RRID:AB_2315017), myoinhibitory peptide (MIP; M. Eckert, University of Jena, Jena, Ger-

many, Cat# MIP [myoinhibitory peptide], RRID:AB_2314803), FMRFamide (E. Marder, 

Brandeis University, Waltham, MA, Cat# FMRF, RRID:AB_2314414), or allatotropin (AT; 

J.A. Veenstra, University of Bordeaux 1, Bordeaux, France, Cat# AT [allatotropin], 

RRID:AB_2313973) were applied without AChE histochemistry (Table A 5). (Arnold et 

al., 2020) The application of anti-crustacean hyperglycemic hormone (CHH; H. Dircksen) 

antiserum was never combined with AChE histochemistry (Table A 5). As this antiserum 

was previously demonstrated to label the closely related insect ion transport peptide (ITP; 

Dircksen et al., 2008), it is named anti-CHH/ITP antiserum. Usually dissection, fixation, and 

Figure 4.1 For dissection of the cockroach brain, the head capsule was opened and tracheae as well as fatty 

tissue were removed. (a) A window (dashed line) was cut into the head capsule without damaging the com-

pound eyes (CE). (b) Tracheae and fatty tissue on top of the brain (arrowhead) were carefully removed. (c) 

The brain including one optic lobe (dotted line) and antennal lobe (dotted oval) per hemisphere was then ex-

posed. To remove the brain from the head capsule, the optic nerves, antennal nerves (AN) and esophageal 

connectives were cut. Scale bars = 1 mm. 
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slicing steps were carried out as explained for AChE histochemistry. Only samples with 

antiserum against histamine were fixed in 4% N-(3-dimethylaminopropyl)-N’-ethylcar-

bodiimide (EDAC, Sigma-Aldrich, Munich, Germany) diluted in PBS for 3-4 h on ice with 

or without one additional hour in 4% FA. Samples with antiserum against GABA were fixed 

in 4% FA plus 0.1% glutaraldehyde in PBS for 2-4 h and samples with antiserum against 

CHH/ITP were fixed in 4% paraformaldehyde (PFA) in PBS for 2 h or in 4% FA in PBS for 

only 1-1.5 h. After slicing or - if AChE histochemistry was performed - after the DAB reac-

tion and Tris-HCl washing steps took place, sections were rinsed 3 x 10 min with saline 

substituted Tris-buffer (SST; 0.016 M Tris base, 0.084 M Tris-HCl, 0.3 M NaCl, pH 7.4) 

containing 0.1% TrX. Afterwards, 5% normal goat serum (NGS) in SST 0.5% TrX was pre-

incubated for 1.5-2 h to block non-specific binding sites. Sections were then incubated with 

one or two primary antisera raised in different species (Table A 5), diluted in SST 0.5% TrX 

with 1-2% NGS overnight. The following day, sections were washed 3x with SST 0.1% TrX 

and then incubated with secondary antibodies at working dilutions of 1:100 goat anti-mouse 

(GaM) Alexa 647 or 1:300 GaM Cy2/goat anti rabbit (GaR) Cy2/ Cy3 (Dianova, Hamburg, 

Germany) in SST 0.5% TrX with 1% NGS for 1-2 h in a dark place. (Arnold et al., 2020) 

For samples labeled with anti-CHH/ITP antiserum dilutions of 1:300 or 1:1000 for all sec-

ondary antibodies were applied. In addition, in some specimen the nuclear marker DAPI was 

added at a dilution of 1:1000. Subsequently, sections were washed 3 x 10 min with SST 

0.1% TrX, mounted on chromalaun/gelatin-coated microscope slides, dehydrated, and em-

bedded in Entellan (Merck).  

For double immunostaining with primary antibodies raised in the same host species, 

monovalent Fab fragments of secondary antibodies were employed (Figure 4.2). The first 

primary antibody was applied in 1-2 % NGS for overnight at RT (Table A 5). After washing 

3 x 10 min with SST 0.1% TrX, GaR-Fab fragment labeled with Cy3 or Alexa 647 (Dia-

nova) at a concentration of 1:100 in 1% NGS was added for 3 h to detect the first primary 

antibody. Subsequently, unconjugated GaR-Fab fragment (Dianova) was applied at the same 

dilution in 1% NGS for one additional hour to mask remaining binding sites on the first 

primary antibody. Afterward, sections were rinsed 3 x 10 min with SST 0.1% TrX. The sec-

ond primary antibody was then applied overnight in 1% NGS (Table A 5). After repetition 

of washing steps, sections were incubated with Cy2-conjugated GaR-Fab fragment (Dia-

nova) at a dilution of 1:300 for 2 h. The rest of the procedure was done as described above. 

(Arnold et al., 2020) 
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Whole mounts of the brain or retrocerebral complex, including the corpora cardiaca 

and corpora allata, were treated with anti-CHH/ITP antiserum. First, the tissue was fixed in 

the opened head capsule by application of 4% PFA in PBS for 2 h. Afterwards the brain, 

corpora cardiaca, and corpora allata were removed from the head capsule, briefly rinsed in 

Tris-buffered saline (TBS; 0.025 M Tris base, 0.15 M NaCl, 0.002 M KCl, pH 7.4) and 

washed 4 x 30 min. Subsequently, the tissue surface was digested with 1 mg/ml colla-

genase/dispase (Roche, Mannheim, Germany) applied for 15 min at 37 °C in TBS to im-

prove penetration of antibodies. After briefly rinsing the samples with TBS 0.3% TrX and 

washing another 4 x 30 min with TBS 0.3% TrX, samples were preincubated in TBS 

0.3% TrX with 5% NGS and 0.02% sodium azide for two days at 4 °C. Primary antisera 

were then incubated in TBS 0.3% TrX with 2% NGS and 0.02% sodium azide for five days 

at 4 °C (Table A 5). Samples were rinsed briefly and washed 4 x 20 min in TBS 0.3% TrX. 

Next, the secondary antiserum of 1:500 GaM Alexa647 and 1:500 GaR Cy2 were applied in 

TBS 0.3% TrX with 1% NGS and 0.02% sodium azide for three days followed by another 

washing step (4 x 20 min). Finally, the samples were briefly rinsed in TBS, dehydrated, and 

embedded in Permount (Fisher Scientific by Thermo Fisher Scientific).  

Figure 4.2 For labeling of two different antigens (1,2; yellow) with primary antibodies (gray) raised in the 

same species, monovalent Fab fragments were used. For this, the primary antibodies were marked one by one 

with secondary antibodies. (a) If the first primary antibody (dark gray) against antigen 1 was incubated with 

dye-labeled standard immunoglobulins G (IgGs) as secondary antibody (blue), the second primary antibody 

(light gray) would bind to antigen 2, but also to free binding sites of these IgGs. Finally, the incubation with 

secondary antibody marked with another dye (magenta) would not just label the second primary antibody 

bound to antigen 2 as intended, but also the one connected to antigen 1. (b) To specifically mark each antigen 

with one dye, dye-labeled Fab fragments were applied as secondary antibodies. After incubation with the first 

primary and secondary antibody, remaining binding sites were masked using unconjugated Fab fragments. 

Therefore, the second Fab fragment only bound to the second primary antibody. 
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Potential colocalizations of signals were evaluated in each slice, stack, and/or section. 

Most figures were depicted as maximum projections of 40 µm sections or whole mounts to 

show representing amounts of focused areas. Whole mounts of brains were visualized by 

summing up pixel intensities of slices and scaling the brightness relative to the highest value 

of the image. For whole mount samples, the stack thickness was individually selected. 

4.2.3 Enzyme-mediated anti-CHH/ITP immunohistochemistry 

Single staining of brains, corpora cardiaca, and corpora allata with the anti-CHH/ITP anti-

serum were performed via enzymatic reactions. For this, the tissue was dissected, fixed, and 

sliced as described above. After washing, the preincubation was done in SST 0.5% TrX with 

5% NGS, 2% bovine serum albumin (BSA), and 0.3% hydrogen peroxide for 1.5-2 h. Hy-

drogen peroxide was used to block endogenous peroxidases. Afterwards, the primary anti-

body was applied in SST 0.5% TrX with 2% BSA and incubated overnight (Table A 5). 

Samples were rinsed 3 x 10 min with SST 0.1% TrX. As secondary antibody, 1:50 HRP-

coupled GaR (Dianova) was added in SST 0.5% TrX with 2% BSA for 2 h followed by an-

other washing step (3 x 10 min). The enzymatic reaction was started by application of 

0.55 M Tris-HCl (pH 7.6) with 0.03% DAB, 3% nickel(II)sulfate-hexahydrate, and 3% hy-

drogen peroxide. The HRP oxidized DAB, which resulted in a brown precipitate. After 3-

5 min the reaction was stopped by briefly rinsing the samples with Tris-HCl and washing 

3 x 10 min. The following steps were performed as described for immunofluorescence stain-

ing.  

4.2.4 Antibody characterization 

The specificity of AChE histochemistry was tested and described by Schendzielorz (2013). 

In brief, 30 µM tetraisopropyl pyrophosphoramide in the Karnovsky-Roots medium inhib-

ited nonspecific cholinesterases. In controls, acetylthiocoline iodide was skipped in the me-

dium and no staining was observed. In additional control experiments when 10-5 M AChE 

inhibitor 1,5-bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51) 

was added to the medium, specific staining was almost completely abolished. Residual nu-

clei labeling in cell nuclei apparently resulted from intrinsic peroxidase activity as previously 

reported for Manduca sexta (Homberg et al., 1995). The specificity of anti-synapsin antise-

rum was tested in Drosophila (Klagges et al., 1996) and it was previously used in various 

insect species (Gaburro et al., 2018; Groh & Rössler, 2011; Heinze et al., 2013; Missbach et 
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al., 2011; Phillips-Portillo, 2012; Zhao et al., 2013), while specificity of anti-HRP, -hista-

mine, -PDF, -CRZ, -GABA, -5-HT, -ORC, -MIP, -FMRFamide, and -AT antibodies on brain 

sections of R. maderae were demonstrated in previous publications (Arendt et al., 2017; 

Giese et al., 2018; Hofer et al., 2005; Lösel et al., 2006; Schendzielorz & Stengl, 2014; 

Schulze et al., 2012; Söhler et al., 2008). Except for anti-HRP and anti-CHH/ITP antiserum 

liquid-phase preadsorption of these antisera with different concentrations of synthetic neu-

rotransmitters or -peptides was performed to determine whether applied antibodies bind to 

their corresponding antigen in R. maderae. (Arnold et al., 2020) The anti-CHH/ITP antise-

rum was raised against the sinus gland CHH of Orconectes limosus and the specificity was 

tested in O. limosus, D. melanogaster, and Locusta migratoria by preabsorbing the antise-

rum with purified CHH (Dircksen et al., 2008; Dircksen & Heyn, 1998; Kummer, 1993). 

Furthermore, western blot analysis of D. melanogaster and L. migratoria tissue identified 

peptides of the expected size (Dircksen et al., 2008; Dircksen & Heyn, 1998). Different con-

centrations were tested on R. maderae brain, corpora cardiaca, and corpora allata samples, 

revealing best results at a dilution of 1:1000. 

4.2.5 Backfill experiments 

For neurobiotin (Vector Laboratories, Burlingame, CA) backfill experiments, the animal 

was first anesthetized in ice water and then fixed on a wax petri dish. A constant CO2 inflow 

kept the animal stunned during the experiment. To expose the optic lobe, a rectangle on one 

side of the head capsule was excised and tracheae as well as fatty tissue were carefully re-

moved. Insect saline was used during the experiment to prevent drying. In the next step, 

either one optic nerve or the optic stalk was cut through with a precision shear. A glass 

capillary filled with a drop of neurobiotin was slipped over the severed optic nerve (0.07% 

neurobiotin) or the optic stalk (5%), respectively, and fixed with modeling clay. Finally, the 

animal was placed in a humidity box for almost 24 h at 4 °C to allow intracellular transport 

of the tracer. The next day, the brain was removed from the head capsule and processed for 

(immuno-) histochemistry. To label the neurobiotin, an optimum dilution of dye-coupled 

streptavidin with 1:100 for Cy2 and 1:300 for Alexa 405 (Dianova) was added in the incu-

bation step of secondary antibodies.  

4.2.6 Imaging 

The evaluation of AChE histochemistry was carried out with the transmission mode of the 

confocal laser scanning microscope (CLSM; TCS SP5, Leica). All preparations labeled with 
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fluorescence dyes were scanned with the confocal fluorescence mode. If AChE histochem-

istry was performed on the same section, transmission and fluorescence channels were 

scanned together. Preparations were scanned with a Leica HCX PL apochromate 20x/0.7 

multi-immersion, HCX APO L U-V-I 20x/0.5 water (used for whole mounts), or 63x/1.20 

water objective. Step size was 0.13-1.14 μm in z-direction, and the resolution was 

1,024 x 1,024 or 2,048 x 2,048 pixels. With a UV-laser Alexa 405 dye was excited at 

405 nm, an argon laser-line excited Cy2 at 488 nm, and two HeNe lasers excited Cy3 at 

543 nm or Alexa 647 at 647 nm, respectively. Emission was detected with photomultipliers 

in the range of 425-465 nm for Alexa 405, 500-540 nm for Cy2, 550-590 nm for Cy3, and 

650-690 nm for Alexa 647. To avoid false-positive results, sequential scans were performed 

due to the overlapping emission spectra of some fluorophores. Analysis and editing of stacks 

was done using the ImageJ distribution Fiji (1.52p; http://fiji.sc/wiki/index.php/Fiji). 

(Arnold et al., 2020) All sections and whole mount samples were imaged as maximum pro-

jection. Brightness and contrast were adjusted. Photos of the dissection of the brain and fe-

male reproductive system were taken with a Leica MC170 HD camera system applied to a 

conventional light microscope (S6 D; Leica) at 0.63-4x magnification. Enzyme-mediated 

staining of CHH/ITP immunolabeled samples was photographed with a conventional light 

microscope (Axio Scope.A1; Carl Zeiss Microimaging GmbH, Göttingen, Germany) 

equipped with a Jenoptik ProgRes C5 camera (Jena, Germany) and 10x/0.25 A-Plan, 20x/0.5 

EC-Plan-NEOFLUAR, and 40x/0.75 EC-Plan-NEOFLUAR objectives. Image editing was 

performed with GIMP (2.10.18; https://www.gimp.org/). For creation of figures Inkscape 

(0.48.4) software was used (https://inkscape.org/de/release/inkscape-0.48.4/). 

4.3 Molecular techniques 

4.3.1 Transcriptome analyses 

Transcriptomes from R. maderae brain tissues or pooled brain, antennea, and malpighian 

tubules tissues were used to identify the mip precursor (mip-pre), itp precursor (itp-pre), pdf 

precursor (pdf-pre), and putative mip receptor (mip-r) mRNA sequence. Sequence align-

ments and comparisons with sequence databases were performed with the BLAST program 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). For visualization of alignments the software 

Jalview (2.10.1) was used. 
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4.3.2 Cloning of target genes 

For RNAi and bioluminescence resonance energy transfer (BRET2) experiments target gene 

complementary DNA (cDNA) sequences were ligated into vectors and cloned. To synthesize 

such vectors, R. maderae RNA was extracted from whole brain samples and cDNA was 

transcribed. The respective target sequence was amplified, then ligated into the vector and 

transformed into Escherichia coli bacterial cells for cloning. Afterwards, vector DNA was 

isolated from bacterial cells and purified for further use. For RNAi experiments, in addition 

to target gene sequences (mip-pre, itp-pre, pdf-pre, mip-r) the gene sequence of green fluo-

rescent protein (gfp) was cloned as control sequence because gfp is not present in the genome 

of R. maderae. For BRET2 experiments the receptor sequences (mip-r and pdf receptor [pdf-

r]) were ligated into a specific vector. 

4.3.2.1 RNA extraction 

Brain dissection 

To extract RNA from brain tissue, first, a 1.5 ml nuclease-free tube was prepared. A small 

hole was made into the top of the tube, to prevent evaporating liquid nitrogen opening the 

lid. Male cockroaches were cold anesthetized and decapitated. The head capsule was quickly 

opened without damaging the compound eyes (Figure 4.1). Tracheae and fatty tissue were 

removed to access optic nerves, antennal nerves, and esophageal connectives. These nerves 

were cut with a precision shear and the brain was transferred into the prepared tube. The tube 

was flash frozen in liquid nitrogen to reduce degradation of RNA. A total of ten brains was 

dissected and distributed into two tubes. After preparation, samples were stored at -80 °C. 

Purification of RNA 

For the RNA purification the NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany) was 

used. Buffers were provided in the kit and named in accordance with the manual. All steps 

were performed at RT. First, 3.5 µl mercaptoethanol were diluted in 350 µl RA1 buffer. 

Next, 200 µl of the solution were transferred to the brain sample, to stop RNase activity and 

start cell lysis. The tissue was mechanically homogenized with an electrical pestle. Buffer 

RA1 was again added to a total volume of 350 µl and the solution was brought up and down 

(10 x) with a 1 ml syringe equipped with a cannula (Gauge 23; Sterican by B. Braun, Mel-

sungen, Germany) to further homogenize the tissue. To remove cell membrane residues, the 

lysate was transferred to a NucleoSpin Filter (violet ring) placed in a 2 ml collection tube 



56 MATERIAL AND METHODS 

 

and centrifuged for 1 min (11,000 x g). To adjust RNA binding conditions, the filter was 

discarded and 350 µl of 70% ethanol were added to the flow through. The solution was pi-

petted up and down (5 x) and transferred to the NucleoSpin RNA Column (blue ring), which 

was placed into a collection tube. During 30 s of centrifugation (11,000 x g) the RNA was 

bound to the silica membrane in the column. The column was then placed into another col-

lection tube and 350 µl of Membrane Desalting Buffer were added to desalt the silica mem-

brane. While the column and tube were centrifuged for 1 min (11,000 x g), 10 µl rDNase 

were diluted in 90 µl Reaction Buffer for rDNase. After centrifugation, 95 µl of the mixture 

were added to the column and incubated for 15 min to digest DNA. Next, 200 µl of RAW2 

Buffer were added to stop the rDNase activity, followed by a 30 s centrifugation step 

(11,000 x g). The column was then placed into a new collection tube and the silica membrane 

was washed with 600 µl RA3 Buffer (containing 80% ethanol) by 30 s of centrifugation 

(11,000 x g). The flow through was discarded and washing was repeated by adding 250 µl 

of RA3 Buffer, followed by 2 min of centrifugation (11,000 x g). After the flow through was 

discarded, centrifugation was repeated to completely dry the silica membrane. Finally, the 

column was transferred into a 1.5 ml nuclease-free tube and RNA was eluted in 60 µl nucle-

ase-free water by centrifuging for 1 min (10,000 x g). The amount of RNA was then deter-

mined with a NanoDrop 1000 Spectrophotometer (Thermo Scientific by Thermo Fisher Sci-

entific, Schwerte, Germany) using the software NanoDrop 1000 (3.8.1). The elution was 

stored at -80 °C. 

4.3.2.2 Synthesis of cDNA 

To transcribe cDNA of random fragments of mRNA, the extracted RNA was incubated with 

reverse transcriptase and random hexamer primers. For this, the RevertAid RT Kit (Thermo 

Scientific) was used. The amount of nuclease-free water needed for a total volume of 20 µl 

was calculated and pipetted into a 0.2 ml nuclease-free tube. Pipetting was performed on ice. 

Next, 0.1 ng to 5 µg extracted RNA, 1 µl random hexamer primer (0.0001 M), 4 µl of 5 x re-

action buffer, 1 µl RiboLock RNase Inhibitor (20 U/µl), and 2 µl dNTPs (0.01 M of dATP, 

dGTP, dCTP, dTTP each) were added and mixed. Finally, 1 µl of the reverse transcriptase 

(RevertAid RT; 200 U/µl) was carefully mixed into the solution. Afterwards, the tube was 

placed into the thermocycler and incubated at 25 °C for 5 min to reach optimum conditions 

for the primers. The reverse transcriptase activity was then increased by incubation at 42 °C 

for 60 min followed by the inactivation at 70 °C for 5 min. The cDNA was stored at -20 °C. 
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4.3.2.3 Synthesis of target gene vector 

Synthesis of target DNA 

The target gene sequence was amplified via PCR from the cDNA. For this, depending on 

the chosen vector for ligation different polymerases and PCR programs were used. The 

pIVEX2.3d vector containing the gfp sequence (Figure 4.3; Roche) was commercially pur-

chased. For non-directional ligation of mip-pre, itp-pre, and pdf-pre into the pGEM-T Easy 

vector (Figure 4.3; Promega, Madison, WI) the recombinant Taq DNA polymerase (Thermo 

Scientific) was used, which added adenine overhangs to the 3’ ends of PCR products. To 

start the procedure, a 0.2 ml nuclease-free tube was placed on ice. Afterwards, 35.5 µl nu-

clease-free water, 5 µl 10 x Taq Buffer (0.1 M Tris-HCl, pH 8.8, 0.5 M KCl, 0.8% Nonidet 

P40), 4 µl MgCl2 (25 mM), 1 µl dNTPs (0.01 M of dATP, dGTP, dCTP, dTTP each), 1 µl 

forward primer (10 µM; Table A 6; Eurofins, Hamburg, Germany), 1 µl reverse primer 

Figure 4.3 Target genes (magenta) were ligated into specific vectors (black) for amplification in transformed 

E. coli cells. The green fluorescent protein (gfp) gene ligated into pIVEX2.3d was commercially purchased, 

while mip precursor (mip-pre), itp precursor (itp-pre), and pdf precursor (pdf-pre) were direction-inde-

pendently ligated into the pGEM-T Easy vector, respectively. The latter inserts were designed with adenine

overhangs (A) complementary to thymine overhangs (T) of the open vector ends. If the ligation into pGEM-T 

Easy was unsuccessful, both parts of the lacZ gene (1, 2; light gray) coding for β-galactosidase were combined 

and the protein was synthesized during translation. In the context of X-gal the β-galactosidase activity produced 

a blue compound that was detected by eye in the colonies. For directed ligation of the putative mip receptor

(mip-r) and pdf receptor (pdf-r) into the pcDNA3.1+ vector, unique restriction sites were used. Different se-

quences for origins of replication (ori; dark gray) were used for amplification of the respective vector DNA in 

the cell. In the case of pcDNA3.1+, gene expression was enhanced via the cytomegalovirus enhancer and 

promotor sequence (CMVenh/pro; yellow). All three types of vectors carried the gene coding for ampicillin re-

sistance (ampr; blue), allowing the selection of colonies that were successfully transformed with the respective

vector. The inserts were always framed by a multiple cloning site. Vector sizes (without insert) are provided

in the center of each vector. SV40: simian virus 40; T7/ SP6: T7/ SP6 RNA polymerase promotor (arrow). 
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(10 µM; Table A 6), and 1 µl of cDNA were pipetted into the tube and thoroughly mixed. 

Primers were designed using Primer-BLAST (NCBI, Bethesda, MD). In the last step prior 

to the PCR 1.5 µl Taq polymerase (1 U/µl) were carefully mixed into the solution. Alterna-

tively, the PCR was performed with overhang primers designed to complement specific clon-

ing sites located on the vector. For the vector used in human embryonic kidney (HEK293T) 

cell experiments (pcDNA3.1+; Figure 4.3; Addgene, Watertown, MA) this strategy was 

necessary, to define the direction of the inserted sequence (mip-r, pdf-r) in the vector. For 

the pdf-r sequence, synthesis and amplification of the vector were previously performed by 

Achim Werckenthin. The proofreading Pfu DNA polymerase (Thermo Scientific) was used 

for the reaction. First, 39 µl nuclease-free water were pipetted into a 0.2 ml nuclease-free 

microcentrifuge tube and 5 µl of 10 x polymerase-specific buffer (0.2 M Tris-HCl, pH 8.8, 

0.1 M (NH4)2SO4, 0.1 M KCl, 1 mg/ml BSA, 1% TrX, 0.02 M MgSO4; Thermo Scientific), 

2 µl dNTP mix (0.01 M of dATP, dGTP, dCTP, dTTP each; Thermo Scientific), 1 µl for-

ward primer (10 µM; Table A 6; Eurofins), 1 µl reverse primer (10 µM; Table A 6), and 

1 µl of cDNA, were added and thoroughly mixed. Finally, the total volume of 50 µl was 

reached by adding 1 µl polymerase (2.5 U/µl) followed by another careful mixing step. A 

Mastercycler Gradient (Eppendorf, Hamburg, Germany) was used for all PCR reactions. For 

PCR programs see Table A 7. 

Afterwards, to isolate the target sequence, the DNA fragments in the PCR product 

were separated via gel electrophoresis. First, one sixth of total volume (in this case 10 µl) 

6 x loading buffer (Thermo Scientific) was added and the PCR product was kept on ice until 

further use. For gel electrophoresis, Biorad Sub-Cell and Mini Sub-Cell GT systems were 

used with a 1-2 % agarose gel containing Midori Green (4-6 µl/100 ml gel; Nippon Genetics 

Europe, Düren, Germany) to stain the DNA. The chamber was filled with Tris-acetate-eth-

ylenediaminetetraacetic acid (EDTA) buffer (TAE; 1.998 M Tris base, 5.71% acetic acid, 

0.5 M EDTA, pH 8.0), the gel was loaded with PCR products and a 1 kb+ ladder, and 

90-120 V were applied for about 40 min. The target size gel band was then cut out with a 

scalpel and transferred into a 1.5 ml nuclease-free microcentrifuge tube. To extract the target 

DNA, the gel band was then purified with the Wizard SV Gel and PCR Clean-Up System 

(Promega). Following the kit protocol, the excised gel band was weighed and Membrane 

Binding Solution (1 µl/ 1 mg gel) was added to the tube. To dissolve the gel, the tube was 

vortexed at 65 °C for several minutes. Meanwhile, an SV Minicolumn was inserted into a 

2 ml collection tube. All further steps were performed at RT. The dissolved gel solution was 
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transferred to the column, incubated for 1 min, and centrifuged for 1 min (16,000 x g) to 

bind the DNA to the column. The flow through was discarded and to remove residual salt, 

700 µl Membrane Wash Solution (containing 80% ethanol) were added to the column. The 

tube was centrifuged for 1 min (16,000 x g), the flow through was discarded, and the wash-

ing step was repeated with 500 µl Membrane Wash Solution centrifuged for 5 min. After 

discarding the flow through, the empty tube with the column was centrifuged for 1 min 

(16,000 x g) without centrifuge lid to maximize evaporation of residual ethanol. In the next 

step, the column was transferred to a 1.5 ml nuclease-free tube. To elute the DNA, 20-50 µl 

nuclease-free water were added to the column, incubated for 1 min, and centrifuged for 

1 min (16,000 x g). The DNA was stored at -20 °C.  

If the target sequence was meant to be inserted into the pcDNA3.1+ vector, the puri-

fied PCR product was digested with the enzymes necessary to produce the overhangs for 

directional cloning. At the same time, the vector was digested with the same restriction en-

zymes to open the vector at specific cloning sites and prepare complementary overhangs. 

For this, the amount of nuclease-free water needed to reach a total volume of 50 µl was 

added to a 1.5 ml nuclease-free tube. Afterwards, 5 µl 10 x restriction enzyme-specific 

Buffer O (for EcoR1 with Not1; 0.5 M Tris-HCl, pH 7.5, 0.1 M MgCl2, 1 M NaCl, 1 mg/ml 

BSA; Thermo Scientific) or Buffer R (for EcoR1 with Hind3; 0.1 M Tris-HCl, pH 8.5, 0.1 M 

MgCl2, 1 M KCl, 1 mg/ml BSA; Thermo Scientific) and 2 µg of target DNA or vector dis-

solved in nuclease-free water were mixed into the solution. The restriction enzymes (1 µl 

each) were then added to the reaction (Table A 8; EcoR1, Not1 or Hind3; 10 U each; 

Thermo Scientific). After mixing the solution, the restriction digestion was incubated over-

night at 37 °C. Finally, the digested insert and vector were again purified with the Wizard 

SV Gel and PCR Clean-Up System. The tube with the digested target DNA was supple-

mented with 50 µl Membrane Binding Solution and then treated as described above, while 

digested vector samples were first split via gel electrophoresis and then purified following 

the instructions above. 

Ligation 

The target DNA (insert) was ligated into the respective vector (Figure 4.3). For ligation into 

the pGEM-T Easy vector, the kit that was purchased with the vector was used (pGEM-T and 

pGEM-T Easy Vector Systems; Promega). First, the amount of the target insert necessary to 
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reach a molar ratio of 1:3 (vector to insert) was calculated for the respective insert size (Ta-

ble A 8) as recommended by the company. Then, 5 µl 2 x Rapid Ligation Buffer, 1 µl 

pGEM-T Easy vector (50 ng), and the calculated amount of insert were mixed into a 0.2 ml 

nuclease-free tube. Finally, 1 µl of T4 DNA Ligase (3 U/µl) was added. The solution was 

mixed again and incubated for 1 h at RT and overnight at 4 °C, to ligate the adenine over-

hangs at both 3’-ends of the insert to the thymine overhangs of the open vector. Ligation into 

the pcDNA3.1+ vector was accomplished by preparing a 0.2 ml nuclease-free tube filled 

with nuclease-free water (to a final volume of 20 µl), 2 µl 10 x T4 DNA Ligase Buffer 

(0.4 M Tris-HCl, 0.1 M MgCl2, 0.1 M DTT, 0.005 M ATP, pH 7.8; Thermo Scientific), 

100 ng vector dissolved in nuclease-free water, and the calculated amount of the insert (Ta-

ble A 8) for a molar ratio of 1:3 between vector and insert. The solution was mixed and 1 µl 

of T4 DNA Ligase (1 U/µl; Thermo Scientific) was added, followed by another careful mix-

ing step. The sample was incubated for 10 min at RT and overnight at 4 °C. The ligation 

product was stored at -20 °C. 

4.3.2.4 Amplification of target gene vector 

Transformation 

Vectors carrying an insert of the target gene sequence were transformed into DH5α E. coli 

cells (Invitrogen by Thermo Fisher Scientific) to be amplified by cell division afterwards. In 

the first step, 50 µl of frozen competent E. coli cells in a 1.5 ml nuclease-free tube were 

slowly thawed on ice to maintain vitality. Afterwards, 5 µl of the ligation product or for 

retransformation 1-5 µl (1-100 ng/µl) of the vector preparation (see below) were added and 

the solution was incubated for 20 min to allow passive diffusion of vectors, as the solution 

could not be mixed to prevent damaging the cells due to shear forced. The membrane of E. 

coli cells is permeable for DNA to some degree. Therefore, some vectors could already enter 

the cells during incubation. The following heat shock in a water bath at 42 °C for 45 s per-

forated the cell membrane. Greater amounts of vectors could then enter the cells when the 

tube was transferred on ice for another 2 min. Afterwards, 950 µl SOC medium (2% tryp-

tone, 0.5% yeast extract, 0.01 M NaCl, 0.0025 M KCl, 0.01 M MgCl2, 0.01 M MgSO4, 

0.02 M glucose) were added and the tube was then shaken for 1.5 h at 37 °C (150 rpm) to 

relax the cells. Meanwhile, if cells were transformed with pGEM-T Easy, 30 µl 5-bromo-4-

chloro-3-indolyl-β-D-galactopyranoside (X-gal; 20 mg/ml in dimethylformamide) were ap-

plied to an LB agar plate (0.086 M NaCl, 1% tryptone, 0.5% yeast extract, pH 7.0, 1.5% 
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agar, 100 µg/ml ampicillin). After shaking, the tube was centrifuged for 3 min (8,000 x g), 

to collect cells at the bottom. About 900 µl of supernatant were discarded. The cell pellet 

was then resuspended in the remaining volume by gentle pipetting. Afterwards, the cell sus-

pension was plated on a LB agar plate and incubated at 37 °C overnight. As the plate was 

treated with ampicillin, only cells expressing the vector-induced ampicillin resistance sur-

vived and formed cell colonies. The next day, the plate was stored at 4 °C until further use. 

If cells were transformed with the pGEM-T Easy vector, blue-white screening allowed to 

verify the ligation success. Only colonies of clones carrying the insert inside the transformed 

vector remained white, while clones without the insert inside the vector appeared bluish. In 

these bluish colonies, the lacZ gene on the vector was not interrupted by the ligated insert. 

Therefore, β-galactosidase was expressed, which converts X-gal into a dense blue com-

pound. The successful ligation of target genes into the remaining vectors (pIVEX2.3d or 

pcDNA3.1+) was confirmed later via sequencing (see below), but first, a clone was selected 

by picking one colony. The colony was transferred into a 10 ml sterile tube filled with 5 ml 

LB medium (0.086 M NaCl, 1% tryptone, 0.5% yeast extract, 100 µg/ml ampicillin) and the 

tube was placed into the incubator (37 °C, 150 rpm) overnight. If large amounts of bacterial 

cells were needed, the resulting culture was further grown in 100 ml. 

Vector preparation 

The isolation of amplified vectors from the E. coli cell culture for small amounts of bacterial 

cells (5 ml) was performed with the PureYield Plasmid Miniprep System (Promega), while 

the PureYield Plasmid Midiprep System (Promega) was used for large amounts (100 ml). 

All steps were performed at RT. For small amounts of bacterial cells, approximately 1.5 ml 

of the cell culture were transferred to a 1.5 ml nuclease-free tube, centrifuged for 3 min 

(17,000 x g), and the supernatant was discarded. Then, 1.5 ml of the remaining culture were 

added to the pellet, centrifuged and the steps repeated until the whole volume was centri-

fuged. The pellet was then resuspended in 600 µl nuclease-free water and 100 µl Cell Lysis 

Buffer were added. To thoroughly mix the solution, the tube was inverted 6 x. Afterwards, 

350 µl of cold (4 °C) Neutralisation Solution were mixed into the solution by inverting again. 

The tube was centrifuged for 3 min (17,000 x g) to get rid of cell residues and the supernatant 

was transferred into a PureYield Minicolumn that was previously placed into a 2.0 ml col-

lection tube. The vector DNA was bound to the silica-membrane by another centrifugation 

for 15 s (17,000 x g) and the flow through was discarded. Afterwards, washing steps were 
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performed. First, 200 µl Endotoxin Removal Wash were added, followed by 15 s of centrif-

ugation (17,000 x g). Next, 400 µl Column Wash Solution were applied and the tube was 

centrifuged for 30 s (17,000 x g). The flow through was discarded and the silica-membrane 

was dried by another centrifugation step without centrifuge lid for 2 min (17,000 x g). To 

elute the vector DNA, the column was transferred into a 1.5 ml nuclease-free tube and 30 µl 

nuclease-free water were added to the silica membrane and incubated for 1 min. The tube 

was then centrifuged for 3 min (10,000 x g).  

For large amounts of bacterial cells, 50 ml of cell culture were consecutively centrifuged for 

10 min (5,000 x g) in the same 50 ml sterile tube, discarding the supernatant after each step. 

The pellet was resuspended in 3 ml Cell Resuspension Solution. Afterwards, 3 ml Cell Lysis 

Solution were added and gently mixed 3-5 x by inverting the tube. The solution was incu-

bated for 3 min. Then, 5 ml Neutralization Solution were applied and the tube was mixed 

again (5-10 x). In the next step the tube was centrifuged for 15 min (15,000 x g). Meanwhile, 

a PureYield Clearing Column (blue) was placed into a PureYield Bindung Column (white) 

and the assembly was transferred onto a vacuum manifold. The supernatant was decanted 

into the column, followed by the application of vacuum. When the whole solution was 

sucked into the device, the vacuum was slowly released. The blue column was discarded, 

while the white column was filled with 5 ml Endotoxin Removal Wash. The solution again 

passed the column via application of vacuum. For washing, 20 ml of Column Wash Solution 

were added to the column and pulled through in the same way. The vacuum was kept for 

1 min afterwards, to dry the silica membrane. Subsequently, the column was placed into a 

50 ml sterile tube, 600 µl of nuclease-free water were added, and the assembly was centri-

fuged for 5 min (2,000 x g). The elution was transferred to a 1.5 ml nuclease-free tube. The 

eluted vector DNA was stored at -20 °C. 

Sequencing 

Prior to sequencing, some vector DNA was digested with the restriction enzyme EcoR1 to 

verify the size of fragments via gel electrophoresis. For the restriction digestion, nuclease-

free water needed for a total volume of 20 µl was pipetted into a 1.5 ml nuclease-free tube. 

Subsequently, 2 µl 10 x EcoR1 buffer (0.5 M Tris-HCl, pH 7.5, 0.1 M MgCl2, 1 M NaCl, 

0.2% TrX, 1 mg/ml BSA; Thermo Scientific) and 1-2 µl (about 1 µg/µl) vector DNA were 

added and thoroughly mixed. Finally, 1 µl EcoR1 (10 U) was mixed into the solution and 

the tube was incubated at 37 °C for 2 h. Afterwards, gel electrophoresis was performed as 
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described before (Chapter 4.3.2.3). To determine the precise sequence of the cloned vector, 

about 1 µg of vector DNA diluted in 12 µl of nuclease-free water was sent to Microsynth 

Seqlab (Göttingen, Germany) for commercial sequencing. 

4.3.3 RNA interference (RNAi) 

In 2006 Andrew Z. Fire and Craig C. Mello were honored with the Nobel Prize in Physiology 

and Medicine for discovering a cellular mechanism, the RNAi that regulates transposition 

and post-transcriptional gene expression, but also serves as defense against viral RNA by 

downregulating certain target mRNAs (Fire et al., 1998; review: Hannon, 2002). They es-

tablished the method of double-stranded RNA (dsRNA) introduction into cells to activate 

the RNAi mechanism as tool for downregulation of specific mRNA sequences (knockdown). 

For starting the process, the applied dsRNA represents the sequence of the target mRNA 

including both, the sense and the complementary antisense strand (Figure 4.4). In the cell 

Figure 4.4 One of the RNAi mechanisms is based on the extrinsic introduction of double-stranded RNA 

(dsRNA). After translocation of the dsRNA into the cytoplasm of the cell, the RNase Dicer cuts it into small 

interfering RNA fragments (siRNAs). The RNA-induced silencing complex (RISC) binds one siRNA and one 

strand is removed, while the other serves as recognition sequence. Complementary mRNAs that are transcribed 

in the nucleus and transferred to the cytoplasm during protein biosynthesis are then recognized and cut. The 

unstable mRNA fragments degrade and lead to a downregulation of the targeted mRNA (Designed after Joga 

et al., 2016). 
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cytoplasm the RNase Dicer then cleaves the dsRNA into small fragments of about 20 nucle-

otides (Bernstein et al., 2001). These small interfering RNA fragments (siRNAs; Elbashir et 

al., 2001; Hamilton & Baulcombe, 1999) bind to another RNase, a protein of the Argonaute 

family, and together with additional subunits they form the RNAi-induced silencing complex 

(RISC; Hammond et al., 2000; review: Hammond, 2005). Only one strand remains in the 

complex and forms the recognition sequence for complementary mRNAs. When RISC binds 

to the complementary mRNA, the mRNA is cleaved (Martinez et al., 2002). The remaining 

fragments are very unstable and are degraded soon resulting in a target gene knockdown. 

Interestingly, the efficiency and persistence of the artificially induced RNAi strongly depend 

on the target species (Review: Joga et al., 2016). While the knockdown is very inefficient in 

many lepidopteran species (Guan et al., 2018), in Caenorhabditis elegans the knockdown 

effect is even transmitted to the next generation (Fire et al., 1998). For R. maderae 

Werckenthin et al. (2020) demonstrated that RNAi successfully downregulates target genes. 

Effects on the behavioral level were detected from 1-2 weeks after injection and lasted at 

least for six months, apparently even for the whole life. Therefore, RNAi proved to be a 

suitable technique for the investigation of gene functions in the Madeira cockroach. 

4.3.3.1 Synthesis of dsRNA 

To synthesize dsRNA the target gene sequence, ligated into a vector (Chapter 4.3.2.3), was 

amplified via PCR and single-stranded RNA (ssRNA) of both strands was generated with in 

vitro transcription (Figure 4.5). Sense and antisense ssRNAs were annealed and dsRNA was 

injected into R. maderae males and females to induce the RNAi mechanism. In addition to 

target gene dsRNAs (mip-pre, itp-pre, pdf-pre, mip-r), gfp dsRNA was synthesized as con-

trol sequence. 

Synthesis of template DNA 

In the first step the template DNA for the in vitro transcription was synthesized (Figure 4.5; 

Table A 9). For this, two different polymerases and therefore two different solutions and 

PCR programs were used, which were both effective. Enzymes were always carefully han-

dled and kept at -20 °C until use. If the Pfu DNA polymerase (Thermo Scientific) was used, 

the solution was prepared as described before (Chapter 4.3.2.3) only replacing the cDNA by 

1 µl of diluted plasmid DNA including the target sequence (about 3-35 ng/µl; Chapter 

4.3.2.4). If the Phusion High-Fidelity DNA-Polymerase (Thermo Scientific) was used, 

32.5 µl nuclease-free water, 10 µl of 5 x polymerase-specific buffer (0.02 M Tris-HCl, 
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pH 7.4, 0.0001 M EDTA, 0.001 M DTT, 0.1 M KCl, 200 µg/ml BSA, 50% glycerol; 

Thermo Scientific) containing MgCl2 (0.0075 M), 1 µl dNTP mix (0.01 M of dATP, dGTP, 

dCTP, dTTP each; Thermo Scientific), 2.5 µl forward and reverse primer (10 µM; Ta-

ble A 6; Eurofins), respectively, 1 µl plasmid DNA, and 0.5 µl polymerase (2 U/µl) were 

mixed. For one target sequence always two tubes were prepared with one primer (tube 1: 

forward, tube 2: reverse) being designed to carry an overhang promotor sequence (TAA-

TACGACTCACTATAGG; Figure 4.5, Table A 6) for the T7 polymerase (Invitrogen) used 

in the in vitro transcription. The tubes were placed into the thermocycler and the respective 

PCR program was started to amplify the target sequence (Table A 7). Afterwards, the tem-

plate DNA sequence was isolated via gel electrophoresis as described before (Chap-

ter 4.3.2.3).  

In vitro transcription 

As soon as the template DNA was synthesized and purified, the in vitro transcription was 

performed with the MEGAscript T7 kit (Invitrogen; Figure 4.5). To transcribe sense and 

antisense ssRNA separately, two 1.5 ml nuclease-free tubes per target sequence were pre-

pared at RT. Each tube included the target sequence with one of the strands carrying the T7 

promotor (sense or antisense). The amount of nuclease-free water needed to reach a total 

volume of 20 µl was calculated and pipetted into the tube. Then, 2 µl 10 x T7 reaction buffer, 

2 µl nucleotide solution (ATP, GTP, CTP, and UTP) each, and the respective volume of 

Figure 4.5 The target double-stranded RNA (dsRNA) was synthesized from a vector using in vitro transcrip-

tion. For this, the target gene sequence was ligated into the vector before. To synthesize template DNA two 

different PCRs with the vector and specific primers were performed. Either the forward (PCR 1) or the reverse 

(PCR 2) primer carried a T7 promotor sequence overhang. The template DNA was then used for the in vitro 

transcription and starting from the T7 promotor the T7 polymerase transcribed the respective single-stranded 

RNA (ssRNA) from 5’ to 3’. During annealing the complementary ssRNAs of the two approaches formed the 

dsRNA (Designed after Philip & Tomoyasu, 2011). 
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template DNA (200 ng), were added and mixed. Finally, 2 µl T7 Enzyme Mix were carefully 

mixed into the solution prior to the incubation step at 37 °C for 16 h. During incubation the 

T7 polymerase recognized the T7 promotor and synthesized ssRNA (Figure 4.5). To digest 

the template DNA, 1 µl Turbo DNase (2 U/µl) was added, the solution was mixed again, and 

incubated for 15 min at 37 °C. Further steps were performed at RT, if not stated otherwise. 

As preparation for the precipitation of the ssRNA a 1.5 ml nuclease-free tube was filled with 

249 µl nuclease-free water and the sample solution was transferred to that tube. Next, 30 µl 

ammonium acetate (5 M, 0.1 M EDTA) were thoroughly mixed into the solution to stop the 

in vitro transcription and to improve fractionation of proteins and ssRNA as well as to pre-

vent the precipitation of free nucleotides with the ssRNA. To separate aqueous and organic 

phases, 300 µl of phenol-chloroform-isoamyl alcohol (25:24:1; Carl Roth GmbH) were 

added, the tube was then shaken for 2 min, incubated for another 2 min, and centrifuged for 

10 min (17,000 x g). The upper aqueous phase, including the ssRNA, was transferred into a 

new 1.5 ml nuclease-free tube. The next steps were repeated two times to get rid of residual 

phenol: 300 µl of chloroform (Merck KGaA, Darmstadt, Germany) were pipetted on top of 

the solution, the tube was shaken for 15 s, centrifuged for 5 min (17,000 x g), and the aque-

ous phase again transferred into a new tube. To precipitate the ssRNA, isopropanol in a ratio 

of 1:1 with the sample solution was added. The solution was mixed and cooled at -80 °C for 

30 min to improve the precipitation properties, followed by 30 min in the centrifuge at 4 °C 

and maximum speed (14,000 rpm). The supernatant was discarded and to remove residual 

salt 1 ml of 80% ethanol was carefully pipetted on top of the remaining pellet. Then, the tube 

was centrifuged for 30 min at 4 °C (14,000 rpm) again. After discarding the supernatant, the 

pellet was dried for approximately 15 min and subsequently dissolved in 30-50 µl Tris-

EDTA (TE) buffer (0.01 M Tris-HCl, 0.001 M EDTA, pH 7.0). The amount of ssRNA in 

the sample was then determined as described before (Chapter 4.3.2.1). Sense and antisense 

samples were stored at -80°C. 

Annealing reaction 

For the synthesis of dsRNA, equal amounts of sense and antisense strands were transferred 

into one 0.2 ml nuclease-free tube (Figure 4.5). The tube was then heated to 75 °C for 5 min 

to denature the ssRNA and subsequently slowly cooled to RT during the next 15 min to 

anneal sense and antisense strands. Afterwards, the solution was transferred into a 1.5 ml 

nuclease-free tube and 0.1 x the sample volume ammonium acetate was added. Ethanol 
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(100%; 2.5 x sample volume) was mixed 

into the solution to precipitate the dsRNA as 

described above. The tube was cooled 

at -80 °C for 30 min and centrifuged for 

30 min at 4 °C (14,000 rpm) afterwards. 

Then, the supernatant was discarded, the 

pellet washed with 1 ml of 80% ethanol, and 

the tube centrifuged again (30 min, 4 °C, 

14,000 rpm). Finally, the pellet was dried at 

RT, solved in 15-30 µl nuclease-free water 

and the amount of dsRNA was determined, 

prior to storage at -80 °C. Another fraction 

was tested in gel electrophoresis (Chapter 

4.3.2.3) to verify the fragment size and de-

termine the degradation rate (Figure 4.6). 

As prior experiments demonstrated, another 

step to further purify the dsRNA solution by 

degrading ssRNA in the sample strongly decreased the target dsRNA concentration, while 

increasing the amount of degradation products (Figure 4.6). Therefore, the additional steps 

of incubation with RNase, followed by another precipitation were omitted. 

4.3.3.2 Injection of dsRNA 

The injection solution was prepared solving 6 µg dsRNA in 2 µl insect saline per injection. 

If two different mRNA sequences were targeted, 6 µg of each dsRNA were included. As the 

dsRNA was stored in nuclease-free water, 6 x concentrated and sterile filtered (Millex-GP 

0.22 µm filter; Merck Millipore, Darmstadt, Germany) saline (0.768 M NaCl, 0.0162 M 

KCl, 0.012 M CaCl2, 0.0072 M NaHCO3, pH 7.5) was used and the remaining volume was 

filled with nuclease-free water. The injection procedure itself was performed under red light 

conditions to prevent shifts of the animal’s activity phase. Prior to the injection animals were 

cold anesthetized in ice water and fixed on a cool wax plate with the soft cuticle between 

coxa and thorax of the second pair of legs being exposed (Figure 4.7). A glass capillary 

attached to a micromanipulator was used to suck in 2 µl of solved dsRNA pipetted on a 

paraffin surface before. The capillary was then used to puncture the membrane between coxa 

and thorax and to inject the dsRNA solution into the hemolymph. 

Figure 4.6 The fragment size and degradation level 

of the target double-stranded RNA (dsRNA) were 

determined via gel electrophoresis. Samples of mip 

precursor (mip-pre; B, C) and itp precursor (itp-pre)

dsRNA (D, E) were tested without (B, D) and with 

(C, E) an additional dsRNA purification step. The ad-

ditional step, meant to reduce single-stranded RNA 

(ssRNA), resulted in degradation of mip-pre

(0.702 kb) or itp-pre fragments (0.354 kb) of target 

dsRNA as well. Therefore, the additional purification 

was omitted. A 1 kb+ gene ladder was used (A). 
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4.3.4 Quantitative PCR (qPCR) 

Prior to the evaluation of the amount of target mRNAs in R. maderae brain samples, cock-

roaches were sacrificed and RNA was extracted as explained before (Chapter 4.3.2.1). In 

contrast to the described extraction procedure, only few aspects were adjusted: Brains were 

dissected in accordance with the animal’s light conditions at dissection time. If this condition 

was darkness, dim red light was applied. Furthermore, each sample (brain) was handled in a 

separate tube. Extracted target mRNA was then transcribed and the resulting cDNA was 

amplified and quantified via qPCR. For this, the CAPITAL qPCR Green Mix (Biotechrabbit, 

Hennigsdorf, Germany) was used. First, one master mix per target gene was prepared on ice. 

For each reaction on the 96-well plate (4ti-0961; 4titude, Wotton, UK), 7.4 µl nuclease-free 

Figure 4.7 Injections of double-stranded RNA (dsRNA) into the hemolymph were performed with a glass 

capillary attached to a micromanipulator. (a) The capillary (filled arrowhead) was filled with 2 µl of dsRNA 

solved in insect saline. A rubber tube connected the capillary and a dispenser tip (open arrowhead). With the 

dispenser tip an air pressure was applied to inject the solution. (b) The light microscope was equipped with a 

red light source to perform the injection under red light conditions. Prior to the injection, the anesthetized 

cockroach was fixed on a cool wax plate. (c) One leg of the second pair of legs was stretched and the dsRNA 

was injected through the cuticle between coxa and thorax into the hemolymph as demonstrated with green food 

dye. The boxed area (a) was enlarged (b). Photos were taken by Achim Werckenthin and c was published in 

Werckenthin et al. (2020). 
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water, 5 µl 4 x CAPITAL qPCR Green Mix, 0.8 µl forward primer (10 µM; Table A 6; Eu-

rofins), and 0.8 µl reverse primer (10 µM) were consecutively pipetted into a 1.5 ml nucle-

ase-free tube and carefully mixed by pipetting. Furthermore, 1 µl of 20 x RTase with RNase 

Inhibitor per reaction was carefully mixed into the solution. Afterwards, the well plate was 

loaded with the respective master mixes (15 µl/well). Finally, 5 µl of the extracted RNA 

sample (1-15 ng/µl) were added per reaction. Each individual sample reaction was repeated 

four to six times. As reference gene, ribosomal protein L18 (rpl18) was used. To collect the 

reaction mix on the bottom of the well, the well plate was centrifuged for 5 s (800 rpm). It 

was then placed into a Mastercycler ep realplex (Eppendorf) and the qPCR program was 

started (Table A 7). At the end of the program, single amplicons were confirmed via melt-

ing-curve analysis. During the qPCR, the reverse transcriptase first transcribed RNA into 

cDNA. A part of the target gene (about 0.2 kb) was then amplified in each PCR cycle. The 

dye SYBR Green, which was included in the CAPITAL qPCR Green Mix, intercalated into 

the DNA. The resulting DNA-SYBR Green complex can be excited. Therefore, the signal 

intensity upon excitation represented the amount of target DNA in the well. It was measured 

for each cycle. Depending on the initial target mRNA level, the exponential growth of the 

DNA level reached a defined dye intensity threshold after a specific number of cycles (cycle 

threshold, ct). In accordance with the 2-ΔΔct-method (Livak & Schmittgen, 2001) Δct (cttarget 

gene-ctreference gene) was determined for gfp dsRNA-injected controls and for animals injected 

with target gene dsRNA. To quantify relative mRNA expression levels Δct values of the 

target gene were normalized against the mean Δct of the same gene in controls. 

4.3.5 Bioluminescence resonance energy transfer (BRET2) assay 

For the deorphanization of a mip-r, HEK293T cells were cultured and transfected with the 

receptor gene and a cyclic adenosine monophosphate (cAMP) sensor gene construct to meas-

ure intracellular cAMP level changes upon stimulation with MIPs in the BRET2 assay. The 

assay is based on the emission of different wavelengths of light in the presence of Renilla 

reniformis luciferase 8 (RLuc8; Loening et al., 2006) and GFP2 that is cAMP level-de-

pendently shifted to one or the other wavelength (Figure 4.8; De et al., 2007). The cAMP 

sensor contains a central exchanging protein directly activated by cAMP 1 (Epac1; Ponsioen 

et al., 2004). The central element is connected to the RLuc8 on one side and GFP2 on the 

other. Substrate-induced activation of RLuc8 results in bioluminescence at about 400 nm 

(Loening et al., 2006). This wavelength is emitted, if cAMP is bound to Epac1. If no cAMP 

is bound, the conformational change dislocates GFP2 closely to RLuc8 (Ponsioen et al., 



70 MATERIAL AND METHODS 

 

2004). This leads to an energy transfer from RLuc8 to GFP2 and shifts the emitted light peak 

to 510 nm. Therefore, the evaluation of ratios between both wavelengths indicates stimula-

tion- and receptor-dependent changes of cAMP levels in the cells. The method reveals 

cAMP-dependent signal transduction cascades and sensitivities of receptor-ligand pairs.  

4.3.5.1 Cell culture and transfection 

HEK293T cells (ACC 635; DSMZ, Braun-

schweig, Germany) were maintained in Dul-

becco’s modified eagle medium (DMEM; 

D5796; Sigma-Aldrich) with 10% fetal bo-

vine serum (FBS; F0804; Sigma-Aldrich) in 

5% CO2 at 37°C. Cultures were reduced 

twice a week to about 25 x 103 cells per cm² 

and medium was changed. Before transfec-

tion 2 x 104 cells per well on the 96-well 

plate (Nunclon Delta Surface; Thermo Sci-

entific) were seeded in 150 µl DMEM 

10% FBS and incubated for 24 h at culture 

conditions. For expression of the mip-r and 

pdf-r gene, genes were ligated into the 

pcDNA3.1+ vector and vectors were ampli-

fied as described above (Chapter 4.3.2). In 

addition, a construct of RLuc8 and Epac1 li-

gated into the pGFP2-C1 vector (Packard 

BioSciences, Meriden, CT; Meier, 2009) 

was amplified in the same way (Table A 8; 

provided by Friedrich Herberg, Biochemis-

try Department, University of Kassel, Kas-

sel, Germany). In control measurements, 

transfections were done with the pdf-r con-

taining vector or an empty pETDuet-1 vector (Figure 4.9; Table A 8; provided by Friedrich 

Herberg). Two solutions were then prepared with one containing 50 ng DNA per vector and 

per well and the other containing 0.1 mg/ml polyethylenimine (PEI; Polysciences, Inc., War-

rington, PA) dissolved in DMEM, respectively (10 µl/well). The transfection reagent PEI 

Figure 4.8 The cyclic adenosine monophosphate 

(cAMP) sensor for the bioluminescence resonance 

energy transfer (BRET2) consists of an exchanging 

protein directly activated by cAMP 1 (Epac1) cou-

pled to Renilla reniformis luciferase 8 (RLuc8) and 

GFP2. In presence of its substrate coelenterazine 

400a, bioluminescence of RLuc8 is induced. RLuc8 

emits light at about 410 nm. If no cAMP is bound to 

Epac1, RLuc8, and GFP2 are located in close prox-

imity to each other and energy transfer takes place. 

RLuc8, the energy donor, transfers energy to the ac-

ceptor GFP2, which emits light at about 515 nm. 
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was used to pack the vector DNA into positively charged particles, therefore increasing the 

uptake by the cells. Both solutions were incubated for 5 min, combined, and incubated for 

another 20 min. Finally, they were mixed with DMEM 10% FBS (130 µl/well) and 150 µl 

per well were applied to the well plate and incubated at culture conditions. The next day, the 

solution was replaced by DMEM 10% FBS and incubated for another 24 h.  

4.3.5.2 Stimulation 

Prior to the stimulation of transfected cells, cells were carefully rinsed one time with Hank’s 

balanced salt solution (HBSS) without CaCl2 or MgCl2. Subsequently, 50 µl per well stim-

ulation solution were pipetted onto the wellplate. The stimulation solution contained 0.25 µl 

coelenterazine 400a (1 mM; Deep Blue C; Biotium, Inc., Fremont, CA) in ethanol, 0.5 µl 

peptide/s (Table A 10; 10 mM to 10 pM) in water, and/or forskolin (5 mM) in dimethyl sul-

foxide (DMSO). Stimulation with PDF on cells expressing the PDF receptor or with for-

skolin was performed to increase cAMP levels by indirect (G protein-coupled receptor-de-

Figure 4.9 Human embryonic kidney (HEK293T) cells were transfected with a pGFP2-C1 vector containing 

the sequence for a cyclic adenosine monophosphate (cAMP) sensor. The sensor DNA consisted of the Renilla 

reniformis luciferase 8 (RLuc8), an exchanging protein directly activated by cAMP 1 (Epac1), which were 

both ligated into the vector (magenta), and gfp2 (green). An empty pETDuet-1 vector was used as negative 

control to exclude effects induced by different amounts of transfected vector DNA. A multiple cloning site 

was located next to the T7 RNA polymerase promotor (arrow). Different sequences for origins of replication 

(ori; dark gray) were used for amplification of the respective vector DNA in the cell. In case of pGFP2-C1, 

gene expression was enhanced via the cytomegalovirus enhancer and promotor sequence (CMVenh/pro; yellow).

The vectors carried a gene coding for an antibiotic resistance (blue) or other proteins (light gray) with no 

experimental importance during the bioluminescence resonance energy transfer assay. Vector sizes (without 

insert) are given in the center of each vector. Both vectors were provided by Friedrich Herberg. SV40: simian 

virus 40; ampr: ampicillin resistance; zeor: zeocin resistance; lacI: lac repressor; rop: repressor of primer.  
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pendent) or direct activation of the adenylyl cyclase, respectively. If no forskolin was ap-

plied, the same amount of DMSO was mixed into the solution instead. The rest of the volume 

was filled with HBSS. The emission of samples was measured with the POLARstar Omega 

(BMG Labtech, Ortenberg, Germany) plate reader equipped with bandpass filters for 

410 ± 80 nm and 515 ± 30 nm. For evaluation of differences in cAMP levels, the ratio be-

tween both spectra was calculated. 

4.4 Behavioral experiments 

4.4.1 Running wheel assay 

To track locomotor activity over several weeks or months cockroaches were placed individ-

ually in running wheels (Figure 4.10a; Mechanikwerkstatt, University of Kassel). Each run-

ning wheel consisted of a plastic holder with holes for rodent chow (ssniff V2144, Soest, 

Germany) and a water tube. A magnetic field sensor (Hall effect sensor) attached to the 

holder detected each contact between sensor and two magnets on the outer surface of the 

wheel. By this a logger monitored half turns of the wheel per min. The perimeter of the outer 

Figure 4.10 Cockroaches were placed into running wheels, to monitor locomotor activity. (a) Each running 

wheel was attached to a plastic holder. Rodent chow and water were provided via holes on the back. A magnetic 

field sensor detected close contact to two magnets (filled arrowhead) on the outer surface of the wheel. 

(b) About 16 running wheels were placed into one wooden box and magnetic field sensors were connected to 

one logger. Activity data were saved on a SD card. White light LEDs, shown in a section without ceiling 

(dotted line), were attached to the ceiling of each level in the box. Light intensity was adjusted with a dimmer. 

A temperature, humidity, and light intensity sensor were placed into a dummy wheel (open arrowhead) to 

monitor respective conditions. The photo of the running wheel was taken by Achim Werckenthin. 
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circle of the running wheel measured about 21 cm and was taken to calculate activity levels. 

One logger (Elektronikwerkstatt, University of Kassel, Kassel, Germany) monitored up to 

16 or 20 running wheels that were placed into a wooden box (Figure 4.10b). In the box, 

white light LEDs (12000015; World Trading Net, Bleicherode, Germany) combined with a 

dimmer (12000054; World Trading Net, Bleicherode, Germany) allowed to apply light at 

specific times and quantities. If the box was opened during the dark phase, the only light 

source was dim red light. Animals always had access to food and water. Temperature in the 

room was kept at 25 °C. Sensors for temperature, humidity, and light intensity were placed 

into a dummy running wheel to monitor conditions in the box. Actograms were plotted and 

analyzed with Fiji using the plug-in ActogramJ (1.0 ;https://bene51.github.io/ActogramJ/; 

Schmid et al., 2011) if not stated otherwise. 

4.4.1.1 Peptide injections 

To determine circadian time (CT)-dependent effects of peptides on locomotor activity pat-

terns of R. maderae, peptide injections were combined with running wheel experiments. 

Male cockroaches were isolated from colonies and one animal was placed into each running 

wheel. Experiments were performed under constant darkness conditions. Prior to the injec-

tion, locomotor activity was recorded for at least ten days. Period and phase of activity were 

calculated for a time interval of at least ten days using chi-square periodogram analysis 

(p = 0.05) and Excel (Microsoft Office 365 ProPlus), to determine the animal’s exact CT 

corresponding to the injection time. Just before the injection, the cockroach was anesthetized 

with CO2. The animal was then attached to a custom-built cockroach holder (Mechanikwerk-

statt, University of Kassel) and 2 x 10-15 to 2 x 10-9 mol of the respective peptide(s) diluted 

in 2 µl of saline were injected through the dorsal part of the compound eye into the hemo-

lymph. The injection was performed with a cannula (Gauge 27; Sterican) attached to a 0.1 ml 

precise dispenser tip of a repetitive pipette (HandyStep; Brand, Wertheim, Germany). Injec-

tions of saline were performed as control, while injections of synthetic MIP-3, MIP-4, 

MIP-5, MIP-6, or MIP-1 and ORC-2 together (MIP-1/ORC-2) were tested (Table A 10). 

After the injection, period and phase were analyzed for at least ten more days to identify CT-

dependent and peptide-induced period changes or phase shifts. For phase shift analysis, data 

were binned (3 h bins). Injections of saline, MIP-3, MIP-5, and MIP-1/ORC-2 were investi-

gated throughout the circadian day, while dose-dependencies where only tested for bins with 

strong advancing or delaying effects. Injections of MIP-4 and MIP-6 were only tested be-

tween CT 9-12 and CT 21-24 because the potential role in light entrainment was focused. 
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As these are the subjective times corresponding to dusk and dawn, strongest effects were 

expected (review: Stengl et al., 2015). Fitting of phase response curves with a B-spline was 

obtained with an integrated development (RStudio 1.2.1335) of the programming language 

R (3.6.1) using the splines2 (Wang & Yan, 2020), ggplot2 (Wickham, 2016), and dplyr 

(Wickham et al., 2020) packages.  

In addition, some animals were injected with gfp (controls) or putative mip-r dsRNA 

(Chapter 4.3.3.2) at least four weeks prior to the injection of 2 x 10-12 mol MIP-2 or MIP-3. 

The injection of the peptide was performed at the corresponding CT with strongest phase 

delaying (MIP-3; CT 11.5-12.5) or advancing (MIP-2; CT 21.5-22.5) effects. Following the 

end of the recording, the knockdown efficiency (Chapter 4.3.4) and phase shift of the activity 

were calculated as described above.  

4.4.1.2 Male shifting ability and activity pattern 

Male cockroaches were isolated from colonies and transferred into running wheels. A 

12:12 h light-dark cycle with about 5 lux light intensity was then applied until all animals 

were entrained to the rhythm. Subsequently, the experimental schedule (Figure 4.11) was 

started and activity data were evaluated. After 14 days of recording, the onset of the light 

phase was delayed by 6 h. The locomotor activity was monitored for another eleven days 

under 12:12 h light-dark conditions. Afterwards, the light was turned off. On the 14th day of 

constant darkness the cockroaches were injected with gfp, mip-pre, itp-pre, or mip-pre and 

pdf-pre dsRNA (Chapter 4.3.3.2). They were kept in the running wheels for another six 

weeks. Then the 12:12 h light-dark cycle was employed again and the shifting experiment 

was repeated with ten days of recording prior to the shift and another ten days after the shift. 

Following the last day of recording, brains were dissected for verification of the knockdown 

efficiency via qPCR (Chapter 4.3.4). For analysis of shifting ability, the onset of activity was 

evaluated for each day following the 6 h delay of the light-dark cycle. Gaussian smoothing 

was performed and the timepoint of activity onset was then selected manually. Shifting was 

complete, if the animal’s onset of activity exceeded zeitgeber time (ZT) 12. The number of 

days until shifting was complete was noted. One animal injected with gfp dsRNA was not 

evaluated, as activity onset was advanced instead of delayed. The activity level during the 

light phase was compared with the activity level during the dark phase. For this, the average 

share of light phase (ZT 0-12) and dark phase (ZT 12-24) activity was determined from 

five consecutive days prior to the injection (day 10-14) and after the injection (day 97-101). 
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The average daily (ZT 0-24) activity level was evaluated by converting wheel turns per day 

into the distance moved. Then, 20 consecutive days of activity during the pre-injection (day 

5-24) or post-injection (day 82-101) interval were averaged. Furthermore, under constant 

darkness conditions the free-running period 

of each animal was measured for day 26-38 

(pre-injection) and 54-81 (post-injection) as 

described above (Chapter 4.4.1.1). In addi-

tion, the state of rhythmicity for both inter-

vals was determined with a sliding ten days 

window analysis performed on 30 min data 

bins. For this, each window resulted in one 

chi-square periodogram (e.g. day 26-35, day 

27-36, day 28-37…). Each periodogram was 

independently evaluated by examination of 

specific criteria for rhythmicity as described 

in Reischig and Stengl (2003a). For this, in 

each periodogram the power of periodicity 

(Qp) was normalized to chi-square (for 

p = 0.01) in a range of 16-32 h (Figure 

4.12). If the highest peak extended the sig-

nificance level for ≥20% and if that peak 

was at least 0.7 h wide, windows were re-

garded as rhythmic. Finally, a proportion of 

windows fulfilling the criteria for rhythmic-

ity in the chi-square periodogram analysis 

was determined for the two intervals. Calcu-

lations of rhythmicity were done with RStu-

dio using the xsp (0.1.2; Iuchi & Yamada, 

2017) package. In addition to the period and 

rhythmicity, the activity distribution and ac-

tivity level were also investigated under 

constant darkness conditions. As each indi-

vidual cockroach showed a slightly different 

free-running period, the period and phase of 

 

Figure 4.11 The activity of male cockroaches was 

recorded under different light conditions without and 

with knockdown in running wheels. A 12:12 h light-

dark (LD) cycle (black and white bars) was applied 

for 14 days and then delayed by 6 h. Following the 

post-shift interval of 11 days, the light was turned of. 

On day 14 in constant darkness (DD; black bar) the 

animals were injected with gfp, mip precursor (mip-

pre), itp precursor (itp-pre), or mip-pre and pdf pre-

cursor (pdf-pre) double-stranded RNA (dsRNA) to 

induce the knockdown of target mRNA levels. The 

following 42 days were recorded under DD condi-

tions. Then the 12:12 h LD cycle was applied for an-

other 10 days. Afterwards, the LD rhythm was de-

layed by 6 h again and activity was recorded for 

10 days more. On day 102 the cockroaches’ brains 

were dissected to measure target gene mRNA levels. 
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activity were first determined for ten consecutive circadian days prior to the injection (day 

28-37) or following the injection (day 71-80) as described above (Chapter 4.4.1.1). Then, 

activity shares of the average subjective day (CT 0-12) and night (CT 12-24) and the average 

absolute activity per circadian day (CT 0-24) were individually evaluated. 

Figure 4.12 Period (τ) and rhythmicity of cockroach locomotor activity in running wheels were determined 

with chi-square periodogram analysis. (a) The locomotor pattern of an exemplary cockroach was recorded 

under 12:12 h light-dark conditions (white and black bars) for ten days and displayed as double plot. Black 

lines in the plot indicate activity levels. (b) The chi-square periodogram analysis was performed on activity 

data of ten days shown in (a). One min bins were evaluated for periods between 16 and 32 h. The highest power 

of periodicity (Qp, gray line) above chi-square (χ²; black line; p = 0.05) determined the strongest period of the 

animal (blue line) but did not for sure assign rhythmicity. (c) In accordance with Reischig and Stengl (2003a)

30 min bins of the same data with p = 0.01 (black line) were evaluated to determine, if the animal in general 

behaved rhythmic. (d) These data were normalized against χ². Only if Qp/χ² (gray line) of the highest peak 

above χ² (1.0; black line) in the periodogram exceeded 1.2 (dotted line) and if the peak was at least 0.7 h wide,

rhythmicity was assigned. Overall, the exemplary animal was rhythmic with a period of 24 h.  
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4.4.1.3 Female activity level and rhythmicity 

To assure that female cockroaches isolated from colonies were virgins, animals were picked 

a few hours after imaginal molt at most (ZT 15-24) when the cuticle was still bright and soft. 

If gfp or mip-pre dsRNA injections were performed, females were injected (Chapter 4.3.3.2) 

under dim red light conditions around ZT 13-15 to prevent shifts of the activity phase. Ani-

mals (untreated, gfp, or mip-pre dsRNA-injected) were then transferred into one running 

wheel each in a room with no males to eliminate male impact. An external 12:12 h light-

dark cycle was presented and adjusted to the colony conditions (Figure 4.13). Running 

wheel activity was monitored as mentioned above (Chapter 4.4.1). After imaginal molt fe-

males were inactive at first. It took several days until regular activity patterns could be rec-

orded. Therefore, and to sufficiently reduce mRNA levels via RNAi in injected females, the 

first 9-18 days were excluded from analysis. To determine average daily activity levels and 

rhythmicity, the next ten days of recording were evaluated. For the analysis of daily activity 

levels average wheel turns per day were converted into the distance moved. Days were ex-

cluded from calculations, if running wheels were blocked. To decide about rhythmicity of 

an animal chi-square periodogram analysis of the ten days interval were performed on 

30 min data bins as described above (Chapter 4.4.1.2). If all criteria were fulfilled, animals 

were regarded as rhythmic. Otherwise, they were regarded as arhythmic. On the following 

day females were transferred into a mating box and the mating assay was performed (Chapter 

4.4.2). The activity on this day was not included in any calculation. The next ten days post-

mating were evaluated in the same way as ten days pre-mating to compare activity levels 

and rhythmicity between both intervals. Brains of females injected with dsRNA were dis-

sected at the end of the experiment to verify the knockdown efficiency via qPCR (Chapter 

4.3.4). 

One female was recorded for a total of 125 days and analyzed separately. This female 

mated on day 27 after imaginal molt and the offspring hatched between day 93 and 97. The 

time of hatching could not be determined more precisely. Therefore, all five days were ex-

cluded from calculations. For the analysis of activity levels, the average daily activity of 17 

days pre-mating (day 10-26) was compared with the average daily activity of the interval 

between mating and hatching (day 28-92) and between hatching and dissection (day 98-125). 

The state of rhythmicity for all three intervals was determined with a sliding ten days window 



78 MATERIAL AND METHODS 

 

analysis as explained above (Chapter 4.4.1.2). In the end, a proportion of windows that ful-

filled the criteria for rhythmicity in the chi-square periodogram analysis was determined for 

each of the three intervals. 

Figure 4.13 To analyze female activity patterns and mating behavior running wheel experiments were com-

bined with a mating assay. (a) Each female was isolated on the day of imaginal molt and either injected with 

double-stranded RNA (dsRNA) or directly transferred into a running wheel. The external 12:12 h light-dark 

rhythm was adjusted to colony conditions (white and black bar). The post-isolation interval was not evaluated 

for analysis of activity patterns. Instead, activity level and rhythmicity of pre- (gray) and post-mating (magenta) 

intervals were compared. Between those two intervals one day was excluded from measurements. On this day 

either the female (filled arrowhead) alone was transferred into a mating box or at least two males (open arrow-

heads) were added (b: side view, c: top view). The ground of the mating box was covered with wood shavings, 

but otherwise empty. Animals were observed for 0.5 h. If they mated in end-to-end position for longer, the 

time was expanded. The female was then set back into the running wheel. Following the post-mating interval, 

females were dissected to determine, if oocytes were matured or an ootheca was present. Photos were taken by 

Achim Werckenthin. 
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4.4.2 Mating assay 

To analyze the behavior of mated females and to evaluate their sexual receptivity a mating 

assay was designed. Each female was put into a plastic box of 15 x 8 x 10.5 cm size at 

ZT 13-13.5 under red light conditions (one female at ZT 0-1 under white light conditions; 

see above, Chapter 4.4.1.3) on one day between day 18-27 after imaginal molt (Figure 4.13). 

This time interval was chosen to obtain enough days for the analysis of activity patterns 

before the mating process (Chapter 4.4.1.3). To prevent animals from slipping, the ground 

was covered with wood shavings. Each female interacted with at least two males and the 

“escalation level” of sexual behavior was tracked by eye control (Figure 4.14). Males were 

selected from the colony with same light-dark conditions as females. They were only caught, 

if they lifted their wings and stretched the abdomen as it is typical when they are sexually 

aroused. Escalation levels of female male interactions were determined as follows: One 

group of females was set into an empty mating box and therefore had no physical or 

chemosensory contact to males at all after their imaginal molt and during the experiment. 

Figure 4.14 Female male interactions reach different “escalation levels” during the mating process. Preceding 

physical contact males (open arrowheads) secrete pheromones to attract females (filled arrowhead) at a dis-

tance. (a) Once the male and the female meet, they contact each other with the antennae exchanging sensory 

information. (b) If sexually aroused (right male), the male lifts its wings and stretches the abdomen, which 

increases pheromone release and exposes tergal glands. (c) The sexually receptive female mounts the male to 

feed on its tergal gland secretion. He pushes his abdomen under the female and grasps the female genitalia. (d) 

The female dismounts and turns. Both cockroaches stay connected for 20-40 min in end-to-end position while 

the spermatophore is transferred to the female reproductive tract. Photos were taken by Achim Werckenthin. 
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The next higher escalation level were females that contacted males via the antennae. Anten-

nal contact was not classified as sexually receptive. If females fed on male tergal gland se-

cretions or even copulated, they reached the highest escalation levels and were evaluated as 

sexually receptive. If males did not raise the wings and stretch the abdomen, the female 

sexual receptivity could not be determined and they were not included in the measurement 

of receptivity. If the female copulated with one male in end-to-end position, the two animals 

were left in the box until they separated on their own. This usually took 20-40 min from 

copulation onset. To confirm the state of fertilization of each tested female, at the end of the 

experiment the female abdomen was dissected and, dependent on the time-point of dissec-

tion, the maturity of oocytes or the presence of an ootheca was checked. If the observed state 

in the mating box differed from the state of the ovaries, females were excluded from calcu-

lations. This occurred in 3 of 62 cases when females probably did not receive or lost the 

spermatophore of the male. 

4.5 Body measurements 

Male and female cockroaches were isolated 

from the colony immediately after imaginal 

molt. Following the isolation males were 

separated into two groups. One group was 

injected with gfp dsRNA, while the other 

was injected with mip-pre and mip-r 

dsRNA (Chapter 4.3.3.2). Females were 

handled equally. All animals of one of the 

four groups were collected in a box 

equipped with wood shavings, cartons, 

dried dog food, fresh food (potatoes, car-

rots, apples) and water ad libitum, respec-

tively. The four boxes were placed into the 

colony room to keep external conditions unchanged. Experiments were done six months af-

ter isolation. First, each animal was transferred into a vial and weighted with a precision 

scale (CPA64; Sartorius, Göttingen, Germany) at ZT 14-15 under red light conditions to 

prevent time-dependent diversification. Afterwards, animals were cold anesthetized in ice 

water, dried with tissue paper, and placed on millimeter paper to measure body length and 

width (Figure 4.15). Animals were then decapitated and brains dissected for the qPCR as 

 

Figure 4.15 Body sizes of male (a) and female (b) 

cockroaches were measured with millimeter paper.

For this, animals were placed on the paper upside 

down. Scale bars = 1 cm. 
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described in Chapter 4.3.4. Female abdomens were fixed on a wax dish to dissect one ovary. 

Both ovaries were always equally developed. After opening the cuticle along the body axis 

with surgical scissors, residual tracheae and fatty tissue were removed and the oviduct was 

cut with a precision shear. The ovary was extracted from the body and photographed to 

measure egg sizes. 

4.6 Statistical analysis 

All metric data sets were tested for normal distribution. If one or more data sets did not pass 

the Shapiro-Wilk normality test, non-parametric tests were performed. In this case, more 

than two data sets were always compared with the Kruskal-Wallis test followed by Dunn’s 

post hoc test for multiple comparison without correction for p-values. If only two groups 

were compared, for paired data the Wilcoxon test and for unpaired data the Mann-Whitney 

test were used. Statistics of parametric data sets were evaluated with One-way ANOVA fol-

lowed by Fisher’s LSD post hoc test for multiple comparison, if more than two data sets 

were compared. Otherwise, a paired or unpaired t-test was performed. Nominal data were 

analyzed with Fisher’s exact test. Significance levels were marked by asterisks (*: p<0.05; 

**: p<0.01; ***: p<0.001; ****: p<0.0001) and exact p-values were listed in Table A 11. 

All statistical analyses were performed with Prism 6 (GraphPad Software, San Diego, CA). 



82 ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE 

 

5 Entrainment of the circadian clock in R. maderae 

5.1 Neuroanatomical analysis of photic clock entrainment pathways 

Photic entrainment pathways of the Madeira cockroach circadian clock, the accessory me-

dulla (AME), are not well described. Compound eye photoreceptor neurons are required for 

photic entrainment of the cockroach clock, but they do not contact the AME directly (Lösel 

& Homberg, 1999). To determine which interneurons relay photic information from photo-

receptor cells to the clock, multiple-label immunocytochemistry was combined with histo-

chemistry and backfill studies. First, different layers of lamina and medulla were distin-

guished, as possible functional subdivisions. Then, multiple-label studies confined termina-

tion sites of short and long photoreceptor neurons to specific layers in lamina and medulla. 

Next, we searched for interneurons that interfaced photoreceptor neurons and circadian clock 

neurons. We employed antiserum against pigment-dispersing factor (PDF) as marker for 

cockroach circadian clock neurons and antisera against neuroactive substances predicted to 

be employed in photic entrainment (review: Stengl et al., 2015). These results were pub-

lished (Arnold et al., 2020). Furthermore, CHH/ITP-ir circuits in the brain were described 

for the first time. Finally, backfills from the contralateral optic stalk allowed to identify ar-

borizations of contralateral visual pathways in lamina and medulla layers some of which 

were also published (Arnold et al., 2020). 

5.1.1 Results 

5.1.1.1 Identification of 10 main layers in the medulla and three layers in the lamina via 

AChE histochemistry 

With different neuroanatomical techniques we characterized distinct layers in lamina and 

medulla neuropils. Enzyme-mediated AChE histochemistry was employed previously to 

identify cholinergic neurons (Eckenstein & Sofroniew, 1983; Homberg et al., 1995; Kar-

novsky & Roots, 1964; Satoh et al., 1983; Tago et al., 1986). It proved to be suited best for 

the differentiation of three lamina layers (LA1-3) and 10 main medulla layers (ME1-10) 

distally to proximally in horizontal optic lobe sections (Figure 5.1a; Table 5.1). AChE-

labeled neuronal projections were detected in all lamina and medulla layers at varying inten-

sities. Highest staining intensities were observed in LA1, LA3, in the accessory laminae, 

ME1, ME3, ME5, ME8, ME10, and the AME (Figure 5.1a; Table 5.1). Anti-synapsin 
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(n = 10) and anti-horseradish peroxidase (HRP; n = 10) immunocytochemistry also allowed 

for the differentiation of 10 ME layers. However, layer boundaries were less defined, com-

pared to AChE staining (Figure 5.1b,c). In the lamina anti-synapsin immunocytochemistry 

labeled LA1 and LA2, but not LA3 (n = 10). With anti-HRP immunofluorescence no repro-

ducible distinction of lamina layers was possible (n = 10). Consequently, in all following 

preparations immunocytochemistry was combined with AChE histochemistry to assign 

staining patterns to respective layers. In summary, AChE histochemistry distinguished 

three layers in the lamina, strongly stained accessory laminae, and revealed 10 layers in the 

medulla. The different optic neuropil layers might encode parallel retinotopic maps pro-

cessing distinct visual cues together with extracellular space coordinates. Our further studies 

Figure 5.1 Acetylcholinesterase (AChE) histochemical staining was chosen to distinguish layers in the lamina 

(LA) and medulla (ME). (a) In horizontal sections (40 µm) color-inverted AChE histochemistry allowed for 

distinction of 3.1 ± 0.5 LA layers. Also, the accessory lamina (ALA) was strongly AChE-positive. In the ME, 

10.0 ± 0.0 layers became apparent. ME1, ME3, ME5, ME8, and ME10 were more strongly labeled compared 

to ME2, ME4, ME6, ME7, and ME9. (b) Anti-synapsin (SYN) immunofluorescence revealed 2.2 ± 0.4 LA lay-

ers and 10.2 ± 0.7 ME layers (n = 10). (c) With horseradish peroxidase (HRP) labeling differentiation of 

LA layers was not possible, while 10.0 ± 1.3 layers of the ME were distinguished (n = 10). Confocal laser 

images. Lines indicate layer boundaries. AME, accessory medulla (dashed oval); LO, lobula; d, distal; p, pos-

terior. Scale bars = 50 µm. Figure and figure capture were adapted and modified after Arnold et al. (2020). 
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will determine in which of these optic lobe layers the spatial map is combined with temporal 

information provided by the circadian clock. Furthermore, future studies will determine 

whether AChE-stained neuropils are cholinergic. 

5.1.1.2 PDF clock cells arborize in accessory laminae and border short photoreceptor neu-

rons in LA3 but not long photoreceptor neurons that arborize in ME2  

Apparently all compound eye photoreceptor neurons were labeled with anti-histamine anti-

serum (Figure 5.2a,b; Lösel & Homberg, 1999). Histamine-ir short photoreceptor axons 

prominently innervated LA1 and LA2, while long photoreceptor axons terminated in ME2 

(Figure 5.2a,b). All histamine-ir loose arborizations in proximal layers ME4, ME6, and 

ME7 originated from a midbrain neuron identified previously (Figure 5.2a,b; Table 5.1; 

Arendt et al., 2017; Lösel & Homberg, 1999). From ME6 and ME7 this centrifugal hista-

mine-ir neuron sent few fibers with varicose branches to ME4. From ME4 fibers continued 

on to ME2 where they intermingled with dense arborizations of long photoreceptor cell ter-

minals (Figure 5.2a,b; n = 8 of 16). With neurobiotin backfills from single optic nerves, we 

confirmed the branching pattern of compound eye photoreceptor neurons in LA1, LA2, and 

ME2 (Figure 5.2c,d), but not in the AME (Lösel & Homberg, 1999). To identify potential 

contact sites between photoreceptor axons and clock neurons, multiple-label studies were 

employed with PDF antiserum to mark circadian clock neurons. In LA3 PDF-ir fibers from 

PDF lamina (PDFLAs) and PDF medulla cells (PDFMEs) directly bordered on backfilled 

short photoreceptor terminals. Both PDFLAs and PDFMEs also innervated the accessory 

laminae. As shown in Figure 5.1a, accessory laminae were strongly AChE-positive, but 

were neither histamine-ir nor did they receive innervation by backfilled compound eye pho-

toreceptor neurons (Figure 5.2). Thus, these apparently cholinergic glomerular lamina neu-

ropils are not connected to the compound eye. Via the anterior fiber fan PDF-ir fibers from 

PDFLAs and PDFMEs projected over the anterior face of the medulla in sublayer ME1.1, 

connecting the AME to proximal lamina (LA3) and accessory laminae (Figure 5.2c,d; Table 

5.1). Two to four PDFMEs appeared to send side branches from the anterior fiber fan into 

ME4 where they formed the asymmetric PDF-ir median-layer fiber system with strong dor-

sal and sparse ventral arborizations (Figure 5.2c,d and Figure 5.3a,b; Wei et al., 2010). In 

summary, while PDFLAs did not arborize in ME2, they branched in close proximity to short 

photoreceptor axons of the compound eye in LA3. Thus, they are suited to relay photic in-

formation from short compound eye photoreceptors via the anterior fiber fan from LA3 to 

the AME. Additionally, somata of PDFLAs surround and innervate the neuropils of acces-
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sory laminae that do not receive compound eye innervation. Instead, based upon AChE stain-

ing, it was suggested to receive cholinergic input from extraocular photoreceptors of the 

lamina organ (Fleissner et al., 2001). Thus, PDFLAs could constitute parallel photic entrain-

ment pathways from compound eyes and extraocular lamina organ to the circadian clock.  

5.1.1.3 One CRZ-ir MNe per optic lobe connects two distinct dorsal compartments of ME4 

to the AME, strongly overlapping with PDF-ir branches 

Two to four PDFMEs send a sidebranch from the anterior fiber fan into ME4 forming the 

asymmetrical median-layer fiber system with considerably more extension in a dorsal region 

of ME4 (Figure 5.3a,b; Reischig & Stengl, 2002; Wei et al., 2010). Double-label immuno-

cytochemistry with anti-PDF and anti-CRZ antisera showed strong overlap of staining in 

ME4. The CRZ-ir neuron had smooth, fine arborizations in a dorsal subregion of ME4 while 

Figure 5.2 Histamine-immunoreactive (-ir) terminals of short compound eye photoreceptor neurons projected 

to layer 1 and 2 of the lamina (LA1, LA2) and long photoreceptor neurons to layer 2 of the medulla (ME2). 

Anti-histamine immunocytochemistry (a,b; green) and neurobiotin backfills from one ventral optical 

nerve (ON) of the compound eye (c,d; cyan). (a,b) A histamine-ir fiber (filled arrowhead) from a midbrain 

neuron arborized in ME6 and ME7 and sent projections to ME4 and ME2 (open arrowhead). (c,d) Backfilled 

short photoreceptors in LA2 were in close contact to pigment-dispersing factor (PDF)-ir fibers (magenta) in-

nervating the proximal LA (pLA = LA3). Long photoreceptor axons and PDF-ir fibers had no direct contacts. 

Confocal laser images of 40 µm horizontal brain sections with (a,c) or without (b,d) superimposed schematic 

layers. Lines indicate layer boundaries. ALA, accessory lamina; AME, accessory medulla (dashed oval); AFF, 

anterior fiber fan; d, distal; p, posterior. Scale bars = 50 µm. Figure and figure capture were adapted and mod-

ified after Arnold et al. (2020). 
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spreading varicose terminals in a distinct adjacent dorsal and ventral subregion of ME4 (Fig-

ure 5.3c). Furthermore, varicose CRZ-ir terminals invaded the AME. Both the presumptive 

smooth input as well as the varicose output regions of the CRZ-ir neuron were in close vi-

cinity to PDF-ir branches in ME4 (Figure 5.3a,b). Furthermore, the PDF- and CRZ-ir net-

work in ME4 both extended into neighboring layers only in the dorsal ME. Also in the AME 

the PDF-ir arborizations overlapped with CRZ-ir varicose arborizations (data not shown; 

Arendt et al., 2017). In summary, the CRZ cell and a subgroup of PDFMEs appeared to be 

closely interconnected via both inputs and outputs in the dorsal ME4 and in the AME, form-

ing a feedback circuit with unknown function. It remains to be resolved whether this sub-

group consists of ipsi- or contralateral-projecting PDFMEs. 

Figure 5.3 The corazonin-immunoreactive (CRZ-ir) medulla (ME) tangential neuron appears to connect to 

pigment-dispersing factor ME clock cells (PDFMEs) in ME4. Overlay of PDF- (magenta) and CRZ-ir (cyan) 

arborizations with (a), or without (b) schematic layers in a horizontal dorsal section of lamina (LA) and ME. 

A maximum of four PDF-ir side branches extended to ME4, where also the CRZ-ir neuron branched. The PDF-

and CRZ-ir fibers branched asymmetrically with much stronger arborizations in a dorsal field of ME4 and 

extending into neighboring layers of the dorsal ME. (c) Frontal section of the CRZ-ir neuron (black). It com-

prises three distinct arborization sites, mostly smooth or mostly varicose branching arbors at different proxi-

mal-distal levels of the dorsal ME4, and a third arbor with varicose arborizations in the accessory medulla 

(AME; dashed oval). The mostly smooth (open arrowhead) and varicose (filled arrowhead) branching arbor of 

the CRZ-ir neuron overlap with arborizations of PDF-ir fibers in the dorsal ME4 (a-c). Lines indicate layer 

boundaries. pLA, proximal lamina; LO, lobula (dotted line); d, distal; do, dorsal (for c); p, posterior (for a,b). 

Scale bars = 50 µm. Figure and figure capture were adapted and modified after Arnold et al. (2020).  
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5.1.1.4 Seven layers of the medulla receive contralateral optic lobe innervation, while ME4 

only receives ipsilateral, but not contralateral PDF-ir branches 

With neurobiotin backfills from the contralateral optic stalk, contralateral innervations of 

LA3 and the accessory laminae, of ME1.1, ME3, ME4, ME6, ME7, ME9, ME10, and the 

AME were identified (Figure 5.4a,c-g; Table 5.1). ME6 could be further subdivided into 

contralaterally innervated ME6.1 and only ipsilaterally innervated ME6.2 (Figure 5.4f; Ta-

ble 5.1). Strongest contralateral innervation received the accessory laminae, ME1.1, ME3 

(not shown), ME4, and ME6.1. Neurobiotin-labeled fiber bundles in the lobula valley tract 

were counted (23.2 ± 4.6; Table 5.2). Single bundles usually contained several axons and 

innervated just one or two specific ME layers (Figure 5.4e; Table 5.2). All contralateral 

arborizations in lamina and medulla (Figure 5.4a,c-g; Table 5.1) originated from medulla 

cell groups I-IV (MCI-IV) next to the AME (Reischig & Stengl, 2002; Söhler et al., 2011). 

While it was not possible to trace fiber projections from single MC groups to specific me-

dulla layers, however, projections of PDF-ir MCI cells were identified in double-label stud-

ies. While PDFLAs never colocalized neurobiotin (n = 4), four of the anterior PDFMEs that 

belonged to MCI colocalized PDF and neurobiotin, as previously reported (Reischig & 

Stengl, 2002; Söhler et al., 2011). The posterior PDFMEs never colocalized PDF and neu-

robiotin and, thus, were ipsilateral PDFMEs. The PDF-ir branches in ME4 (Figure 5.4c,d) 

were strictly ipsilateral as they never colocalized neurobiotin (n = 4). But it could not be 

discerned whether they belonged to anterior or posterior PDFMEs. Most but not all PDF-ir 

fibers connecting the AME via the anterior fiber fan to LA3 and to the accessory laminae 

colocalized neurobiotin, indicating that both types of neuropils received ipsi- as well as con-

tralateral innervation (Figure 5.4c,d,g; Reischig & Stengl, 2002; Söhler et al., 2011). Fur-

thermore, AChE histochemical staining and PDF immunoreactivity strongly overlapped in 

the accessory laminae (Figure 5.4h). In summary, next to LA3 and the accessory laminae, 

among seven layers of the medulla most strongly innervated by contralaterally projecting 

optic lobe neurons were ME1.1, ME3, ME4, and ME6.1. Because all PDF-ir branches in 

ME4 were ipsilateral, they cannot belong to contralaterally projecting PDFMEs of MCI but 

apparently originate from either anterior and/or posterior ipsilateral PDFMEs. 
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Figure 5.4 Neurobiotin backfills from the contralateral optic stalk (COS) identified contralateral innervation 

of one layer in the lamina (LA) and of seven layers in the medulla (ME). (a,c-g) Backfilled fibers/fiber bundles 

(arrows in e) projected via the lobula valley tract (LOVT) and fanned out into ME1.1, ME3, ME4, ME6.1, 

ME7, ME9, and ME10. Most strongly contralaterally innervated were ME1.1, ME3 (shown in e), ME4, and 

ME6.1. One neurobiotin-labeled bundle (double arrowheads; c,d) continued on via the anterior fiber fan (AFF) 

in ME1.1. It separated further into a projection to the proximal lamina (pLA = LA3; a,c,d,g) and projections 

to the accessory laminae (ALAs; a,c,d,g). Filled single arrowheads marked the neurobiotin-labeled soma group 

MCII (a,c-e; Söhler et al., 2011). (b-d) Backfilled, contralateral pigment-dispersing factor-immunoreactive 

(PDF-ir) fibers innervated the accessory medulla (AME) and projected via the AFF to pLA and ALA (open 

arrowheads; g), but not to ME4. ALAs were innervated by ipsi- and contralateral PDF-ir fibers (a-d,g,h) and 

were also strongly acetylcholinesterase (AChE)-stained (c,h). Confocal laser images of horizontal (a-f,h), or 

frontal (g) brain sections through the ipsilateral optic lobe, stained with neurobiotin backfills from the COS 

(cyan), consecutive triple labeling with anti-PDF immunocytochemistry (magenta), and AChE histochemistry 

(white). Boxed areas (a,c) were enlarged (e-h). Lines indicate layer boundaries. a/pPDFMEs, anterior/posterior 

PDF-ir ME neurons (dashed ovals); d/vPDFLAs, dorsal/ventral PDF-ir LA neurons (dashed ovals); d, distal; 

do, dorsal (for g); p, posterior (for a-f,h). Scale bars = 50 µm. Figure and figure capture were adapted and 

modified after Arnold et al. (2020).  



90 ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE 

 

5.1.1.5 GABA immunoreactivity is strongest at arborization sites of PDF clock cells, while 

5-HT immunoreactivity is strongest at termination sites of photoreceptor neurons 

As both y-aminobutyric acid (GABA) and serotonin (5-HT) were implicated in photic en-

trainment of the AME (Gestrich et al., 2018; Page, 1987; Petri et al., 1995; Petri et al., 2002), 

we applied antisera against GABA and 5-HT for assignment to optic lobe layers. Next to 

GABA-ir fiber tracts in ME1.1, belonging to the distal tract and a fiber bundle of the anterior 

fiber fan, the GABA-ir medial-layer fiber tract connected the AME to the medulla. GABA-ir 

fibers innervated the AME, all layers of the medulla and all neuropils of the lamina. Strong-

est GABA staining was detected in LA3 and the accessory laminae via fibers of the anterior 

fiber fan projecting in ME1.1, in ME4 due to innervation via the GABA-ir medial-layer fiber 

tract, and in the AME that is innervated by all of the GABA-ir tracts (Figure 5.5a,b; Table 

5.1). With antiserum against 5-HT we stained PDFLAs next to the accessory laminae, as 

well as somata next to the AME (not shown; Giese et al., 2018; Petri et al., 1995). Strongest 

expression of 5-HT immunoreactivity was observed in LA1-3, the accessory laminae, 

ME1.1, ME2, and the AME (Figure 5.5c,d; Table 5.1). In summary, both GABA- and 

even more 5-HT-ir neurons could interact with short photoreceptor terminals in the lamina, 

as well as with long photoreceptor neurons in ME2. While GABA appears to be dominant 

at arborization sites of PDF-ir clock neurons, 5-HT dominates at termination sites of photo-

receptor cells. The strong innervation of the accessory laminae by 5-HT further supports 

their photoreceptive function. 

Table 5.2 Innervation of specific medulla (ME) layers by fiber bundles (mean ± SD) backfilled from the con-

tralateral optic stalk 

ME layer Fiber bundles (n = 5) 

1.1 1.8 ± 0.4 

3/4/6.1/7a 10.0 ± 3.6 

9/10b 8.0 ± 4.1 

Unknown 3.2 ± 2.9 

Total 23.0 ± 4.6 

a A total of six fiber bundles in two samples were traced to one single layer. 

b Two fiber bundles in one sample divided into ME7 and ME9/10.  

The table was adapted and modified after Arnold et al. (2020). 
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5.1.1.6 ME4 is connected tightly to the circadian clock and exhibits multiple neuropeptide 

immunoreactivities 

Multiple-label immunocytochemistry was performed with antisera against the neuropeptides 

PDF, orcokinin (ORC), myoinhibitory peptide (MIP), FMRFamide, CRZ, and allatotropin 

(AT) that all were implicated in photic entrainment (review: Arendt et al., 2017; Giese et al., 

2018; Stengl & Arendt, 2016). We found ORC-, MIP-, and FMRFamide immunoreactivity 

in fibers that arborized in the same regions as PDF-ir neurons (Figure 5.6a-f; Table 5.1). 

Additionally, these three antisera, but not PDF antiserum labeled ME2 where long hista-

mine-ir photoreceptor cells terminated and ME3 that receives strong contralateral optic lobe 

inputs (Figures 5.2a,b, 5.6a-f; Table 5.1). Interestingly, both ME4 and AME were labeled 

Figure 5.5 GABA-immunoreactive (-ir) fibers were present in all layers of lamina (LA) and medulla (ME), 

most prominently in the proximal lamina (pLA = LA3), ME1.1, and ME4. While serotonin (5-HT) immuno-

reactivity stained all layers in the LA and all layers of the ME, except ME8-10, it predominated in ME1.1, 

ME2, and LA1-3. (a,b) GABA-ir fibers innervated all glomeruli of the accessory medulla (AME) and projected 

via the distal tract (DT; arrowhead) in ME1.1 to undiscerned layers in the ME. Parallel to the DT GABA-ir 

fibers of the anterior fiber fan (AFF of ME1.1) continued on to the pLA and accessory laminae (ALAs). Fur-

thermore, GABA-ir fibers connected the AME to ME4 via the medial-layer fiber tract (MLFT; stars). (c,d) 

LA1-3, the ALAs, the AFF in ME1.1, and ME2 were strongly 5-HT-ir. ME1.2 and ME3-7 were more weakly 

5-HT-ir. Confocal laser images were of 40 µm horizontal optic lobe sections. Neurotransmitter immunoreac-

tivities (magenta) were implemented with (a) or without (b,d) schematic layers or color-inverted acetylcholin-

esterase (AChE) histochemistry (c; white). Lines indicate layer boundaries. LO, lobula; d, distal; p, posterior. 

Scale bars = 50 µm. Figure and figure capture were adapted and modified after Arnold et al. (2020).  
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Figure 5.6 Medulla (ME) layer ME4 was most strongly innervated via different neuropeptide-immunoreactive 

(-ir) neurons such as orcokinin (ORC)-, myoinhibitory peptide (MIP)-, FMRFamide-, corazonin (CRZ)-, and 

allatotropin (AT)-ir neurons. (a,b) ORC-ir fibers invaded all LA and ME layers. Strongest staining was present 

in ME4. (c,d) MIP-ir neurons projected into ME1-4 and ME6-8 with the most prominent staining in ME4. 

MIP-ir fibers connected the accessory medulla (AME; dashed oval) via the anterior fiber fan (AFF) in ME1.1 
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by all neuroactive substances tested in this study, and most of them expressed strong staining 

intensity (Figures 5.1-5.6; Table 5.1). As described above (Figure 5.3) almost all arboriza-

tions of the single CRZ-ir MNe per optic lobe were restricted to the AME and ME4 where 

they overlapped with processes stained by all antisera tested. Only few CRZ-ir fibers inner-

vated ME1.1, where all other antisera stained, except AT antiserum. Few CRZ-ir fibers 

reached ME1.2, where also ORC-, MIP-, and AT-ir processes branched, and ME2, where all 

antisera stained, except AT antiserum. Furthermore, few CRZ-ir fibers branched in ME3, 

also overlapping with all other neuropeptidergic neurons examined, except AT-ir cells. Fine 

CRZ-ir processes (indicative of dendritic arbors) were found only in ME4 and in neighboring 

layers of the dorsal ME, while forming varicose terminals in the AME, in ME1, ME2, ME3, 

and also in ME4 (Figure 5.3, 5.6g,h; Table 5.1). Unexpectedly, AT-ir branches just over-

lapped with histamine-ir short photoreceptor terminals in LA1 and LA2, but were detected 

neither in LA3, nor in the accessory laminae, nor in the anterior fiber fan in ME1.1, nor in 

ME2 (Figure 5.6i,j; Table 5.1). Instead, they arborized most strongly in ME5 and ME9, 

with intermediate staining intensity in ME1.2, ME4, and ME6-8. Thus, AT-ir local neurons 

must occur in the lamina and other AT-ir neurons only innervated proximal layers in the 

ipsilateral medulla.  In summary, ME4 is abundant of neuropeptidergic innervation and 

most strongly connected to the circadian clock. 

5.1.1.7 PDF and AChE signals, but not histamine overlapped in the glomeruli of the acces-

sory laminae 

As shown previously, GABA- and 5-HT-ir terminals innervate the accessory laminae (Fig-

ure 5.5; Table 5.1). Employing multiple-label immunocytochemistry the dorsal (not shown) 

to the proximal lamina (pLA = LA3). (e,f) FMRFamide-ir fibers were most prominent in the AFF in ME1.1 

connecting the AME to LA1-3, and in ME2. To a lesser extent they innervated ME3-9. (g,h) CRZ-ir fibers 

originated from one medial neuron that connected the AME and ME4 via the medial-layer fiber tract. From 

ME4 CRZ-ir branches projected down into ME3, ME2, and ME1.2, terminating in ME1.1 (boxed area, arrow-

heads), not innervating the LA. (i,j) LA1 and LA2 were weakly AT-ir (boxed area). Many AT-ir neurons 

projected fibers parallel to the columns of the ME and innervated ME1.2 and ME4-9. Strongest staining oc-

curred in ME5 and ME9. Confocal laser images of 40 µm horizontal optic lobe sections. Implementation of 

schematic layers (a,g,i) or color-inverted acetylcholinesterase (AChE) histochemistry (c,e; white) combined 

with neuropeptide immunoreactivities (magenta). Lines indicate layer boundaries. d, distal; p, posterior. Scale 

bars = 50 µm (25 µm in boxed areas of h,j). Figure and figure capture were adapted and modified after Arnold 

et al. (2020).  
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and ventral accessory lamina were investigated, further. PDF-ir PDFLAs and PDFMEs in-

nervated both dorsal and ventral accessory lamina (Figure 5.7a,c,e,g,i,k; Table 5.1) which 

were both devoid of anti-histamine staining (Figure 5.7a,b; Table 5.1). Furthermore, ORC-

ir or MIP-ir processes branched in the accessory laminae, partially colocalizing PDF, indic-

ative of medium-sized PDFMEs (Figure 5.7c-f; Table 5.1). Strongest double labeling was 

observed in accessory laminae with PDF and FMRFamide antisera, which identified a sub-

division of the neuropil into one distal and one proximal double-labeled glomerulus inner-

vated by separate fiber bundles, with stronger FMRFamide immunoreactivity in the 

proximal glomerulus (Figure 5.7g,h; Table 5.1). In contrast, CRZ (Figure 5.7i,j; Table 5.1) 

Figure 5.7 While the accessory laminae (ALAs) were devoid of histamine immunoreactivity (a,b) they were

innervated by pigment-dispersing factor-immunoreactive (PDF-ir) fibers that colocalized orcokinin

(ORC; c,d), myoinhibitory peptide (MIP; e,f), or FMRFamide immunoreactivity (g,h). PDF-ir somata next to 

the ALA (PDFLAs; c; arrowheads) branched in the ALA. (g,h) Two PDF- and FMRFamide-ir fiber bundles 

projected into separate glomeruli of the ALA (dashed ovals). No CRZ- (i,j) or allatotropin (AT)-ir (k,l) fibers 

were detected in the ALA. Confocal laser images of 40 µm horizontal (a,b,e-l) or frontal (c,d) optic lobe sec-

tions. Other neuropeptide immunoreactivities (cyan) were coexpressed with PDF immunoreactivity (a,c,e,g,i,k; 

magenta). LA, lamina; ME, medulla; d, distal; do, dorsal (for c,d); p, posterior (for a,b,e-l). Scale bars = 25 

µm. Figure and figure capture were adapted and modified after Arnold et al. (2020).  
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and AT immunoreactivity (Figure 5.7k,l; Table 5.1) were not found in accessory laminae. 

To summarize, we found no evidence for histaminergic photoreceptor terminals in the ac-

cessory laminae, but for cholinergic, GABAergic, serotonergic, and neuropeptidergic inner-

vation. (Arnold et al., 2020) 

5.1.1.8 Transcriptome analyses identified the sequence of ITP in the brain of R. maderae 

As ITP plays a major role in light entrainment processes in the circadian clock of D. mela-

nogaster (Johard et al., 2009; Menegazzi et al., 2020), it was examined whether ITP is pre-

sent in R. maderae. Transcriptome analyses revealed transcripts that included a full open 

reading frame sequence with high identity to insect ITP sequences (Figure 5.8). The trans-

lated peptide was 75 amino acids long. When it was compared to short and long splicing 

forms that were identified in Schistocerca gregaria and D. melanogaster, sequence identities 

added up to 79% and 61% (S. gregaria short and long) or 79% and 57% (D. melanogaster 

short and long 1/ 2), respectively. Also, ITP is closely related to the crustacean hyperglyce-

mic hormone (CHH) family, constituting 52% sequence identity. To summarize, the pres-

ence of ITP in R. maderae further confirmed the conservation of this peptide among arthro-

pods. 

5.1.1.9 Fibers in the AME and two to five adjacent clock neurons were CHH/ITP-ir 

Although in general the staining intensity was low in labeled CHH/ITP-ir fibers in the optic 

lobe, some labeled structures were identified with an anti-CHH antiserum for the first time. 

First of all, CHH/ITP-ir neurons were part of circadian circuits, as up to three ANes 

(n = 3 of 9), one to two MNes (n = 4 of 9) and one VNe (n = 2 of 9) adjacent to the AME 

were labeled (Figure 5.9a-c). More than five neurons never occurred in the same optic lobe. 

However, marked somata were only identified in whole mount samples, but not in 40 µm 

sections. These neurons appeared to form connections with the AME, as CHH/ITP-ir fibers 

innervated the interglomerular region of the AME (n = 9 of 9) in direct proximity to PDF-ir 

fibers (Figure 5.9d-f). No colocalization between CHH/ITP and PDF immunoreactivity was 

detected. CHH/ITP-ir projections innervated the medulla in at least one anterior layer be-

tween ME2-5 and in at least one posterior layer between ME6-9 (Figure 5.10; Table 5.1; 

n = 4 of 6). At least one layer between the anterior and posterior CHH/ITP-ir layer/s was not 

labeled. Neither the distal tract and the anterior fiber fan in ME1, nor the lamina, nor the 

accessory laminae were labeled. However, staining intensity might have fallen under the 
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detection limit in distal optic lobe regions. In the proximal direction CHH/ITP-ir fibers in-

nervated the lobula (Figure 5.10; n = 4 of 7) or projected via the optic stalk to midbrain 

 

Figure 5.8 The R. maderae ITP was identified via alignments with sequences of insect ITPs and crustacean 

CHH. Similarity with S. gregaria short and long ITPs (Meredith et al., 1996), D. melanogaster short and 

long (1/2) ITPs (Dircksen et al., 2008), and O. limosus CHH (Kegel et al., 1991) was highest at the N-terminus 

of the amino acid sequences. Identical or similar amino acids were marked in the same color. Sequence gaps 

were bridged with empty spaces (-). The amount of consensus amino acids per position was calculated (black 

bars) and the most common amino acid was mentioned below (-, no matching amino acid; +, more than one 

probable amino acid). The original figure provided by Achim Werckenthin was modified. 
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regions (Figures 5.9g-i, 5.10, 5.11 ; n = 6 of 8). As at least the majority of fibers were lo-

cated separately from the partially PDF-ir lobula valley tract (Figure 5.9) that appears to 

include all tracts connecting both optic lobes (Reischig & Stengl, 2002), CHH/ITP-ir optic 

lobe neurons probably did not project to the contralateral AME. Indeed, no fibers in the area 

of the posterior optic commissure, which is known to connect the AMEs of both optic lobes, 

were labeled (Figure 5.11; n = 7 of 9). However, CHH/ITP-ir arborizations in the superior 

medial protocerebrum resembled the PDF-ir anterior optic commissure with neighboring 

projection sites as second connection between the AMEs (Figure 5.11; n = 7). These pro-

jections did not necessarily originate from the CHH/ITP-ir AME cells. Next to the optic lobe 

clock cells CHH/ITP-ir somata were identified in the midbrain, which belonged to pars in-

tercerebralis and pars lateralis cells (Figure 5.11; Chapter 6). Therefore, projections via the 

nervi corporis cardiaci I and II were attributed to these neurosecretory cells, while all other 

arborizations originated either from the neurosecretory cells or the CHH/ITP-ir clock cells. 

A loose fiber network was labeled in large parts of the lateral protocerebrum (Figure 5.11; 

n = 9). It could not be discerned whether CHH/ITP-ir AME cells projected from the optic 

stalk into the superior, ventro-, and/or posterior lateral protocerebrum, generating the 

CHH/ITP-ir aborizations there. Some labeled fibers from the lateral protocerebrum branched 

into the superior medial protocerebrum, passing the mushroom body between vertical lobe 

and pedunculus (Figure 5.11; n = 7 of 9). In addition, CHH/ITP-ir fibers projected posteri-

orly around the midline of the brain (Figure 5.11; n = 7 of 9). From there connections to the 

tritocerebrum were identified (Figure 5.11; n = 6 of 9). These connections probably origi-

nated from the arborizations in the optic stalk, and therefore from CHH/ITP-ir clock cells 

(Figure 5.11; n = 6 of 9). Several fiber bundles were located at the posterior edge of the 

mushroom bodies and along the medial antennal lobe tract, but did not innervate these struc-

tures (Figure 5.11; n = 4 of 7). Their termination sites were not revealed. In summary, two 

to five CHH/ITP-ir neurons were identified next to the AME apparently taking part in circa-

dian clock circuits. The CHH/ITP-ir commissures probably did not connect both AMEs. 
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Figure 5.9 Crustacean hyperglycemic hormone/ion transport peptide (CHH/ITP) immunoreactivity was de-

tected in a total of five accessory medulla (AME) neurons, in the interglomerular region of the AME, and in 

optic stalk fibers without apparent connections to the contralateral AME. (a-c) In proximity to the AME 

(dashed line) three anterior neurons (ANes; filled arrowheads), one medial neuron (MNe; open arrowhead in 

a), and one ventral neuron (VNe; open arrowhead in b) were CHH/ITP-immunoreactive (-ir; cyan). The inter-

glomerular region of the AME and projections into the medulla (ME; arrow) were labeled. (d-e) CHH/ITP-ir 

terminals in the interglomerular region of the AME accompanied pigment-dispersing factor (PDF)-ir arboriza-

tions (magenta) without colocalization. (g-h) In the optic stalk, CHH/ITP-ir fibers (double arrowheads) did not 

project parallel to PDF immunoreactivity in the lobula valley tract (asterisk) to the contralateral AME, but 

appeared to take a separate route. Confocal laser images of a frontal optic lobe whole mount preparation (a-c) 

or 40 µm sections (d-i). The whole mount was depicted in three consecutive stacks of 25 µm (a), 31 µm (b), 

or 41 µm (c) thickness from anterior to posterior. OL, optic lobe; d, distal; do, dorsal. Scale bars = 50 µm. 
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Figure 5.10 At least one anterior and one posterior layer of the medulla (ME) between ME2-5 and ME6-9, 

respectively, were crustacean hyperglycemic hormone/ion transport peptide immunoreactive (CHH/ITP-ir).

(a,b) The anteriormost frontal sections were almost devoid of CHH/ITP immunoreactivity. Therefore, the dis-

tal tract and the anterior fiber fan that project in ME1 were not labeled. Only few fibers (magenta arrowheads) 

innervated the accessory medulla (AME) extending into the nearby proximal region of the ME. CHH/ITP-ir 

fibers innervated large parts of the lobula (LO; white arrowheads) and the LO organ (LOO; filled arrow). (c) 

The branches in the ME innervated a wide area of the proximal ME in the next more posterior section (magenta 

dotted oval) and were located in at least one ME layer between ME2-5. It was not revealed, if the median-layer 

fiber system or medial-layer fiber tract in ME4 were labeled. Some fibers projected from the AME along the 

posterior LO to midbrain regions (white double arrowheads). (d-f) In even more posterior sections the arbori-

zations in ME2-5 shifted to a distal band of the ME (magenta arrowheads). As staining intensity was low, only 

some fibers were detected. A band of CHH/ITP-ir fibers, extending from the dorsal to the ventral ME (black 

dotted ovals), was framed by unlabeled neuropil regions at its distal and proximal side. Thus, layers between 

ME6-9 were CHH/ITP-ir, while at least one more anterior layer and ME10 were not labeled. In the distal optic 

lobe (OL), including the lamina (LA) and accessory laminae, only the LA organ (LAO; open arrow) was 

marked. Labeled arborizations of the same group of ME layers were represented in one color. To evaluate 

weakly stained fibers, background signal in somata was increased. Light microscope images of consecutive 

40 µm sections of the OL. The correlating plane of the respective section in the horizontal view (solid line) 

was schematically depicted in each section. p, posterior; d, distal; do, dorsal. Scale bar = 50 µm.  
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Figure 5.11 Crustacean hyperglycemic hormone/ion transport peptide immunoreactive (CHH/ITP-ir) arbori-

zations in the midbrain originated from clock cells or neurosecretory cells of the pars intercerebralis (PI) and 

pars lateralis (PL). (a-j) Labeled neurosecretory cells of the PI and PL (black filled arrowheads) projected via 

the nervi corporis cardiaci (NCC)I and II (black open arrowheads) to the corpora cardiaca (CC) with associated 

corpora allata (CA), respectively. Arborizations in the superior (SLP), ventro- (VLP) and posterior lateral pro-

tocerebrum (PLP; asterisks) and connections to the superior medial protocerebrum (SMP; magenta filled ar-

rowheads) as well as to posterior projection sites around the midline of the brain and down to the tritocerebrum 

(TC; magenta open arrowheads) were built by clock neurons or neurosecretory cells. Some branches in the 

SMP resembled the anterior optic commissure with adjacent projection sites (magenta double arrowheads). 

Projections in the optic stalk (magenta filled arrows) likely originated from CHH/ITP-ir clock cells. Structures 

in the mushroom body (MB) vertical (VL) and medial lobe (ML) were unspecific signals (black arrows). The 

area in j (k) was inserted from the next posterior section. The arborization pattern of clock cells (blue) and 

neurosecretory cells (black) was divided into an anterior (l) and posterior (m) proportion of the brain with 

connections between both proportions being marked (dashed lines) except for branches in the lateral proto-

cerebrum, which were also connected. Projection areas with uncertain origin (magenta) or strong ramification 

(dots) were highlighted. Connection areas of fibers innervating the lobula (LO) were unknown. Only somata 

(open ovals) of clock cells represent true numbers. Arborizations along the posterior surface of the MB and the 

medial antennal lobe tract (mALT; open arrows) were excluded. Light microscope images of consecutive 40 

µm sections (a-k) or schematic (l,m) of the midbrain from anterior to posterior. AL; antennal lobe; CAL, cali-

ces; PED, pedunculus; CB, central body; LA, lamina; ME, medulla; d, distal; do, dorsal. Scale bar = 200 µm. 



102 ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE  

 

5.1.1.10 The potential extraocular photoreceptive lamina organ exhibited ITP but not PDF 

immunoreactivity 

Although CHH/ITP-ir fibers were not tracked into the lamina or accessory laminae, a strong 

signal was localized in the potential extraocular photoreceptive lamina organ (Figure 5.12; 

n = 6 of 10). This structure was devoid of anti-PDF signal and was only detected in 40 µm 

sections, but not in whole mounts. Colabeling with the nuclear DNA marker DAPI demon-

strated that CHH/ITP immunoreactivity was detected in the central core region of the tubular 

lamina organ, but not in the somata of adjacent cells. The lobula organ was also identified 

in two samples and marked with the CHH/ITP antiserum in its central core (Figures 5.10c, 

5.12e-g). In summary, CHH/ITP antiserum stained potential extraocular photoreceptors, 

the lamina and the lobula organ that appear to be connected to the circadian pacemaker cen-

ter, the AME. However, no CHH/ITP-ir fibers were found in the first order neuropils of the 

lamina organ, the accessory laminae, while the AME, the first order neuropil of the lobula 

organ was CHH/ITP-ir.  

Figure 5.12 The lamina and lobula organ (LAO, LOO) exhibited crustacean hyperglycemic hormone/ion 

transport peptide (CHH/ITP) immunoreactivity in their central cores. (a-d) CHH/ITP immunoreactivity (cyan) 

did not colocalize pigment-dispersing factor (PDF) immunoreactivity (magenta) or the nuclear DNA marker 

DAPI (yellow). DAPI labeled somata of the LAO in direct proximity to the CHH/ITP-immunoreactive (-ir) 

central core (filled arrowhead). (e-g) The LAO stretched along the proximal lamina (LA) extending from dor-

sally to ventrally, while the LOO was located at the distal edge of the lobula (LO; dashed lines). The central 

core of the LAO and LOO (open arrowhead) was CHH/ITP-ir (black). Confocal laser (a-d) or light microscope 

(e-g) images of 40 µm frontal optic lobe sections. Boxed areas (e) were enlarged (f,g). ME, medulla; d, distal; 

do, dorsal. Scale bars = 50 µm (100 µm in e). 
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5.1.2 Discussion 

In search for light entrainment pathways to the cockroach circadian clock, the accessory 

medulla (AME), it was examined whether there are direct or indirect connections between 

pigment-dispersing factor (PDF)-processing circadian clock neurons in the lamina 

(PDFLAs) or medulla (PDFMEs) and compound eye photoreceptor cells. Acetylcholines-

terase (AChE) histochemistry, multiple-label immunocytochemistry, and backfills from op-

tic nerves of the compound eye, or the contralateral optic lobe were performed. Thereby, 

three layers of the lamina (LA1-3) and 10 layers of the medulla (ME1-10) were distin-

guished. While short green-sensitive photoreceptor neurons terminated in LA1 and LA2 bor-

dering on PDF-immunoreactive (-ir) terminals in LA3, the long UV-sensitive compound eye 

photoreceptor neurons terminated in ME2 (Strausfeld, 2012) without direct contact to PDF-ir 

clock neurons that branched in ME4 (Figure 5.13). Evidence was presented that PDF-

(PDFLAs), FMRFamide-, and 5HT-ir lamina neurons, parallel to neuropeptidergic/GA-

BAergic medial neurons (MNes), could relay ipsi- and contralateral light information via the 

anterior fiber fan from LA3 to the AME. In addition, via a separate branch of the anterior 

fiber fan PDFLAs and MNes connect AME innervating neurons to dorsal and ventral acces-

sory laminae. Accessory laminae did not receive input from histaminergic compound eye 

photoreceptor cells. Instead they appeared to receive cholinergic and GABAergic photore-

ceptor input from the lamina organ, an extraocular photoreceptor organ (Fleissner et al., 

2001). Each accessory lamina expressed differential staining in at least two glomerular sub-

compartments indicative of parallel information processing. Also different neuropeptidergic 

interneurons of the medulla interconnect ME2, ME4, and AME apparently relaying ipsi- and 

contralateral light information from long compound eye photoreceptor neurons in parallel 

lines to the circadian clock. In the context of adjustment to different light phases at dawn 

and dusk the corazonin (CRZ)-ir MNe seems to be part of phase advance lines, while allato-

tropin (AT)-ir MNes may be part of phase delay lines. It became apparent that ME4 is the 

main input/ output region of the circadian clock in the optic lobes, next to LA3 and the 

accessory laminae. We present here a new testable hypothesis on how the different photic 

entrainment pathways could connect to different PDFMEs in the circadian clock to control 

rest-activity rhythms (Figure 5.13). 
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Figure 5.13 Model of cockroach photic entrainment pathways from UV-sensitive photoreceptors to sleep-

promoting and from green-sensitive photoreceptors to activity-promoting clock circuits. Both comprise of dif-

ferent pigment-dispersing factor (PDF)-processing circadian clock neurons in the Madeira cockroach. (a) The 

largest, ipsi- and contralaterally projecting anterior PDF-immunoreactive (-ir) neuron (largest cPDFME; cyan) 

is suggested to keep sleep-promoting morning (M) circuits and activity-promoting evening (E) circuits at an-

tiphase via an endogenous rhythm of PDF release. This largest clock neuron is suggested to be activated at 

increasing, high light levels via cholinergic input in accessory laminae (ALAs) via UV-sensitive extraocular 

photoreceptors (purple circle) of the lamina organ (LAO) and via cholinergic inputs to the accessory me-

dulla (AME) from the lobula organ (LOO). Also, we suggest an inhibitory output pathway from the largest 

cPDFME to green-sensitive short photoreceptors (green) in lamina (LA) layer LA3 of the contralateral optic 

lobe. (b) Thus, light-dependently maximal PDF release from the largest cPDFME and the PDF-ir LA cells 
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5.1.2.1 The number of layers in lamina and medulla are conserved among hemi- and hol-

ometabolous insects 

In hemi- as well as in holometabolous insects the main photoreceptor organs are the com-

pound eyes. The lamina and medulla, as well as most nested neuropils of the lobula (Rosner 

et al., 2017) maintain topographic organization with regular parallel columns that form a 

retinotopic map of the external environment, thus, encoding external space (Strausfeld, 

1976). Tangential neurons interconnect columns, branching perpendicularly to the columns 

and, thereby forming layers (= strata; Campos-Ortega & Strausfeld). These layers serve par-

allel visual processing and encode different parameters of photic information such as light 

intensity, contrast, form, color, and motion embedded into spatial information (review: Borst 

et al., 2010). As tangential neurons interconnect corresponding layers between optic neuro-

pils, they are the neuronal elements of parallel visual information processing. Because a 

main role of the circadian clock is to guarantee synchronization between the organism´s 

endogenous timing and the timing of the external light-dark cycle, we searched for direct/in-

direct connections between the circadian clock and terminals of compound eye photorecep-

tor axons. Thus, we concentrated our analysis on tangential neurons connecting layers of 

lamina and medulla to the AME. We did not focus on the lobula which is involved in small- 

and large-field motion detection, in looming responses, and stereopsis (Aptekar et al., 2015; 

Nordström & O'Carroll, 2006). A detailed analysis of the lobula of the Madeira cockroach 

when compared with lobulae of other species was published recently (Rosner et al., 2017).  

(PDFLAs) occurs during the day (open bar) in the AME and in all PDF target areas. The PDF rises in the AME 

during the day activate ipsilateral remaining iPDFMEs via excitatory PDF autoreceptors. The iPDFMEs were 

suggested to be sleep-promoting, belonging to the morning oscillator network (M). Furthermore, UV-sensitive 

long compound eye photoreceptor neurons (purple) that terminate in medulla (ME) layer ME2 advance iPDF-

MEs via medial neurons (MNes; orange) such as the corazonin (CRZ)-ir MNe connecting ME2, ME4, and 

AME. Also, other MNes are suggested to relay extraocular UV input from the ALAs to iPDFMEs via the 

AME. At the same time PDF release during the day inhibits contralaterally projecting cPDFMEs via inhibitory 

autoreceptors. The cPDFMEs were suggested to be activity-promoting, being part of the evening oscillator (E). 

The cPDFMEs lock onto dusk via processes in the LA adjacent to terminals of green-sensitive short photore-

ceptors from the compound eye. In parallel, PDFLAs and MNes also provide light inputs from LA and ALAs 

into the AME. Arrows: excitatory connections, no arrows but bars: inhibitory connections, black bar: night. 

MLFT, medial-layer fiber tract; ZT, zeitgeber time; LO, lobula; d, distal; p, posterior. Figures and figure cap-

tures were adapted and modified after Arnold et al. (2020).  
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Consistent with the structure of the medulla in the fruitfly D. melanogaster (Fisch-

bach & Dittrich, 1989), in butterflies (Hamanaka et al., 2012; Heinze & Reppert, 2012), in 

the locust S. gregaria (Homberg et al., 2004), in the mantis Hierodula membranacea (Rosner 

et al., 2017), and in another study of R. maderae (Rosner et al., 2017), we distinguished 10 

layers of the medulla, despite the fact that we employed different techniques compared to 

previously published work. However, only eight medulla layers were described in Pieris 

brassicae (Strausfeld & Blest, 1970) and different species of Calliphora (Strausfeld, 1970). 

It was suggested before that these differences do not result from different staining methods. 

Rather, differences in layer organization, even between related species, were assumed to 

result from functional adaptation to different lifestyles during evolution (Heinze & Reppert, 

2012). In our study, we wanted to determine in which optic lobe neuropils/layers photore-

ceptor cells could contact PDF-processing circadian pacemaker neurons of the Madeira 

cockroach as possible circadian light entrainment pathways. 

5.1.2.2 Parallel light entrainment pathways to morning or evening oscillator circuits of the 

insect circadian clock 

The fruitfly D. melanogaster expresses a bimodal activity pattern with a peak in the morning 

and a peak in the evening, anticipating lights on or off. Consistent with the two oscillator 

model proposed previously for vertebrates (Daan & Pittendrigh, 1976) two separate circa-

dian clock networks were identified for the generation of the morning and evening activity 

peak of Drosophila (Grima et al., 2004; Rieger et al., 2006; Stoleru et al., 2004). While the 

morning (M) oscillator network is coupled to dawn, being advanced by light, the evening 

(E) oscillator couples to dusk, being delayed by light (Helfrich-Förster, 2009). In fruitflies, 

the PDF-ir small lateral neurons (LNvs) are M oscillator cells, which control the activity of 

Drosophila in the morning, while the ITP-ir 5th LNv and LNd together with neurons pro-

cessing other neuropeptides are part of at least three E oscillator circuits (E1-E3) controlling 

activity and sleep at dusk and during the night (Helfrich-Förster, 2017; Johard et al., 2009; 

Schlichting et al., 2019a; Schlichting et al., 2019b; Schubert et al., 2018).  

In contrast to the holometabolous crepuscular fruitfly, the Madeira cockroach is a 

hemimetabolous nocturnal insect. While cockroaches express mostly continuous activity 

throughout the night, nevertheless, an oscillator network coupled to dawn (M oscillator), 

promoting sleep and an E oscillator network coupled to dusk, promoting activity, may gov-

ern sleep-wake patterns synchronized to changing photoperiods (review: Stengl & Arendt, 
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2016). Since the long-living (> 2 years) Madeira cockroach that radiated from the equator to 

moderate time zones needs to adjust to both, long and short days during the turn of the year, 

we expect at least four parallel light input pathways relaying advancing and delaying phase 

information to the clock´s M and E circuits, respectively. Furthermore, there may be an ad-

ditional light input pathway that signals ambient light levels distinguishing day from night. 

The cellular nature of M and E oscillators and parallel entrainment pathways to these oscil-

lators is not known in the Madeira cockroach. However, based upon physiological and mor-

phological evidence, a hypothesis was formulated (Gestrich et al., 2018) that predicted that 

under 12 h light and 12 h dark periods ipsilateral PDFMEs are sleep-rest-promoting M os-

cillator cells that are advanced by light at dawn. In addition, contralaterally projecting PDF-

MEs were predicted to be activity-promoting E oscillator cells (Figure 5.13) that are delayed 

by light at dusk. Furthermore, M cells were predicted to be active only during the light pe-

riod, while antagonistic E cells were active only during the dark period per day (Gestrich et 

al., 2018; Page, 1978; review: Stengl & Arendt, 2016).  

In the fruitfly the AME is a hub for light inputs from different organs that guarantee 

photic entrainment of the circadian clock (Li et al., 2018). The Drosophila circadian clock 

receives monosynaptic input from the Hofbauer-Buchner (HB) eyelet, an extraocular photo-

receptor organ in the brain´s optic lobes (Helfrich-Förster et al., 2002; Hofbauer & Buchner, 

1989). Furthermore, the fruitfly AME receives indirect inputs from the compound eye via 

interneurons. Interestingly, the HB eyelet directly activates the PDF-ir M oscillators via cho-

linergic inputs, while via histaminergic input it directly inhibits the PDF-ir large LNvs that 

are arousal neurons that delay the E oscillator circuit (Schlichting et al., 2016). Furthermore, 

the HB eyelet antagonizes with its differential connections the indirect photic inputs of the 

compound eye to the respective M and E oscillators dependent on daytime and on light re-

gimes (Schlichting et al., 2019a; Schlichting et al., 2019b; Schlichting et al., 2016). Thus, in 

analogy to the Drosophila circadian system, we would expect that lamina and lobula organ 

play a similar role as the extraocular HB eyelet, providing opposite inputs to M and E oscil-

lator circuits and antagonizing compound eye inputs clock circuit- and light level-de-

pendently (Figure 5.13). 
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5.1.2.3 Cholinergic lamina and lobula organ are assumed to be extraretinal photoreceptor 

organs that are hypothesized to relay ambient light levels indicative of day or night to circa-

dian clock circuits 

In beetles, lamina and lobula organ appear to be extraocular photoreceptive organs that send 

photoreceptor terminals to their respective first order optic neuropils: the accessory laminae 

and the AME (Frisch et al., 1996). In the Madeira cockroach the lamina and lobula organ 

were also suggested to house extraocular photoreceptors that transmit ambient light infor-

mation to accessory laminae and to the AME, the circadian clock. Consistent with this hy-

pothesis they were stained with antisera against UV-opsin and CRYPTOCHROME (CRY; 

Fleissner et al., 2001; Hofer, 2004). In D. melanogaster, CRY1 is a blue-light-sensitive chro-

mophore that directly affects clock proteins in the molecular feedback loop of the circadian 

clockwork (Ivanchenko et al., 2001). (Arnold et al., 2020) In the circadian clock of the Ma-

deira cockroach CRY1 and CRY2 appear to be present, with CRY2 being part of the negative 

limb of the core clock circuitry (Koziarek, 2016; Werckenthin et al., 2020). Furthermore, in 

beetles, lamina and lobula organ were labeled with antiserum against the circadian clock 

protein PERIOD (PER; Frisch et al., 1996), supporting a close connection to the circadian 

system. (Arnold et al., 2020) In R. maderae CHH/ITP immunoreactivity was located to the 

central core of both lamina and lobula organ, where previously anti-CRY signal was detected 

(Fleissner et al., 2001). Furthermore, the CHH/ITP-ir neurons appear to overlap with arbor-

izations of ipsilateral leucokinin-ir terminals in the lamina organ (Fricke, 2016), possibly 

also with ipsilateral PDFMEs that colocalize leucokinin (Petri et al., 1995). Thus, CHH/ITP-

ir neurons either receive input from or provide output to the UV- and blue-light-sensitive 

lamina and lobula organ and clock neurons. Among the CHH/ITP-ir somata identified in the 

optic lobe were up to five neurons adjacent to the AME. CHH/ITP-ir neurons appear to in-

nervate the lobula organ (Figure 5.14), but not the lamina or accessory laminae. Thus, the 

innervation of the lamina organ might originate from somata next to the organ. The low 

staining intensity in distal parts of the optic lobe supports this hypothesis. While the antise-

rum allows only for low signal/noise ratios with weak staining, the specificity of the 

CHH/ITP antiserum was supported with the identification of ITP in the transcriptome. How-

ever, the restriction of CHH/ITP-ir somata to whole mounts and staining of the lamina and 

lobula organ to 40 µm sections, as well as the overall low signal intensity in the optic lobe 

require further investigation for example via western blot analysis of antibody specificity or 
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affinity purification of the antiserum to increase sensitivity and reveal CHH/ITP-ir connec-

tions between somata and the lamina and lobula organ.  

In R. maderae the accessory laminae are glomerular, non-retinotopic neuropils in 

proximity to the lamina organ, and are innervated by light-responsive MNes (OL2; Lösel & 

Homberg, 2001). Here, we show that accessory laminae do not receive histaminergic input 

from compound eye photoreceptors. Instead, they are strongly labeled with AChE histo-

chemistry, indicative of cholinergic innervation. (Arnold et al., 2020) In addition, GABA 

immunoreactivity was detected in the accessory laminae as well as the lamina organ 

(Massah, 2019). Thus, it is likely that the visual input of the accessory laminae was obtained 

from cholinergic and GABAergic photoreceptors of the lamina organ, reminiscent of the 

Figure 5.14 Model of ion transport peptide (ITP)-dependent cockroach photic entrainment pathways from UV-

sensitive photoreceptors to clock circuits. The ITP-expressing anterior neurons (ANes), medial neuron (MNe), 

and ventral neuron (VNe; orange) are hypothesized to be part of sleep-promoting morning (M) oscillator cir-

cuits. Over the day they transmit light information from UV-sensitive long photoreceptors (purple) with ter-

minations in medulla (ME) layer ME2 to anterior ipsilateral pigment-dispersing factor-expressing neurons 

(iPDFMEs; M cells) arborizing in ME4 and to the accessory medulla (AME). Furthermore, ITP-expressing 

neurons receive UV light input in the extraocular lamina (LAO) and lobola organ (LOO). Innervations of the 

core region of the LAO might originate from unknown somata in the lamina (open circles) and provide input 

to MNes of M circuits via connections to the accessory laminae (ALAs; dotted lines), while ITP-expressing 

ANes, the MNe, and/or the PDF-negative VNe connect the LOO to the AME. Arborizations in the lamina (LA) 

were not yet revealed. Interactions with evening (E) oscillator cells might occur in the ALAs, AME and at least 

some proximal layers between ME6-9. For possible daytime-dependent control of locomotor activity, the ITP 

cells project to premotor areas in the superior medial protocerebrum (SMP) and tritocerebrum (TC). ZT, zeit-

geber time; LO, lobula; d, distal; p, posterior. 
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lamina organ in beetles (Lösel & Homberg, 2001).  Consequently, we hypothesize that the 

lamina organ provides cholinergic and GABAergic input to the cockroach clock (Figure 

5.13), reminiscent of the HB eylet in Drosophila (Li et al., 2018). Because at least two sep-

arate glomeruli per accessory lamina could be discerned that were innervated to opposite 

extends by PDF and FMRFamide, it is likely that the two neuropeptides serve different, 

possibly antagonistic functions in either M or E circuits. Ambient light information could 

then be transferred from the accessory laminae to the circadian clock in parallel pathways 

via the anterior fiber fan by PDF-, 5-HT-, and/or FMRFamide-ir PDFLAs, next to GABAer-

gic and neuropeptidergic MNes (Figure 5.13).  

5.1.2.4 The largest PDFME keeps rest-promoting M and activity-promoting E circuits in 

stable antiphase 

As the largest contralaterally projecting cPDFME that arborized in accessory laminae, in 

LA3, and AME expresses excitatory ACh and inhibitory GABA receptors (Gestrich et al., 

2018) it could be activated via cholinergic input during the day and inhibited GABA-de-

pendently during the night. Thus, differential light inputs from extraocular lamina organ and 

compound eyes would orchestrate it daytime-dependently (Figure 5.13a). Light regime-de-

pendent modulation of light inputs was also observed in Drosophila indicating the circadian 

network gates light inputs daytime-dependently and light input-dependently (Lazopulo et 

al., 2019; Schlichting et al., 2019a; Schlichting et al., 2019b). Thus, we predict that the larg-

est PDFME releases PDF during the day, at all sites where it overlaps with other PDFMEs, 

such as in the AME. There, PDF release would affect all clock neurons that express PDF 

receptors. As there was a strict correlation between the branching pattern and PDF sensitivity 

in AME clock cells (Gestrich et al., 2018) the ipsilaterally remaining PDF-sensitive clock 

neurons (such as PDFMEs) were activated by PDF, while contralaterally branching PDF-

sensitive AME neurons (such as PDFMEs) were inhibited by PDF (Figure 5.13). As PDF 

neurons orchestrate sleep-wake cycles in the Madeira cockroach (Reischig & Stengl, 2003a; 

Stengl & Homberg, 1994), we suggest that the ipsilateral PDFMEs that are active during the 

rest phase of the cockroach are sleep-promoting. Because contralateral circadian clock neu-

rons were suggested previously to control locomotor activity rhythms (Page, 1978) and be-

cause contralateral PDFMEs are inhibited during the day when cockroaches rest, we suggest 

that they are activity-promoting. When light levels decline at dusk the largest PDFME is not 

activated any more light-dependenly and its GABAergic inhibition overturns its cholinergic 

activation, releasing the contralateral PDFMEs from its PDF-dependent inhibition. Thus, the 
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largest PDFME that itself does not express PDF autoreceptors could maintain sleep-promot-

ing M and activity-promoting E circuits in stable antiphase. Future experiments will test 

whether indeed, the largest PDFME is required for stable sleep-wake cycles and is activated 

during the day via cholinergic and inhibited during the night via GABAergic input from 

lamina and lobula organ. 

5.1.2.5 Different parallel light entrainment pathways are suggested to antagonistically con-

nect M and E clock circuits in the Madeira cockroach 

As green light was activity-promoting and UV light was inactivity-promoting in cockroaches 

there are parallel antagonistic pathways to premotor areas connected to specific photorecep-

tors (Zhukovskaya et al., 2017). Thus, we hypothesize that also antagonistic, parallel photic 

entrainment pathways from different wavelength photoreceptors connect to the circadian 

clock that mediates behavior daytime-dependently similar to Drosophila clock circuits (re-

views: Helfrich-Förster, 2019; Stengl & Arendt, 2016). We predict that at night green-sen-

sitive short compound eye photoreceptors provide excitatory input in LA3 to contralateral 

PDFMEs as activity-promoting E cells while inhibiting ipsilateral PDFMEs (Figure 5.13b). 

In contrast, during the day UV-sensitive long compound eye photoreceptors provide excita-

tory photic input to rest-promoting ipsilateral PDFMEs and inhibitory light input to activity-

promoting contralateral PDFMEs in the AME via interneurons that connect ME2, ME4, and 

AME (Figure 5.13). Current experiments are testing this hypothesis. 

5.1.2.6 The CRZ-ir MNe is part of the advancing light entrainment pathway to M circuits 

closely interconnected with ipsilateral PDFMEs while AT neurons as part of the delaying 

entrainment pathway may connect to contralateral PDFMEs 

In support of this hypothesis is the single CRZ-processing MNe that arborizes in ME4, ex-

tends a process to ME2 where UV-sensitive long photoreceptors terminate and strongly ar-

borizes in the AME (Arendt et al., 2017; Petri et al., 1995). As injections showed that CRZ 

only advances the clock at dawn this cell would be part of the M circuit that should connect 

to ipsilateral PDFMEs. Indeed, it overlaps with the PDF-ir median-layer fiber system in a 

dorsal subregion of ME4 that backfills proved to originate from ipsilateral PDFMEs only. It 

is not known which two to four ipsilateral PDFMEs send an ipsilateral side branch from the 

anterior fiber fan into ME4, forming the median-layer fiber system (Reischig & Stengl, 

2002). However, because these PDF-ir fibers of the median-layer fiber system do not colo-

calize 5-HT, nor orcokinin (ORC), nor FMRFamide, nor leucokinin, it is likely that they 
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originate from the posterior PDFMEs (Giese et al., 2018; Petri et al., 1995; Söhler et al., 

2011). Future experiments will examine whether posterior, but not anterior PDFMEs express 

CRZ receptors. Also, in the AME the CRZ cell could contact ipsi- as well as contralateral 

PDFMEs. Physiological studies will examine whether ipsi- and contralateral AME neurons 

respond antagonistically to CRZ, as predicted by our hypothesis.  

 As injections of AT revealed only phase delays, AT-ir MNes are suggested to be part 

of the phase delay pathway to E cells. The AT immunoreactivity was strongest in the AME, 

in ME5, and ME9. Thus, AT-ir neurons could contact contralaterally projecting anterior 

PDFMEs as part of the E circuit in the AME. Whether in ME5 and ME9 E cells arborize 

remains to be examined. Future experiments will test whether PDFLAs with arborizations 

in the proximal lamina relay input from green-sensitive photoreceptor neurons of the com-

pound eye E circuits of the AME. Thus, in the AME both M and E circuits could be antago-

nistically connected via redundant neuropeptide and neurotransmitter pathways, to keep both 

circuits in antiphase or to shift their respective weight, depending on strength, frequency, 

and duration of the light inputs.  

5.1.2.7 ITP-ir AME neurons may be part of M oscillator circuits 

As CHH/ITP immunoreactivity was observed in all regions hypothesized to be associated 

with input from UV light-sensitive photoreceptors (ME2-4, lamina and lobula organ), while 

input pathways for green light-sensitive photoreceptors from the lamina were not labeled, 

the CHH/ITP-ir AME neurons might play a role in M circuits (Figure 5.14). In D. melano-

gaster ITP-expressing neurons are part of the E oscillator network of the clock (E2 subunit; 

Johard et al., 2009) and ITP was demonstrated to enhance evening activity, while inhibiting 

nocturnal activity (Hermann-Luibl et al., 2014). In the nocturnal R. maderae it is likely to be 

opposite to the day-active fruitfly. Thus, in the nocturnal cockroach ITP is hypothesized to 

promote sleep during the morning as part of the M circuit and to suppress the E circuit during 

the day, while permitting its activity at night. Therefore, it either works synergistic, or an-

tagonistic to PDF. Except for light input regions in the optic lobe, the neurons’ target regions 

in the midbrain would probably resemble each other in both insects. Indeed, while potential 

UV light input regions and in general more optic lobe areas were innervated in the cockroach, 

the overall network of ITP cells shows strong similarities between cockroach and fly 

(Schubert et al., 2018). In both insects ITP neurons arborize in the AME, the superior, ven-
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tro-, and posterior lateral protocerebrum, and the superior medial protocerebrum with over-

laps into the contralateral hemisphere, while only few more labeled regions were restricted 

to one species (Schubert et al., 2018). However, branches in the lateral and superior medial 

protocerebrum might also originate from neurosecretory cells in the pars intercerebralis or 

pars lateralis as described in cockroach species (Arendt et al., 2017; Nässel et al., 1992; Pipa, 

1978). Some of these neurons could be related to clusters of dorsal clock neurons (DN1-3) 

described in fruitflies (Helfrich-Förster et al., 2007), including evening oscillator cells in the 

DN1 group (Chatterjee et al., 2018; Stoleru et al., 2004). Several DNs connect to the AME, 

while all other arborizations are located in the dorsal brain (Helfrich-Förster et al., 2007; 

Schubert et al., 2018). There, DN1s connect to pars intercerebralis cells forming a pathway 

that controls rest-activity rhyhms (Cavanaugh et al., 2014; King et al., 2017). In addition, 

innervations originating from two more subunits of E cells (E1, E3) are also restricted to 

dorsal brain parts (Schubert et al., 2018). Future experiments will determine, if ITP-express-

ing cells of the pars intercerebralis and pars lateralis in R. maderae are part of midbrain clock 

networks. 

Mass staining in R. maderae did not enable the identification of projection areas of 

the CHH/ITP-ir ANes, MNes, and/or VNe. However, from what is known most MNes do 

not connect both AMEs (Lösel & Homberg, 2001; Söhler et al., 2011). Similarities of 

CHH/ITP immunoreactivity in the optic lobe with the ipsilateral CRZ-ir MNe that arborizes 

from ME2 to ME4, but not in the lamina or accessory laminae, were observed (Arendt et al., 

2017). Therefore, the CHH/ITP-ir MNes are hypothesized to transmit light information of 

long photoreceptors terminating in ME2 to ipsilateral PDFMEs with branches in ME4 and 

the AME as part of M circuits (Figure 5.14). The VNes have diverse branching patterns as 

demonstrated by the subdivision into ipsi- and contralateral PDFMEs (Reischig et al., 2004; 

Söhler et al., 2011). Single cell reconstructions suggested projections of ipsilateral VNes into 

the medulla, AME, lobula, and into the lateral and superior medial protocerebrum (PN1-4; 

Lösel & Homberg, 2001). As neuron without arborizations to the contralateral AME, the 

CHH/ITP-ir VNe might innervate those areas and complement ipsilateral PDF-ir VNes sug-

gested as M cells (Figure 5.14). However, multiple immunocytochemistry combined with 

backfills must confirm its peptidergic background and projection pattern. Nothing is known 

about the arborization pattern of ANes, but at least one short neuropeptide F (sNPF)-ir ANe 

was described previously (Söhler et al., 2008). In the fruitfly sNPF is expressed in M and E 
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cells (Johard et al., 2009), supporting the involvement of cockroach ANes in M and/or E 

circuits (Figure 5.14). 

In the AME of D. melanogaster the parallel input and output pathways of ITP-ir cells 

(Schubert et al., 2018) emphasize the clock’s role as hub for the integration and modulation 

of various antagonistic in- and output signals (Li et al., 2018). In R. maderae ITP-expressing 

M neurons likely transmit the UV light information to the AME, but also receive inputs from 

E cells. ITP-ir E cells are PDF-receptive in D. melanogaster (Im et al., 2011). In R. maderae 

the interglomerular region of the AME was previously associated with inputs from the con-

tralateral AME (Reischig & Stengl, 2003b). The limitation of CHH/ITP-ir branches to the 

interglomerular region of the AME and the close contact with PDF-ir terminals in that region 

suggests that they might contact contralateral PDFMEs belonging to E circuits that promote 

activity. It needs to be investigated in the future whether the CHH/ITP-ir fibers in posterior 

layers between ME6-9 constitute further connections to E cells (Figure 5.14). Possibly, le-

sions of the posterior medulla in combination with behavioral experiments might reveal 

functions in locomotor control. In addition, intracellular recordings combined with single 

cell backfills will resolve, if E cells provide a green light-dependent inhibitory input to 

M cells in the AME and/or in posterior layers of the medulla.  

In the fruitfly output regions of ITP-ir neurons were mainly located to the superior 

medial protocerebrum (Schubert et al., 2018), which is assumed to connect PDF-ir neurons 

via interneurons to locomotor centers in flies and cockroaches (Cavanaugh et al., 2014; King 

et al., 2017, review: Helfrich-Förster et al., 1998). Furthermore, modulations of contralater-

ally projecting E cells are possible in this region via connections to the anterior optic com-

missure. In addition, CHH/ITP-ir projections to the tritocerebrum as further premotor area 

(Okada et al., 2003) were identified in R. maderae. Therefore, it was investigated in my 

thesis, if ITP-expressing cells time-dependently influence locomotor activity patterns (Chap-

ter 5.2), as revealed for M and E cells in D. melanogaster (Grima et al., 2004; Rieger et al., 

2006; Stoleru et al., 2004). 

5.1.2.8 Multiple neuropeptidergic circuits in the medulla may relay advancing and delaying 

photic and nonphotic phase information via ME4 to and from the circadian clock 

Injections of different neuropeptides or neurotransmitters into the vicinity of the circadian 

clock determined zeitgeber time (ZT)-dependent phase shifts of locomotor activity rhythms. 

Therefore, these substances were part of input pathways to the clock (Arendt et al., 2017; 
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reviews: Stengl et al., 2015; Stengl & Arendt, 2016). All phase-advancing and/or phase-

delaying neuroactive agents appear to be present in different neurons innervating ME4 and 

AME. Thus, ME4 is a major input area for circadian clock neurons and also receives outputs 

from the clock. So far, the functions of these many clock inputs and outputs are not known. 

However, we assume that these circadian clock neurons release their respective neuropep-

tides ZT-dependently to control the phase of various physiological and behavioral rhythms 

in the cockroach (reviews: Stengl et al., 2015; Stengl & Arendt, 2016). 

The strong innervation of ME4 as transition layer between the distal and proximal 

ME is striking and resembles the serpentine layer in other insects (Fischbach & Dittrich, 

1989; Hamanaka et al., 2012; Heinze & Reppert, 2012; Xi et al., 2017). ME4 is densely 

innervated by the GABA-ir medial-layer fiber tract and by many neuropeptidergic neurons 

such as the PDFMEs. All neuropeptides and neurotransmitters examined were found or 

likely found (ITP) in ME4, apparently processing parallel lines of clock inputs and clock 

outputs. Accordingly, Schubert et al. (2018) in D. melanogaster also described clock inputs 

and outputs in the serpentine layer. Furthermore, in ME4/serpentine layer polarized light 

information as important cue for spatial orientation is processed in different insect species. 

Previous work in locusts and flies identified the polarization vision pathway from photore-

ceptors in the dorsal rim area of the compound eyes to ME4/serpentine layer, to the anterior 

optic tubercles, to the lateral accessory lobes, and then, to the lower division of the central 

complex (el Jundi et al., 2011; Omoto et al., 2017). Consistently, Lösel and Homberg (2001) 

identified polarization-sensitive contralaterally projecting ventromedial neurons (VMNes) 

with arborizations in ME4 (Zeller et al., 2015; review: el Jundi et al., 2014). The elaboration 

of CRZ-ir processes mostly in the dorsal area of the retinotopic map makes it likely that the 

CRZ neuron receives excitatory (advancing) light input from photoreceptors with dorsal re-

ceptive fields. Apparently in the same region of the medulla ipsi- and contralaterally pro-

jecting VMNes of the AME arborize that process polarization vision (Lösel & Homberg, 

2001). Thus, we hypothesize that the CRZ cell receives polarization information from a so 

far not described dorsal area of the cockroach compound eye, reminiscent of the dorsal rim 

area of locusts (review: Homberg, 2015). As the polarization pattern has its highest contrast 

in the UV range, these cells may be connected to UV-light detecting polarization-sensitive 

photoreceptor neurons. Future experiments will test this hypothesis and will determine 

whether ME4 is the first interaction of the circadian clock with the polarization vision path-

way to allow for navigation oriented in space and time, CRZ-dependently. 



116 ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE  

 

To summarize, we hypothesize that light inputs from cholinergic and GABAergic 

extraocular photoreceptors in the lamina and lobula organ entrain sleep-wake rhythms of the 

Madeira cockroach via modulation of endogenous PDF release by the largest PDFME that 

maintains rest- or activity-promoting clock circuits in stable antiphase. Furthermore, paral-

lel, either UV-sensitive compound eye photoreceptor neuron terminals in ME2 or green-

sensitive terminals in the LA antagonistically inhibit or activate M or E oscillator circuits 

via different MNes or via different PDF-processing neurons. Thus, ZT-dependently via dis-

tinct neuropeptide release, phase relationships of internal rhythms are controlled in syn-

chrony with external light-dark cycles. Future experiments will test our hypothesis. (Arnold 

et al., 2020) 

5.2 Behavioral analysis of MIP and ITP signaling in clock entrainment pathways 

The ability to entrain to daily external rhythms to time rhythmic physiological processes or 

behaviors is the main property of the circadian clock. To characterize the role of myoinhib-

itory peptides (MIPs) and ion transport peptide (ITP) as modulators of the clock potentially 

important for entrainment, the effect of regulating MIP or ITP levels on locomotor activity 

as strongly clock-dependent output was analyzed. For this, peptide injections and RNA in-

terference (RNAi) were combined with running wheel experiments. Furthermore, cyclic 

adenosine monophosphate (cAMP) levels upon stimulation with MIPs were measured in 

human embryonic kidney (HEK293T) cells expressing a putative MIP receptor. 

5.2.1 Results 

5.2.1.1 MIP-3 injections shifted the phase of circadian locomotor activity at dusk and dawn, 

while MIP-4 or MIP-5 injections had no effect 

To investigate circadian time (CT)-dependent effects of MIPs on the phase and period (τ) of 

locomotor activity, male cockroaches were injected with MIP-3, MIP-4, MIP-5, or MIP-6 

under constant darkness conditions and recorded in running wheels. Injections of MIP-3 

significantly delayed locomotor activity by about -1.93 h at dusk (CT 9-12; n = 10) and ad-

vanced the activity by 0.99 h at dawn (CT 21-24; n = 10) when compared to the behavior of 

control animals injected with saline (Figures 5.15, 5.16e; Table 5.3). In accordance, shifting 

effects of MIP-3 injections differed between 3 h CT bins of the circadian day, while the 

control animals did not shift activity CT-dependently (Figure 5.16a,c, Table 5.3). Peptide 

injections were performed with a dose of 2 x 10-12 mol, as the injection of different doses of 
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MIP-3 revealed strongest shifting effects with this dose (Figure 5.17a,c; Table 5.4). The 

period of 23.49 h after the injection (n = 65) did not differ significantly from the control 

group (23.50 h; n = 82), and neither did the difference between the period prior to the injec-

tion and after the injection change between groups (Figures 5.17b,d, A 1). Taken together, 

MIP-3 shifted clock-controlled locomotor activity rhythms with a biphasic phase-response 

curve. Although different doses of MIP-4 or MIP-6 were tested at CT 9-12 (dusk) and 

CT 21-24 (dawn) when light entrainment effects were expected, still no shifting effect was 

measured as compared to controls (Figure 5.18; Table 5.4). However, phase shifts induced 

by injections of low or high doses of MIP-6 advanced the phase of activity significantly 

when compared to animals delayed by the injection with medium amounts. Injections of 

MIP-5 throughout the circadian day revealed no shifting effect between CT bins or in com-

parison to controls (Figure 5.16d,f; Table 5.5). The control animals did not shift activity at 

any CT (Figure 5.16b; Table 5.5). In addition, the dose-dependency of the shifting effect of 

Figure 5.15 While myoinhibitory peptide (MIP)-3 injections delayed the phase (ΔΦ) of locomotor activity at 

circadian time (CT) 9-12 and advanced the phase at CT 21-24, saline (control) injections had no effect. The 

period (τ) of locomotor activity (magenta lines) was not changed by the injection (arrowhead) as demonstrated 

by exemplary double-plotted actograms. The phase of a cockroach injected with saline at CT 10.1 was not 

altered (a; -0.02 hCT), while the injection of 2 x 10-12 mol MIP-3 delayed it by -3.12 hCT when injected at 

CT 11.6 (b). (c) A phase advance by 1.58 hCT was observed when MIP-3 was injected at CT 22.2. The activity 

of cockroaches was recorded in running wheels under constant darkness (DD) conditions (black bar). At least 

ten days prior to the injection were compared with at least ten days after the injection using the chi-square 

periodogram analysis. The onset of activity (CT 12; dots) was averaged to determine the phase. 
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MIP-5 injections was tested at CT 12-15 because single phase shifts varied strongly in this 

time bin between -4.69 h delay and 2.55 h advance (n = 10). However, no dose-dependent 

shifts were observed when compared to controls (Figure 5.20a; Table 5.4; n = 5). Neither 

MIP-4 (n = 14), nor MIP-5 (n = 50), nor MIP-6 (n = 14) injections affected the period of 

locomotor activity rhythms when the difference between the period before and after the in-

jection was calculated and compared with controls (Figure 5.19d-f). Therefore, the signifi-

cant increase of the absolute period of MIP-4, but not MIP-5- or MIP-6-injected animals, as 

compared to controls, was attributed to the generally increased period of these animals al-

ready before the injection (Figures 5.5a-c, A 2, A 3, A 4). In summary, the peptide family 

of MIPs had diverse, partly antagonistic functions in R. maderae as the application of MIPs 

advanced and/or delayed circadian locomotor activity (Schendzielorz & Stengl, 2014; 

Schulze et al., 2013 for MIP-1 and MIP-2), while some MIPs generated no shifts at all. Their 

function in circadian or other processes was not yet characterized. 

 

Table 5.3 Phase shifts of locomotor activity induced by 2 x 10-12 mol myoinhibitory peptide (MIP-3) or saline 

injections 

Circadian time 

Phase shift in circadian h 

[mean ± SD] 

Lower 95% CI; 

Upper 95% CI 
Number 

Saline MIP-3 Saline MIP-3 Saline MIP-3 

00-03 0.36 ± 0.45 -0.28 ± 0.35 -0.06; 0.78 -0.65; 0.08 7 6 

03-06 -0.06 ± 0.81 -0.25 ± 0.56 -0.57; 0.45 -0.77; 0.27 12 7 

06-09 0.12 ± 0.52 -0.12 ± 0.76 -0.42; 0.66 -0.70; 0.47 6 9 

09-12a 0.02 ± 0.61 -1.93 ± 1.72 -0.31; 0.36 -3.16; -0.70 15 10 

12-15 -0.45 ± 0.47 -0.69 ± 1.09 -0.72; -0.18 -1.53; 0.14 14 9 

15-18 -0.04 ± 0.55 -0.23 ± 0.97 -0.43; 0.36 -1.12; 0.66 10 7 

18-21 0.31 ± 0.42 1.72 ± 1.98 -0.08; 0.69 -0.11; 3.55 7 7 

21-24a -0.12 ± 0.60 0.99 ± 0.66 -0.51; 0.30 0.52; 1.45 11 10 

a MIP-3- and saline-injected animals shifted significantly different at the respective circadian time bin (Krus-

kal-Wallis test followed by Dunn’s post hoc test; p<0.01; Table A 11 for statistical details). 
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Table 5.4 Phase shifts of locomotor activity after injections with different doses [mol] of myoinhibitory pep-

tides (MIPs), MIP-1 and orcokinin (ORC)-2, or saline 

Sub- 

stance 

Circa-

dian 

time 

Phase shift in circadian h [mean ± SD; number] 

Saline 2 x 10-15 2 x 10-14 2 x 10-13 2 x 10-12 2 x 10-9 

MIP-3 
9-12 

0.03 ± 0.61; 
15 

-0.50 ± 1.83; 
7 

X X 
-1.93 ± 1.72; 

10a 
-1.20 ± 1.45; 

11a 

21-24 
-0.11 ± 0.60; 

11 
0.45 ± 1.34; 

6 
X X 

0.99 ± 0.65; 
10b 

1.10 ± 1.17; 
7b 

MIP-4 
9-12 

0.37 ± 0.89; 
8 

-0.86 ± 1.36; 
7 

X X 
0.09 ± 1.06; 

7 
-0.38 ± 1.23; 

7  

21-24 
0.01 ± 0.72; 

11 
0.22 ± 0.64;  

7 
X X 

0.57 ± 0.93; 
7 

-0.09 ± 0.90; 
6 

MIP-5 12-15 
-0.35 ± 0.26; 

5 
-0.78 ± 0.87; 

6 
-0.11 ±  
1.15; 6 

-0.97 ±  
1.68; 8 

-0.69 ± 1.99; 
10 

-0.17 ± 0.80; 
7 

MIP-6 
9-12 

0.37 ± 0.89; 
8 

-0.37 ± 0.65; 
6 

X X 
0.19 ± 0.92; 

6 
0.28 ± 0.93; 

7 

21-24 
0.01 ± 0.72; 

11 
0.80 ± 0.77;  

7 
X X 

-0.64 ± 1.06; 
6 

0.72 ± 0.51; 
6 

MIP-1/ 
ORC-2 

12-15 
-0.45 ± 0.47; 

14 
-0.61 ± 0.61; 

5 
X X 

-1.76 ± 1.37; 
8 

-1.02 ± 1.24; 
9 

X Values were not determined. 

a,b MIP-3- and saline-injected animals shifted significantly different at the respective circadian time bin (a One-

way ANOVA followed by Fisher’s LSD test; b Kruskal-Wallis test followed by Dunn’s post hoc test; p<0.01; 

Table A 11 for statistical details). 

Figure 5.16 Injections of myoinhibitory peptide (MIP)-3 phase advanced locomotor activity at dawn and phase 

delayed locomotor activity at dusk, while MIP-5 injections had no effect. (a,b) Control injections of saline 

(black) revealed no circadian time (CT)-dependent shifts of the phase (ΔΦ) of locomotor activity. Phase ad-

vances and delays induced by MIP-3 injections (magenta) differed from each other (c), while no shifting effect 

was observed when CT bins were compared after injections of MIP-5 (d; magenta). The variation between 

single animals injected with MIP-5 was large at CT 12-15. If compared to controls performed at the same CT, 

MIP-3 injections advanced at CT 21-24 and delayed at CT 9-12 (e), while MIP-5 injections revealed no sig-

nificant shifts (f). The activity of cockroaches was recorded in running wheels under constant darkness (DD) 

conditions. To determine the phase, at least ten days prior to the injection of 2 x 10-12 mol peptide were com-

pared with at least ten days after the injection using the chi-square periodogram analysis. The circadian day 

was evaluated by comparison of 3 h bins (vertical grid lines). Kruskal-Wallis tests followed by Dunn’s post 

hoc tests were performed to compare bins or groups. A,B,C: CT bins with no equal letter differed significantly 

from each other; **: p<0.01. (Table A 11 for statistical details). 
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Figure 5.17 Injections of myoinhibitory peptide (MIP)-3 (magenta) dose-dependently delayed the phase (ΔΦ)

of locomotor activity at circadian time (CT) 9-12 and advanced the phase at CT 21-24, while the period (τ)

was not influenced. (a,c) Largest phase shifts were observed when cockroaches were injected with at least

2 x 10-12 mol MIP-3 as compared to saline-injected controls (black). Neither the absolute period of rhythmic 

locomotor activity after the injection (b), nor the difference between the period prior to the injection and after 

the injection (Δτ; d) differed between MIP-3-injected animals and controls. Animals were recorded in running 

wheels under constant darkness (DD) conditions. At least ten days prior to the injection were compared with 

at least ten days after the injection using chi-square periodogram analysis. A one-way ANOVA followed by 

Fisher’s LSD test (a), a Mann-Whitney test (b,d), or a Kruskal-Wallis test followed by Dunn’s post hoc test (c) 

was performed to compare groups. ns: not significant; A,B,C: Groups with no equal letter differed significantly 

from each other (Table A 11 for statistical details). 
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Figure 5.18 Independent of the dose, injections of myoinhibitory peptide (MIP)-4 or MIP-6 (magenta) did not 

shift the phase (ΔΦ) of locomotor activity at circadian time (CT) 9-12 or CT 21-24 when compared to saline-

injected controls (black). The behavior of cockroaches injected with 2 x 10-15 mol, 2 x 10-12 mol, or 2 x 10-9

mol peptide was evaluated. (a,b) Neither substance shifted the phase of activity at CT 9-12. (c) Injections of 

MIP-4 did not shift the phase at CT 21-24. (d) At CT 21-24 injections of 2 x 10-12 mol MIP-6 slightly delayed 

the phase and differed from slight advances induced by injections of 2 x 10-15 mol or 2 x 10-9 mol. However, 

no significant difference to controls was observed. To determine the phase, animals were recorded in running 

wheels under constant darkness (DD) conditions. At least ten days prior to the injection were compared with 

at least ten days after the injection using chi-square periodogram analysis. Kruskal-Wallis tests followed by 

Dunn’s post hoc tests were performed to compare groups. A,B: Groups with no equal letter differed signifi-

cantly from each other (Table A 11 for statistical details). 
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Figure 5.19 Injections of myoinhibitory peptide (MIP)-4, MIP-5, or MIP-6 (magenta) did not change the pe-

riod (τ) of locomotor activity rhythms. The period of animals injected with MIP-4 was increased, as compared 

to saline-injected controls (a; black), while the period was not influenced by MIP-5 (b) or MIP-6 (c) injections. 

In MIP-4- (d), MIP-5- (e), or MIP-6 (f)-injected animals the difference between the period prior to the injection 

and after the injection (Δτ) was equal between groups, indicating that MIP-4-injected animals had an increased 

period already before the injection. Animals were recorded in running wheels under constant darkness (DD)

conditions. At least ten days prior to the injection of 2 x 10-12 mol peptide were compared with at least ten days 

after the injection using the chi-square periodogram analysis. Unpaired t-tests (a-d,f) were performed or a 

Mann-Whitney test (e) was performed to compare groups. ns: not significant; *: p<0.05 (Table A 11 for sta-

tistical details). 
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Table 5.5 Phase shifts of locomotor activity induced by 2 x 10-12 mol myoinhibitory peptide (MIP)-5 or saline 

injections 

Circadian time 

Phase shift in circadian h 

[mean ± SD] 

Lower 95% CI; 

Upper 95% CI 
Number 

Saline MIP-5 Saline MIP-5 Saline MIP-5 

00-03 0.06 ± 0.73 0.36 ± 1.55 -0.86; 0.97 -1.57; 2.29 5 5 

       

03-06 -0.44 ± 0.83 0.05 ± 0.75 -1.48; 0.60 -0.74; 0.83 5 6 

06-09 -0.32 ± 0.30 0.22 ± 0.98 -0.70; 0.06 -0.69; 1.13 5 7 

09-12 -0.08 ± 1.23 -0.58 ± 0.98 -1.10; 0.95 -1.60; 0.45 8 6 

12-15 -0.35 ± 0.26 -0.69 ± 1.99 -0.66; -0.03 -2.12; 0.73 5 10 

15-18 -1.13 ± 1.51 -0.49 ± 2.89 -2.71; 0.46 -4.07; 3.10 6 5 

18-21 -0.27 ± 1.83 -0.63 ± 2.48 -2.19; 1.65 -3.72; 2.45 6 5 

21-24 -0.51 ± 1.27 -0.04 ± 0.94 -1.84; 0.82 -1.03; 0.95 6 6 

Table A 11 for statistical details. 

Figure 5.20 Independent of the dose, injections of myoinhibitory peptide (MIP)-5 or double injections of 

MIP-1 and orcokinin-2 (MIP-1/ORC-2; magenta) did not shift the phase (ΔΦ) of locomotor activity at circadian 

time (CT) 12-15 when compared to saline-injected controls (black). (a) The injection of 2 x 10-13 or 2 x 10-12

mol MIP-5 revealed large variations. (b) A slight advancing effect occurred if at least 2 x 10-12 mol MIP-

1/ORC-2 were injected. This effect was not significant. To determine the phase, animals were recorded in 

running wheels under constant darkness (DD) conditions. At least ten days prior to the injection were compared 

with at least ten days after the injection using chi-square periodogram analysis. Kruskal-Wallis tests followed 

by Dunn’s post hoc tests were performed to compare groups. A: Groups were not significantly different (Table 

A 11 for statistical details).  



ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE 125 

 

5.2.1.2 Co-injections of MIP-1 and ORC-2 reduced shifting effects of MIP-1 or ORC-2 

injections alone 

As MIP-1 or orcokinin (ORC)-2 injections 

alone delayed locomotor activity at 

CT 12-15 and ORC-2 advanced activity at 

CT 17-19 (Schulze et al., 2013) the effects 

of MIP-1/ORC-2 double injections were in-

vestigated. When MIP-1 and ORC-2 were 

injected together, the delays of -1.14 h at 

CT 6-9 (n = 7), -2.07 h at CT 9-12 (n = 6), 

and -1.76 h at CT 12-15 (n = 8) differed 

from small advances of 0.44 h and 0.97 h 

obtained at CT 18-21 (n = 9) and CT 21-24 

(n = 6), respectively (Figure 5.21b; Table 

5.6). However, when compared to insect sa-

line-injected controls the phase shifts did 

not differ significantly at any CT (Figure 

5.21c). This confirmed the shifting effects 

of MIP-1/ORC-2 to be smaller and/or more 

heterogenous than effects of single injec-

tions, as control injections revealed no shift-

ing effect when CT bins were compared 

(Figure 5.21). The delaying effect of 

MIP-1/ORC-2 injections at CT 12-15 was 

not observed, if a low dose of peptides was 

injected (Figure 5.20b; Table 5.4). In sum-

mary, contradicting an additive effect, the 

impact of MIP-1 or ORC-2 injection alone 

on the phase of locomotor activity was re-

duced or similar, respectively, when both 

peptides were injected together. 
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Table 5.6 Phase shifts of locomotor activity induced by 2 x 10-12 mol myoinhibitory peptide-1 and orcokinin-2 

(MIP-1/ORC-2) or saline injections 

Circadian 

time 

Phase shift in circadian h 

[mean ± SD] 

Lower 95% CI; 

Upper 95% CI 
Number 

Saline MIP-1/ORC-2 Saline MIP-1/ORC-2 Saline MIP-1/ORC-2 

00-03 0.20 ± 0.79 -0.54 ± 1.40 -0.78; 1.18 -2.28; 1.20 5 5 

03-06 -0.06 ± 0.81 0.45 ± 0.80 -0.57; 0.45 -0.22; 1.12 12 8 

06-09 0.09 ± 0.77 -1.14 ± 1.78 -0.86; 1.05 -2.78; 0.50 5 7 

09-12 -0.42 ± 0.45 -2.07 ± 1.70 -0.98; 0.15 -3.86; -0.28 5 6 

12-15 -0.45 ± 0.47 -1.76 ± 1.37 -0.72; -0.18 -2.91; -0.61 14 8 

15-18 -0.20 ± 0.64 -0.34 ± 1.95 -0.79; 0.39 -2.39; 1.71 7 6 

18-21 0.28 ± 0.82 0.44 ± 1.01 -0.58; 1.15 -0.34; 1.22 6 9 

21-24 0.53 ± 0.57 0.97 ± 0.94 -0.17; 1.24 -0.02; 1.96 5 6 

Table A 11 for statistical details. 

Figure 5.21 Double injections of myoinhibitory peptide-1 and orcokinin-2 (MIP-1/ORC-2; magenta) phase

advanced locomotor activity at dawn and phase delayed locomotor activity at dusk. (a) Control injections of 

saline (black) revealed no circadian time (CT)-dependent shifts of the phase (ΔΦ) of locomotor activity. (b) 

Phase advances and delays induced by MIP-1/ORC-2 injections differed from each other when CT bins were 

compared. (c) The small shifts were not significant, if compared to controls performed at the same CT. The 

activity of cockroaches was recorded in running wheels under constant darkness (DD) conditions. To determine 

the phase, at least ten days prior to the injection of 2 x 10-12 mol peptide were compared with at least ten days 

after the injection using the chi-square periodogram analysis. The circadian day was evaluated by comparison 

of 3 h bins (vertical grid lines). Kruskal-Wallis tests followed by Dunn’s post hoc tests were performed to 

compare bins or groups. A,B,C: CT bins with no equal letter differed significantly from each other (Table 

A 11 for statistical details). 
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5.2.1.3 The putative mip receptor displayed high sequence identity to the sexpeptide recep-

tor 

As the signaling pathways of MIPs in R. maderae are unknown, the MIP receptor responsible 

for the control of MIP-induced phase shifts in clock neurons was investigated next. First, 

one putative mip receptor (mip-r) sequence was identified in R. maderae via transcriptome 

analysis (Figure 5.22). 64% of the amino acid sequence of that putative MIP receptor were 

identical to the sexpeptide receptor, a MIP receptor in D. melanogaster (Yapici et al., 2008). 

Figure 5.22 A putative myoinhibitory peptide receptor (MIP-R) was identified in R. maderae via alignment 

with the D. melanogaster sex peptide receptor (SPR). The SPR was the first MIP receptor described in D. mel-

anogaster (Yapici et al., 2008). The MIP-R measured 64% amino acid sequence identity with the SPR. Iden-

tical or similar amino acids were marked in the same color. Sequence gaps were bridged with empty spaces (-). 

The original figure provided by Achim Werckenthin was modified. 
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5.2.1.4 Downregulation of mip-r mRNA levels abolished MIP-2- or MIP-3-induced circa-

dian phase shifts of locomotor activity 

Downregulation of the putative mip-r mRNA level was combined with an injection of MIP 

to examine, if the putative MIP receptor is part of the signaling pathway responsible for 

phase shifts of the locomotor activity of free-running cockroaches. Injections of putative 

mip-r double-stranded RNA (dsRNA) sufficiently reduced mRNA levels to about 51% 

(n = 3) as compared to green fluorescent protein (gfp) dsRNA-injected controls (Figure 

5.23a; n = 4). Due to technical issues, only few animals per group were evaluated in the 

qPCR. Therefore, the statistical difference between the groups barely missed the significance 

level (p = 0.0571). As further knockdown experiments with the same target gene revealed 

significant mRNA level decreases (Chapter 6.1), the knockdown was classified as success-

ful. Indeed, the knockdown of the mip-r abolished the phase delaying effect of MIP-3 injec-

tions at CT 11.5-12.5 (Figure 5.23b; gfp: n = 10; mip-r: n = 9) and the advancing effect of 

MIP-2 injections at CT 22-23 (Figure 5.23c; gfp: n = 7; mip-r: n = 7). Thus, the putative 

Figure 5.23 Downregulation of the putative mip receptor (mip-r) mRNA level abolished phase shifts (ΔΦ) of 

locomotor activity induced by MIP-3 or MIP-2 injection. (a) The mip-r mRNA level was downregulated to 

about 51% (p = 0.0571). Animals were sacrificed at least nine weeks after the double-stranded RNA (dsRNA) 

injection and mRNA levels were determined via quantitative PCR (qPCR). Expression levels of target gene 

mRNA of animals injected with mip-r dsRNA (magenta) were normalized to the mean value of green fluores-

cent protein (gfp) dsRNA-injected controls (black). At least four weeks after the dsRNA injection animals 

were injected with 2 x 10-12 mol MIP-3 at circadian time (CT) 11.5-12.5 (b) or MIP-2 at CT 22-23 (c). MIP-3-

induced delays or MIP-2-induced advances were observed only in gfp-injected controls, while the mip-r knock-

down abolished phase-shifting ability. Animals were recorded in running wheels under constant darkness (DD) 

conditions. At least ten days prior to the injection were compared with at least ten days after the injection using 

chi-square periodogram analysis. A Mann-Whitney test were performed to compare groups. ns: not significant; 

*: p<0.05; **: p<0.01 (Table A 11 for statistical details). 
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MIP receptor was identified as first MIP receptor in R. maderae with MIP-2 and MIP-3 

being its ligands. In summarythe MIP receptor controls at least MIP-2- and MIP-3-de-

pendent signaling in the circadian network of the Madeira cockroach. 

5.2.1.5 MIP-9 application on HEK293T cells expressing the MIP receptor decreased cAMP 

levels 

To characterize the signal transduction cas-

cade of MIPs via the MIP receptor biolumi-

nescence resonance energy transfer 

(BRET2) assays were performed. For this, 

nine MIPs, which were all identified to be 

expressed from the same peptide precursor 

(Figure 5.24), were synthesized. Coexpres-

sion of the MIP receptor with a cAMP sen-

sor in HEK293T cells revealed significant 

decreases of cAMP levels upon stimulation 

with MIP-9 (Figures 5.25, A 5; n = 7) as 

compared to controls incubated with buffer 

solution. Stimulation with MIP-1 to MIP-8 

slightly decreased cAMP levels as well, but 

the effect was not significant. The inhibitory 

effect was only observed, if cAMP levels 

were increased by forskolin at the same 

time. However, the decrease of the cAMP 

level was also detected when cells were 

transfected with an empty vector instead of 

the mip-r sequence. Therefore, the effect 

was observed even if no MIP receptor was 

expressed. Then again, the application of a MIP-1 to MIP-9 mix revealed a dose-dependency 

of the cAMP level decrease in presence of the MIP receptor that was not reproduced by 

controls (Figures 5.26, A 6; n = 8). Untransfected control cells demonstrated that almost no 

autofluorescence was available at 410 or 515 nm (Figures A 5, A 6).  To summarize, the 

MIP receptor could not be deorphanized with certainty, since empty vector controls failed 

to work. In MIP receptor transfected cells cAMP levels were slightly reduced after MIP ap-

Figure 5.24 Nine myoinhibitory peptides (MIPs) 

were identified on one peptide precursor via tran-

scriptome analysis. MIP-1 was included six times in 

the amino acid sequence, while MIP-2-9 were repre-

sented only once. All MIPs carried six amino acids 

between the characteristic tryptophanes (W). Pep-

tides were framed by a cleavage site (KR; bold) and 

a C-terminal amidation signal (GKR; bold). Each 

color corresponds to one MIP. 
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plications. Thus, the MIP receptor constituted a G protein-coupled receptor that signals via 

the inhibitory G protein α-subunit (Gαi) pathway. As effects were rather small, even though 

behavioral experiments identified interactions between the MIP receptor and MIP-2 and 

MIP-3, an additional signaling cascade via phospholipase Cβ is possible. 

5.2.1.6 Downregulation of mip-pre or itp-pre mRNA levels did not influence entrainment 

To investigate the MIP- and ITP-dependent light entrainment, 12:12 h light-dark cycles were 

delayed by 6 h before and after injections of mip precursor (mip-pre) or itp precursor (itp-

pre) dsRNA into male cockroaches recorded in running wheels. The mRNA levels of target 

genes were efficiently reduced to about 5% (mip-pre; n = 5) or 0.3% (itp-pre; n = 5) as com-

pared to gfp dsRNA-injected controls (n = 6) using the RNAi mechanism (Figure 5.27a,b). 

The number of days until cockroaches were entrained revealed no change in light entrain-

ment of mip-pre (n = 5) or itp-pre (n = 5) dsRNA-injected animals when compared with gfp 

(n = 5) dsRNA-injected controls (Figures 5.28a-c, 5.29, A 7-15). Most animals delayed the 

activity onset within 3-5 days before the injection and 1-3 days after the injection (Figures 

5.29a, A 19). To summarize, the downregulation of mip-pre or itp-pre mRNA levels did 

not affect the ability of animals to delay the onset of locomotor activity in response to chang-

ing light regimes.  

Figure 5.25 Stimulation with myoinhibitory peptide (MIP)-9 reduced cyclic adenosine monophosphate 

(cAMP) levels in human embryonic kidney (HEK293T) cells expressing the MIP receptor (MIP-R) in biolu-

minescence resonance energy transfer (BRET2) measurements. A decrease of the BRET2 ratio indicates an 

increase of cAMP (yellow). (a,c) Stimulation of MIP-R-expressing cells with high doses of single MIPs (1-9; 

magenta) did not influence the cAMP level as compared to controls without expression of MIP-R (transfected 

with the empty vector pETDuet-1) or incubated with buffer in the presence of the MIP-R (black). The cAMP 

level was increased only in the positive control (blue) by application of pigment-dispersing factor (PDF) on 

cells expressing the PDF receptor (PDF-R). (b,d) Coapplication of forskolin (gray box) increased the cAMP 

level in all groups, abolishing the difference to the positive control. As strongest effects were observed when 

only buffer was applied to the cells, MIPs appeared to inhibit the increase of the cAMP level. Only stimulation 

with MIP-9 decreased the cAMP level significantly as compared to the control application of buffer. Stimula-

tion with a MIP-1 to MIP-5 mix (a,b; 10-6 M each) or a MIP-6 to MIP-9 mix (c,d) induced the same effect on 

control cells transfected with pETDuet-1 independent of the MIP-R. All measurements except for the group of 

untransfected cells (gray plot) were performed in the context of a cotransfected cAMP sensor and were statis-

tically compared via Kruskal-Wallis tests followed by Dunn’s post hoc test. A,B,C,D,E: Groups with no equal 

letter differed significantly from each other (Table A 11 for statistical details). 
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Figure 5.27 Injection of corresponding double-stranded RNA (dsRNAs) downregulated mip precursor

(mip-pre; a), itp precursor (itp-pre; b) or mip-pre and pdf precursor (pdf-pre; c) mRNA levels. The mRNA 

levels were reduced to about 5% (mip-pre), 0.3% (itp-pre), or 1% (pdf-pre). Animals were sacrificed nine 

weeks after the dsRNA injection and mRNA levels were determined via quantitative PCR (qPCR). Expression 

levels of target gene mRNA of animals injected with mip-pre, itp-pre, or mip-pre and pdf-pre dsRNA (ma-

genta) were normalized to the mean value of green fluorescent protein (gfp) dsRNA-injected controls (black). 

Mann-Whitney tests were performed to compare groups. **: p<0.01 (Table A 11 for statistical details). 

Figure 5.26 If the myoinhibitory peptide receptor (MIP-R) was expressed, cyclic adenosine monophosphate 

(cAMP) levels were reduced dose-dependently upon stimulation with a MIP-1 to MIP-9 mix in human embry-

onic kidney (HEK293T) cells. Bioluminescence resonance energy transfer (BRET2) measurements revealed a 

dose-dependent increase of the BRET2 ratio when the peptide mix (magenta) was applied as compared to buffer 

incubated controls (black). An increase of the BRET2 ratio indicates a decrease of cAMP (yellow). Application 

of the peptide mix on control cells transfected with an empty pETDuet-1 vector and no MIP-R expression only 

revealed a cAMP decrease at the lowest concentration of MIPs (10-13 M each). However, due to larger varia-

tions within control groups, no difference between groups with and without MIP-R expression were observed. 

Forskolin was added to the stimulation solution of all groups (gray box). All measurements except for the 

group of untransfected cells (gray plot) were performed in the context of a cotransfected cAMP sensor and 

were statistically compared via Kruskal-Wallis tests followed by Dunn’s post hoc test. A,B,C,D: Groups with 

no equal letter differed significantly from each other (Table A 11 for statistical details). 
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Figure 5.28 The number of days until the locomotor onset (magenta dots) was delayed by 6 h was not altered 

by downregulation of mip precursor (mip-pre), itp precursor (itp-pre) or mip-pre and pdf precursor (pdf-pre) 

mRNA levels. Running wheel activity was recorded under 12:12 h light-dark (LD) conditions (white and black 

bars) before (upper panels) and after (lower panels) the injection of double-stranded RNA (dsRNA) that was 

performed on day 39. The actogram of one representative animal per group was double-plotted. (a) The green 

fluorescent protein (gfp) dsRNA-injected animal shifted within one day (pre-injection: three days). (b) The 

mip-pre dsRNA-injected animal shifted within two days (pre-injection: three days). (c) The itp-pre dsRNA-

injected animal shifted within one day (pre-injection: three days). (d) The mip-pre and pdf-pre dsRNA-injected 

animal shifted within one day (pre-injection: one day). 
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5.2.1.7 Double knockdown of mip-pre and pdf-pre redistributed the daily activity 

The overall distribution of activity was evaluated because disruption of entrainment could 

disturb the activity distribution over the day as compared to only affecting activity onset. 

Thus, activity levels during the light (zeitgeber time [ZT] 0-12) and dark phase (ZT 12-24) 

of the day were analyzed in knockdown animals. Downregulation of the mip-pre (n = 5) or 

itp-pre (n = 5) mRNA level alone did not significantly change the average activity distribu-

tion between light and dark phase when five days of activity were evaluated and compared 

with activity patterns of gfp dsRNA-injected controls (Figures 5.30a-c, 5.31a,b, A 7-15, 

A 20; n = 6). After control dsRNA injections about 87% of activity were measured during 

the dark phase, while 11% of the remaining 13% of activity were measured from ZT 11-12 

in anticipation of the dark phase (Figures 5.31a, A 21). The mip-pre or itp-pre knockdown 

animals, exhibited 23% or 18% of the total activity during the light phase and 77% or 82% 

during the dark phase, respectively (Figure 5.31a). They also anticipated the dark phase 

(12% from ZT 11-12; Figure A 21). As the loss of the effect of each modulatory neuropep-

tide could potentially be compensated by one or more other neuropeptides, a double knock-

down of two neuropeptide genes simultaneously was performed for the first time in 

R. maderae. Pigment-dispersing factor (PDF) as most crucial and well-described circadian

Figure 5.29 The onset of locomotor activity in response to a delay of light-dark (LD) cycles was not shifted

by downregulation of mip precursor (mip-pre; magenta), itp precursor (itp-pre; gray) or mip-pre and pdf pre-

cursor (pdf-pre; blue) mRNA levels. (a) Independent of treatment cockroaches shifted the activity onset by 6 h 

within approximately one day on average. Groups were compared with green fluorescent protein (gfp) double-

stranded RNA (dsRNA)-injected controls (black). (b) In accordance, treatment did not affect the difference 

between shift completion before and after the injection. Measurements were performed under 12:12 h LD con-

ditions. The post-injection shift was evaluated 7-9 weeks after the injection. Data were statistically compared 

with Kruskal-Wallis tests. A: Groups were not significantly different (Table A 11 for statistical details).  
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Figure 5.30 The dark phase activity level was slightly reduced by the mip precursor (mip-pre) knockdown and

strongly reduced by the mip-pre and pdf precursor (pdf-pre) double knockdown under 12:12 h light-dark (LD) 

conditions (white and black bars). Running wheel activity was recorded before (upper panels) and after (lower 

panels) the injection of double-stranded (dsRNA) that was performed on day 39. The actogram of one repre-

sentative animal per group was double-plotted. (a) After the injection of green fluorescent protein (gfp) dsRNA 

94% (pre-injection: 92%) of the average daily (ZT 0-24) activity (blue) were recorded during the dark phase 

(ZT 12-24). The absolute daily activity (gray) measured 86 m (pre-injection: 37 m) of running distance. (b) 

After the injection of mip-pre dsRNA 71% (pre-injection: 99%) dark phase activity were recorded. Daily ac-

tivity measured 54 m (pre-injection: 59 m) of running distance. (c) After the injection of itp precursor (itp-pre) 

dsRNA 78% (pre-injection: 80%) dark phase activity were recorded. Daily activity measured 36 m (pre-injec-

tion: 35 m) of running distance. (d) After the injection of mip-pre and pdf-pre dsRNA 57% (pre-injection: 

93%) dark phase activity were recorded. Daily activity measured 8 m (pre-injection: 27 m) of running distance.
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neuropeptide was selected to be downregulated with MIPs at the same time. The RNAi mech-

anism efficiently reduced mRNA levels of both target genes, mip-pre and pdf precursor (pdf-

pre), in dsRNA-injected cockroaches (n = 5) to about 5% (mip-pre) or 1% (pdf-pre) of re-

maining mRNA (Figure 5.27c). Interestingly, while the ability to adjust to light shifts was 

still unaffected (Figures 5.28d, 5.29, A 16-18, A 19, A 21), the distribution of locomotor 

activity was significantly altered in these double knockdown animals (Figures 5.30d, 

Figure 5.31 The running wheel activity was partially redistributed from the dark to the light phase when 

mip precursor (mip-pre) and pdf precursor (pdf-pre) mRNA levels were simultaneously reduced via RNAi. (a) 

The average dark phase activity (ZT 12-24) of five consecutive days was significantly reduced in mip-pre and 

pdf-pre double knockdown animals (blue) as compared to green fluorescent protein (gfp) double-stranded 

RNA (dsRNA)-injected controls (black). The itp-pre (gray) and mip-pre (magenta) knockdown had no effect 

on dark phase activity when compared to controls with no difference to the double knockdown activity for the 

latter. (b) The same effects were detected, when the difference between the dark phase activity level prior to 

the injection and after the injection was compared between groups. Neither the absolute daily activity level of 

20 consecutive days after the injection (c), nor the relative activity level between pre- and post-injection (d) 

were affected when comparing the groups. Measurements were performed under 12:12 h light-dark (LD) con-

ditions. The post-injection activity level was evaluated 6-9 weeks after the injection. Data were statistically 

compared with Kruskal-Wallis tests followed by Dunn’s post hoc tests. A,B: Groups with no equal letter dif-

fered significantly from each other (Table A 11 for statistical details). 
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5.31a,b, A 16-18, A 20). The light phase activity was increased to about 34% (19% from 

ZT 11-12; Figure A 21), while the dark phase activity was reduced to about 66% (Figure 

5.31a). Furthermore, the activity distribution of cockroaches with mip-pre knockdown alone 

neither differed significantly from gfp dsRNA-injected controls, nor from the mip-pre and 

pdf-pre double knockdown animals. This indicated that the disruption of the activity distri-

bution was partially accomplished by downregulation of the mip-pre mRNA level alone, 

while double knockdown of the mip-pre and pdf-pre mRNA level together enhanced the 

effect. The overall daily activity level (ZT 0-24) was not significantly altered in gfp, mip-

pre, itp-pre, or mip-pre and pdf-pre knockdown animals when 20 consecutive days were 

averaged (Figures 5.30, 5.31c,d, A 7-18, A 22). Cockroaches ran about 59 m (gfp), 77 m 

(mip-pre), 64 m (itp-pre), or 16 m (mip-pre and pdf-pre) per day (Figure 5.31c). As the 

activity level in double knockdown (mip-pre and pdf-pre) animals seemed reduced, the ac-

tivity level of each animal before and after the injection were compared (Figure 5.31d, 

A 22). Double knockdown animals were already less active prior to the injection so that no 

differences were revealed between the groups. In summary, under light-dark conditions the 

simultaneous downregulation of mip-pre and pdf-pre mRNA levels enhanced the disruption 

of activity distribution that was obtained to a lesser degree by the mip-pre knockdown alone. 

5.2.1.8 Rhythmicity and activity distribution were unaffected by downregulation of mip-

pre or itp-pre mRNA levels in constant darkness 

Next, locomotor activity patterns were investigated under constant darkness conditions, to 

eliminate masking effects of light. As rhythmicity and shifting of the activity phase are then 

controlled by the endogenous rhythm of the circadian clock, rhythmicity was evaluated with 

chi-square periodogram analysis. No effect of any knockdown (gfp, mip-pre, itp-pre, or mip-

pre and pdf-pre) on the free-running period of R. maderae (23.45 h), was detected when 

13 days pre- and 28 days post-injection of dsRNA were compared between groups (Fig-

ures 5.32, 5.33a,b, A 7-18, A 23). A more precise analysis with a sliding ten days window 

identified no change of the number of rhythmic windows between the four groups (Fig-

ures 5.32, 5.33c,d, A 7-18, A 24). However, the rhythmicity of individuals in the group of 

mip-pre and pdf-pre double knockdown animals varied between no and complete rhythmic-

ity. As this instability in the activity pattern was also characterized by analyzing the distri-

bution of activity under light-dark conditions, the activity distribution under constant dark-

ness conditions was investigated next. Unlike the observation in light-dark cycles, the activ-

ity distribution under constant conditions was unaffected by the mip-pre or mip-pre and pdf-
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pre knockdown when compared to gfp dsRNA-injected controls (Figures 5.34, 5.35a,b, 

A 7-12, A 16-18, A 25). As in light-dark cycles, the itp-pre knockdown had no effect on the 

activity distribution (Figures 5.34, 5.35a,b, A 13-15, A 25). About 11% (gfp, mip-pre), 18% 

(itp-pre), or 19% (mip-pre and pdf-pre) of activity were detected during the subjective day 

(CT 0-12), while the remaining 89% (gfp, mip-pre), 82% (itp-pre), or 81% (mip-pre and 

pdf-pre) were measured during the subjective night (CT 12-24) when averaging ten circa-

dian days per animal (Figures 5.35a, A 7-18, A 25). Also, the overall daily (CT 0-24) activ-

ity level did not change when the four groups were compared (Figures 5.34, 5.35c,d, A 7-

18, A 26). Taken together, the interference with ITP, or MIP, or MIP and PDF signaling 

pathways did not affect the locomotor activity pattern under constant darkness conditions.  

 

 

 

 

 

 

Figure 5.32 While the period (τ; gray lines) of locomotor activity under constant darkness (DD) conditions 

(black bar) was not influenced by downregulation of mip precursor (mip-pre), itp precursor (itp-pre) or mip-

pre and pdf precursor (pdf-pre) mRNA levels, the rhythmicity changed in some individuals with mip-pre and 

pdf-pre double knockdown. Running wheel activity was recorded before and after the injection of double-

stranded RNA (dsRNA) that was performed on day 39 (arrowhead). The actogram of one representative animal 

per group was double-plotted. (a) After the injection of green fluorescent protein (gfp) dsRNA the free-running 

period measured 23.23 h (pre-injection: 23.25 h) and rhythmicity was assigned to 100% of windows (magenta, 

lower panel; pre-injection: 100%). (b) After the injection of mip-pre dsRNA the period measured 23.45 h (pre-

injection: 23.35 h) and rhythmicity was assigned to 89% of windows (pre-injection: 100%). (c) After the in-

jection of itp-pre dsRNA the period measured 23.42 h (pre-injection: 23.53 h) and rhythmicity was assigned 

to 100% of windows (pre-injection: 100%). (d) After the injection of mip-pre and pdf-pre dsRNA the period 

measured 23.15 h (pre-injection: 23.28 h) and rhythmicity was assigned to 6% of windows (pre-injection: 

100%). A sliding 10 days window was used to examine the number of rhythmic windows for the pre- and post-

injection interval in a continuous rhythm detector plot. Rhythmicity was determined for each window as de-

scribed in Reischig and Stengl (2003a) following specific criteria. Only if Qp/χ² of the highest peak above the 

significance level (1.0) in the periodogram exceeded 1.2 (dotted line) and if the peak was at least 0.7 h wide,

rhythmicity was assigned to this window (dark gray bars on x-axis). 
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Figure 5.33 The period (τ) and rhythmicity of locomotor activity under constant darkness (DD) conditions 

were not influenced by downregulation of mip precursor (mip-pre), itp precursor (itp-pre) or mip-pre and 

pdf precursor (pdf-pre) mRNA levels. (a) Chi-square periodogram analysis revealed no differences between 

the period of mip-pre (magenta), itp-pre (gray), or mip-pre and pdf-pre (blue) double-stranded (dsRNA)-in-

jected animals as compared to green fluorescent protein (gfp) dsRNA-injected controls (black). (b) The differ-

ence between the period before and after injection (Δτ) did not change when groups were compared. A pre-

injection interval of 13 days was compared with 28 consecutive days after the injection. (c,d) Same intervals 

were used for a ten days sliding window analysis of rhythmicity as described in Reischig and Stengl (2003a). 

Following specific criteria, the chi-square periodograms of each window were evaluated. Neither the share of 

rhythmic windows after the dsRNA injection (c), nor the difference between shares of rhythmic windows pre-

and post-injection were different between groups (d). The post-injection period and rhythmicity were evaluated 

2-6 weeks after the injection. Data were statistically compared with Kruskal-Wallis tests. A: Groups were not 

significantly different (Table A 11 for statistical details). 
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Figure 5.34 Under constant darkness (DD) conditions (black bar) the running wheel locomotor activity distri-

bution and activity level were not influenced by downregulation of mip precursor (mip-pre), itp precursor

(itp-pre) or mip-pre and pdf precursor (pdf-pre) mRNA levels. Running wheel activity was recorded before 

and after the injection of double-stranded RNA (dsRNA) that was performed on day 39 (arrowhead). The 

actogram of one representative animal per group was double-plotted. (a) After the injection of green fluores-

cent protein (gfp) dsRNA 93% (pre-injection: 94%) of the average daily (CT 0-24) activity (yellow) were

recorded during the subjective night (CT 12-24). The absolute daily activity measured 28 m (pre-injection: 

42 m) of running distance. (b) After the injection of mip-pre dsRNA 95% (pre-injection: 93%) of activity were 

recorded during the subjective night. Daily activity measured 113 m (pre-injection: 97 m) of running distance. 

(c) After the injection of itp precursor (itp-pre) dsRNA 93% (pre-injection: 94%) of activity were recorded

during the subjective night. Daily activity measured 17 m (pre-injection: 43 m) of running distance. (d) After 

the injection of mip-pre and pdf-pre dsRNA 84% (pre-injection: 91%) of activity were recorded during the 

subjective night. Daily activity measured 112 m (pre-injection: 161 m) of running distance. To calculate activ-

ity levels per individual subjective day and night, the free-running period (τ) was determined with chi-square 

periodogram analyses. 
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5.2.2 Discussion 

The role of myoinhibitory peptides (MIPs) and ion transport peptide (ITP) in entrainment 

processes of the circadian system was investigated in the Madeira cockroach. Interestingly, 

different MIPs from the same precursor showed time-restricted and antagonistic effects in 

their ability to phase-shift locomotor activity, being either advancing, delaying, or ineffec-

Figure 5.35 Under constant darkness (DD) conditions the running wheel locomotor activity distribution and 

activity level were not influenced by downregulation of mip precursor (mip-pre), itp precursor (itp-pre) or 

mip-pre and pdf precursor (pdf-pre) mRNA levels. (a) The subjective night (CT 12-24) activity level of 

mip-pre (magenta), itp-pre (gray), or mip-pre and pdf-pre (blue) double-stranded RNA (dsRNA)-injected cock-

roaches did not differ from green fluorescent protein (gfp) dsRNA-injected controls (black). (b) In accordance, 

the difference between pre- and post-injection interval was not changed when groups were compared. The 

absolute daily (CT 0-24) activity level after the injection (c) and the relative daily activity level between pre-

and post-injection (d) were unaffected when groups were compared. Pre- and post-injection data were evalu-

ated from ten consecutive circadian days, respectively. The period (τ) and phase of each circadian day were 

determined for each animal. The post-injection activity level was evaluated 4-6 weeks after the injection. Data 

were statistically compared with Kruskal-Wallis tests. A: Groups were not significantly different (Table A 11

for statistical details). 
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tive. Thus, I hypothesize that peptides involved in light entrainment of the clock target par-

allel, distinct neuronal pathways responsible for either delays or advances of the clock that 

are gated by endogenous clock rhythms (Figure 5.36). I propose that channeled and gated 

to different cellular pathways at the level of the lamina and medulla advancing light inputs 

activate the morning (M) oscillator clock only at dawn, while delaying light inputs only 

inhibit the evening (E) oscillator clock network at dusk. According to my hypothesis, peptide 

compositions and levels released by clock neurons gate clock outputs depending on the day-

time and physiological state of the animal. This daytime-dependent neuropeptide release is 

based upon endogenous rhythms of coupled neuropeptidergic clock neurons that are inter-

connected among each other via antagonistic interactions in the neuronal clock network. 

Furthermore, this internally orchestrated clock network is entrained to environmental 

rhythms at different time scales (Stengl & Arendt, 2016; Stengl & Schröder, 2021). So far, 

double injection-dependent shifts of locomotor outputs are in agreement with the proposed 

concept of synergistic and antagonistic peptide-controlled neuronal pathways. Each combi-

nation of peptides released is proposed to form combinatorial ensembles of synchronized 

neurons. This flexible combinatorial encoding constitutes the basis for a strongly dynamic 

system and gating of outputs.  

Behavioral experiments in combination with RNA interference (RNAi) identified and 

characterized the MIP receptor that governs MIP-2 and MIP-3 signaling in the circadian 

system. The deorphanization in bioluminescence resonance energy transfer (BRET2) assays 

indicated that MIPs signal via the inhibitory G protein α-subunit (Gαi) pathway. Apparently, 

an additional cyclic adenosine monophosphate (cAMP)-independent pathway awaits to be 

identified. Furthermore, mRNA expression of the mip precursor (mip-pre) but not itp pre-

cursor (itp-pre) is important for the suppression of activity throughout the day, suggesting 

that MIPs contribute to circadian rhythmicity of sleep-wake cycles. Double knockdown ex-

periments indicated that MIPs and at least a third neuropeptide compensate pigment-dispers-

ing factor (PDF) activity in M and E oscillator neurons. 

5.2.2.1 Different MIPs serve heterogenous functions in circadian networks 

Immunocytochemical mass staining of R. maderae brain samples revealed the wide distri-

bution of MIPs, as one of the neuropeptidergic modulators in the circadian system but also 

in neurosecretory, chemosensory, metabolic, and locomotor centers of the central nervous 

system (Chapter 5.1; Schulze et al., 2012). In the optic lobe, MIP immunoreactivity is present
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in regions associated with ipsi- and contralateral light input to the clock and in areas sug-

gested to control outputs like the sensitivity of photoreception and the communication with 

midbrain and premotor centers (Chapter 5.1). Instead of attributing many different functions 

to all MIPs because of this diverse distribution, my results rather propose single MIPs to 

fulfill very distinct tasks at specific target sites of the MIP network, strongly regulated in 

amount released per space and time. This assumption was supported by injections of MIP-2 

or MIP-1 that advanced or delayed locomotor activity at dawn or dusk (Schendzielorz & 

Stengl, 2014; Schulze et al., 2013), similar to light inputs (Page, 1987; Page & Barrett, 1989; 

Wiedenmann, 1977b). The diverse involvement of MIPs in light entrainment was confirmed 

as injections of different MIPs resulted in distinct effects such as MIP-3 injections that gen-

erate a biphasic phase-response curve in running wheel assays, while MIP-5 injections had 

Figure 5.36 Model of input-dependent modulation of cell ensembles in the circadian network via the interplay 

of neuropeptides. (a) While systemic myoinhibitory peptide (MIP)-1 injections alone (magenta; Schulze et al., 

2013) do not phase-shift locomotor activity of free-running cockroaches in the morning (M; dawn; right yellow 

box) O. limosus orcokinin (ORC) injections (gray; Hofer & Homberg, 2006b) or double injections of 

MIP-1/ORC-2 (blue) result in medium advances. In the evening (E; dusk; left yellow box) the locomotor ac-

tivity is strongly (MIP-1) or moderately (ORC, MIP-1/ORC-2) phase-delayed by the respective injections. The 

correlation with light-induced shifts suggests a role of MIP-1 and ORC-2 in light entrainment of the circadian 

clock. (b) Dependent on daytime, light input, and physiological state of the cockroach, these neuropeptides are 

hypothesized to be released in clock circuits and control certain neuronal ensembles. The strong zeitgeber light 

overruns other inputs, which results in a hierarchical order of inputs. When light input and satiety coincide at 

dawn MIPs are released. While MIP-1 controls unknown circuits, MIP-2 might be released from cells of the 

M oscillator network and excite one ensemble of activity-promoting neurons (large magenta oval) consisting 

of two subclusters (small magenta and blue ovals), therefore synchronizing the cells’ daily membrane potential 

oscillations. This gating of outputs increases and therefore phase-advances locomotor activity (Schendzielorz 

& Stengl, 2014). Under starved conditions ORC would be released instead, synchronizing an ensemble of 

ORC-sensitive neurons (small gray ovals) and one of the MIP-sensitive subclusters. As ORC is assumed to 

have effects antagonistic to MIP, the cells are inhibited, therefore oscillate in antiphase, and signal via another 

output pathway that increases activity levels as well. A double injection of MIP-1/ORC-2 would have the same 

outcome because MIP-1 injections do not affect the M oscillator network. (c) When light input and satiety 

coincide at dusk MIP-1 inhibits an activity-promoting ensemble in the E oscillator network, thus gating outputs 

and reducing the activity, which delays the phase. Under starved conditions ORC again synchronizes one ORC-

sensitive subcluster and one of the MIP-sensitive subclusters, also resulting in a delayed activity onset. A 

double injection of MIP-1/ORC-2 inhibits and excites the MIP-1/ORC-2-sensitive subcluster at once, which 

decreases or even stops daily membrane potential oscillations and its contribution to the gated output. As sub-

clusters sensitive to only one peptide still signal, a medium delay is generated. The ensemble size may define 

the overall signaling rate. Thus, the strongest shift is induced by the large MIP-sensitive ensembles. 
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no effects (Figure 5.37). In Figure 5.36 I suggest how MIPs are involved in light entrain-

ment of the circadian clock via at least two separate input pathways. As also MIP-4 is not 

involved in light-dependent inputs at dawn and dusk, MIP-4 and MIP-5 are suggested to play 

a role in the circadian control of development (Hua et al., 1999; Lorenz et al., 1995; Lorenz 

et al., 1997; Lorenz et al., 1999; Lorenz et al., 2000), mating (Hussain et al., 2016; Jang et 

al., 2017; Shao et al., 2019), or feeding (Aguilar et al., 2006; Blackburn et al., 1995; 

Blackburn et al., 2001; Hussain et al., 2016; Lange et al., 2012; Lubawy et al., 2020; Min et 

al., 2016; Predel et al., 2001; Schoofs et al., 1991; Urbański et al., 2019). The role of MIP-6 

in light entrainment pathways should be investigated further because the strongly dose-de-

pendent peptide injection effects at dawn suggest a peptide dose-dependent switch that me-

diates an antagonistic balance between either advances or delays. The diversity of functions 

between MIPs is surprising because they are all synthesized from the same precursor mRNA. 

Very likely, peptides are packed differentially in vesicles and their release is timed and lo-

cally controlled, cell-type-specifically (Ramamoorthy et al., 2011; Sossin et al., 1990; 

review: Merighi, 2018). Thereby, peptides from the same precursor that are recognized by 

Figure 5.37 The divers time-dependent entrainment effects of myoinhibitory peptides (MIPs) suggest different 

MIP-sensitive neuronal pathways. MIP-1 (magenta), MIP-2 (gray) and MIP-3 (blue) are hypothesized to play 

a role in light entrainment pathways, as injections of the respective peptide mimic at least the phase advancing 

effect of light pulses (black; Page & Barrett, 1989) on the locomotor activity of free-running cockroaches in 

the morning (M; dawn) or the phase delaying effect in the evening (E; dusk). Only MIP-3 injections reproduced 

both effects, while MIP-2 injections induced phase-advances at dawn (Schendzielorz & Stengl, 2014) and 

MIP-1 injections phase-delays at dusk (Schulze et al., 2013). MIP-3 likely transmits light information via neu-

ronal pathways of M and E oscillator networks, whereas MIP-2 only signals via M circuits and MIP-1 only via 

E circuits. The role of MIP-5 (yellow) in circadian networks was not yet revealed, as MIP-5 injections do not 

shift the phase at any time of the day. It might modulate outputs other than locomotion. 
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the same receptor could transmit information to distinct downstream regions, as suggested 

previously for AME neurons (Söhler et al., 2011). Furthermore, I cannot exclude that down-

stream neurons may express also different MIP receptors that detect MIPs with distinct sen-

sitivity. While all deorphanized arthropod MIP receptors responded to all MIPs tested (Kim 

et al., 2010; Paluzzi et al., 2015; Poels et al., 2010; Simo et al., 2013; Yamanaka et al., 2010), 

Schmidt et al. (2018) lately identified parallel pathways of MIPs signaling in Platynereis 

dumerilii via peptide-gated ion channels in addition to the metabotropic G protein-coupled 

receptors. In addition, as typical for many neuropeptide precursors (reviews: Bläser & 

Predel, 2020; Jékely, 2013), specific neuropeptide sequences occur in multiple copies on the 

same precursor, as for example MIP-1. Therefore, MIP-1 is synthesized at higher concentra-

tions as compared to all other MIPs. In the future, this hypothesis can be challenged with 

imaging mass spectrometry to reveal the spatial distribution of neuropeptides in brain sec-

tions comprising the circadian clock network. Altogether, the diversity of time-dependent 

roles in locomotor control even of a single peptide family supports a complex circadian net-

work composed of redundant in- and output pathways, as suggested above (Chapter 5.1), 

that is perfectly adapted to react precisely to internal needs and external changes. 

5.2.2.2 Neuropeptide composition and levels fine-tune time-dependent effects on M and E 

oscillator networks 

To keep a strong rhythm, the circadian system must express some robustness against short-

term or time-dependently meaningless inputs. Injections of neuropeptides increase systemic 

peptide levels, therefore affecting whole networks, while the precise control of single cells 

or ensembles is not possible. Nevertheless, strong time-dependent effects on the phase of 

locomotor output were observed when neuropeptides or neurotransmitters were injected (re-

view: Stengl et al., 2015). This suggests schemes of temporal encoding where it is important 

which inputs occur in which sequence or synchronized in the same time window, meeting 

different states of endogenous membrane potential oscillations (Cao & Nitabach, 2008; 

Sheeba, Gu et al., 2008; review: Belle & Diekman, 2018). A hierarchical order of the circa-

dian clock inputs and circuits was supported previously in fruitflies, where M oscillator cells 

can dominate E oscillators (Chatterjee et al., 2018) and where the dominance of M cells is 

reduced or even lost light input-dependently (Picot et al., 2007; Stoleru et al., 2007; Zhang 

et al., 2009). Thus, light entrainment via signaling with neuroactive substances to some de-

gree dominates other inputs, although they are likely controlled by the same substances (re-

views: Nässel et al., 2019; Nässel & Zandawala, 2019). As light is the strongest zeitgeber, 
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shifting effects in R. maderae were almost exclusively observed at dawn and dusk when 

light entrainment to changing photoperiods occurs. Consistently, the overall level of the cir-

cadian peptide PDF in the brain of R. maderae (Arendt, 2016) and in midbrain terminals of 

PDF-expressing neurons of D. melanogaster (Fernández et al., 2008; Hermann-Luibl et al., 

2014; Park et al., 2000) oscillates over the day with highest levels during the light phase. In 

addition, PDF-ir cell numbers (Wei & Stengl, 2011) and PDF mRNA levels (Zolmon, 2020) 

increase in longer photoperiods, as compared to lower numbers in short photoperiods. All 

these data are consistent with a strongly light-dependent increase of PDF precursor expres-

sion and of PDF release guided via endogenous circadian membrane potential oscillations 

of clock neurons. Neuropeptide release from peptide-expressing neurons occurs via volume 

transmission, not restricted to synapses (Agnati et al., 1995; reviews: Nässel, 2018; Nässel 

& Winther, 2010). Thus, in a slower time domain of seconds to hours neuropeptides either 

excite or inhibit downstream neurons all over the body that express the respective neuropep-

tide receptors. As demonstrated for PDF-dependent signaling, PDF generates ensembles of 

synchronously spiking neurons, possibly via induction of membrane potential oscillations in 

connected neuronal networks (Schneider & Stengl, 2005; Wei et al., 2014). This peptide-

dependent ensemble formation is suggested to underly specific gating of synaptic outputs 

(Schneider & Stengl, 2005; review: Stengl et al., 2015). Furthermore, antagonistic PDF ef-

fects in clock circuits of R. maderae keep neuronal ensembles in stable antiphase that might 

belong to either the M or E oscillator (Gestrich et al., 2018; Wei et al., 2014). Thus, each 

peptide controls the activity or synchronization state of specific neuronal ensembles, while 

its release changes clock-controlled throughout the day. Strongest effects of PDF injections 

on the circadian phase of locomotor activity were observed at dawn and dusk (Schendzielorz, 

J. et al., 2014) when systemic PDF levels were low (Arendt, 2016) and the impact on the 

PDF signaling rate was largest, consistent with the interpretation of my data. As evidence 

for parallel light input pathways to the circadian clock (Chapter 5.1) counts that PDF can 

only have time-dependent opposing (advancing and delaying) effects on the endogenous 

rhythm, if it signals via pathways responsible for entrainment of both, the M and the E os-

cillator network. Some peptides apparently signal via pathways of only one oscillator net-

work, as injections of MIP-1, MIP-2, CRZ, or AT resulted in monophasic phase-response 

curves that represent part of the light-induced biphasic effects (Arendt et al., 2017; 

Schendzielorz & Stengl, 2014; Schulze et al., 2013). According to the hypothesis, ipsilateral 

PDF M cells are excited by PDF during the light phase of the day, which results in an in-

crease of PDF levels (Gestrich et al., 2018). Contralateral PDF E cells are inhibited PDF-



ENTRAINMENT OF THE CIRCADIAN CLOCK IN R. MADERAE 149 

 

dependently at the same time and release PDF in the night when the inhibition decreases 

(Gestrich et al., 2018). As these cells have PDF autoreceptors, the inhibition likely remains 

to some degree also during the night. Thus, PDF levels in these two groups oscillate with a 

different phase and amplitude leading to the overall daily oscillation measured in the whole 

brain (Arendt, 2016). 

Several neurons release more than one neuropeptide (review: Stengl & Arendt, 

2016). Therefore, they appear to constantly modulate the composition and excitability of 

neuronal ensembles and the strength of synchronization between them (Stengl et al., 2015). 

Injections of more than one peptide simultaneously demonstrate that the continuous timing 

of quantity and location of peptide release is probably crucial for the complex and tunable 

interactions between cell ensembles of the clock and allows gating of outputs (Figure 5.36; 

Stengl et al., 2015). In D. melanogaster MIP and ORC have antagonistic effects on the sa-

tiety state (Min et al., 2016). While peptide levels of one or the other peptide might be high 

due to the current satiety state, light input may overrun both signals in the hierarchical order 

of inputs. In R. maderae this could explain why different neuropeptides supposed to have 

antagonistic physiological functions, such as MIP and ORC, shift activity rhythms in the 

same way, if injected at a certain time of the day, while no additive effect is observed, if both 

peptides are injected at once (Figure 5.36a,c). High levels of MIP-1 or orcokinin (ORC)-2 

alone might inhibit or excite one ensemble of sensitive neurons, which controls locomotor 

output at dusk, respectively. Thereby, depending on the physiological condition only one of 

the two peptides would be released and synchronize membrane potential oscillations in the 

respective E ensemble gating the output (Figure 5.36a,c). However, the antagonistic effects 

would result in antagonistic oscillations, which decrease and therefore delay locomotor ac-

tivity via separate output pathways. As MIP-1 and ORC-2-sensitive ensembles of E oscilla-

tor networks are thought to overlap in part, simultaneous stimulation with both neuropep-

tides decreases the synchronized output and therefore results in only a medium delay (Figure 

5.36a,c). As MIP-1 injections do not shift the phase at dawn, while MIP-2 advances the 

activity onset, MIP-2 may be the antagonist of ORC-2 in M oscillator networks (Figure 

5.36a,b). According to my hypothesis, MIP-2 and corazonin (CRZ) equally affect the same 

ensemble under certain physiological conditions and generate the same shifting effects as 

observed for each peptide alone, while no additive effect is measured once the maximum 

signaling rate via this pathway is reached (Arendt et al., 2017). Thus, neurons with dendritic 

sites near the termination sites of the CRZ cell are likely MIP-2-receptive. Double injections 
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of combinations of neuropeptide doses into animals with different physiological states in 

combination with behavioral experiments will test if neuropeptide levels control the syner-

gistic and antagonistic pathways of the circadian network dependent on daytime and physi-

ological state. 

5.2.2.3 The MIP receptor is part of light entrainment signaling pathways 

As phase-advancing effects of MIP-2 injections at dawn or phase-delaying effects of MIP-3 

injections at dusk were abolished, if the newly identified MIP receptor was downregulated, 

at least those two MIPs signal via the MIP receptor in circadian networks. Thus, the trans-

mission of light information via MIP-2-dependent M and MIP-3-dependent E oscillator path-

ways involve the MIP receptor. In D. melanogaster, the highly sequence-identical MIP-sen-

sitive sexpeptide receptor (SPR; Yapici et al., 2008) is responsible for a MIP-dependent 

sleep-promoting effect (Oh et al., 2014). This effect is induced by MIP-dependent downreg-

ulation of cAMP levels in PDF neurons of the D. melanogaster clock. In agreement, MIPs 

were identified to signal via the Gαi pathway in Aedes aegypti and Aplysia californica as 

well (Kim et al., 2010). Further investigation of the signaling cascade of MIPs in R. maderae 

revealed equal effects in human embryonic kidney (HEK293T) cells expressing the MIP 

receptor and a cAMP sensor. However, only stimulation with MIP-9 significantly decreased 

the cAMP level. As the weak MIP-induced effects were also observed without expression of 

the MIP receptor, HEK293T cells might themselves express a MIP-sensitive receptor. Al-

ternatively, the expressed MIP receptor signals via another signaling cascade. No evolution-

ary conserved MIP receptor was found in HEK293 cells (https://www.proteinatlas.org/hu-

manproteome/celltype) and the cell line previously proved suitable for the deorphanization 

of MIP receptors (Johnson et al., 2003; Yamanaka et al., 2010). Thus, the cockroach MIP 

receptor might primarily signal via a signaling cascade that differs from Gαi-dependent sig-

naling. In addition, dose-dependency of the MIP injection-dependent effects was only de-

tected in presence of the MIP receptor, suggesting rather low sensitivity than low specificity 

of the detection system. Calcium imaging experiments in HEK293T cells expressing the 

MIP receptor with or without Gα15- or Gα16-subunits for increased Gαi- and Gαq-dependent 

phospholipase C activity (Offermanns & Simon, 1995) will test both hypotheses. 
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5.2.2.4 MIPs appear to strengthen locomotor activity rhythms via M and E oscillator cir-

cuits 

To couple to changing photoperiods, animals need to delay and advance their behavioral 

patterns at dawn and dusk separately. As MIP injections induced phase-delays at dusk, the 

delaying ability of MIP-deficient cockroaches in response to a delay of light-dark rhythms 

was investigated. An intact clock would be able to shift the onset of locomotor activity by 

6 h over some days, while the masking effect of applied light is expected to adjust the onset 

of locomotor activity immediately in animals with collapsed circadian rhythm (Mrosovsky, 

1999). In D. melanogaster for example, although the disruption of molecular clock rhythms 

in clock cells by knockout of the circadian gene period (per) leads to arhythmic activity 

patterns under constant darkness conditions, the fruitflies still exhibit rhythmic activity when 

light-dark conditions are presented and this rhythm is rapidly shifted (Wheeler et al., 1993). 

Indeed, almost all cockroaches shifted more rapidly after the mip-pre knockdown. However, 

this effect was also observed in controls, suggesting either an age-dependent change of clock 

rhythm strength or light conditions that were not exactly equal during the pre- and post-

knockdown interval. In any case, the variability between individuals is remarkable and more 

experiments at different light levels will further analyze the shifting ability of knockdown 

animals. While the shifting ability did not clearly identify an effect of MIPs on the entrain-

ment of the clock, the slight redistribution of daily activity after downregulation of mip-pre 

mRNA levels revealed a role of MIPs in the maintenance of stable rhythmic behavior. There-

fore, MIPs may be involved in sleep stabilizing mechanisms as demonstrated in D. melano-

gaster, where the PDF-expressing arousal cells (Chung et al., 2009; Parisky et al., 2008; 

Shang et al., 2008; Sheeba, Fogle et al., 2008) are inhibited MIP-dependently throughout 

sleep phases (Oh et al., 2014). However, while the redistribution of activity supports this 

hypothesis, overall activity levels were not increased by the mip-pre knockdown as expected, 

indicating that sleep amount and sleep bout timing are differently regulated (Oh et al., 2014). 

Future analysis of sleep rebound behavior of sleep-deprived and MIP-deficient cockroaches 

will examine sleep functions of MIPs in R. maderae. The weakened separation between night 

phase activity and light phase rest supports MIPs as important modulators in M and E oscil-

lator circuits. Apparently, MIPs strengthen the gating of outputs in both oscillator circuits 

and strengthen coupling between the oscillators. 
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5.2.2.5 The clock rhythm is based on the interplay of MIPs, PDF, and at least one more 

neuropeptide released in the network 

The rhythmicity of the activity pattern in light-dark cycles was even weaker in mip-pre and 

pdf precursor (pdf-pre) double knockdown animals, than in mip-pre single knockdown ani-

mals, supporting the concept of parallel signaling via different neuropeptides that partially 

compensate each other in the network and synergistically strengthen the gating of output to 

locomotor centers. Also, the loss of antagonizing sleep effects could be the reason for a 

disrupted pattern of locomotor activity, as MIPs were demonstrated to promote sleep in D. 

melanogaster (Oh et al., 2014), while PDF promotes activity (Chung et al., 2009; Parisky et 

al., 2008; Sheeba, Fogle et al., 2008). In addition, the results support the hypothesis that the 

largest PDFME and ipsilateral/ contralateral PDFMEs as part of M/ E oscillator circuits are 

required for stable sleep-wake cycles (Chapter 5.1). Fruitflies with pdf knockout that are kept 

in light-dark cycles lose the ability to anticipate M lights-on, but still show an advanced 

E  peak because E oscillators compensate the loss of M cell activity (Picot et al., 2007; Renn 

et al., 1999; Stoleru et al., 2007; Zhang et al., 2009). In contrast, E oscillator driven onset of 

activity at lights-off was still anticipated by the nocturnal cockroach, regardless of the double 

knockdown. Therefore, at least a third neuropeptide is involved in the control of E activity 

via E oscillator pathways. Activity driven by M oscillator circuits was not characterized, 

because the cockroach activity pattern does not exhibit a pronounced M activity peak. Thus, 

reduced rhythmicity in MIP- and PDF-deficient cockroaches cannot be assigned to disturbed 

signaling of M or E oscillator circuits precisely. 

5.2.2.6 Candidate M and E multiple peptidergic neurons that may control clock rhythms in 

the absence of PDF 

One ipsilateral and one contralateral PDF medulla cell (PDFME) coexpress MIPs, therefore 

constituting candidates for synergistic actions of MIP and PDF (Arnold, 2016; Schulze et 

al., 2012). According to the hypothesis presented, the ipsilateral PDFME belongs to M os-

cillator circuits, while the contralateral PDFME is part of E oscillator circuits (Chapter 5.1). 

When released from one of these neurons the two peptides may control the same downstream 

cell ensemble and one peptide may compensate the lack of the other. As PDFMEs coexpress 

further peptides, candidates for taking over in these M and E cells in mip-pre and pdf-pre 

double knockdown animals are ORC, FMRFamide, baratin, and leucokinin (review: Stengl 

& Arendt, 2016). In D. melanogaster PDF M cells express short neuropeptide F (sNPF), 
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which phase-sets neuronal activity of dorsal clock neurons (DN1; Liang et al., 2017), and 

which was immunolabeled in the group of cockroach anterior neurons (ANes; Söhler et al., 

2008), suggesting a role of sNPF in M or E circuits of R. maderae. Furthermore, the CRZ-/ 

MIP-ir medial neuron (MNe; Arendt et al., 2017; Petri et al., 1995) and ITP-ir accessory 

medulla (AME) neurons were suggested to be M oscillator neurons, while allatotropin 

(AT)-ir MNes (Reischig & Stengl, 2003b; Schulze et al., 2013) were suggested to belong to 

E oscillator neurons (Chapter 5.1). Downregulation of mRNA levels of multiple target genes 

via RNAi in combination with behavioral studies on shifting abilities between short and long 

photoperiods will identify neuropeptides with the ability to govern clock rhythms in the ab-

sence of PDF. 

5.2.2.7 PDF is not essential for rhythmic locomotor activity in constant darkness 

In line with the behavior of per knockout flies (Wheeler et al., 1993), pdf knockout flies 

become arhythmic in constant darkness conditions (Renn et al., 1999). In addition, unlike 

E oscillator cells the PDF-expressing M oscillator cells are sufficient to keep free-running 

rhythms and determine the period in D. melanogaster in constant darkness (Grima et al., 

2004; Rieger et al., 2006; Stoleru et al., 2004; Stoleru et al., 2005; Zhang et al., 2010). There-

fore, PDF-expressing M oscillator neurons are assumed to be essential for the D. melano-

gaster clockwork. Thus, in the M oscillator cells of D. melanogaster PDF is crucial for 

rhythmic behavior, meaning an intact clock rhythm, in constant darkness. While the im-

portant role of PDF-expressing circadian pacemaker cells is unquestioned also in the cock-

roach, the function of PDF itself appears to be more effectively compensated by other neu-

ropeptides, such as MIPs. Consistently, the effects of a pdf-pre or pdf receptor (pdf-r) knock-

down are less severe than in fruitflies. Although cockroaches exhibit reduced rhythmicity in 

constant darkness conditions, the rhythm does not collapse completely (Völker, 2019; 

Zolmon, 2020). Probably due to technical differences, the double knockdown of mip-pre and 

pdf-pre had no such effect on the rhythmicity. The discrepant results appear to originate from 

the chosen time gap between the dsRNA injection for the initiation of the knockdown and 

the evaluation interval. Here, the activity pattern in constant darkness was analyzed from 

about 3-5 weeks post-injection when the knockdown of molecular clock genes was sufficient 

to strongly affect locomotor activity output (Werckenthin et al., 2020). Völker (2019) and 

Zolmon (2020) however, only obtained reduced rhythmicity, if the evaluation interval in-

cluded later intervals. Although exact mechanisms behind this are unknown, the results in-

dicate that the decrease of mRNA levels of neuropeptides (or their receptors), which are 
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stored in vesicles and transported to cell termination sites (reviews: Merighi, 2018; Zupanc, 

1996), needs some weeks to affect the behavior. Even relatively low amounts of peptide may 

maintain an oscillation of peptide levels, which fades after some weeks when stores are too 

empty. This was supported by the strong variation of rhythmic windows observed in the 

experimental group. 

5.2.2.8 The circadian function of ITP-ir AME neurons remains elusive 

As ITP-ir AME neurons are candidate M oscillator cells (Chapter 5.1), changes in rhythmic 

activity patterns were investigated in ITP-deficient cockroaches. In the crepuscular fruitfly, 

the disruption of rhythmic ITP release from E cells reduces light phase activity and increases 

dark phase activity (Hermann-Luibl et al., 2014). Consequently, a decrease of dark phase 

activity and an increase of light phase activity was expected in the nocturnal cockroach. 

However, no change in the activity distribution or overall activity level was observed in itp-

pre knockdown animals, suggesting ITP signaling to play a less important role in the hierar-

chy of clock networks than MIP and PDF signaling. Apart from that, ITP may also play a 

role in other clock output pathways that are not involved in the control of locomotor activity 

such as feeding, or diuresis (Dircksen et al., 2008; Gáliková et al., 2018). However, the ac-

tivity driven by M oscillator circuits that was expected to be influenced by ITP was not 

separately characterized in the monophasic activity pattern of the cockroach. The remaining 

ability of itp-pre knockdown animals to anticipate lights-off at least contradicted a role of 

ITP neurons as E oscillators. A more precise analysis of the activity pattern combined with 

advances of light-dark cycles or injections of ITP throughout the circadian day could support 

M cell characteristics of ITP neurons, but for now, the function of ITP in the clock network 

of R. maderae remains elusive.  

To summarize, the robustness of the circadian rhythm of R. maderae may be 

achieved via redundant pathways within M and E clock circuits, which involve synergistic 

and antagonistic signaling with different neuropeptides for entrainment of the clock. The 

complex input-dependent timing of composition and level of neuropeptide release appear to 

allow gating of outputs, therefore adjusting the system permanently to the internal and ex-

ternal state by modulating the activity of cell ensembles. Among candidate neuropeptides 

expressed in the circadian oscillator network, certain MIPs are involved in light-entrainment 

of the clock and play a role in strengthening the rhythmic M and/or E oscillator output. While 
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neuroanatomical analyses provide evidence for a role of ITP in potential M oscillator neu-

rons (Chapter 5.1), locomotor activity patterns do not support this hypothesis. 
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6 Output circuits of the clock peptides MIP and ITP 

The accessory medulla (AME) as circadian clock controls various downstream networks to 

coordinate timing of output mechanisms in physiological and behavioral contexts. It is 

known that neuropeptides as modulators are involved in many of these functions, but so far, 

the roles of myoinhibitory peptides (MIPs) and ion transport peptide (ITP) in clock outputs 

of R. maderae are virtually unknown. Based on data about other arthropod species the anal-

ysis of MIP functions was focused on growth and mating behavior, while the presence of 

ITP in the neurosecretory system was investigated. 

6.1 Results 

6.1.1 MIP functions in growth and mating 

6.1.1.1 Simultaneous downregulation of mip-pre and mip-r mRNA levels decreased weight 

and body size of females but not males 

To investigate the role of MIPs in growth behavior of R. maderae, a double knockdown of 

two target genes, mip precursor (mip-pre) and mip receptor (mip-r), simultaneously was 

performed. The RNA interference (RNAi) mechanism efficiently reduced mRNA levels of 

both target genes in double-stranded RNA (dsRNA)-injected males (n = 8) and females 

(n = 11) to about 2% (mip-pre) or 36% (mip-r) remaining mRNA as compared to green flu-

orescent protein (gfp) dsRNA-injected controls (Figure 6.1; males: n = 9; females: n = 11). 

Levels of mRNA were determined about six months after the dsRNA injection. While gender 

dimorphisms in body weight and length are well-known, the mip-pre and mip-r knockdown 

also exclusively affected females (Figures 6.2, A 27). In virgin females a reduction of body 

weight was observed when mip-pre and mip-r mRNA levels were downregulated. However, 

this sex-specific effect was not related to changes in the reproductive system as the size and 

therefore maturation of the oocytes in the ovaries was not influenced (Figure 6.3). Rather 

the weight difference was induced by the overall reduction of the body size (Figures 6.2b, 

A 27). As the dsRNA injection was performed immediately after the final molt to the imag-

inal stage, the decrease in body weight and size after mip-pre and mip-r dsRNA injection 

was not associated with early developmental processes but with the growth control of adults. 

Metabolic effects as potential reason for reduced growth were not further investigated, but 

all animals had always access to food during the experiments. In summary, interfering with 
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the MIP signaling pathway caused changes in growth only in adult females. The effects con-

tradicted the well-known myoinhibitory effects on body weight, suggesting more complex 

functional relationships of the different MIPs in the Madeira cockroach. 

 

Figure 6.2 Female body weight (a) and length (b) were decreased after RNAi-dependent downregulation of 

mip precursor (mip-pre) and mip receptor (mip-r) mRNA levels. Female green fluorescent protein (gfp) dou-

ble-stranded RNA (dsRNA)-injected controls (black) revealed significant increases in body weight and length 

as compared to male controls. For sex-specific comparison, experimental groups of mip-pre and mip-r dsRNA-

injected animals (magenta) were compared to gfp dsRNA-injected controls. Measurements were carried out 

about six months after the dsRNA injection. Unpaired t-tests were performed to compare groups. ns: not sig-

nificant; *: p<0.05; ****: p<0.0001 (Table A 11 for statistical details). 

Figure 6.1 Coinjection of respective double-stranded RNAs (dsRNAs) successfully downregulated the mip 

precursor (mip-pre) and  mip receptor (mip-r) mRNA levels in males (a) and females (b). While the mip-pre

mRNA level was downregulated to about 2%, the mip-r knockdown was less efficient (about 30% residual 

mRNA) in both males and females. Animals were sacrificed about six months after the dsRNA injection and 

mRNA levels were determined via quantitative PCR (qPCR). Expression levels of target gene mRNA of ani-

mals injected with mip-pre and mip-r dsRNA (magenta) were normalized to the mean value of green fluores-

cent protein (gfp) dsRNA-injected controls (black). Unpaired t-tests or a Mann-Whitney test were performed 

to compare groups. ****: p<0.0001 (Table A 11 for statistical details). 
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6.1.1.2 Mating decreased activity levels and rhythmicity of females independently of 

mip-pre mRNA level downregulation 

The decrease of growth in adult virgin females induced by the knockdown of mip-pre and 

mip-r could result from high energy consumption due to increased activity. Therefore, fe-

male locomotor behavior was investigated in running wheels. After imaginal molt females 

were injected with mip-pre or gfp dsRNA (controls). Following the end of the experiment 

the successful downregulation of mRNA levels in mip-pre knockdown females (n = 15) to 

about 14% as compared to gfp dsRNA-injected controls (n = 16) was confirmed (Figure 

6.4a). Independent of the injection procedure it took several days of almost complete inac-

tivity for most female cockroaches to finally show rhythmic activity in a 12:12 hr LD cycle 

(Figure 6.5a). Therefore, and to wait for the RNAi mechanism take effect, the evaluation of 

activity levels started not earlier than on day nine after imaginal molts. When analyzing the 

following ten days, activity levels were equal in mip-pre dsRNA-injected females (n = 15) 

and gfp dsRNA-injected controls (Figure 6.4b; n = 15). Hence, while reduction of MIP-

dependent signaling decreased growth, activity levels were not affected in virgin females.  

As the growth effect of the mip-pre and mip-r knockdown was sex-specific and only 

virgin females were investigated so far, mating was thought to have an impact on the MIP-

dependent female behavior. Therefore, post-mating activity patterns were analyzed. For this, 

 

Figure 6.3 Downregulation of mip precursor (mip-pre) and mip receptor (mip-r) mRNA levels did not change 

the oocyte length in virgin females. (a) Female mip-pre and mip-r double-stranded RNA (dsRNA)-injected 

animals (magenta) were compared to green fluorescent protein (gfp) dsRNA-injected controls (black). (b) 

About six months after the dsRNA injection females were dissected and ovaries were removed to measure the 

mean length of the oocytes. Residual fatty tissue and trachea (arrowhead) still stuck to the ovaries composed 

of about 40 yellowish oocytes (dashed line). A Mann-Whitney test was performed to compare groups. ns: not 

significant (Table A 11 for statistical details). Scale bar = 2 mm. 
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virgin females were introduced to at least two males in a mating box at zeitgeber time (ZT) 

13.0-13.5 when mating responsiveness was generally high. In comparison to virgin females 

(n = 28) the relative daily activity of ten days pre-mating compared with ten days post-mat-

ing revealed a reduction of activity levels in mated females (Figures 6.5, 6.6a; virgin: 

n = 14). These females were either untreated before the experiment or injected with gfp 

dsRNA. The two groups were merged because their phenotypes were equal (Figure A 28). 

However, the post-mating effect on the activity level of mip-pre dsRNA-injected females 

(virgin: n = 9; mated: n = 5) did not differ from untreated or gfp dsRNA-injected control 

females (Figure 6.6a). To determine the switching cue for the initiation of post-mating 

changes in the activity level different “escalation levels” were tested. The copulation process 

was crucial for the post-mating decrease of activity level, while females that were set into 

an empty mating box with no contact to males at all showed no reduced activity level (Figure 

6.6b; n = 12). If females had antennal contact to males (n = 15) or fed on male tergal gland 

secretion (n = 12) and therefore reached higher escalation levels, still the post-mating effect 

on the activity level was not observed. 

Furthermore, the chi-square periodogram analysis of activity patterns for the ten days 

pre-mating  interval compared  with  ten  days post-mating revealed a loss of  rhythmicity in

 

Figure 6.4 Downregulation of mip precursor (mip-pre) mRNA levels did not influence activity levels in virgin 

females. (a) Injection of mip-pre double-stranded RNA (dsRNA; magenta) successfully reduced mip-pre

mRNA levels to about 14% as compared to the mean value of green fluorescent protein (gfp) dsRNA-injected 

controls (black). Animals were sacrificed about 4-6 weeks after the dsRNA injection and mRNA levels were 

determined via quantitative PCR (qPCR). (b) Ten days of locomotor activity under 12:12 hr light-dark (LD) 

conditions were recorded in running wheels. The average daily activity of mip-pre dsRNA-injected females 

did not differ from gfp dsRNA-injected controls. Mann-Whitney tests were performed to compare groups. ns: 

not significant; ****: p<0.0001 (Table A 11 for statistical details).  
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mated females regardless of the external LD cycle (Figure 6.6c). As the rhythmicity was not 

significantly reduced in gfp dsRNA-injected controls (virgin: n = 11; mated: n = 5), females 

with mip-pre knockdown (virgin: n = 9; mated: n = 5) were also compared with untreated 

animals (virgin: n = 27; mated: n = 9). No effect of the mip-pre knockdown on pre- and post-

mating rhythmicity was observed (Figure 6.6c). Interestingly, the described post-mating ef-

fects lasted until the offspring hatched about 70 days later and were then recovered immedi-

ately (Figure 6.7; n = 1). In summary, independent of the mip-pre knockdown female cock-

roaches’ locomotor activity level and rhythmicity were reduced after mating. Therefore, the 

sex-specific growth effect of mip-pre and mip-r mRNA downregulation could not be related 

to these aspects of female mating behavior. 

 

Figure 6.5 Mating reduced locomotor activity levels and rhythmicity in female cockroaches. (a,b) Double 

plotted actograms of two exemplary females in running wheels were recorded for 29 (a) or 31 (b) days from 

the day of their imaginal molt (day 1). On day 19 (a) or 21 (b) they were placed into a mating box with males 

(arrowhead). While one female remained virgin (a), the other mated (b). The comparison of ten days prior to 

the day with contact to males (light gray) and ten days afterwards (magenta) demonstrated a decrease of the 

activity level only in the mated female. Chi-square periodogram analyses of the pre-mating activity revealed 

strong rhythmicity of both, the virgin (c) and the mated female (d). Following the day in the mating box the 

virgin female remained rhythmic (e), while the mated female became arrhythmic (f). For the analyses, in ac-

cordance with Reischig and Stengl (2003a) 30 min bins of the activity data were evaluated. These data were 

normalized against χ² (black line; p = 0.01). Only if Qp/χ² (dark gray line) of the highest peak above χ² (blue 

line) exceeded 1.2 (dotted line) and if the peak was at least 0.7 hr wide, rhythmicity was assigned. First days 

after imaginal molt were excluded from evaluations, because most females were inactive. Locomotor activity 

was recorded under 12:12 hr light-dark cycles (white and black bars).  
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Figure 6.6 Independent of downregulated mip precursor (mip-pre) mRNA levels mating decreased locomotor 

activity levels and rhythmicity in females. (a) Successful mating reduced running wheel activity levels as com-

pared to virgin females. Females injected with mip-pre double-stranded RNA (dsRNA; magenta) did not differ 

from untreated or green fluorescent protein (gfp) dsRNA-injected controls (black). (b) Different escalation 

levels of female-male interactions were investigated. Activity levels of females with no contact (contactless) 

or antennal contact to males or females that fed on male tergal gland secretions (TGS) were equal. Only mated 

females were less active compared to all other groups. (c) Proportions of rhythmic (dark bars) vs. arhythmic 

females (light bars) were evaluated according to the mating status. Rhythmicity was remarkably reduced in 

untreated controls (blue) and mip-pre dsRNA-injected (magenta) mated females as compared to virgin females. 

The proportion of rhythmic animals did not differ significantly between mip-pre knockdown animals and un-

treated or gfp dsRNA-injected (gray) controls, respectively. However, rhythmicity of gfp-injected controls was 

already reduced in virgin females and did not differ significantly from equally treated mated females. Loco-

motor activity was recorded in running wheels under 12:12 hr light-dark conditions. The pre-mating and post-

mating activity pattern were both evaluated from ten days of activity. In between, one day was excluded from 

measurements, because females were placed into a mating box. Rhythmicity was evaluated from post-mating 

activity as described in Reischig and Stengl (2003a) following specific criteria in chi-square periodogram anal-

ysis. Metric data (a,b) were statistically compared with Kruskal-Wallis tests followed by Dunn’s post hoc tests. 

Nominal data sets (c) were analyzed with Fisher’s exact tests. ns: not significant; *: p<0.05; **: p<0.01; 

A,B,C,D: Groups with no equal letter differed significantly from each other (Table A 11 for statistical details). 
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Figure 6.7 The mating-induced reduction of the activity level and rhythmicity in females recovered after hatch-

ing of the offspring. (a) The actogram of one female in a running wheel under 12:12 h light-dark conditions 

(white and black bars) was recorded for 125 days from the day of imaginal molt and displayed as double plot.

On day 27 at ZT 0-1 the animal mated in a mating box (arrowhead). The offspring hatched between day 93 

and 97 (yellow). Three intervals were investigated: pre-mating (day 10-26; gray), post-mating (day 28-92; 

magenta), and post-hatching (day 98-125; blue). (b) The post-mating average daily activity level strongly de-

creased. After hatching it even increased to a higher level than pre-mating. (c) A sliding 10 days window was 

used to determine the number of rhythmic windows for each interval. Pre-mating the female’s activity was 

completely rhythmic. The mating-induced reduction of rhythmicity was recovered immediately after hatching. 

(d) Rhythmicity was determined for each window with a chi-square periodogram analysis as described in 

Reischig and Stengl (2003a) following specific criteria and resulted in a continuous rhythm detector plot. Only 

if Qp/χ² of the highest peak above the significance level (1.0) in the periodogram exceeded 1.2 (dotted line) 

and if the peak was at least 0.7 hr wide (dark gray bars on x-axis), rhythmicity was assigned to this window. 
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6.1.1.3 Sexual receptivity of females was not influenced by downregulation of mip-pre 

mRNA levels 

Another aspect of sexual behavior is the re-

ceptivity for mating. To measure the recep-

tivity, the escalation level of females with 

contact to sexually aroused males in the 

mating box was evaluated. Only females 

that fed on male tergal gland secretions or 

mated in end to end position with the male 

were counted as sexually receptive. About 

two thirds of gfp dsRNA-injected virgin 

control females were attracted by male 

courtship behavior (Figure 6.8; n = 15). The 

downregulation of mip-pre mRNA levels 

did not influence the number of sexually re-

ceptive females (Figure 6.8; n = 13). In 

summary, the interference with MIP signal-

ing pathways by downregulation of mip-pre 

and mip-r mRNA levels reduced growth 

only in adult female cockroaches. However, 

this sex-specific effect was neither related to 

activity-dependent energy consumption of 

females, nor to reproductive or mating-induced events, while metabolic or early develop-

mental effects were not investigated. 

6.1.2 ITP in the neurosecretory system 

6.1.2.1 CHH/ITP immunoreactivity was detected in pars intercerebralis and pars lateralis 

neurosecretory cells that innervated the corpora cardiaca and corpora allata 

For the first time, the role of ITP in the retrocerebral complex, as part of the neurosecretory 

system responsible for the coordination of various hormonal outputs, was investigated in R. 

maderae. For this, anti-crustacean hyperglycemic hormone/ ion transport peptide 

(CHH/ITP) immunohistochemistry was performed on neurosecretory cells of the pars inter-

cerebralis and pars lateralis as well as the associated corpora cardiaca and corpora allata. A 

Figure 6.8 Downregulation of mip precursor (mip-

pre) mRNA levels did not influence the sexual recep-

tivity of virgin females. About two thirds of green 

fluorescent protein (gfp) double-stranded RNA 

(dsRNA)-injected control females (dark gray bar) or 

mip-pre dsRNA-injected females (dark magenta bar)

were attracted by males, while one third was not sex-

ually receptive (light bars). Females came into the 

mating box about three weeks after imaginal molt to-

gether with at least two males, which showed court-

ship behavior. Only females attracted by males to 

feed on tergal gland secretions or to mate were 

counted as sexually receptive. Fisher’s exact test was 

performed to compare groups. ns: not significant 

(Table A 11 for statistical details). 
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number of about 16 large and 40 small CHH/ITP-ir somata was localized in the pars inter-

cerebralis (n = 6), while about 11 large and 6 small pars lateralis cells (n = 7) were identified 

in each of the symmetric brain hemispheres (Figure 6.9; Table 6.1). Mostly small neurons 

of the pars intercerebralis formed direct connections to the corpora cardiaca via the nervi 

corporis cardiaci I (NCC I; Figure 6.10a,b; n = 5 of 6), while mostly large neurons of the 

pars lateralis innervated the corpora cardiaca via the nervi corporis cardiaci II (NCC II; Fig-

ures 6.9, 6.10a-c; n = 6). In accordance, all four symmetric bundles of NCC I and II were 

strongly CHH/ITP-ir. The corpora cardiaca were strongly CHH/ITP-ir at the proximal rim 

Figure 6.9 Several neurons of the pars intercerebralis (PI) and three clusters of pars lateralis (PL) neurosecre-

tory cells were crustacean hyperglycemic hormone/ion transport peptide (CHH/ITP)-immunoreactive (-ir). (a-

c) CHH/ITP-ir (cyan) large (≥ 20 µm) and small (< 20 µm) somata were located in the PI and PL (dashed 

lines). PL cells in this most anterior brain region divided into one proximal and one distal cluster per brain 

hemisphere, which sent fibers into the nervus corporis cardiaci (NCC) II (arrowheads). (d-f) The third cluster 

of CHH/ITP-ir PL cells was located posteriorly to the distal cluster and also innervated the NCC II. The NCC II 

projected along the calices to the posterior brain, finally extending ventrally to form connections to the corpora 

cardiaca. In this sample no CHH/ITP immunoreactivity was observed in the NCC I. The anti-synapsin (SYN; 

magenta) signal revealed the location of the mushroom bodies (dotted lines). Confocal laser images of the

whole mount were depicted in two consecutive stacks of 116 µm (a-c) or 358 µm (d-f) thickness from anterior 

to posterior. d, distal; do, dorsal. Scale bars = 50 µm. 



166 OUTPUT CIRCUITS OF THE CLOCK PEPTIDES MIP AND ITP  

 

of both elongated round organs (Figure 6.10a-c; n = 6). The corpora allata, spherical struc-

tures, which are located at the posterior end of the corpora cardiaca, were also CHH/ITP-ir 

(Figure 6.10b,d; n = 4). To summarize, CHH/ITP immunoreactivity was detected in all 

compartments of the retrocerebral complex. Therefore, next to its function in circadian cir-

Figure 6.10 The corpora cardiaca and corpora allata were innervated by crustacean hyperglycemic hor-

mone/ion transport peptide (CHH/ITP)-immunoreactive (-ir) neurosecretory cells of the pars intercerebralis

(PI) and pars lateralis (PL). (a) The strongly CHH/ITP-ir (cyan) nervi corporis cardiaci (NCC) I and NCC II

(dashed lines) entered the anterior corpora cardiaca (CC). The CC and the corpora allata (CA) were also labeled

(dotted curvy lines). (b) A schematic horizontal view of the brain demonstrates the innervation pattern of PI 

and PL neurons (black dots) via NCC I and NCC II (black lines) connecting to the CC. Dots do not represent 

the exact number of cells. The CC were CHH/ITP-ir at the proximal rim of both organs (c; black), while 

staining in the CA was distributed (d; cyan). Confocal laser images of the corpora cardiaca and corpora allata 

whole mount were merged (a), or single 40 µm sections of enzyme-mediated (c) or fluorescence staining (d) 

were imaged. The investigated area (a) is boxed in the schematic drawing (b). Cross sections of areas (solid 

lines in a) were displayed (c,d). d, distal; p, posterior (for a,b); do, dorsal (for c,d). Scale bars = 50 µm. 
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cuits, a role of ITP in the neurosecretory system was demonstrated. However, direct connec-

tions between the circadian system and the CHH/ITP-ir network in the retrocerebral complex 

were not identified yet. 

 

6.2 Discussion 

The circadian clock modulates timing of diverse physiological and behavioral processes via 

temporally controlled release of neuropeptides as most important messenger substances. 

However, only little is known about neuropeptide signaling pathways and their targets. 

While both, myoinhibitory peptides (MIPs) and ion transport peptide (ITP), were localized 

in clock neurons of the cockroach, their functions in clock circuits are elusive. The only 

output known to be time-dependently influenced by MIPs is the locomotor activity rhythm 

(Chapter 5.2). Here, another function of MIPs in the reproduction-dependent metabolism of 

female cockroaches was proposed based on growth measurements in combination with RNA 

interference (RNAi)-induced knockdown experiments. A dual function of this peptide family 

as “classical” MIPs and ancestral equivalent of the sexpeptide expressed in D. melanogaster 

was hypothesized and supports a role as behavioral switch between virgin and mated cock-

roaches (Figure 6.11). The distribution of ITP immunoreactivity in the neurosecretory sys-

tem suggested a role of ITP in water reabsorption mechanisms as previously described in 

other insects. Furthermore, some ITP-ir neurons of the pars intercerebralis and pars lateralis 

may belong to a new group of clock cells. In the future, following the classification of MIP- 

or ITP-controlled outputs, connections between MIP- or ITP-ir clock cells and these outputs 

will be investigated. 

Table 6.1 CHH/ITP-immunoreactive somata in the pars intercerebralis (PI; n = 6) and pars lateralis (PL; n = 7)

Region/ Soma size a Cell number [mean ± SD] 
Diameter 

[µm; mean ± SD] 

PI (total) 55.7 ± 51.6 24.4 ± 10.1 

PI/ large 16.0 ± 7.0 31.1 ± 4.8 

PI/ small 39.7 ± 50.1 14.1 ± 1.1 

PL (total) 17.6 ± 5.0 22.4 ± 2.6 

PL/ large 11.3 ± 2.7 24.4 ± 3.1 

PL/ small 6.3 ± 4.5 14.9 ± 2.6 

a Somata with a diameter of ≥ 20 µm were termed “large”; somata with a diameter of < 20 µm were termed 

“small” 
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6.2.1 MIP-dependent sex-specific growth deficits have developmental, reproductive, 

overactivity, and/or metabolic reasons 

While the circadian function of MIPs in R. maderae was demonstrated in this study and 

previous studies (Schendzielorz & Stengl, 2014; Schulze et al., 2012; Schulze et al., 2013), 

the outputs, which are under MIP-dependent circadian regulation, are not well characterized. 

The wide distribution of MIP immunoreactivity in the central nervous system suggests that 

MIPs might be involved in the control of locomotion, neurosecretion, chemosensation, and 

general metabolism (Schulze et al., 2012), while exact target areas of MIP-ir clock cells are 

uncertain. In other insect species, MIPs are involved in development (Hua et al., 1999; 

Lorenz et al., 1995; Lorenz et al., 1997; Lorenz et al., 1999; Lorenz et al., 2000), mating 

(Hussain et al., 2016; Jang et al., 2017; Shao et al., 2019), or feeding (Aguilar et al., 2006; 

Figure 6.11 A hypothesis for a dual function of myoinhibitory peptides (MIPs) in the cockroach as switch 

between virgin and mated states was formulated. While MIP (light magenta) increases sexual receptivity and 

sleep and decreases food intake in virgin female flies (dark magenta arrows), the sexpeptide (blue) has opposite 

post-mating effects (blue arrows; Bath et al., 2017; Carvalho et al., 2006; Isaac et al., 2010; Jang et al., 2017; 

Manning, 1962; Min et al., 2016; Oh et al., 2014; Terhzaz et al., 2007). MIP was described as ancestral ligand 

for the sexpeptide receptor. As a strongly similar MIP receptor was identified in the cockroach, while the 

evolutionary ancestral animal does not express the sexpeptide, MIPs are thought to function in two separate 

networks in the cockroach that correlate with MIP (light magenta) and sexpeptide (dark magenta) networks of 

D. melanogaster. One MIP network would then increase sexual receptivity, activity, and food intake in virgins. 

After mating the second network would reverse the effects. The opposing post-mating effects on food intake 

and activity (sleep) when comparing the two species may result from differences in their reproductive cycle. 

The oviparous fruitfly increases daily oogenesis and oviposition after mating and searches nutritious egg laying 

places. In the cockroach, the energy consuming oogenesis precedes mating and rearing the offspring inside the 

female reproductive system takes several months of inactivity in the ovoviviparous cockroach. 
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Blackburn et al., 1995; Blackburn et al., 2001; Hussain et al., 2016; Lange et al., 2012; 

Lubawy et al., 2020; Min et al., 2016; Predel et al., 2001; Schoofs et al., 1991; Urbański et 

al., 2019). Although MIPs are not necessarily controlling the circadian aspect, these outputs 

are all timed to some degree in a circadian fashion in cockroaches (Lauprasert et al., 2006; 

Lipton & Sutherland, 1970; Lukat, 1978; Richter, 2001; Rymer et al., 2007; Silverman, 

1986; Wiedenmann et al., 1986). The mip precursor (mip-pre) and mip receptor (mip-r) 

double knockdown reduced body weight and size of adult virgin females, confirming a role 

of MIPs in sex-specific growth and/or reproduction mechanisms. Growth deficits or changes 

in the reproductive cycle that influence body weight might have developmental, metabolic, 

overactivity, or even several reasons at once, if a pleiotropic peptide family such as MIPs is 

systemically downregulated.  

6.2.2 Growth effects of MIPs were probably not associated with the control of juvenile 

hormone synthesis 

Early developmental reasons for a growth-promoting effect of MIPs were excluded because 

the knockdown was performed after imaginal molts. Therefore, in constrast to some studies 

that reported MIP effects on ecdysis (Hua et al., 1999; Liu et al., 2004; Lorenz et al., 1995; 

Lorenz et al., 1998; Yamanaka et al., 2010) the mip-pre and mip-r double knockdown could 

not have interfered with juvenile hormone or ecdysteroid synthesis during the regulation of 

ecdysis. Consistent with the effects observed for the mip-pre and mip-r double knockdown 

some female-specific functions of juvenile hormone in adult insects were described previ-

ously. Impaired juvenile hormone signaling was demonstrated to enhance post-eclosion de-

velopment of female fat bodies, thereby increasing yolk production and oogenesis (Santos 

et al., 2019; Wyatt & Davey, 1996). Consistently, the egg size in R. maderae increases, 

dependent on the corpora allata, where juvenile hormone is synthesized (Roth & Barth, 

1964). However, the size of eggs was not influenced in MIP- and MIP receptor-deficient 

cockroaches. Furthermore, as MIPs are thought to decrease juvenile hormone activity, an 

increase of fat bodies and weight opposite to the observations was expected in knockdown 

animals. In addition, juvenile hormone influences insect mating activity (reviews: Ghoneim 

& Bakr, 2018; Ringo, 1996). Although mating activity is dependent on the corpora allata 

also in the cockroach (Engelmann, 1960), no change of the sexual receptivity was observed 

in mip-pre knockdown animals. Taken together, a MIP-dependent inhibition of juvenile hor-

mone synthesis was not confirmed. Therefore, MIP appears to affect growth due to other 

mechanisms such as effects on general metabolism or by causing overactivity, but not via 
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interfering with developmental processes. However, a technical reason for a lack of MIP-

dependent effects on receptivity is discussed below. Furthermore, juvenile hormone might 

MIP-dependently influence the egg maturation and sexual receptivity of mated females as 

mating activates juvenile hormone synthesis in fruitflies (Moshitzky et al., 1996). This be-

havior will be addressed in the future. 

6.2.3 The reproduction-dependent metabolism might be targeted by MIPs 

MIPs were suggested to inhibit metabolism due to inhibition of gut muscles in various spe-

cies (review: Williams, 2020). However, the reduction of body weight observed in MIP-

deficient Madeira cockroaches is not in accordance with this suggestion. Furthermore, MIPs 

decreased body weight due to a decrease of appetite and food ingestion in fruitflies (Min 

2016) that is associated with the MIP-dependent inhibition of appetite-promoting SIFamide-

expressing neurons located in the pars intercerebralis (Martelli 2017). These neurons at the 

same time inhibit female reproductive behavior, meaning that MIP switches the behavioral 

preference from feeding to mating in specific neurons (Terhzaz et al., 2007). The contradict-

ing results obtained in the fruitfly compared to the cockroach might be due to a dual function 

of MIPs in the cockroach. Besides their role as MIPs, they might share properties with an-

other peptide, the sexpeptide. In D. melanogaster MIPs as well as sexpeptide activate the 

sexpeptide receptor in different subsets of neurons (Häsemeyer et al., 2009; Hussain et al., 

2016; Kim et al., 2010; Oh et al., 2014; Poels et al., 2010; Yang et al., 2009; Yapici et al., 

2008) and have antagonistic functions. During copulation the sexpeptide is transported with 

the male seminal fluid into the female reproductive tract, where it binds to the sexpeptide 

receptor and initiates various post-mating behaviors (Chen et al., 1988; Liu & Kubli, 2003; 

Yapici et al., 2008), such as decreased sexual receptivity (Bath et al., 2017; Manning, 1962), 

increased food intake (Carvalho et al., 2006), and reduced siesta sleep (Isaac et al., 2010). 

These behaviors depended on interneurons projecting from sexpeptide-receptive neurons in 

the reproductive tract to the dorsal protocerebrum (Feng et al., 2014). On the contrary, MIPs 

increased female sexual receptivity (Jang et al., 2017; Terhzaz et al., 2007), decreased food 

intake (Min et al., 2016), and promoted siesta sleep (Oh et al., 2014). No sexpeptide was 

identified in the more ancient cockroach, but it expresses MIPs and a MIP receptor with high 

similarity to the sexpeptide receptor. MIPs appear to be the evolutionary ancestor of the 

sexpeptide (Kim et al., 2010; Poels et al., 2010) and initiate post-mating responses in the 

cockroach leading to increased food intake and weight in female cockroaches (Figure 6.11). 

In addition, a separate MIP-expressing network may induce opposite effects, in correlation 
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with the MIP network in the fruitfly. Indeed, the SIFamide-ir pars intercerebralis cells are 

conserved in cockroaches (Arendt et al., 2016) and MIP immunoreactivity was localized in 

the same region (Schulze et al., 2012). Immunocytochemical analysis will target potential 

connections between MIP-ir output neurons and SIFamide-ir pars intercerebralis cells 

(Arendt et al., 2016) as hypothesized mediators between mating and feeding. However, the 

investigation of post-mating behaviors in cockroaches does not confirm an additional func-

tion of MIPs as equivalent of the sexpeptide. In Madeira cockroaches, the mip-pre knock-

down neither influenced the sexual receptivity or activity level of virgin females, nor the 

decrease of activity levels or rhythmicity after mating. But according to recent results, the 

knockdown effects on peptide levels may have been too low to affect the behavior in that 

experimental group (Chapter 5.2, Völker, 2019; Zolmon, 2020). While weight and size of 

mip-pre and mip-r double knockdown animals was investigated about five months after ini-

tiation of the RNAi mechanism, post-mating behavior of mip-pre knockdown females was 

evaluated already from 9-18 days after the double-stranded RNA (dsRNA) injection. Thus, 

further long-term experiments are needed. An alternative explanation is that the decrease of 

body size and weight is initiated by the loss of the MIP receptor. As the effects were only 

observed in cockroaches with mip-pre and mip-r double knockdown another unknown sex-

peptide-like peptide that binds to the MIP receptor might control post-mating behaviors, thus 

explaining the absence of further MIP-dependent post-mating effects. However, so far, no 

other ligand for the sexpeptide receptor was described in the literature. Altogether, more 

aspects of post-mating behavior associated with feeding should be investigated in the cock-

roach, because the sex-specificity of MIP-/MIP receptor-dependent changes of weight and 

size supports a role of MIPs in reproduction-dependent metabolic mechanisms. In D. mela-

nogaster MIPs facilitate polyamine attraction by increasing sensitivity of olfactory and gus-

tatory neurons after mating (Hussain et al., 2016). Therefore, not only the influence of MIPs 

on food quantity, but also quality needs to be examined in future behavioral preference as-

says. Connections of mating-related MIP output pathways with the circadian system are un-

certain at present, but likely exist as the well-characterized post-mating response in D. mel-

anogaster shapes several behaviors that are timed throughout the daily rhythm, such as 

(re-)mating, feeding, and sleep (Hendricks et al., 2000; Sakai & Ishida, 2001; Xu et al., 

2008). 
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6.2.4 The mating-dependent loss of rhythmic locomotor activity does not imply a disrup-

tion of the circadian rhythm 

The mating behavior of the cockroach is also modulated by the circadian system as the high-

est mating receptivity is coupled to the beginning of the activity phase at dusk even during 

constant conditions (Rymer et al., 2007). After mating and even in light-dark conditions the 

rhythmicity of female activity patterns is lost, suggesting a disturbed circadian rhythm. A 

strong time-dependent control of behaviors might not be necessary for the female during the 

rearing period when there is no need to meet mating partners at a certain time of the day. 

However, a circadian rhythm in many physiological processes is still important for the insect 

fitness (Beaver et al., 2002; Klarsfeld & Rouyer, 1998). Furthermore, the same effect on 

locomotor activity was observed previously in free-running virgin females depending on the 

phase of their ovarian cycle (Wiedenmann & Martin, 1980) and associated with a reduction 

of activity levels that was also observed in mated females. Dependent on the reproductive 

cycle mated females likely save energy for rearing the offspring, while still exhibiting daily 

rhythms in physiology and behavior other than locomotion. The rearing stops with hatching, 

as nymphs of the ovoviviparous cockroach hatch fully viable. Consistently, post-mating ef-

fects in the cockroach depended on successful copulation and were recovered after hatching. 

In contrast to the oviparous fruitfly cockroaches do not search nutritious egg laying positions 

once they copulated successfully, as the ootheca matures inside the female reproductive tract 

for several months, while fruitflies lay eggs on a daily basis (Engelmann & Rau, 1965; 

Hirata, 1981). This explains the opposite post-mating effects on activity (sleep) when com-

paring both species (Figure 6.11). Therefore, the female locomotor activity pattern seems a 

less reliable output signal of the circadian system in R. maderae than the male pattern. To 

evaluate mating effects on the female circadian rhythm more certainly, a respiration assay 

for the evaluation of overall activity levels could be invented in the future. Post-mating ef-

fects on food intake also differ between fruitflies and cockroaches. Just as fruitflies, cock-

roaches have a high food intake during oogenesis. However, oogenesis precedes the copula-

tion event in the cockroach while fruitflies increase daily egg production and oviposition 

after mating (Engelmann & Rau, 1965; Hirata, 1981). Therefore, in contrast to the fruitfly 

food intake is high prior to mating and reduced during pregnancy in the cockroach (Figure 

6.11; Engelmann & Rau, 1965). 
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6.2.5 ITP-ir neurosecretory cells appear to be involved in water reabsorption 

Another neuropeptide, ITP, was localized in R. maderae clock cells with arborizations in 

midbrain regions (Chapter 5.1), while termination sites and output pathways of those neu-

rons are unknown. Furthermore, the retrocerebral complex exhibited strong immunoreactiv-

ity, suggesting a neurosecretory function of ITP. The abundant neurosecretory cells in the 

pars intercerebralis and pars lateralis have same arborization patterns as ITP-ir neurosecre-

tory cells in D. melanogaster (Dircksen et al., 2008) including projections via the nervi cor-

poris cardiaci (I and II) to corpora cardiaca and corpora allata. In fruitflies, subgroups of 

these cells are known to regulate water uptake via antidiuretic substances (Gáliková et al., 

2018). In addition, dehydration leads to an ITP-dependent increase of thirst, decrease of food 

intake and inhibition of water excretion (Gáliková et al., 2018). The water reabsorbing effect 

of ITP or the related crustacean hyperglycemic hormone (CHH) was also described in other 

insects and crustaceans (Audsley et al., 1992; Chung et al., 1999) and was important for 

proper development during ecdysis (Chung et al., 1999; Sun et al., 2020). While a related 

function of some ITP-expressing neurosecretory cells is likely in the cockroach, further roles 

of the large group of pars intercerebralis and pars lateralis cells remain unknown. As the 

soma size varied strongly within both cell groups, a functional separation between large and 

small neurons is possible. Small cells even may not project into the NCC (I or II) and serve 

more local functions. Therefore, clock cells and neurosecretory cells might not just form 

connections in the superior median protocerebrum as one major output region for clock neu-

rons in cockroaches and flies (Schubert et al., 2018), but some “neurosecretory” cells might 

actually belong to a group of dorsal clock cells. In fruitflies, the dorsal clock neurons (DN1; 

Helfrich-Förster et al., 2007) connect to pars intercerebralis cells and form a pathway that 

controls rest-activity rhythms (Cavanaugh et al., 2014). Future analysis will characterize the 

function of ITP-expressing pars intercerebralis and pars lateralis cells in neurosecretion and 

circadian processes. 

Taken together, I hypothesize a function of MIPs in the reproduction-dependent 

metabolism as functional ancestor of the sexpeptide and a role of ITP in water reabsorption 

mechanisms also for the Madeira cockroach. In addition, ITP-ir pars intercerebralis and pars 

lateralis cells might comprise a new group of clock neurons. Future experiments will inves-

tigate if these processes are regulated by MIP- or ITP-ir clock cells. 
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7 Future prospects 

The complexity of circadian pathways in the cockroach clock network and the involvement 

of various neuropeptides was confirmed, while the presented results and hypotheses leave 

many questions open (Figure 7.1). More research is needed to identify M and E oscillator 

circuits in the circadian system of the Madeira cockroach. Ensembles of PDF neurons react 

antagonistically to stimulation with PDF and constitute morphological differences. How-

ever, the antagonistic daytime-dependent oscillations of neuronal activity in ipsi- versus con-

tralateral PDFMEs were not yet confirmed. Furthermore, the activity- or rest-promoting 

function of the respective ensemble could be addressed via behavioral analysis. However, in 

the cockroach a targeted knockout of specific groups of neurons is not yet possible. In the 

long-term the application of genetic techniques such as CRISPR-Cas systems provide great 

opportunities. Single-cell recordings and mass spectrometry will give faster insights. The 

results indicated that the function of PDF pacemaker neurons is partly compensated by other 

neuropeptides including MIPs. Simultaneous impairment of signaling via neuropeptides ex-

pressed in the same oscillator circuit using peptide injections and knockdown experiments 

could unbalance the robust system and would provide insights into synergistic and antago-

nistic interactions in peptide-controlled networks. That way, the peptidergic character of M 

and E oscillators could be revealed and specify the neurons involved.  

Next to potential M and E oscillator neurons (Figure 7.1a), several more clock neu-

rons exhibiting MIP immunoreactivity were identified in the past. My results suggested a 

dual role of MIPs in networks controlling pre-mating and post-mating behavior that is asso-

ciated with feeding. As the circadian clock regulates mating and feeding activity, single cell 

backfills could identify connections between termination sites of circadian neurons and re-

gions associated with chemosensation and decision making between mating and feeding, 

such as the antennal and glomerular lobes, or SIFamide-ir neurons in the pars intercerebralis 

(Figure 7.1b). Time-dependent quantitative analysis of MIP immunoreactivity in olfactory 

or gustatory sensory cells and electrophysiological tip recordings of antennae would reveal 

MIP-dependent effects on the daily sensitivity of chemosensory organs. 

While the neuroanatomical data suggested a function of ITP in M oscillator circuits 

(Figure 7.1a), no effect on locomotor activity patterns was observed. It will be interesting 

to analyze the activity pattern more precisely and to investigate the involvement of ITP in 

other likely neurosecretory output circuits of the clock (Figure 7.1b).  
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Figure 7.1 The hypotheses for the involvement of myoinhibitory peptides (MIPs; orange) and ion transport 

peptide (ITP; dark magenta) in circadian oscillator networks are summarized in a model. (a) The rest-promot-

ing morning (M) oscillator neurons (left panel) were suggested to relay light information from UV light-sen-

sitive (light purple) long photoreceptor cells and the extraocular photoreceptive lamina and lobula organ (LAO, 

LOO) to the accessory medulla (AME). These neurons are pigment-dispersing factor (PDF)-dependently acti-

vated during the day and comprise autoreceptive PDF-immunoreactive (-ir) medulla cells (iPDFMEs; light 

blue), MIP-ir neurons, and ITP-ir neurons. Light input from long photoreceptor termination sites in medulla 

layer ME2 is transmitted to the iPDFMEs with arborizations in ME4 by MIP- or ITP-ir medial neurons (MNes). 

Additionally, so far undescribed ITP-ir lamina (LA) neurons (dark magenta circles, dotted line) connect the 

LAO to the accessory laminae (singular: ALA, plural: ALAs) providing input to the largest PDFME (dark 

blue) and one MIP-ir MNes. These neurons transmit the signal to the AME. Connections of the largest PDFME 

to the contralateral optic lobe (cOL) couple both AMEs. This neuron likely controls M and E networks via 

PDF release in constant darkness. The activity-promoting (E) oscillator cells were suggested to be inhibited
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during the day and activated at low light levels in the evening via input from green light-sensitive (green) short 

photoreceptor cells with termination sites in LA1 and LA2. The E oscillator network includes contralateral 

PDFMEs (cPDFMEs; light blue) and at least one MIP-ir MNe with connections to the LA. The MNe likely 

also arborizes in the cOL. PDF lamina cells (PDFLAs) may signal to both networks in the ALAs. Several M 

and E oscillator cells exhibit multiple peptide-immunoreactivities such as M and E oscillator PDFMEs (orange 

circle) and MIP-ir MNes (arrowhead). These neuropeptides stabilize rhythmicity even in the absence of PDF 

oscillations. (b) In the midbrain, the MIP- and ITP-ir clock cells may control locomotor activity rhythms via 

arborizations to locomotor centers in the superior medial protocerebrum (SMP), posterior optic tubercles 

(POTU), or tritocerebrum (TC). Arborizations in the SMP, where neurosecretory neurons (black circles) of the 

pars intercerebralis (PI) and pars lateralis (PL) branch, further support a role in the circadian regulation of 

neurosecretory processes. As in the fruitfly, MIP-ir neurons might also target SIFamide-ir (gray ovals) feeding-

promoting neurons in the PI that are involved in the decision making between mating and feeding. Dependent 

on the mating condition of females the sensitivity for a certain food quality could be regulated daytime-de-

pendently via MIP-ir branches in the antennal lobe (AL) and glomerular lobe (located posterior to the AL). 

The corresponding plane of horizontal schematic optic lobes (a) was marked in the frontal brain schematic (b; 

solid black line). LO, lobula; ANes, anterior neurons; SLP, superior lateral protocerebrum; MB, mushroom 

bodies; CB, central body; AOC, anterior optic commissure; POC, posterior optic commissure; d, distal; do, 

dorsal; p, posterior.  
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8 Abbreviations 

5-HT 

ΔΦ 

τ 

AC 

ACh 

AChE 

AFF 

AFP 

AL 

ALA 

AME 

ampr 

AN 

ANe 

AOC 

aPDFME 

iPDFME 

cPDFME 

AT 

BRET2 

BSA 

CA 

CAL 

cAMP 

CB 

CC 

cDNA 

CE 

CHH 

Clk/ CLK 

CLSM 

CMVenh/pro 

serotonin 

phase shift 

period 

adenylyl cyclase 

acetylcholine 

acetylcholinesterase 

anterior fiber fan 

anterior fiber plexus 

antennal lobe 

accessory lamina 

accessory medulla 

ampicillin resistance 

antennal nerve 

anterior neuron 

anterior optic commissure 

anterior PDF medulla neuron 

ipsilateral PDF medulla neuron 

contralateral PDF medulla neuron 

allatotropin 

bioluminescence resonance energy transfer 

bovine serum albumin 

corpora allata 

calices 

cyclic adenosine monophosphate 

central body 

corpora cardiaca 

complementary DNA 

compound eye 

crustacean hyperglycemic hormone 

Clock/ CLOCK 

confocal laser scanning microscope 

cytomegalovirus enhancer and promotor sequence 
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cOL 

CREB 

cry/ CRY 

CRZ 

ct 

CT 

cyc/ CYC 

d 

DAB 

DAG 

DD 

DFVNe 

DMEM 

DMSO 

DN 

do 

dsRNA 

DT 

E oscillator 

E1-E3 

EDAC 

EDTA 

Epac1 

FA 

FBS 

Gα 

Gαs 

Gαi/o 

GABA 

GaM 

GaR 

gfp 

HB eyelet 

contralateral optic lobe 

cAMP-response element binding protein 

cryptochrome/ CRYPTOCHROME 

corazonin 

cycle threshold 

circadian time 

cycle/ CYCLE 

distal 

3,3'-diaminobenzidine tetrahydrochloride 

diacylglycerol 

constant darkness 

distal frontoventral neuron 

Dulbecco’s modified eagle medium 

dimethy sulfoxide 

dorsal neuron 

dorsal 

double-stranded RNA 

distal tract 

evening oscillator 

evening oscillator subunits 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

ethylenediaminetetraacetic acid 

exchanging protein directly activated by cAMP 1 

formaldehyde 

fetal bovine serum 

G protein α-subunit 

stimulatory Gα 

inhibitory Gα 

γ-aminobutyric acid 

goat anti-mouse 

goat anti-rabbit 

green fluorescent protein 

Hofbauer-Buchner eyelet 
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HBSS 

HEK293T cells 

HRP 

IgG 

ILP 

IP3 

ir 

ITP 

itp-pre 

l-LNv 

lacI 

LA 

LA1-3 

pLA 

LAL 

LAO 

LD 

LNd 

LNv 

LO 

LOO 

LOVT 

LPN 

M oscillator 

mALT 

MB 

MC I-IV 

ME 

ME1-10 

MFVNe 

MIP 

mip-pre 

mip-r/ MIP-R 

Hank’s balanced salt solution 

human embryonic kidney cells (type 293T) 

horseradish peroxidase 

immunoglobulin G 

inferior lateral protocerebrum 

inositol trisphosphate 

immunoreactive 

ion transport peptide 

itp precursor 

large ventrolateral neuron 

lac repressor 

lamina 

lamina layers 1-3 

proximal lamina 

lateral accessory lobe 

lamina organ 

light-dark 

dorsal lateral neuron 

ventrolateral neuron 

lobula 

lobula organ 

lobula valley tract 

lateral posterior neuron 

morning oscillator 

medial antennal lobe tract 

mushroom body 

medulla cell groups I-IV 

medulla 

medulla layers 1-10 

medial frontoventral neuron 

myoinhibitory peptide 

mip precursor 

mip receptor/ MIP receptor 
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ML 

MLFS 

MLFT 

MNe 

NAPI 

NCC I/II 

NGS 

NPF 

OC 

OL 

ON 

ORC 

ori 

p 

PB 

PBS 

PDF 

PDFLA 

PDFME 

pdf-pre 

pdf-r 

PED 

PEI 

per/ PER 

PFA 

PI 

PIP2 

PKA 

PKC 

PL 

PLCβ 

PLP 

PNe 

medial lobe 

median-layer fiber system 

medial-layer fiber tract 

medial neuron 

sodium phosphate buffer 

nervi corporis cardiaci I and II 

normal goat serum 

neuropeptide F 

optic chiasm 

optic lobe 

optic nerve 

orcokinin 

origin of replication 

posterior 

protocerebral bridge 

sodium phosphate buffer 

pigment-dispersing factor 

PDF lamina cell 

PDF medulla cell 

pdf precursor 

pdf-receptor 

pedunculus 

polyethylenimine 

period/ PERIOD 

paraformaldehyde 

pars intercerebralis 

phosphatidylinositol (4,5)-bisphosphate 

protein kinase A 

protein kinase C 

pars lateralis 

phospholipase Cβ 

posterior lateral protocerebrum 

posterior neuron 
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POC 

POTU 

pPDFME 

Qp 

qPCR 

R1-8 

rpl18 

RISC 

Rluc8 

RNAi  

rop 

RT 

s-LNv 

SLP 

SMP 

sNPF 

SPR 

ssRNA 

SST 

SV40 

SYN 

TAE 

TBS 

TC 

TE 

TGS 

tim/ TIM 

TrX 

VIP 

VL 

VLP 

VMNe 

VNe 

posterior optic commissure 

posterior optic tubercles 

posterior PDF medulla neuron 

power of periodicity 

quantitative PCR 

receptor cells 1-8 

ribosomal protein L18 

RNAi-induced silencing complex 

Renilla reniformis luciferase 8 

RNA interference 

repressor of primer 

room temperature 

small ventrolateral neuron 

superior lateral protocerebrum 

superior medial protocerebrum 

short neuropeptide F 

sexpeptide receptor 

single-stranded RNA 

saline substituted Tris-buffer 

simian virus 40 

synapsin 

Tris-acetate-EDTA buffer 

Tris-buffered saline 

tritocerebrum 

Tris-EDTA buffer 

tergal gland secretion 

timeless/ TIMELESS 

Triton X-100 

vasointestinal peptide 

vertical lobe 

ventrolateral protocerebrum 

ventromedial neuron 

ventral neuron 
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VPNe 

X-gal 

zeor 

ZT 

 

ventroposterior neuron 

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

zeocin resistance 

zeitgeber time 
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9 Appendix 

9.1 Tables 

Table A 1 Anterior and posterior cell groups adjacent to the accessory medulla (AME) 

Cell group 
Cell number 

[mean ± SD] 

Cell size in µm 

[mean ± SD] 
Reference 

anterior neurons  
(ANes) 

1.5 ± 1.0 N Söhler et al. (2008) 

distal frontoventral neurons 
(DFVNes) 

29 ± 10 9.9 ± 1.8 Reischig and Stengl (2003b) 

medial frontoventral neurons 
(MFVNes) 

49 ± 7 7.7 ± 1.3 Reischig and Stengl (2003b) 

medial neurons  
(MNes) 

56 ± 12 17.9 ± 3.3 Reischig and Stengl (2003b) 

ventral neurons  
(VNes) 

24 ± 5 16.1 ± 2.7 Reischig and Stengl (2003b) 

ventromedial neurons  
(VMNes) 

35 ± 5 13.8 ± 2.6 Reischig and Stengl (2003b) 

ventroposterior neurons 
(VPNes) 

36 ± 9 11.7 ± 2.2 Reischig and Stengl (2003b) 

posterior neurons  
(PNes) 

4.1 ± 3 pigment-
dispersing factor 

(PDF) 
3.8 ± 2.0 (medulla 

cell group [MC] III) 

N 
 
 

N 
 

Söhler et al. (2011); 
Reischig and Stengl (2002) 

N, cell sizes are not available. 

 

 

Table A 2 Neuropeptides and neurotransmitters in clock neurons 

Cell group Neurochemistry Cell number Colocalizations 

LA cells 
 
 

 

PDF 
 

5-HT 
FMRFamide 

43-136 
 

57-99 
33-93 

57-84 5-HT, 22-40 also FMRFamide 
33-93 FMRFamide, 22-40 also 5-HT 
57-84 PDF, 22-40 also FMRFamide 

all PDF, 22-40 also 5-HT 
ANes 

 
sNPF 

FMRFamide 
1.2 ± 1.2 
1.5 ± 1 

 

DFVNes PDF 
GABA 
ORC 
MIP 

 
 

FMRFamide 
 

AT 
 

leucokinin 
baratin 

3.9 ± 1.8 
4.0 ± 0.7 
10.6 ± 3.7 
5.8 ± 1.4 

 
 

8.8 ± 7.5 
 

≈ 10 
 

9.5 ± 1.2 
N 

4 ORC and FMRFamide, ≥ 1 also baratin 
1 AT 

4 PDF and FMRFamide 
1 AT 

1 GABA and AT 
4 FMRFamide 

4 PDF and ORC 
4 MIP 
1 MIP 

1 GABA and MIP 
 

≥ 1 PDF 
MFVNes GABA 

MIP 
AT 

3.4 ± 1.0 
7.5 ± 1.9 

≈ 25 
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MNes GABA 
 
 

5-HT 
ORC 
MIP 

 
 

FMRFamide 
 
 

CRZ 
AT 

 

5.1 ± 0.6 
 
 

N 
2 

3.9 ± 1.1 
 

 
2.3 ± 1.3 

 
 

1 
2-4 

 

1 MIP and AT 
1 MIP and CRZ 
1 FMRFamide 
1 FMRFamide 

1 AT 
1 GABA and AT 

1 GABA and CRZ 
2 FMRFamide 

1 GABA 
1 5-HT 
2 MIP 

1 GABA and MIP 
1 GABA and MIP 

1 ORC 
VNes PDF 

 
 

sNPF 
GABA 

 
5-HT 
ORC 

 
 
 

MIP 
 

FMRFamide 
 
 
 

AT 
leucokinin 

baratin 
leucomyosuppressin 

7.8 ± 2.6 
 
 

1.7 ± 1.5 
13.6 ± 2.2 

 
N 

7.8 ± 1.1 
 

 
 

5.2 ± 1.4 
 

12.4 ± 2.8 
 
 
 

3-4 
3.8 ± 1.0 

≈ 4 
1.2 ±0.7 

4 ORC, FMRFamide, and baratin; ≥ 1 also MIP 
1 MIP 

1-2 leucokinin 
 

6 ORC 
2 FMRFamide 
2 FMRFamide 

4 PDF, FMRFamide, and baratin; ≥ 1 also MIP 
4 PDF and FMRFamide 

6 GABA 
3 AT 

1-2 PDF; ≥ 1 also ORC, FMRFamide, baratin 
2 FMRFamide 

4 PDF, ORC, and baratin, ≥ 1 also MIP 
2 GABA 
2 5-HT 
2 MIP 
3 ORC 

1-2 PDF 
4 PDF, ORC, and FMRFamide, ≥ 1 also MIP 

 
VMNes GABA 

ORC 
MIP 

3.5 ± 0.8 
3 

4.5 ± 1.3 

 
1 MIP 
1 ORC 

VPNes GABA 
ORC 
MIP 

FMRFamide 

3.4 ± 1.1 
≈ 4 

2.1 ± 0.6 
2.4 ± 1.6 

 

PNes 
 

PDF 
FMRFamide 

4.1 ± 3 
2.4 ± 1.3 

2-3 FMRFamide 
2-3 PDF 

N, exact number of neurons is not available. LA cells, lamina cells; ANes, anterior neurons; DFVNes, distal 

frontoventral neurons; MFVNes, medial frontoventral neurons; MNes, medial neurons; VNes, ventral neurons; 

VMNes, ventromedial neurons; VPNes, ventroposterior neurons; PNes, posterior neurons; PDF, pigment-dis-

persing factor; GABA, y-aminobutyric acid; 5-HT, serotonin; ORC, orcokinin; MIP, myoinhibitory peptide; 

CRZ, corazonin; AT, allatotropin. The table was adapted and modified after Stengl and Arendt (2016). Data 

from Massah (2019) were added. 
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Table A 3 Neuropeptides in pigment-dispersing factor-immunoreactive medulla cells (PDFMEs) 

Cell group Cell number Synonym Neuropeptide/s 

VNes 8 

1 largest cPDFME 
1 large cPDFME 
1 large iPDFME 
1 large iPDFME 

2 medium-sized cPDFMEs 
1 medium-sized iPDFME 
1 medium-sized iPDFME 

PDF 

PDF, ORC, MIP, FMRFamide, baratin 
MIP, leucokinin 

leucokinin 
PDF, ORC, FMRFamide, baratin 
PDF, ORC, FMRFamide, baratin 

 
DFVNes 4 small PDFME ORC, FMRFamide, ≥ 1 also baratin 

VNes, ventral neurons; DFVNes, distal frontoventral neurons; PDF, pigment-dispersing factor; c/iPDFME, 

contralateral/ipsilateral PDF medulla cell; ORC, orcokinin; MIP, myoinhibitory peptide. Colocalizations were 

concluded from single and multiple staining experiments performed by Arnold (2016), Fricke (2016), Hofer 

and Homberg (2006a), Reischig et al. (2004), Schendzielorz and Stengl (2014), Söhler et al. (2011). 

 

 

Table A 4 Neuropeptides and neurotransmitters in medulla cell groups (MC) I-IV 

MC group 

(AME cell group) 
Cell number Synonym Neuropeptide/s 

MC I (VNes) 5 

largest PDFME 
large PDFME 

medium-sized PDFME 
 

1 PDF 
1 PDF, ORC, MIP, FMRFamide, baratin 

2 PDF, ORC, FMRFamide, baratin 
1 GABA 

MC II (VMNes) 35  
1 ORC, MIP 

2 ORC 
1 GABA 

MC III (PNes) 6   

MC IV (MNes) 5  1 MIP 

AME, accessory medulla; VNes, ventral neurons; VMNes, ventromedial neurons; PNes, posterior neurons; 

MNes, medial neurons; PDF, pigment-dispersing factor; PDFME, PDF medulla cell; GABA, y-aminobutyric 

acid; ORC, orcokinin; MIP, myoinhibitory peptide. Colocalizations were concluded from single and multiple 

staining experiments performed by Arnold (2016), Hofer and Homberg (2006a), Reischig et al. (2004), 

Schendzielorz and Stengl (2014), Söhler et al. (2011), and Azar Massah, Susanne Neupert, Uwe Homberg, 

Monika Stengl (unpublished). 
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Table A 5 Primary antibodies 

Antibody Immunogen 
Host 

species 

Working 

dilution 
RRID, Cat 

Source / Refe-

rence 

Anti-SYNORF1 

(Synapsin) 

Drosophila melano-

gaster synapsin I iso-

form 

mouse 

mono-

clonal 

1:50 

AB_528479, 

Cat# 3C11 

(anti SY-

NORF1) 

Developmental 

Studies Hybrid-

oma Bank; 

Klagges et al. 

(1996) 

Anti-horseradish 

peroxidase (HRP) 

Armoracia rusticana 

peroxidase 

rabbit 

poly-

clonal 

1:1,000 
AB_261181, 

Cat# P7899 
Sigma-Aldrich 

Anti-histamine 

Histamine conjugated 

to keyhole limpet he-

mocyanin with 

EDAC 

rabbit 

poly-

clonal 

1:15,000 
AB_177540, 

Cat# AB5885 

Chemicon-Milli-

pore, Billerica, 

MA; Hamanaka et 

al. (2012) 

Anti-Drm-pig-

ment-dispersing 

factor (PDF) 

Drosophila melano-

gaster PDF (NSEL-

INSLLSLPKNMN-

DAa) 

mouse 

mono-

clonal 

1:1,000 
AB_760350, 

Cat# PDF C7 

Developmental 

Studies Hybrid-

oma Bank; Cyran 

et al. (2005) 

Anti-γ-aminobu-

tyric acid (GABA) 

GABA conjugated to 

bovine serum albu-

min (BSA) with glu-

taraldehyde 

rabbit 

poly-

clonal 

1:750 
AB_477652, 

Cat# A2052 
Sigma-Aldrich 

Anti-serotonin 

(5-HT) 

5-HT conjugated to 

BSA with glutaralde-

hyde 

rabbit 

poly-

clonal 

1:2,000 
AB_477522, 

Cat# S5545 
Sigma-Aldrich 

Anti-orcokinin 

(ORC) 

Orconectes limosus 

Asn13-ORC 

(NFDEIDRSGFGFN) 

rabbit 

poly-

clonal 

1:4,000 
AB_2315017, 

Cat# orcokinin 

Heinrich Dirck-

sen; Bungart et al. 

(1994) 

Anti-Pea-myo-

inhibitory peptide 

(MIP)-1 

Periplaneta ameri-

cana MIP-1 

(GWQDLQGGWa-

mide) conjugated to 

thyroglobulin 

rabbit 

poly-

clonal 

1:8,000 
AB_2314803, 

Cat# MIP 

Predel et al. 

(2001) 

Anti-FMRFamide 
synthetic FMR-

Famide 

rabbit 

poly-

clonal 

1:2,000 
AB_2314414, 

Cat# FMRF 

Marder et al. 

(1987) 
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Anti-corazonin 

(CRZ) 

Periplaneta ameri-

cana CRZ 

(pQTFQYSRGWTN-

amide) coupled to 

BSA 

rabbit 

poly-

clonal 

1:500 

AB_2532101, 

Cat# anti-co-

razonin 

Veenstra and 

Davis (1993) 

Anti-allatotropin 

(AT) 

Manduca sexta AT 

(GFKN-

VEMMTARG-

Famide) conjugated 

to thyroglobulin with 

glutaraldehyde 

rabbit 

poly-

clonal 

1:2,500 

AB_2313973, 

Cat#AT (al-

latotropin) 

Veenstra and 

Hagedorn (1993) 

Anti-crustacean 

hyperglycemic 

hormone/ion 

transport peptide 

(CHH/ITP) 

Orconectes limosus 

sinus gland CHH 

rabbit 

poly-

clonal 

1:1,000 not available 
Dircksen et al. 

(2008) 

Table was adapted and modified after Arnold et al. (2020). 

 

 

Table A 6 Primers 

Chapter Experiment Target gene Sequence 
Lab- 

internal nr. 

4.3.3.1 RNAi template forward gfp 
5’-TCAGTGGA-

GAGGGTGAAGGT-3’ 
154 

4.3.3.1 RNAi template reverse gfp 
5‘-CTGGTAAAAG-
GACAGGGCCA-3‘ 

155 

4.3.3.1 
RNAi template T7 
overhang forward 

gfp 
5‘-TAATACGACTCA-
CTATAGGTCAGTG-

GAGAGGGTGAAGGT-3’ 
152 

4.3.3.1 
RNAi template T7 
overhang reverse 

gfp 
5‘-TAATACGACTCA-

CTATAGGCTGGTAAAAG-
GACAGGGCCA-3‘ 

153 

4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template forward 

mip-pre 
5’-CAGGGCCCAGACGAAGA-

CAAGC-3’ 
251 

4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template reverse 

mip-pre 
5’-TCAATCTTCAC-

TACTCGATGGTGATCTG-3’ 
252 

4.3.3.1 
RNAi template T7 
overhang forward 

mip-pre 
5‘-GAAATTAATACGACTCA-

CTATAGGCAGGGCCCAGACGA
AGACAAGC-3‘ 

272 

4.3.3.1 
RNAi template T7 
overhang reverse 

mip-pre 
5‘-GAAATTAATACGACTCA-

CTATAGGTCAATCTTCA-
CTACTCGATGGTGATC-3‘ 

273 

4.3.3.1 RNAi qPCR forward mip-pre 
5‘-AGCGAGCATGGGAT-

GAACTC-3‘ 
270 

4.3.3.1 RNAi qPCR reverse mip-pre 
5‘-CCCAGCCGGATTT-

GAGAGAA-3‘ 
271 

4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template forward 

itp-pre 
5‘-ATGTCGATGGAACACCA-

ACAAATGATCCG-3‘ 
253 
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4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template reverse 

itp-pre 
5‘-TTATTTCTTTCCAAGG-

TACTCTACCATTTGACTG-3‘ 
254 

4.3.3.1 
RNAi template T7 
overhang forward 

itp-pre 

5‘-GAAATTAATACGACTCA-
CTATAGGATGTCGATG-

GAACACCAACAAATGAT-3‘ 
274 

4.3.3.1 
RNAi template T7 
overhang reverse 

itp-pre 

5‘-GAAATTAATACGACTCA-
CTATAGGTTATTTCTTT-

CCAAGGTACTCTACCA-3‘ 
275 

4.3.3.1 RNAi qPCR forward itp-pre 
5‘-ACAACTCTGGTAGTAGTT-

CCTGC-3‘ 
268 

4.3.3.1 RNAi qPCR reverse itp-pre 
5‘-TGAAGCAATTAGAC-

CTGCAGAGG-3‘ 
269 

4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template forward 

pdf-pre 
5‘-ATGAAACACATAG-

GAGCTGTACTTCTATTT-3‘ 
217 

4.3.2.3/ 

4.3.3.1 

pGEM-T Easy insert/ 
RNAi template reverse 

pdf-pre 
5‘-TTTTCTTCCTGCATCATT-

GAGTACTTTTG-3‘ 
218 

4.3.3.1 
RNAi template T7 
overhang forward 

pdf-pre 

5‘-GAAATTAATACGACTCA-
CTATAGGGAGAAT-

GAAACACATAGGAGC- 
TGTAC-3‘ 

225 

4.3.3.1 
RNAi template T7 
overhang reverse 

pdf-pre 

5‘-GAAATTAATACGACTCA-
CTATAGGGAGATTTTCTT-

CCTGCATCATTGAGT-3‘ 
226 

4.3.3.1 RNAi qPCR forward pdf-pre 
5‘-ATGGCGG-

TAACATCTCCTGC-3‘ 
243 

4.3.3.1 RNAi qPCR reverse pdf-pre 
5‘-CCTGCATCATTGAGTACTT-

TTGGT-3‘ 
244 

4.3.2.3 
pcDNA3.1+ insert for-

ward 
mip-r 

5‘-TAATAGAATTCGCCACCAT-
GGCTGACAACTGTACG-3‘ 

261 

4.3.2.3 
pcDNA3.1+ insert re-

verse 
mip-r 

5‘-TGCGGCCGCTTATAGCAC-
CGTCTCGTTGGTG-3‘ 

262 

4.3.3.1 RNAi template forward mip-r 
5‘-ATGGCTGACAACTG-

TAGCAACGT-3‘ 
237 

4.3.3.1 RNAi template reverse mip-r 
5‘-TTATAGCACCGTCTCGTT-

GGTG-3‘ 
238 

4.3.3.1 
RNAi template T7 
overhang forward 

mip-r 

5‘-GAAATTAATACGACTCA-
CTATAGGATGGCT-

GACAACTGTAGCAACGT-3‘ 
279 

4.3.3.1 
RNAi template T7 
overhang reverse 

mip-r 

5‘-GAAATTAATACGACTCA-
CTATAGGTTATAGCAC-

CGTCTCGTTGGTG-3‘ 
280 

4.3.3.1 RNAi qPCR forward mip-r 
5‘-GTACCGTGTGTGAGCTT-

GGT-3‘ 
281 

4.3.3.1 RNAi qPCR reverse mip-r 
5‘-GACCGCTAGAGG-

GATCTCCA-3‘ 
282 

4.3.2.3 
pcDNA3.1+ insert for-

ward 
pdf-r 

5‘-TCGAAGCTTACCATG-
GAGAGTAT-

GAGCAACATAAACA-3‘ 
unknown 

4.3.2.3 
pcDNA3.1+ insert re-

verse 
pdf-r 

5‘-GCGGAATTCTCA-
GACTCGAGTTTCGGGT-3‘ 

unknown 

4.3.3.1 RNAi qPCR forward rpl18 
5‘-TCAGGCG-

TACAGAGCCAAAA-3‘ 
188 

4.3.3.1 RNAi qPCR reverse rpl18 
5‘-AATCTTGTCTGCCCTCA-

CGG-3‘ 
189 
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Table A 7 PCR programs 

Chapter Experiment 
Target 

gene 
Step 

Temperature 

[°C] 

Time 

[s] 
Repetition Comments 

4.3.2.3 

template 
DNA for li-

gation 

mip-pre 

itp-pre 

pdf-pre 

1 
2 
3 
4 
5 
6 

95 
95 
50 
72 
72 
4 

120 
60 
60 
60 

600 
hold 

step 1: 1x 
steps 2-4: 

35x 
steps 5,6: 

1x 

for pGEM-T 
Easy vector 

with Taq 
polymerase 

4.3.2.3 

 

template 
DNA for li-

gation 

mip-r 

pdf-r 

1 
2 
3 
4 
5 
6 

95 
95 
50 
72 
72 
4 

120 
60 
60 

180 
300 
hold 

step 1: 1x 
steps 2-4: 

35x 
steps 5,6: 

1x 

for 
pcDNA3.1+ 
vector with 
Pfu poly-
merase 

4.3.3.1 

template 
DNA for in 
vitro tran-
scription 

gfp 

mip-pre 

itp-pre 

pdf-pre 

mip-r 

1 
2 
3 
4 
5 
6 

95 
95 
50 
72 
72 
4 

120 
60 
60 
60 

300 
hold 

step 1: 1x 
steps 2-4: 

40x 
steps 5,6: 

1x 
 

PCR with 
Pfu poly-
merase 

4.3.3.1 

template 
DNA for in 
vitro tran-
scription 

gfp 

mip-pre 

itp-pre 

pdf-pre 

mip-r 

1 
2 
3 
4 
5 
6 

98 
98 
65 
72 
72 
4 

30 
10 
30 
15 

600 
hold 

step 1: 1x 
steps 2-4: 

35x 
steps 5,6: 

1x  

PCR with 
Phusion 

High-Fidel-
ity DNA 

polymerase 

4.3.4 qPCR 

gfp 

mip-pre 

itp-pre 

pdf-pre 

mip-r 

rpl18 

1 
2 
3 
4 
5 
6 
7 
8 
9 

50 
95 
95 
65 
95 
50 

50-95 ramp 
95 
4 

600 
180 
10 
30 
15 
15 

1,200 
15 

hold 

steps 1,2: 
1x 

steps 3,4: 
40x 

steps 5-9: 
1x 

steps 1-4: 
qPCR 

steps 5-9: 
melting-

curve analy-
sis 
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Table A 8 Cloned vectors 

Experi-

ment 
Plasmid 

Plasmid size 

[kb] 
Cloning sites Insert gene 

Insert 

size [kb] 
Comments 

RNAi pIVEX2.3d 3.525 not available 
gfp full 
length 

0.714 
commercially 

purchased 

RNAi pGEM-T Easy 3.015 
thymine over-

hangs 
mip-pre par-

tial 
0.702  

RNAi pGEM-T Easy 3.015 
thymine over-

hangs 
itp-pre 

full length 
0.354  

RNAi pGEM-T Easy 3.015 
thymine over-

hangs 
pdf-pre 

full length 
0.264  

RNAi/ 
BRET2 pcDNA3.1+ 5.401 EcoR1, Not1 

mip-r 
full length 

1.146  

BRET2 pcDNA3.1+ 5.401 EcoR1, Hind3 
pdf-r 

full length 
1.371  

BRET2 pGFP2-C1 4.271 
Apa1, Bsej1; 

Sac1,  
Sac2 

RLuc8  

full length; 
Epac1 

almost full 
length 

0.933; 
2.175 

provided by 
Friedrich Her-

berg 

BRET2 pETDuet-1 5.420 - none - 
provided by 

Friedrich Her-
berg 

 

 

Table A 9 Template sequences for dsRNA synthesis 

Target 

gene 
Sequence 

Sequence 

size [kb] 

gfp par-
tial 

5’-TCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTA 
CCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGG 
CCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCA 
AGATACCCGGATCATATGAAACGGCATGACTTTTTCAAGAGTGC 

CATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGA 
TGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTG 
ATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAG 
AAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACT 
CACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCA 
AAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTC 
AACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCC 

CTGTCCTTTTACCAG-3’ 

0.504 

mip-pre 

partial 

5’-CAGGGCCCAGACGAAGACAAGCGTGGCTGGAGAGATCTTCAGGG 
AGGATGGGGAAAAAGGGGGTGGCAAGACTTGCAGGGTGGTTGGGGA 
AAGAGAGGATGGCAAGATCTACAGGGCGGCTGGGGAAAACGAGGC 
TGGCAAGACTTGCAAGGAGGCTGGGGAAAGAGAGGGTGGCAGGAC 

CTTCAGGGCGGCTGGGGGAAACGTGGATGGAACGATCTTCAGAGTGG 
TTGGGGAAAGAGAGGCTGGCAAGATCTTCAAGGCGGCTGGGGAAAGA 
GGGGCTGGCAAGACTTACAGGGTGGCTGGGGAAAGCGAGCATGGGAT 
GAACTCAGACCTATGTGGGGAAAACGTTCCTGGGATAAATTCCACGG 
AGGCTGGGGAAAGCGCGAGTCAGACTTCGATGCTGAGGGTACGAACA 
TGGATGACAACTTTGCGGATGATCTAGAGGATGAAGATGGCGAAGAT 
TCGAAGAGAGCGTGGAGTTCTCTCAAATCCGGCTGGGGCAAGAGGGC 
GGCGGACTGGGCCAACTTCCGAGGTTCCTGGGGAAAGCGGGATCCTG 
GATGGAACAATCTGAAAGGGCTGTGGGGCAAGCGTGGCGATAGCAAC 
TGGAGCAGATTGTCTGCTGCTTGGGGTAAAAGGTCAATTGCAGGGGAT 
GGTATGGGTAAGGACGAAGATGGCAGATCACCATCGAGTAGTGAAGA 

0.702 
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TTGA-3’ 

itp-pre 

full 
length 

5’-ATGTCGATGGAACACCAACAAATGATCCGTATCCTATCATGCTGTT 
TTCTTATCAGCATAGTACTAACAACTCTGGTAGTAGTTCCTGCATCAG 
GGAGAGTCCTAGGACATTCAGTCGCCAAGCGCTCCTTCTTCGAACTTC 
AATGCAAAGGTGTATTCGATAAAACTATCTTCGCCCGGCTGGACCGAA 
TCTGCGAAGACTGTTATAACCTGTTCCGCGAACCACAACTACATACCC 
TCTGCAGGTCTAATTGCTTCAGCACACCTTATTTCAATGGATGTCTTGA 
AGCCTTGCTCCTTGACAAGGAAAAGGAAAACTTCAGTCAAATGGTAG 

AGTACCTTGGAAAGAAATAA-3’ 

0.354 

pdf-pre 
full 

length 

5’-ATGAAACACATAGGAGCTGTACTTCTATTTCTCTATCTGCTAAGGAT 
GGCGGTAACATCTCCTGCTATTCAACTAGACGATGATCGATACCTAGA 
CAAAGAGTTTCAGACTAATGCTGTAAGTGCGAGAGAACTTTCCAACTG 
GATAATGCAGATGCTGATGCATAAGGGCGAACCTACAATGTGCACGC 
ACAAGCGCAACTCAGAAATAATCAACTCTCTCCTTGGTCTACCAAAAG 

TACTCAATGATGCAGGAAGAAAATGA-3’ 

0.264 

mip-r 
full 

length 

5’-ATGGCTGACAACTGTAGCAACGTGTGGGTGAAGAACGGCACCAAT 
GAAACGGAGAGGATCCAGTACGTGAACGTGACGTGCGAGCTGCCGAT 
ACAATACGCGCAGCCCATGTACGGATACGTGGTACCATTCCTGCTTGT 
CATCACCATCATCGCCAATACCCTGATCGTCGTGGTGCTCAGCAAACG 
TCACATGCGCACACCCACCAACGCCGTTCTCATGGCAATGGCCCTCAG 
TGACATGTTCACCCTCCTGTTCCCCGCACCTTGGCTTTTCTACATGTAC 
ACCTTCGGGAACCACTACAAACCGCTGTCGCCAGTGGGTGCATGCTAC 
GCTTGGAACATCATGAACGAAGTCATCCCAGCGATGTTCCACACAGCA 
TCCATTTGGCTGACACTAGCTCTGGCGGTGCAGCGATACATCTACGTT 
TGCCACGCTCCAGTTGCACGCACGTGGTGCACCATGCCGAGAGTACTC 
AAATGTGTGGGGTTGATAGCCCTTCTCGCCACTCTACATCAGTCTACT 
CGCTTCGTAGACAGGGTTTACTACCCCATGGAGATTCCTTGGGACGGA 
GAGGATTCTGTGACAGTGTGCAAGCCAGCTTGGGCACCGTGGGTCGA 
ACTCGTAGGACTTGATCTCTATTTCACCTTCTACTTCTGTTTCCGCGTG 
GTGTTCGTGCACGCGGTACCGTGTGTGAGCTTGGTAGTACTCAACGTC 
TTGCTATTTCGCGCCATGAGAGAAGCCCAGCTCAAACGAGAGAAACT 
CTTCAAGGAGAACCGCAAGAACGAGTGCAAGAGACTGCGGGATTCAA 
ATTGCACCACCCTGATGCTCATCGTGGTCGTGACTGTGTTTCTGCTGGT 
GGAGATCCCTCTAGCGGTCGTCACCGTTCTCCACATAATCTCCAGTTC 
AGTCACGGAGATACTAGACTACTCGATCGCCAATGCTCTCATCCTTTT 
CACCAACTTCTTCATCATCGTGAGTTATCCGATCAACTTTGCTATCTAC 
TGCGGGATGTCGAGGCAGTTTCGAGAGACATTCAAGGAACTTTTCGTA 
CGCGGCACCGTCGTGGTGCGTACCAACGGTGGCAGTTCCAGATATTCC 
CTGGTGAATGGGCCTCGTACTTGCACCAACGAGACGGTGCTATAA-3’ 

1.146 
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Table A 10 Amino acid sequences of synthetic peptides 

Experi-

ment 
Peptide name Sequence Source / Reference 

BRET2 myoinhibitory peptide (MIP)-1 GWQDLQGGWamide 

Schulze et al. (2012); 
Susanne Neupert, Achim 

Werckenthin, Julia Schend-
zielorz, Monika Stengl, un-

published 
RNAi + 

peptide in-
jection/ 
BRET2 

MIP-2 GWRDLQGGWamide ´´ 

(RNAi +) 
peptide in-

jection/ 
BRET2 

MIP-3 AWDELRPMWamide ´´ 

BRET2/ 
peptide in-

jection 
MIP-4 AWSSLKSGWamide 

Susanne Neupert, Achim 
Werckenthin, Julia Schend-
zielorz, Monika Stengl, un-

published 

BRET2/ 
peptide in-

jection 
MIP-5 

AADWANFRGSW- 
amide 

„MIP-4“ in Schulze et al. 
(2012); Susanne Neupert, 
Achim Werckenthin, Julia 

Schendzielorz, Monika 
Stengl, unpublished 

BRET2/ 
peptide in-

jection 
MIP-6 

DPGWNNLKGLW- 
amide 

Susanne Neupert, Achim 
Werckenthin, Julia Schend-
zielorz, Monika Stengl, un-

published 

BRET2 MIP-7 
GDSNWSRLSAAW- 

amide 

„MIP-5“ in Schulze et al. 
(2012); Susanne Neupert, 
Achim Werckenthin, Julia 

Schendzielorz, Monika 
Stengl, unpublished 

BRET2 MIP-8 SWDKFHGGWamide 

Susanne Neupert, Achim 
Werckenthin, Julia Schend-
zielorz, Monika Stengl, un-

published 
BRET2 MIP-9 GWNDLQSGWamide ´´ 

peptide in-
jection 

orcokinin (ORC)-2 NFDEIDRSGFDSFV 

Schulze et al. (2013); 
Susanne Neupert, Achim 

Werckenthin, Julia Schend-
zielorz, Monika Stengl, un-

published 

BRET2 pigment-dispersing factor (PDF) 
NSELINSLLGL- 
PKVLNDAamide 

Hamasaka et al. (2005); Su-
sanne Neupert, Achim 

Werckenthin, Julia Schen-
dzielorz, Monika Stengl, un-

published 
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Table A 11 Statistical analysis 

Chapter Test 
Target pa-

rameter 
Groups p-value Number 

5.2.1.1 

Kruskal- 
Wallis 

 
 
 
 

Dunn’s 
post hoc 

 
 

 
 

phase shift 

all 
 

MIP-3 vs. saline: 
CT 0-3 
CT 3-6 
CT 6-9 

CT 9-12 
CT 12-15 
CT 15-18 
CT 18-21 
CT 21-24 

<0.0001 
 
 

0.0744 
0.4614 
0.5649 
0.0015 
0.8623 
0.9116 
0.2456 
0.0033 

saline: 
CT 0-3 = 7 
CT 3-6 = 12 
CT 6-9 = 6 

CT 9-12 = 15 
CT 12-15 = 14 
CT 15-18 = 10 
CT 18-21 = 7 

CT 21-24 = 11 
MIP-3: 

CT 0-3 = 6 
CT 3-6 = 7 
CT 6-9 = 9 

CT 9-12 = 10 
CT 12-15 = 9 
CT 15-18 = 7 
CT 18-21 = 7 

CT 21-24 = 10 

5.2.1.1 

Kruskal- 
Wallis 

 
 
 
 
 
 
 

 
Dunn’s 
post hoc 

 
 
 
 
 
 
 

phase shift 

saline all bins 
MIP-3 all bins 

 
MIP-3: 

CT 0-3 vs. CT 18-21 
CT 0-3 vs. CT 21-24 
CT 3-6 vs. CT 18-21 
CT 3-6 vs. CT 21-24 
CT 6-9 vs. CT 9-12 

CT 6-9 vs. CT 18-21 
CT 6-9 vs. CT 21-24 
CT 9-12 vs. CT 15-18 
CT 9-12 vs. CT 18-21 
CT 9-12 vs. CT 21-24 

CT 12-15 vs. CT 18-21 
CT 12-15 vs. CT 21-24 
CT 15-18 vs. CT 18-21 
CT 15-18 vs. CT 21-24 
(only significant pairs) 

0.0642 
<0.0001 

 
 

0.0108 
0.0065 
0.0186 
0.0115 
0.0235 
0.0259 
0.0156 
0.0258 

<0.0001 
<0.0001 
0.0019 
0.0007 
0.0463 
0.0326 

 

´´ 

5.2.1.1 

One-way 
ANOVA 

 
 

 
Fisher’s 
LSD test 

 
 

phase shift 

all  
(MIP-3 dose dependency  

CT 9-12) 
 

saline vs. 2 x 10-15 
saline vs. 2 x 10-12 
saline vs. 2 x 10-9 

2 x 10-15 vs. 2 x 10-12 
2 x 10-15 vs. 2 x 10-9 
2 x 10-12 vs. 2 x 10-9 

0.0082 
 
 
 

0.4086 
0.0012 
0.0299 
0.0398 
0.2958 
0.2276 

saline = 15 
2 x 10-15 = 7 

2 x 10-12 = 10 
2 x 10-9 = 11 

(concentrations 
in mol) 

5.2.1.1 

Kruskal- 
Wallis 

 
 

 
Dunn’s 
post hoc 

 
 

phase shift 

all  
(MIP-3 dose dependency  

CT 21-24) 
 

saline vs. 2 x 10-15 
saline vs. 2 x 10-12 
saline vs. 2 x 10-9 

2 x 10-15 vs. 2 x 10-12 
2 x 10-15 vs. 2 x 10-9 

0.0202 
 
 
 

0.4183 
0.0047 
0.0230 
0.1109 
0.2159 

saline = 11 
2 x 10-15 = 6 

2 x 10-12 = 10 
2 x 10-9 = 7 

(concentrations 
in mol) 
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2 x 10-12 vs. 2 x 10-9 0.7844 

5.2.1.1 
Mann-

Whitney 
period saline vs. MIP-3 0.8956 

saline = 82 
MIP-3 = 65 

5.2.1.1 
Mann-

Whitney 
Δ period saline vs. MIP-3 0.1962 ´´ 

5.2.1.1 
One-way 
ANOVA 

phase shift 
all  

(MIP-4 dose dependency  
CT 9-12) 

0.2000 

saline = 8 
2 x 10-15 = 7 
2 x 10-12 = 7 
2 x 10-9 = 7 

(concentrations 
in mol) 

5.2.1.1 
Kruskal- 
Wallis 

phase shift 
all  

(MIP-4 dose dependency  
CT 21-24) 

0.4066 

 saline = 11 
2 x 10-15 = 7 
2 x 10-12 = 7 
2 x 10-9 = 6 

(concentrations 
in mol) 

5.2.1.1 
unpaired 

t-test 
period saline vs. MIP-4 0.0464 

saline = 19 
MIP-4 = 14 

5.2.1.1 
unpaired 

t-test 
Δ period saline vs. MIP-4 0.1895 ´´ 

5.2.1.1 
Kruskal- 
Wallis 

phase shift all (saline and MIP-5) 0.8472 

saline: 
CT 0-3 = 5 
CT 3-6 = 5 
CT 6-9 = 5 
CT 9-12 = 8 

CT 12-15 = 5 
CT 15-18 = 6 
CT 18-21 = 6 
CT 21-24 = 6 

MIP-5: 
CT 0-3 = 5 
CT 3-6 = 6 
CT 6-9 = 7 
CT 9-12 = 6 

CT 12-15 = 10 
CT 15-18 = 5 
CT 18-21 = 5 
CT 21-24 = 6 

5.2.1.1 
Kruskal- 
Wallis 

phase shift 
saline all bins 
MIP-5 all bins 

0.7892 
0.7410 

´´ 

5.2.1.1 
Kruskal- 
Wallis 

phase shift 
all  

(MIP-5 dose dependency  
CT 12-15) 

0.8950 

saline = 5 
2 x 10-15 = 6 
2 x 10-14 = 6 
2 x 10-13 = 8 

2 x 10-12 = 10 
2 x 10-9 = 7 

(concentrations 
in mol) 

5.2.1.1 
unpaired 

t-test 
period saline vs. MIP-5 0.6555 

saline = 46 
MIP-5 = 50 

5.2.1.1 
Mann- 

Whitney 
Δ period saline vs. MIP-5 0.0560 ´´ 

5.2.1.1 
Kruskal- 
Wallis 

phase shift 
all  

(MIP-6 dose dependency  
CT 9-12) 

0.4881 

saline = 8 
2 x 10-15 = 6 
2 x 10-12 = 6 
2 x 10-9 = 7 

(concentrations 
in mol) 
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5.2.1.1 

Kruskal- 
Wallis 

 
 
 
 

Dunn’s 
post hoc 

 
 

phase shift 

all  
(MIP-6 dose dependency  

CT 21-24) 
 

saline vs. 2 x 10-15 

saline vs. 2 x 10-12 
saline vs. 2 x 10-9 

2 x 10-15 vs. 2 x 10-12 

2 x 10-15 vs. 2 x 10-9 

2 x 10-12 vs. 2 x 10-9 

0.0147 
 
 
 

0.0510 
0.2800 
0.0701 
0.0073 
0.9651 
0.0110 

 saline = 11 
2 x 10-15 = 7 
2 x 10-12 = 6 
2 x 10-9 = 6 

(concentrations 
in mol) 

5.2.1.1 
unpaired 

t-test 
period saline vs. MIP-6 0.0897 

saline = 19 
MIP-6 = 14 

5.2.1.1 
unpaired 

t-test 
Δ period saline vs. MIP-6 0.2229 ´´ 

5.2.1.2 

Kruskal- 
Wallis 

 
 

 
 

Dunn’s 
post hoc 

 
 
 
 

phase shift 

all 
 

MIP-1/ORC-2 vs. saline: 
CT 0-3 
CT 3-6 
CT 6-9 

CT 9-12 
CT 12-15 
CT 15-18 
CT 18-21 
CT 21-24 

0.0002 
 
 

0.3788 
0.2858 
0.1187 
0.1771 
0.1227 
0.5424 
0.7851 
0.6998 

saline: 
CT 0-3 = 5 
CT 3-6 = 12 
CT 6-9 = 5 
CT 9-12 = 5 

CT 12-15 = 14 
CT 15-18 = 7 
CT 18-21 = 6 
CT 21-24 = 5 

MIP-1/ORC-2: 
CT 0-3 = 5 
CT 3-6 = 8 
CT 6-9 = 7 
CT 9-12 = 6 

CT 12-15 = 8 
CT 15-18 = 6 
CT 18-21 = 9 
CT 21-24 = 6 

5.2.1.2 

Kruskal- 
Wallis 

 
 
 
 
 
 

Dunn’s 
post hoc 

 
 
 
 
 

phase shift 

saline all bins 
MIP-1/ORC-2 all bins 

 
MIP-1/ORC-2: 

CT 3-6 vs. CT 9-12 
CT 3-6 vs. CT 12-15 
CT 6-9 vs. CT 18-21 
CT 6-9 vs. CT 21-24 
CT 9-12 vs. CT 15-18 
CT 9-12 vs. CT 18-21 
CT 9-12 vs. CT 21-24 

CT 12-15 vs. CT 15-18 
CT 12-15 vs. CT 18-21 
CT 12-15 vs. CT 21-24 
(only significant pairs) 

0.1025 
0.0009 

 
 

0.0042 
0.0041 
0.0318 
0.0153 
0.0366 
0.0022 
0.0011 
0.0424 
0.0020 
0.0010 

 

´´ 

5.2.1.2 
Kruskal- 
Wallis 

phase shift 
all  

(MIP-1/ORC-2 dose dependency  
CT 12-15) 

0.1097 

saline = 8 
2 x 10-15 = 5 
2 x 10-12 = 8 
2 x 10-9 = 9 

(concentrations 
in mol) 

5.1.2.4 
Mann- 

Whitney 

log rel. ex-
pression ra-

tio 
gfp vs. mip-r 0.0571 

gfp = 4 
mip-r = 3 

5.1.2.4 
unpaired 

t-test 
phase shift 

MIP-3: 
gfp vs. mip-r 

0.0329 
gfp = 10 
mip-r = 9 

5.1.2.4 
unpaired 

t-test 
phase shift 

MIP-2: 
gfp vs. mip-r 

0.0057 
gfp = 7 

mip-r = 7 



196 APPENDIX  

 

 

5.2.1.5 

Kruskal- 
Wallis 

 
 
Dunn’s 
post hoc 

BRET2 ratio 

all 
(untransfected was excluded) 

 
 

See Tables A 12-14 
 

<0.0001 
 
 
 
 
 

Table A 12, all 
groups = 6 

Table A 13, 
PDF-R + 
PDF = 6 
all other  

groups = 7 
Table A 14, all 

groups = 8 

5.2.1.6 
Mann- 

Whitney 

log rel. ex-
pression ra-

tio 

gfp vs. mip-pre 

gfp vs. itp-pre 

gfp vs. mip-pre+pdf-pre (target 

gene mip-pre/pdf-pre) 

0.0043 
0.0043 
0.0043 
0.0043 

gfp = 6 
mip-pre = 5 
itp-pre = 5 
mip-pre+ 

pdf-pre = 5 

5.2.1.6 
Kruskal-
Wallis 

shifting du-
ration 

all 0.9277 

gfp = 5 
mip-pre = 5 
itp-pre = 5 
mip-pre+ 

pdf-pre = 5 

5.2.1.6 
Kruskal-
Wallis 

Δ shifting 
duration 

all 0.0562 ´´ 

5.2.1.7 

Kruskal-
Wallis 

 
 

Dunn’s 
post hoc 

 
 

activity/ 
ZT 12-24 

all 
 

gfp vs. mip-pre 

gfp vs. itp-pre 

gfp vs. mip-pre+pdf-pre 

mip-pre vs. itp-pre 

mip-pre vs. mip-pre+pdf-pre 

itp-pre vs. mip-pre+pdf-pre 

0.0197 
 

0.1595 
0.4915 
0.0024 
0.4912 
0.1199 
0.0249 

gfp = 6 
mip-pre = 5 
itp-pre = 5 
mip-pre+ 

pdf-pre = 5 

5.2.1.7 

Kruskal-
Wallis 

 
 

Dunn’s 
post hoc 

 
 

Δ activity/ 
ZT 12-24 

all 
 

gfp vs. mip-pre 

gfp vs. itp-pre 

gfp vs. mip-pre+pdf-pre 

mip-pre vs. itp-pre 

mip-pre vs. mip-pre+pdf-pre 

itp-pre vs. mip-pre+pdf-pre 

0.0339 
 

0.3401 
0.9328 
0.0100 
0.3202 
0.1200 
0.0108 

´´ 

5.2.1.7 
Kruskal-
Wallis 

activity/ 
ZT 0-24 

all 0.1340 ´´ 

5.2.1.7 
Kruskal-
Wallis 

relative ac-
tivity/ 

ZT 0-24 
all 0.1948 ´´ 

5.2.1.8 
Kruskal-
Wallis 

τ all 0.3958 ´´ 

5.2.1.8 
Kruskal-
Wallis 

Δτ all 0.7520 ´´ 

5.2.1.8 
Kruskal-
Wallis 

rhythmic 
windows 

all 0.1738 ´´ 

5.2.1.8 
Kruskal-
Wallis 

Δ rhythmic 
windows 

all 0.4643 ´´ 

5.2.1.8 
Kruskal-
Wallis 

activity/ 
CT 12-24 

all 0.2147 ´´ 

5.2.1.8 
Kruskal-
Wallis 

Δ activity/ 
CT 12-24 

all 0.4960 ´´ 

5.2.1.8 
Kruskal-
Wallis 

activity/ 
CT 0-24 

all 0.1389 ´´ 

5.2.1.8 
Kruskal-
Wallis 

relative ac-
tivity/ 

CT 0-24 
all 0.3078 ´´ 
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6.1.1.1 

unpaired 
t-test 

 
Mann- 

Whitney 

log rel. ex-
pression ra-

tio 

gfp vs. mip-pre+mip-r 

(male/female; target gene mip-

pre/mip-r) 
 

(male, target gene mip-pre) 

<0.0001 
 
 
 

<0.0001 

male: 
gfp = 9 

mip-pre+  

mip-r = 8 
female: 
gfp = 11 
mip-pre+ 

 mip-r = 11 

6.1.1.1 
unpaired 

t-test 
body weight 

male vs. female (gfp) 
gfp vs. mip-pre (male) 

gfp vs. mip-pre (female) 

<0.0001 
0.4903 
0.0488 

´´ 

6.1.1.1 
unpaired 

t-test 
body length 

male vs. female (gfp) 
gfp vs. mip-pre (male) 

gfp vs. mip-pre (female) 

<0.0001 
0.4092 
0.0478 

´´ 

6.1.1.1 
Mann- 

Whitney 
oocyte 
length 

gfp vs. mip-pre 0.3724 
gfp = 11 

mip-pre = 11 

6.1.1.2 
Mann- 

Whitney 

log rel. ex-
pression ra-

tio 
gfp vs. mip-pre <0.0001 

gfp = 16 
mip-pre = 15 

6.1.1.2 
Mann- 

Whitney 
activity/day gfp vs. mip-pre 0.5069 

gfp = 15 
mip-pre = 15 

6.1.1.2 

Kruskal-
Wallis 

 
 

Dunn’s 
post hoc 

relative ac-
tivity 

 
all 

 
virgin vs. mated (controls*) 
virgin vs. mated (mip-pre) 

controls* vs. mip-pre (virgin) 
controls* vs. mip-pre (mated) 

* Untreated+gfp 

 
0.0005 

 
0.0007 
0.0111 
0.7441 
0.7240 

 

virgin: 
controls* = 28 

mip-pre = 9 
mated: 

controls* = 14 
mip-pre = 5 

6.1.1.2 

Kruskal-
Wallis 

 
 

Dunn’s 
post hoc 

 

relative ac-
tivity 

all 
 

contactless vs. antennal contact  
contactless vs. fed on TGS 

contactless vs. mated 
antennal contact vs. fed on TGS 

antennal contact vs. mated 
fed on TGS vs. mated  

0.0060 
 

0.9789 
0.7113 
0.0077 
0.6770 
0.0052 
0.0023 

contact-
less = 12 

antennal con-
tact =15 
fed on 

TGS = 12 
mated = 14 

6.1.1.2 
Fisher’s 

exact test 
rhythmicity 

virgin vs. mated (untreated) 
virgin vs. mated (gfp) 

virgin vs. mated (mip-pre) 
untreated vs. gfp (virgin) 

untreated vs. mip-pre (virgin) 
gfp vs. mip-pre (virgin) 

untreated vs. gfp (mated) 
untreated vs. mip-pre (mated) 

gfp vs. mip-pre (mated) 
untreated (virgin) vs. gfp 

(mated) 
untreated (virgin) vs. mip-pre 

(mated) 
gfp (virgin) vs. untreated 

(mated) 
gfp (virgin) vs. mip-pre (mated) 
mip-pre (virgin) vs. untreated 

(mated) 
mip-pre (virgin) vs. gfp (mated) 

 

<0.0001 
0.2821 
0.0005 
0.0466 
1.0000 
0.0941 
1.0000 
1.0000 
1.0000 
0.0020 

 
0.0001 

 
0.0281 

 
0.0337 
0.0004 

 
0.0050 

 

virgin: 
untreated = 27 

gfp = 11 
mip-pre = 9 

mated: 
untreated = 9 

gfp = 5 
mip-pre = 5 

6.1.1.3 
Fisher’s 

exact test 
receptivity gfp vs. mip-pre 1.0000 

gfp = 15 
mip-pre = 13 
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Table A 12 Statistical comparison of groups in the BRET2 assay analyzed via Kruskal-Wallis test (p < 0.0001) followed by Dunn’s post hoc test (MIP-1 to MIP-5 stimulation) 

Group a b c d e f g h i j k l m n 

a X              

b 0.0003 X             

c 0.0070 0.3756 X            

d 0.0003 0.9752 0.3591 X           

e 0.0001 0.8116 0.2609 0.8358 X          

f <0.0001 0.3728 0.0756 0.3897 0.5138 X         

g <0.0001 0.7091 0.2080 0.7324 0.8928 0.6044 X        

h <0.0001 0.4249 0.0922 0.4432 0.5758 0.9257 0.6709 X       

i 0.0527 0.0995 0.4463 0.0932 0.0593 0.0111 0.0433 0.0145 X      

j 0.5072 0.0035 0.0418 0.0032 0.0016 0.0001 0.0010 0.0002 0.2025 X     

k 0.0546 0.0963 0.4370 0.0902 0.0573 0.0107 0.0418 0.0139 0.9876 0.2080 X    

l 0.2099 0.0198 0.1483 0.0182 0.0102 0.0013 0.0069 0.0018 0.4940 0.5547 0.5039 X   

m 0.1498 0.0320 0.2080 0.0296 0.0172 0.0024 0.0118 0.0033 0.6189 0.4370 0.6299 0.8520 X  

n 0.0636 0.0836 0.3984 0.0782 0.0490 0.0088 0.0354 0.0115 0.9339 0.2334 0.9463 0.5478 0.6785 X 

o 0.0912 0.0579 0.3123 0.0540 0.0328 0.0053 0.0233 0.0071 0.8036 0.3049 0.8156 0.6634 0.8036 0.8683 

Values are significant, if underlined. 

Values of otherwise equal groups measured with or without forskolin in the stimula-
tion solution are bold. 

a cAMP sensor + PDF-R + PDF (10-5 M) - forskolin 

b cAMP sensor + pETDuet-1 + MIP-1 to MIP-5 (10-6 M each) - forskolin 

c cAMP sensor + MIP-R + buffer - forskolin 

d cAMP sensor + MIP-R + MIP-1 (10-5 M) - forskolin 

e cAMP sensor + MIP-R + MIP-2 (10-5 M) - forskolin 

f cAMP sensor + MIP-R + MIP-3 (10-5 M) - forskolin 

g cAMP sensor + MIP-R + MIP-4 (10-5 M) - forskolin 

h cAMP sensor + MIP-R + MIP-5 (10-5 M) - forskolin 

i cAMP sensor + pETDuet-1 + MIP-1 to MIP-5 (10-6 M each) + forskolin 

j cAMP sensor + MIP-R + buffer + forskolin 

k cAMP sensor + MIP-R + MIP-1 (10-5 M) + forskolin 

l cAMP sensor + MIP-R + MIP-2 (10-5 M) + forskolin 

m cAMP sensor + MIP-R + MIP-3 (10-5 M) + forskolin 

n cAMP sensor + MIP-R + MIP-4 (10-5 M) + forskolin 

o cAMP sensor + MIP-R + MIP-5 (10-5 M) + forskolin 
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Table A 13 Statistical comparison of groups in the BRET2 assay analyzed via Kruskal-Wallis test (p < 0.0001) followed by Dunn’s post hoc test (MIP-6 to MIP-9 stimulation) 

Group a b c d e f g h i j k l 

a X            

b 0.0028 X           

c 0.0007 0.6729 X          

d 0.0011 0.7735 0.8931 X         

e <0.0001 0.1792 0.3570 0.2913 X        

f 0.0002 0.4203 0.7011 0.6044 0.5911 X       

g <0.0001 0.0792 0.1824 0.1422 0.6799 0.3422 X      

h 0.0507 0.2826 0.1345 0.1731 0.0156 0.0601 0.0047 X     

i 0.8106 0.0008 0.0002 0.0003 <0.0001 <0.0001 <0.0001 0.0224 X    

j 0.2850 0.0460 0.0156 0.0224 0.0008 0.0051 0.0002 0.3570 0.1731 X   

k 0.2067 0.0728 0.0267 0.0374 0.0017 0.0093 0.0004 0.4718 0.1179 0.8403 X  

l 0.1784 0.0877 0.0332 0.0460 0.0023 0.0120 0.0005 0.5266 0.0989 0.7735 0.9312 X 

m 0.0882 0.1824 0.0792 0.1050 0.0075 0.0324 0.0020 0.7956 0.0430 0.5080 0.6451 0.7083 

Values are significant, if underlined. 

Values of otherwise equal groups measured with or without forskolin in the stimula-
tion solution are bold. 

a cAMP sensor + PDF-R + PDF (10-5 M) - forskolin 

b cAMP sensor + pETDuet-1 + MIP-6 to MIP-9 (10-6 M each) - forskolin 

c cAMP sensor + MIP-R + buffer - forskolin 

d cAMP sensor + MIP-R + MIP-6 (10-5 M) - forskolin 

e cAMP sensor + MIP-R + MIP-7 (10-5 M) – forskolin 

f cAMP sensor + MIP-R + MIP-8 (10-5 M) - forskolin 

g cAMP sensor + MIP-R + MIP-9 (10-5 M) - forskolin 

h cAMP sensor + pETDuet-1 + MIP-6 to MIP-9 (10-6 M each) + forskolin 

i cAMP sensor + MIP-R + buffer + forskolin 

j cAMP sensor + MIP-R + MIP-6 (10-5 M) + forskolin 

k cAMP sensor + MIP-R + MIP-7 (10-5 M) + forskolin 

l cAMP sensor + MIP-R + MIP-8 (10-5 M) + forskolin 

m cAMP sensor + MIP-R + MIP-9 (10-5 M) + forskolin 
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Table A 14 Statistical comparison of groups in the BRET2 assay analyzed via Kruskal-Wallis test (p < 0.0001) followed by Dunn’s post hoc test (dose-dependency) 

Group a b c d e f g 

a X       

b 0.0182 X      

c 0.6288 0.0602 X     

d 0.1194 0.4205 0.2828 X    

e 0.8299 0.0317 0.7883 0.1794 X   

f 0.6577 0.0549 0.9679 0.2651 0.8195 X  

g 0.6005 0.0659 0.9679 0.3012 0.7575 0.9358 X 

h 0.0013 0.3902 0.0062 0.0960 0.0026 0.0055 0.0070 

Values are significant, if underlined. 

Values of otherwise equal groups measured with the expression of pETDuet-1 or 
cAMP sensor in the cells are bold. 

a cAMP sensor + pETDuet-1 + forskolin 

b cAMP sensor + pETDuet-1 + MIP-1 to MIP-9 (10-13 M each) + forskolin 

c cAMP sensor + pETDuet-1 + MIP-1 to MIP-9 (10-9 M each) + forskolin 

d cAMP sensor + pETDuet-1 + MIP-1 to MIP-9 (10-6 M each) + forskolin 

e cAMP sensor + MIP-R + buffer + forskolin 

f cAMP sensor + MIP-R + MIP-1 to MIP-9 (10-13 M each) + forskolin 

g cAMP sensor + MIP-R + MIP-1 to MIP-9 (10-9 M each) + forskolin 

h cAMP sensor + MIP-R + MIP-1 to MIP-9 (10-6 M each) + forskolin 
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9.2 Figures 

 

Figure A 1 Injections of 2 x 10-12 mol myoinhibitory peptide (MIP)-3 or insect saline did not change the period 

(τ) of locomotor activity rhythms. A wilcoxon test (saline) or paired t-test (MIP-3) was performed to compare 

the period before (black) and after (magenta) the injection. ns: not significant; saline: p = 0.0772, MIP-3: p = 

0.5686. 

 

Figure A 2 Injections of 2 x 10-12 mol mol myoinhibitory peptide (MIP)-4 or insect saline did not change the 

period (τ) of locomotor activity rhythms. Paired t-tests were performed to compare the period before (black) 

and after (magenta) the injection. ns: not significant; saline: p = 0.5549, MIP-4: p = 0.2357. 

 

 

Figure A 3 Injections of 2 x 10-12 mol mol myoinhibitory peptide (MIP)-5 or insect saline did not change the 

period (τ) of locomotor activity rhythms. Paired t-tests were performed to compare the period before (black) 

and after (magenta) the injection. ns: not significant; saline: p = 0.1143, MIP-5: p = 0.3685. 
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Figure A 4 Injections of 2 x 10-12 mol mol myoinhibitory peptide (MIP)-6 or insect saline did not change the 

period (τ) of locomotor activity rhythms. Paired t-tests were performed to compare the period before (black) 

and after (magenta) the injection. ns: not significant; saline: p = 0.5549, MIP-6: p = 0.2553. 
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Figure A 5 The emission of the bioluminescence resonance energy transfer (BRET2) signal of human embry-

onic kidney (HEK293T) cells expressing the myoinhibitory peptide receptor (MIP-R) and stimulated with my-

oinhibitory peptides (MIPs), was evaluated at 515 nm (black) and 410 nm (magenta). Cells were stimulated 

with MIP-1 to MIP-5 (a) or MIP-6 to MIP-9 (c) alone (one MIP: 10-5 M; MIP mix: 10-6 M each) or MIPs were 

applied together with forskolin (b,d; gray box), respectively. Negative controls were either untransfected cells, 

cells expressing an empty vector (pETDuet-1), or cells expressing the MIP-R, but stimulated with buffer solu-

tion. The positive control were cells expressing the pigment-dispersing factor receptor (PDF-R) and stimulated 

with 10-5 M PDF. All measurements except for the group of untransfected cells were performed in the context 

of a cotransfected cAMP sensor. 

 

 

Figure A 6 The emission of the bioluminescence resonance energy transfer (BRET2) signal of human embry-

onic kidney (HEK293T) cells expressing the myoinhibitory peptide receptor (MIP-R) and stimulated with dif-

ferent doses of myoinhibitory peptides (MIPs), was evaluated at 515 nm (black) and 410 nm (magenta). Cells 

were stimulated with a MIP-1 to MIP-9 peptide mix (10-6 M, 10-9 M or 10-13 M each) or MIPs were applied 

together with forskolin (gray box), respectively. Negative controls were either untransfected cells, cells ex-

pressing an empty vector (pETDuet-1), or stimulated with buffer solution. All measurements except for the 

group of untransfected cells were performed in the context of a cotransfected cAMP sensor. 
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Figure A 7 The locomotor activity patterns of gfp dsRNA-injected animal 1 (a) and animal 2 (b) were analyzed. 

Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the 

dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and 

black bars), the onset of locomotor activity (dark magenta dots) shifted. If activity was too low, the onset of 

activity was extrapolated from the other days (light magenta dots). The shift of animal 2 (b) could not be 

evaluated after the injection, as it advanced locomotor activity instead of delaying it. The average daily (ZT 0-

24) activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- 

and post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily 

activity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). 

The free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square 

periodogram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark 

gray bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel).  
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Figure A 8 The locomotor activity patterns of gfp dsRNA-injected animal 3 (a) and animal 4 (b) were analyzed. 

Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the 

dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and 

black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) activity level 

(gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and post-injection 

intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily activity levels 

(CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The free-run-

ning period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodogram 

analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray bars on 

x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 9 The locomotor activity patterns of gfp dsRNA-injected animal 5 (a) and animal 6 (b) were analyzed. 

Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the 

dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and 

black bars), the onset of locomotor activity (magenta dots) shifted. If activity was too low, the onset of activity 

was extrapolated from the other days (light magenta dot). The average daily (ZT 0-24) activity level (gray 

boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and post-injection inter-

vals under LD conditions. Under constant darkness (DD) conditions (black bars) daily activity levels (CT 0-

24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The free-running pe-

riod (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodogram analyses. 

A sliding 10 days window was used to examine the number of rhythmic windows (dark gray bars on x-axis) 

for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 10 The locomotor activity patterns of mip-pre dsRNA-injected animal 1 (a) and animal 2 (b) were 

analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On 

day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles 

(white and black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) 

activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and 

post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily ac-

tivity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The 

free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodo-

gram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray 

bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 11 The locomotor activity patterns of mip-pre dsRNA-injected animal 3 (a) and animal 4 (b) were 

analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On 

day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles 

(white and black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) 

activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and 

post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily ac-

tivity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The 

free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodo-

gram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray 

bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 12 The locomotor activity pattern of mip-pre dsRNA-injected animal 5 was analyzed. The animal’s 

activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the dsRNA was 

injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and black bars), 

the onset of locomotor activity (magenta dots) shifted. If activity was too low, the onset of activity was extrap-

olated from the other days (light magenta dot). The average daily (ZT 0-24) activity level (gray boxes) and 

proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and post-injection intervals under 

LD conditions. Under constant darkness (DD) conditions (black bars) daily activity levels (CT 0-24) and the 

proportion of subjective night activity (CT 12-24) were calculated (yellow). The free-running period (τ; gray 

lines), and rhythmicity (magenta boxes) were determined with chi-square periodogram analyses. A sliding 

10 days window was used to examine the number of rhythmic windows (dark gray bars on x-axis) for the pre- 

and post-injection interval in a continuous rhythm detector plot (lower panel). 

 



APPENDIX 211 

 

 

Figure A 13 The locomotor activity patterns of itp-pre dsRNA-injected animal 1 (a) and animal 2 (b) were 

analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On 

day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles 

(white and black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) 

activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and 

post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily ac-

tivity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The 

free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodo-

gram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray 

bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 14 The locomotor activity patterns of itp-pre dsRNA-injected animal 3 (a) and animal 4 (b) were 

analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On 

day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles 

(white and black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) 

activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and 

post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily ac-

tivity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The 

free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodo-

gram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray 

bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 15 The locomotor activity pattern of itp-pre dsRNA-injected animal 5 was analyzed. The animal’s 

activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the dsRNA was 

injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and black bars), 

the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) activity level (gray boxes) 

and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and post-injection intervals 

under LD conditions. Under constant darkness (DD) conditions (black bars) daily activity levels (CT 0-24) and 

the proportion of subjective night activity (CT 12-24) were calculated (yellow). The free-running period (τ; 

gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodogram analyses. A sliding 

10 days window was used to examine the number of rhythmic windows (dark gray bars on x-axis) for the pre- 

and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 16 The locomotor activity patterns of mip-pre and pdf-pre dsRNA-injected animal 1 (a) and animal 

2 (b) were analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper 

panel). On day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark 

(LD) cycles (white and black bars), the onset of locomotor activity (magenta dots) shifted. The average daily 

(ZT 0-24) activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for 

pre- and post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) 

daily activity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yel-

low). The free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-

square periodogram analyses. A sliding 10 days window was used to examine the number of rhythmic windows 

(dark gray bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower 

panel). 
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Figure A 17 The locomotor activity patterns of mip-pre and pdf-pre dsRNA-injected animal 3 (a) and animal 

4 (b) were analyzed. Each animal’s activity was recorded in a double-plotted actogram for 102 days (upper 

panel). On day 39 the dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark 

(LD) cycles (white and black bars), the onset of locomotor activity (magenta dots) shifted. If activity was too 

low, the onset of activity was extrapolated from the other days (light magenta dot). The average daily (ZT 0-

24) activity level (gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- 

and post-injection intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily 

activity levels (CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). 

The free-running period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square 

periodogram analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark 

gray bars on x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 
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Figure A 18 The locomotor activity pattern of mip-pre and pdf-pre dsRNA-injected animal 5 was analyzed. 

The animal’s activity was recorded in a double-plotted actogram for 102 days (upper panel). On day 39 the 

dsRNA was injected (arrowhead). In response to a six hours shift of 12:12 h light-dark (LD) cycles (white and 

black bars), the onset of locomotor activity (magenta dots) shifted. The average daily (ZT 0-24) activity level 

(gray boxes) and proportion of dark phase activity (ZT 12-24; blue) were evaluated for pre- and post-injection 

intervals under LD conditions. Under constant darkness (DD) conditions (black bars) daily activity levels 

(CT 0-24) and the proportion of subjective night activity (CT 12-24) were calculated (yellow). The free-run-

ning period (τ; gray lines), and rhythmicity (magenta boxes) were determined with chi-square periodogram 

analyses. A sliding 10 days window was used to examine the number of rhythmic windows (dark gray bars on 

x-axis) for the pre- and post-injection interval in a continuous rhythm detector plot (lower panel). 

 



APPENDIX 217 

 

 

 

Figure A 19 The shifting duration of the onset of locomotor activity in response to a six hours delay of light-

dark (LD) cycles was evaluated before (black) and after (magenta) the injection of gfp, mip precursor 

(mip-pre), itp precursor (itp-pre) or mip-pre and pdf precursor (pdf-pre) dsRNA. 

 

 

Figure A 20 The share of running wheel activity in the dark phase (ZT 12-24) of the light-dark (LD) cycle was 

evaluated before (black) and after (magenta) the injection of gfp, mip precursor (mip-pre), itp precursor 

(itp-pre) or mip-pre and pdf precursor (pdf-pre) dsRNA. 
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Figure A 21 The share of running wheel activity in anticipation of the dark phase (ZT 11-12) within the light-

dark (LD) cycle was evaluated after the injection of gfp (black), mip precursor (mip-pre; magenta), itp precur-

sor (itp-pre; gray) or mip-pre and pdf precursor (pdf-pre; blue) dsRNA. A Kruskal-Wallis test was performed 

to compare groups. A: Groups were not significantly different. p = 0.2977. 

 

 

Figure A 22 The daily (ZT 0-24) running wheel activity under light-dark (LD) conditions was evaluated before 

(black) and after (magenta) the injection of gfp, mip precursor (mip-pre), itp precursor (itp-pre) or mip-pre 

and pdf precursor (pdf-pre) dsRNA. 

 

 

Figure A 23 The period (τ) was evaluated before (black) and after (magenta) the injection of gfp, mip precursor 

(mip-pre), itp precursor (itp-pre) or mip-pre and pdf precursor (pdf-pre) dsRNA. 
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Figure A 24 The share of rhythmic windows of a sliding ten day window was evaluated before (black) and 

after (magenta) the injection of gfp, mip precursor (mip-pre), itp precursor (itp-pre) or mip-pre and pdf pre-

cursor (pdf-pre) dsRNA. 

 

 

Figure A 25 The share of running wheel activity in the dark phase (CT 12-24) of the circadian day was evalu-

ated before (black) and after (magenta) the injection of gfp, mip precursor (mip-pre), itp precursor (itp-pre) or 

mip-pre and pdf precursor (pdf-pre) dsRNA. 
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Figure A 26 The daily (CT 0-24) running wheel activity under constant darkness (DD) conditions was evalu-

ated before (black) and after (magenta) the injection of gfp, mip precursor (mip-pre), itp precursor (itp-pre) or 

mip-pre and pdf precursor (pdf-pre) dsRNA. 

 

 

Figure A 27 Downregulation of mip precursor (mip-pre) and putative mip receptor (mip-r) mRNA levels 

(magenta) did not influence male or female body width, as compared to gfp dsRNA-injected controls (black). 

Mann-Whitney tests were performed to compare groups. ns: not significant; male: p = 0.1438, female: 

p > 0.9999. 

 

Figure A 28 Untreated (blue) and gfp dsRNA-injected (black) females were equally active when they reached 

the same escalation level after the introduction to males. The relative activity was calculated from the activity 

level ten days after (post) divided by ten days before (pre) the contact to males. Females with only antennal 
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contact to males, females that fed on male tergal gland secretion (TGS), and mating females were grouped, 

respectively. Mann-Whitney tests were performed to compare untreated with gfp dsRNA-injected females. ns: 

not significant; antennal contact: p = 0.3864, fed on TGS: p = 0.4293, mated: p = 0.5390. 
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