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Zusammenfassung 

 

 

 

 

Die Anpassung an wiederkehrende Rhythmen der Umwelt bietet 

evolutionäre Vorteile im Hinblick auf die Antizipation vor Eintritt der 

Umgebungsveränderung, als auch zur physiologischen Abstimmung 

körpereigener Prozesse. Aufgrund dessen entwickelten nahezu alle 

Organismen endogen schwingende Oszillatoren als Grundlage der Inneren 

Uhr. In Säugetieren wurde die innere Uhr über dem optischen Chiasma im 

Hypothalamus lokalisiert. Das erste Tier jedoch, indem die innere Uhr 

experimentell nachgewiesen werden konnte, war die nachtaktive Schabe 

Rhyparobia (Leucophaea) maderae. Das bilateralsymmetrisch in den optischen 

Loben gelegene Neuropil, welches sich ventromedian der Medulla befindet, 

wird entsprechend als akzessorische Medulla (AME, plural: AMEs) 

bezeichnet. Mit der AME sind etwa 240 Neurone assoziiert, was einem 

Bruchteil der inneren Uhr von Säugetieren entspricht. Somit hat sich die 

Schabe aufgrund geringer Komplexität, aber auch Robustheit und 

Zugänglichkeit des primären Schrittmacherzentrums als Modellorganismus 

der zirkadianen Rhythmik etabliert. Kennzeichnend für die AME ist eine 

hohe Dichte an Neurotransmittern und –peptiden. Diese spielen nachweislich 

eine entscheidende Rolle zur Generierung des endogenen Rhythmus, sowie 

der Synchronisation mit der Umwelt über externe Zeitgeber; sind jedoch im 

Detail kaum verstanden. Aufgrund vorangegangener Forschung konnten das 

Neuropeptid pigment-dispersing factor (PDF) sowie diverse Neurotransmitter, 

insbesondere γ-Aminobuttersäure (GABA) und Acetylcholin als potentiell 

wichtige Botenstoffe im zircadianen System identifiziert werden.  

Inhaltlich befasst sich diese Doktorarbeit mit grundlegenden Fragen zur 

physiologischen Wirkungsweise dieser Botenstoffe auf zellulärer Ebene. Die 

Ergebnisse erlauben eine neue Hypothese bezüglich der PDF-Funktion für die 

Kontrolle von Schlaf (Ruhe) - Wach- (Aktivitäts-) Zyklen zu entwickeln. Wir 

fanden heraus, dass die PDF-Applikation ipsilateral kleine PDF-ir Neuronen 

erregt, welche über exzitatorische PDF-Autorezeptoren eine positive 

Rückkopplungsschleife bilden. Im Gegensatz dazu wurden alle kontralateral 

projizierenden mittelgroßen PDF-sensitiven AME Neurone durch PDF und 

GABA inhibiert. Die Resultate lassen vermuten, dass die lichtinduzierte 

PDF-Freisetzung während des Tages Schlafkreisläufe aktiviert, während sie 
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aktivitätsfördernde neuronale Schaltkreise unterdrückt und somit eine 

12-stündige Phasendifferenz von Ruhe und Aktivität aufrechterhält. 

Zukünftige Studien werden diese neue Hypothese zur PDF Funktion in der 

zirkadianen Uhr von Insekten prüfen. 

 

 

 

Kapitel 1 

 

Der Neurotransmitter γ-Aminobuttersäure (GABA) gilt als wichtigster 

inhibitorischer Botenstoff im Zentralnervensystem. Injektionen von GABA 

zeigten lichtähnliche Effekte bezüglich Phasenbeschleunigung und –

verzögerung der lokomotorischen Laufaktivität der Madeira Schabe. 

Hinweise für ipsilateralen Lichteingang ergaben auch immunzytochemische 

Studien, welche eine starke GABAerge Innervierung der Glomeruli der 

akzessorischen Medulla (AME) über den distalen Trakt nachwiesen. Weitere 

GABA immunreaktive Trakte verbinden zudem die AME mit der proximalen 

und akzessorischen Lamina (LA) des optischen Lobus. Physiologische 

Untersuchungen innerhalb des Netzwerkes identifizierten GABA als 

Kopplungsfaktor zur Kommunikation der Phasenlage von neuronalen 

Ensembles der AME. 

 

Die Analyse individueller Zellen in Kultur mittels Ca2+ imaging zeigen, dass 

Zellen welche mit der Lamina (LA) assoziiert sind auf GABA überwiegend 

mit einer Aktivitätserhöhung reagieren und GABA demnach hier 

überwiegend exzitatorisch wirkt. Zellen der AME hingegen reagieren generell 

in höherer Anzahl auf den Neurotransmitter, wobei überwiegend 

Reduktionen und im geringerem Anteil Anstiege von intrazellulären 

Kalziumleveln bestimmt werden konnten. Einzelzellmarkierungen über 

Rhodamine-dextran ermöglichten eine Identifikation der kontralateralen, zur 

bilateralen AME projizierenden Zellen. Diese wiesen den höchsten Anteil 

GABA-sensitiver Zellen verglichen mit dem Anteil der AME und LA 

assoziierten Zellen auf. Interessanterweise beschränken sich die durch GABA 

hervorgerufen Zellantworten kontralateral koppelnder Zellen, auf die 

Inhibition spontan aktiver Zellen und Reduktion des intrazellulären 

Kalziumspiegels. 
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Kapitel 2 

 

Der überwiegend inhibitorische Neurotransmitter γ-Aminobuttersäure 

(GABA) kann sowohl über ionotrope GABAA Rezeptoren als auch 

metabotrope GABAB Rezeptoren wirken. Der ligandengesteuerte GABAA 

Rezeptor setzt sich aus 5 Untereinheiten zusammen, welche eine 

chloridleitende Pore bilden und somit den Chlorid Ein- oder Ausstrom 

ermöglichen. Der G-protein gekoppelte GABAB Rezeptor wirkt bezüglich der 

Signaltransduktion inhibierend auf Neuronen über die Aktivierung von 

Kaliumkanälen oder Hemmung von Kalziumkanälen. Die mögliche 

Beteiligung beider Rezeptoren wurde an Zellen der inneren Uhr von 

Rhyparobia maderae zunächst separat untersucht. Die jeweiligen Agonisten der 

Rezeptoren induzierten sowohl Anstiege als auch Reduktionen intrazellulärer 

Kalziumlevel in unterschiedlichen Zellen oder waren in der Lage die 

Spontanaktivität von Neuronen zu unterbinden; ähnlich wie GABA selbst.  

Die Veränderung extrazellulärer Chloridbedingungen über Versuchs- 

lösungen und intrazelluläre Modulation über die Inhibition zelleigener  

Chloridtransporter (Chloridpumpenblocker KCC2 und NKCC1) belegen den 

Zusammenhang der GABAA induzierten Reaktion von der 

Chloridhomöostase. Übertragen auf GABA selbst konnte gezeigt werden, 

dass die Chloridmodulation in GABAergen Zellen einen 

„Polaritätsswitch“ hervorrufen kann: ursprünglich exzitatorisch reagierende 

Zellen der akzessorischen Medulla antworten nach Inhibition des 

Chlorid-importierenden NKCC1-cotransporters mit einer Reduktion 

intrazellulären Kalziums. 

 

Weiterhin konnte gezeigt werden, dass Zellen der inneren Uhr beide 

Rezeptortypen enthalten können, wo diese zum Teil antagonistische 

Reaktionen bezüglich des intrazellulären Kalziumlevels induzieren. Da 

sowohl vom GABAA- als auch GABAB-Rezeptor hervorgerufene 

Zellantworten von den Chloridbedingungen im intra- und extrazellulären 

Raum moduliert werden, deutet dies auf eine hohe Variabilität in der 

Signaltransduktion des Neurotransmitters hin. 
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Kapitel 3 

 

Das Neuropeptid pigment-dispersing factor (PDF) stellt einen wichtigen 

Kopplungsfaktor im Netzwerk des zirkadianen Schrittmacherzentrums der 

Madeira Schabe dar und scheint ebenfalls an dem Lichteingang der inneren 

Uhr beteiligt zu sein. Aufgrund seiner essentiellen Rolle, ist das Neuropeptid 

insbesondere anatomisch detailliert erforscht. Obwohl auch physiologische 

Untersuchungen vorliegen, ist das Verständnis zur Signaltransduktion in der 

Schabe weitestgehend unverstanden. Über die Kombination aus 

Einzelzellmarkierung mittels backfills, stabile Kultivierung von Neuronen in 

primary cell cultures auf UNCD beschichteten Oberflächen, Bestimmung der 

physiologischen Reaktion über Ca2+ imaging und anschließender 

immunhistologischer Charakterisierung, konnten neue Erkenntnisse zur 

Wirkungsweise von PDF gewonnen werden. 

 

Die Messreihen identifizierten die großen und mittleren PDF 

synthetisierenden Uhrzellen als anatomisch zur bilateralen AME koppelnde 

Zellen, wobei die größte PDF-immunoreaktive (-ir) Zelle keinen Autorezeptor 

trägt. Die mittelgroßen PDF-ir Zellen hingegen sind gegenüber PDF sensitiv 

und werden in ihrer Aktivität gehemmt. Kleine PDF-ir Neurone sind 

beschränkt auf den ipsilateralen Schrittmacher wo sie über PDF aktiviert 

werden und somit in einem antagonistischen Signalverhältnis zu den 

inhibierenden PDF-ir Zellen stehen. Neben Uhrzellen die selbst PDF 

synthetisieren, existiert eine weitere Population, welche lediglich den 

Rezeptor für das Neuropeptid trägt. Bezüglich ihrer PDF-induzierten 

Reaktionen, lassen diese sich ebenfalls in inhibitorische kontralateral 

projizierende und exzitatorische ipsilaterale Neurone kategorisieren. 

 

 

 

 

 

Kapitel 4 

  

 

Der Körper beherbergt eine Vielzahl von inneren Uhren welche koordiniert 

werden von einem primären Schrittmacherzentrum. Dieser generiert einen 

endogenen Rhythmus von etwa 24 Stunden und wird über externe Rhythmen 
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mit der Umwelt synchronisiert. In der Madeira Schabe haben 

Transplantations- und Läsionsexperimente die akzessorische Medulla (AME), 

ein kleines Neuropil im optischen Lobus der Tiere lokalisiert und als Sitz der 

inneren Uhr identifiziert. Vorangegangene Untersuchungen isolierter AME 

Neurone zeigten intrazelluläre Kalziumschwankungen beispielsweise in 

Form von Kalzium-Transienten. Diese werden hervorgerufen über 

selbstinduzierte Aktionspotentiale und stellen mit dieser Eigenschaft 

potentielle Taktgeber der Uhr dar. In extrazellulären Ableitungen der 

isolierten AME, konnten diese Rhythmen als ultradiane Schwankungen in der 

elektrischen Aktivität nachgewiesen werden. 

 

Über die Kalziummessung individueller Zellen der AME konnten endogene 

Schwankungen der intrazellulären Kalziumlevel zwischen Messintervallen 

über mehrere Stunden, unter ansonsten konstanten extrazellulären 

Bedingungen gezeigt werden. Bezüglich des überwiegend inhibitorisch 

wirkenden Neurotransmitters GABA, ergab der Vergleich zwischen 

Messintervallen über einen längeren Zeitraum, die endogene Modulation 

individueller Zellantworten. Dies wurde hinsichtlich der Amplitude 

GABA-induzierter Kalziumanstiege, sowie dem Wechsel von einer zuvor 

kalziumreduzierenden, zu einer kalziumerhöhenden Reaktion innerhalb 

derselben Zelle deutlich. Diese scheinbar endogene Modulation der 

Sensitivität gegenüber neuronalen Signalbotenstoffen, konnte ebenfalls für 

den überwiegend exzitatorischen Neurotransmitter Acetylcholin über die 

Bestimmung der Sensitivität von AME Zellen zu unterschiedlichen Zeiten 

beobachtet werden. Die Resultate deuten zudem darauf hin, dass die Dauer 

der Lichtexposition (Photoperiode), denen die Tiere zuvor ausgesetzt waren, 

auch auf Zellebene Einfluss auf deren physiologische Eigenschaften nehmen. 
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Summary 

 

The adaptation to recurring, rhythmic phenomena offers evolutionary 

advantages since it allows for anticipation of rhythmic environmental changes 

and temporal coordination of physiological processes. Therefore, organisms 

developed endogenous oscillators constituting internal clocks. The very first 

internal clock was identified in the nocturnal cockroach Rhyparobia (Leucophaea) 

maderae. The bilaterally organized clock neuropils are located in the optic lobes 

ventromedially to the medulla and termed accessory medulla (AME, plural: 

AMEs). With about 240 adjacent neurons, the AME contains just a fraction of 

neurons associated with the mammalian clock. Thus, the large, long-living 

cockroach was established as a model organism of cellular circadian rhythm 

research due to its lower complexity, but also due to its robustness and the 

accessibility to the primary pacemaker center. AME neurons contain an 

unusually high density of colocalized neurotransmitter and -peptides with 

mostly unknown functions. Previous research identified the neuropeptide 

pigment-dispersing factor (PDF) as well as the main inhibitory neurotransmitter 

γ-amino butyric acid (GABA) as most important coupling factor of the 

circadian system in the Madeira cockroach. In my doctoral thesis I ask 

fundamental questions about the physiological properties of these two 

coupling factors employing cellular and molecular techniques. My work 

resulted in very interesting, unexpected results that allowed to develop a new 

hypothesis concerning PDF-function in the control of sleep (rest) - wake 

(activity) cycles. We found that PDF application excites ipsilaterally remaining 

small PDF-ir neurons that form a positive feedback-loop via excitatory 

PDF-autoreceptors. In contrast, all contralaterally projecting medium-sized 

PDF-sensitive AME neurons were inhibited by PDF and GABA application. 

Our new hypothesis suggests that light induced PDF-release during the day 

activates sleep circuits while suppressing activity-promoting neuronal circuits, 

thereby maintaining a 12 h phase difference of rest and activity during the 

course of the day. Accordingly, ELISAs showed before that PDF is released 

during the day with declining titers at the end of the day and the beginning of 

the night. Therefore, a light-dependent upregulation of PDF-expression is 

suggested. Future studies will challenge the new hypothesis of PDF functions 

in the insect circadian clock. 
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1. Introduction 

 

Amongst insects, the circadian pacemaker system of the fruit fly Drosophila 

melanogaster and the Madeira cockroach Rhyparobia maderae (synonym: 

Leucophaea maderae) are studied best. While the tiny fruit fly is an important 

model organism due to its brilliant genetical toolbox, the large and long-living 

Madeira cockroach is very well suited for cellular, physiological, biochemical, 

and behavioral studies of the circadian clock (reviews: Helfrich-Förster, 2014; 

Stengl and Arendt, 2016; Wei et al., 2014). I will focus in the following on the 

cellular characterization of the circadian pacemaker system of the Madeira 

cockroach with focus on pigment-dispersing factor-immunoreactive (PDF-ir) 

and GABA-receptor expressing clock neurons. 

 

 

 

1.1 Localization and structure of the circadian pacemaker in the Madeira 

cockroach 

 

The Madeira cockroach was the first animal where a circadian pacemaker 

could be assigned to a particular brain region. Lesion- and transplantation 

experiments located the circadian clock that coordinates daily rhythms of 

locomotor activity ventrally to the medulla of both optic lobes 

(Nishiitsutsuji-Uwo, 1968a; Page, 1982; Roberts, 1974; Sokolove, 1975). More 

specific transplantations identified the accessory medulla (AME) with PDF-ir 

neurons as the circadian clock that controls rest-activity rhythms (Reischig 

and Stengl, 2003a). The AME is a pear-shaped small neuropil organized in a 

central glomerular core, interglomerular- and shell region in contrast to the 

retinotopic organization of the other optic lobe neuropils lamina (LA), 

medulla (ME), and lobula (LO) (Petri et al., 1995; Reischig and Stengl, 1996; 
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review: Strausfeld, 2009). About 240 neurons innervate the AME neuropil (Fig. 

1). They are divided into seven groups, named according to their location next 

to the AME: anterior neurons (ANe), distal and medial-frontoventral neurons 

(DFVNe and MFVNe), medial neurons (MNe), ventral neurons (VNe), 

ventromedial neurons (VMNe), and ventroposterior (VPNe) neurons 

(Reischig and Stengl, 1996; Reischig and Stengl, 2003b; Soehler et al., 2008). 

The AME neurons express different neurotransmitters and are especially 

abundant of colocalized neuropeptides which were identified with 

immunocytochemistry and massspectrometry. Amongst these neuroactive 

substances are PDF, allatotropin (AT), baratin, corazonin, FMRFamid related 

peptides, leucomyosuppressin, short neuropeptide F (sNPF), gastrin, 

leucokinin, myoinhibitory peptides (MIPs), orcokinin (ORC), histamine (HA), 

γ-amino butyric acid (GABA), and serotonin (5-HT) (Hofer and Homberg, 

2006; Homberg et al., 1991; Nässel et al., 2000; Petri et al., 2002; Petri et al., 

1995; Reischig and Stengl, 1996; Reischig and Stengl, 2003b; Schulze et al., 

2012; Soehler et al., 2008; Söhler et al., 2007; Stengl and Homberg, 1994). The 

structure and functions of the PDF-ir neurons were studied best. 

 

 

 

 

 

 

 

 

 

Figure 1 A,B: The accessory medulla (AME) with innervating pigment-dispersing factor 

immunoreactive (PDF-ir) pacemaker cells is the circadian pacemaker center of the Madeira 

cockroach that controls sleep-wake cycles. (A) The 3D-reconstruction of the accessory 

medulla (AME), the circadian pacemaker center of the Madeira cockroach with adjacent soma 

groups. GABA-ir distal tract (DT). Distal-frontoventral neurons (DFVNes), ventro-posterior 

neurons (VPNes), ventral neurons (VNes), medial-frontoventral neurons (MFVNes), 
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ventromedian neurons (VMNes) and median neurons (MNes). (B) Reconstruction of the 

PDF-ir fiber system in the optic lobe of the Madeira cockroach that is constituted by 4 PDF-ir 

soma groups in lamina (LA) and medulla (ME). Two PDF-ir soma groups next to the 

accessory medulla (AME) are the anterior and posterior medulla neurons (aPDFMEs, 

pPDFMEs). The aPDFMEs consist of the largest (red), large (yellow), medium (green) and 

small (blue) PDF-ir cells. Further two PDF-ir clusters are associated with the LA: the dorsal 

(d)- and ventral (v) PDFLAs. Scale bar: 50 µM. Modified after Reischig and Stengl, 2003b and 

Wei et al., 2010. 

  

 

 

1.2 PDF-immunoreactive neurons in the Madeira cockroach 

 

The central nervous system contains two main groups of PDF-ir neurons (Fig. 

1), a dorsal and ventral cluster of PDF-ir neurons associated with the lamina 

(dPDFLA, vPDFLA) as well as anterior and posterior groups of PDF-ir 

neurons in the medulla (aPDFME, pPDFME) (Petri et al., 1995; Reischig and 

Stengl, 1996; Wei et al., 2010). Lamina associated dPDFLAs and vPDFLAs 

consisted of 50–70 somata proximal to the lamina with arborizations in the 

lamina and distal medulla, and possibly also in the AME (Petri et al., 1995; 

Reischig and Stengl, 1996; Reischig and Stengl, 2003b; Stengl and Homberg, 

1994; Wei et al., 2010). The functions and exact arborization patterns of single 

PDFLAs are not known. 

PDF-ir neurons located posterior to AME (pPDFME) contain two subgroups 

according to size and position. These five large and three small PDF-ir 

neurons have branches apparently restricted to the ipsilateral optic lobe 

(Reischig and Stengl, 2003b; Soehler et al., 2011; Wei et al., 2010). 

The aPDFMEs can be subdivided into three groups according to soma size 

and staining intensity. Each of these groups consists of four somata (Fig. 1). 

The large aPDFMEs are stained most intensely and include a single, 

particularly large soma, and three slightly smaller PDF-ir cells. The four 

medium-sized, less intensely stained somata, and further four small-sized 
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cells. Small aPDFMEs are local neurons of the AME (DFVNes). All others 

appear to be projection neurons (VNes) that connect the AME to optic lobe 

neuropils and via the anterior optic commissure (AOC; medium-sized 

aPDFME) or posterior optic commissure (POC, large and largest aPDFME) to 

the central brain. Further, the large aPDFMEs arborize in the anterior shell 

AME neuropil, the medium-sized aPDFMes project to the glomeruli and to a 

lesser extent to the interglomerular region of the AME. Neurites of the 

PDFMEs connect the AME with the ipsilateral medulla and lamina via 

anterior fiber fan and median layer fiber systems (Reischig et al., 2004; 

Reischig and Stengl, 2003b; Soehler et al., 2011; Wei et al., 2010). The PDF-ir 

neurons were suggested to be part of input-, local- and output pathways of 

the circadian pacemaker in the Madeira cockroach. 

  

 

 

 

1.3 Pacemakers within the accessory medulla 

 

Circadian clocks regulate physiological processes including the sleep/wake 

cycle, blood pressure and body temperature. Such clocks enable organisms to 

adjust to the 24-hour day/night cycle resulting from the rotation of the earth. 

Internal clocks are located all over the body, coordinated by a central 

pacemaker network. While an interacting, coupled network of circadian 

pacemaker cells is necessary for stable, robust rhythms, also single cells 

constitute endogenous circadian clocks. They consist of a molecular clock in 

the nucleus/cytoplasm and a plasma membrane oscillator (review: Stengl and 

Arendt, 2016). The molecular clock generates about 24 h oscillations in gene 

expression with resulting rhythms in mRNA- and protein concentration 

changes. The molecular nuclear clockwork is based upon 

transcriptional-translational feedback loops (review: Hardin, 2011). Thus, the 
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self-sustaining nuclear clockwork enables the circadian pacemaker cells to 

generate rhythmic outputs. It also allows the pacemaker cell to adjust to 

periodic environmental inputs that the clock responds to with Zeitgeber 

time-dependent phase delays or -advances. The nuclear molecular clockwork 

is best characterized in the fruit fly D. melanogaster (Fig. 2). Characteristic 

“clock genes” are period (per), timeless (tim), cryptochrome (cry), clock, and cycle 

that are expressed in specific groups of somata in the fruit fly brain such as in 

ventrolateral PDF-ir neurons (reviews: Helfrich-Förster, 2014; Hermann-Luibl 

and Helfrich-Förster, 2015). In the Madeira cockroach immunocytochemical 

stainings identified widespread expression of the clock protein PER all over 

the brain. Using quantitative PCR, mRNA levels of putative circadian genes 

per, tim1 and cry2 were identified in the Madeira cockroach. As characteristic 

for circadian gene expression, mRNA level determinations revealed circadian 

oscillations which mostly continue also under constant darkness (Fischer, 

2002; Werckenthin et al., 2012). 

 

 

 

 

 

 

 

 

 

 

Figure 2: Simplified model of the molecular circadian clockwork in nucleus and cytoplasm 

of circadian clock neurons of the fruit fly Drosophila melanogaster. Period (per) and timeless 

(tim) are part of the “core feedback loop” of the circadian clockwork. The transcription factors 

CLOCK and CYCLE (CLK-CYC) activate expression of per and tim which results in an 

accumulation of PER and TIM in the cytoplasm, followed by posttranslational modifications. 

Delayed translocation of the clock proteins into the nucleus results in an inhibition of their 
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own transcription. This nuclear circadian clock results in circadian oscillations of clock 

mRNA and protein levels. Furthermore, CRYPTOCHROME (CRY) allows for 

light-dependent degradation of TIM and therefore controls light-dependent phase shifts of 

the circadian rhythm. Simplified and modified after Tomioka and Matsumoto, 2010. 

 

 

 

The circadian clock in the plasma membrane of circadian clock cells generates 

ultradian as well as circadian rhythms in the cell´s electrical activity and in 

neuropeptide and neurotransmitter release via antagonistic ion channels 

(review: Stengl and Arendt, 2016). Also at a single cell level, isolated circadian 

pacemaker neurons show electrical activity rhythms (Cao and Nitabach, 2008; 

Michel et al., 1993; Sheeba et al., 2008; Welsh et al., 1995). The circadian clocks 

in the plasma membrane are coupled to the molecular clockwork in the 

nucleus/cytoplasm since the period of the firing rate is altered in clock 

mutants with non-24hr rhythms as demonstrated in the circadian clock of 

mammals (Herzog et al., 1998; Liu et al., 1997). However, the exact 

mechanisms of interaction between both clockworks are not known yet even 

though a number of channels and currents have been implicated in 

controlling pacemaker activity. In the Madeira cockroach dispersed AME 

neurons in primary cell culture exhibited regular spontaneous Ca2+ transient 

which accompanied spontaneous rhythmic action potential activity since they 

could be suppressed by the sodium channel blocker tetrodotoxin (TTX). 

Pharmacological studies identified pacemaker currents that were responsible 

for the spontaneous activity of the AME neurons (Wei and Stengl, 2012). 

These pacemaker channels that depolarize the cells at rest were mostly 

low-voltage-activated Ca2+ channels (LVA) and hyperpolarization-activated, 

cyclic nucleotide-gated cation channels (HCN), and in fewer cases also 

sustained sodium channels. Counteracting, antagonistic small-conductance 

Ca2+-dependent K+ channels (SK) and voltage-gated potassium channels (KV) 



13 
 

channels were also identified mediating repolarization and allow for the next 

cycle of depolarization (Wei and Stengl, 2012). These pacemaker neurons 

form ensembles, apparently also with non-pacemaking cells (Schneider and 

Stengl, 2005; Schneider and Stengl, 2006; Schneider and Stengl, 2007). Within 

an ensemble all neurons fire in synchrony with the same period in the gamma 

frequency range (20-70 Hz) and constant phase relationships. AME cells form 

ensembles coupled via gap junction and synchronized by GABAergic 

interneurons firing with same interspike intervals. Since the application of 

PDF formed new transient ensembles, PDF is hypothesized to gate AME 

outputs to downstream neurons by phase synchronization (Schneider and 

Stengl, 2005; Schneider and Stengl, 2006; Schneider and Stengl, 2007; reviews: 

Stengl and Arendt, 2016; Stengl et al., 2015). 

 

 

 

 

 

1.4 Dual oscillator model 

 

Based on Aschoff’s observations, Pittendright and Daan postulated that the 

circadian system is composed of a population of oscillators since the circadian 

rhythm of locomotor activity can dissociate into two distinct components after 

exposure to constant illumination. This “splitting” phenomenon cannot be 

explained by a single oscillator regulating locomotor activity, but indicates 

that at least two mutually coupled pacemakers underlie the circadian rhythm 

of activity (Aschoff, 1954; Aschoff, 1957; Daan and Berde, 1978; Pittendrigh, 

1974; Pittendrigh and Daan, 1976). This dual oscillator model can explain 

adaptations to different photoperiods as well as internal desynchronization 

into two free-running activity components with long or short period (Grima 

et al., 2004; Helfrich-Forster, 2009; Inagaki et al., 2007; Stoleru et al., 2004). One 
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oscillator couples to dawn and is advanced by light resulting in a shorter 

period, therefore referred as morning oscillator (M- oscillator). The 

counteracting evening oscillator (E- oscillator) with a longer period and is 

delayed by light thus synchronized to dusk. 

 

Figure 3: The cellular network of the 

circadian clock in D. melanogaster. The 

morning (M) peak is driven by the 

pigment dispersing factor (PDF, labeled 

blue) positive small ventrolateral neurons 

(s-LNvs) which maintain behavioral 

rhythms under constant darkness (DD). 

The evening (E) peak is driven by 

dorsolateral neurons (LNds), the PDF 

negative s-LNv (5th s-LNv), and perhaps a 

few dorsal neurons (DN1s). These cells are 

known as the E-oscillators. Modified after 

Yoshii et al., 2016 and Dubruille and 

Emery, 2008. 

 

 

In the mammalian circadian clock, the suprachiasmatic nucleus, there is no 

general agreement to the cellular identity of the M- and E-oscillators. Most is 

known about the cellular nature of both oscillators in Drosophila. In the fruit 

fly, the M- oscillator but not the E- oscillator is assumed to consist of 

PDF-releasing small LNvs except of the non-PDF 5th s-LNv (Peschel and 

Helfrich-Förster, 2011; Rieger et al., 2006; Yoshii et al., 2009; Fig. 3), whereas in 

the cockroach, the cellular organization and molecular mechanisms of M- and 

E- oscillators are not known. 
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1.5 M- and E- oscillator in D. melanogaster 

 

The Drosophila clock network consists of approximately 150 clock neurons 

coordinating their molecular clocks via interneuronal signaling to form a 

coherent clock network producing robust circadian rhythms (review: 

Helfrich-Förster, 2014; Welsh et al., 2010). 

 

Per and tim are expressed in a few cells of lateral neurons (LN) and dorsal 

neurons (DN), named according to their position in the brain (Ewer et al., 

1992; Frisch et al., 1994; Siwicki et al., 1988; Zerr et al., 1990; Fig. 3). They can 

be further subdivided into the LNd, a dorsally located group of cells and 

ventrally located large LNs (l-LNv) and small LN (s-LNv). The DN cells 

consist of 15 DN1, 2 DN2 and 40 DN3. All per/tim-expressing neurons except 

the l-LNv cells send their main projections into the dorsal protocerebrum and, 

therefore, are hypothesized to innervate the neurosecretory system and make 

connections to premotor areas. The l-LNv connected the AMEs with the 

neuropil of the medulla in the optic lobe. Then, some may also be directly 

contacted by the extraretinal photoreceptor Hofbauer-Buchner eyelet (H-B 

eyelet) and some photoreceptor cells of the compound eyes (Helfrich-Förster 

et al., 2002). Four s-LNvs and four to five l-LNvs express the neuropeptide 

PDF. A single additional PER-expressing neuron is located in the vicinity of 

the other LNvs but does not express PDF (5th s-LNv). Flies lacking the 

PDF-positive neurons lost M anticipatory activity, while the flies lacking the 

other LNs and some DN1 lost E anticipation. This suggests that the M- 

oscillator resides in the PDF-positive LNs and the E- oscillator in the 

PDF-negative ones (Grima et al., 2004; Stoleru et al., 2004; Fig. 3). 

 

Experiments in D. melanogaster also demonstrated PDF-dependent increases 

in intracellular cAMP levels in most circadian pacemaker neurons via 

activation of different adenylyl cyclases (ACs) and an increase of intracellular 
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calcium in a subset of clock neurons (Duvall and Taghert, 2012; Duvall and 

Taghert, 2013; Seluzicki et al., 2014; Shafer et al., 2008). In the cockroach, 

Schendzielorz et al. (2014) demonstrated with enzyme-linked immunosorbent 

assays (ELISA), elevations of cAMP concentrations after incubation of optic 

lobe tissue with PDF. Furthermore, bimodal cAMP oscillations with maxima 

at dusk and dawn suggested light-dependent neuropeptide release via two 

synchronized populations of circadian pacemaker circuits, the E- and M- 

oscillators, coupled at 12 hours phase difference. Further evidence for two 

oscillators was provided by locomotor activity patterns of male and female 

cockroaches which express two activity peaks, one at the beginning/middle 

of the night (dusk, E- oscillator) and a second at the end of the 

night/beginning of the day (dawn, M- oscillator) (Schendzielorz, 2014). 

 

 

 

 

 

1.6 Clock entrainment 

 

The circadian timing system evolved to enable organisms to synchronize their 

physiology and behavior with 24 h rhythms of the environment. Since 

endogenous circadian pacemakers exhibit periods that are close to, but not 

exactly 24 h rhythms, they must to be entrained by the external day-night 

cycles to exactly 24 h. The ability of light to reset or phase shift the circadian 

pacemaker is illustrated by the effects of light on circadian phase when the 

pacemaker is free-running in an environment without time cues (e.g., 

constant darkness) (Pittendrigh and Daan, 1976). In the nocturnal Madeira 

cockroach, pulses of light delivered in constant darkness after the beginning 

of locomotor activity (early in the subjective night) delays the onset of activity 

on following days. In contrast, light pulses delivered toward the end of the 
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subjective night advances the daily rhythm, whereas pulses during the 

middle of subjective day do not phase shift the pacemaker. The resulting 

light-dependent biphasic phase response curves are typical for all circadian 

clocks of insects and mammals. Thus similar mechanisms are responsible for 

light entrainment in the different circadian clocks. To determine the so far 

unknown light entrainment pathways from compound eye photoreceptors to 

the circadian clock of the Madeira cockroach, we search for neuropeptidergic 

neurons that could be responsible for light-like phase advances at dawn or 

light-like phase-delays at dusk. 

 

 

 

 

 

1.7 Light entrainment in the Madeira cockroach 

 

In contrast to Drosophila, the Madeira cockroach receives photic input 

apparently only from photoreceptors in or near the ipsi- and contralateral 

compound eyes (Loesel and Homberg, 2001; Page, 1978; Page et al., 1977; 

Roberts, 1974). The photic entrainment pathways to the AME are largely 

unknown. Immunocytochemical stainings against histamine, the transmitter 

of retinal axons in insects, showed no direct inputs from photoreceptors into 

the AME (Loesel and Homberg, 1999). Therefore, light information is 

mediated indirectly via interneurons from the photoreceptors to the AME. 

The GABA-ir distal tract is a putative candidate for the light entrainment 

pathway into the AME since it connects the glomeruli of the AME with the 

medulla and a further GABA-ir tract connects the AME with the lamina via 

the anterior fiber fan (Giese et al., 2018; Petri et al., 2002; Petri et al., 1995). 

Injections of GABA, allatotropin, orcokinin and PDF into the vicinity of the 

AME resulted in light-like phase response curves (PRC). Thus, it was 
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suggested that neurons expressing these substances are involved in the light 

entrainment pathway. Since both GABA-ir and allatotropin-ir neurons 

densely innervated the glomeruli of the AME (Petri et al., 2002; Petri et al., 

1995; Reischig and Stengl, 2003b) it was suggested that ipsilateral light 

entrainment is processed in the glomeruli of the AME. This assumption was 

supported via intracellular recordings identifying light-sensitive neurons 

connecting the glomeruli of the AME via the anterior fiber fan with the distal 

lamina (Loesel and Homberg, 2001). 

 

 

 

 

 

1.8 Coupling pathways 

 

Both bilaterally symmetric pacemakers are coupled and synchronized to 

maintain the same phase and to generate a common output rhythm (Page et 

al., 1977; Sokolove, 1975; Wiedenmann, 1984). Backfills from the contralateral 

optic lobe identified about 45 neurons that connected both optic lobes via the 

anterior optic commissure (AOT) and the posterior optic commissure (POT). 

According to their size and position, these cells were grouped into four 

different medulla cell groups (MC I-IV; Fig. 4). Approximately four VNes 

were assigned to the group of MC I cells. Most cells of the MC I group connect 

both AME via the AOC or POC. In the optic lobes they project via the anterior 

fiber fan to the proximal lamina and send a side branch into the medial layer 

fiber system of the medulla. To MC I cells belongs the largest aPDFME that 

only synthesized PDF, one large or medium-sized aPDFME that colocolized 

PDF, MIP, and orcokinin, two medium sized aPDFME that colocalized PDF, 

FMRFamide, and orcokinin and a fifth VNE that did not express any of the 

peptides tested. About 35 VMNes were categorized as MC II cells projecting 
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through the POT to the contralateral optic lobe. They innervate the medial 

layer fiber system of the medulla. None of them contain PDF or FMRFamide, 

whereas three express orcokinin and about six express MIP-immunoreactivity 

(Hofer and Homberg, 2006; Reischig et al., 2004; Reischig and Stengl, 2003b). 

 

Approximately four cells located posterior to the AME belonging to MC III 

group, none of them expressing PDF-immunoreactivity. Further, two MNes 

were grouped to the MC IV group whereas at least one synthesizes MIP, 

GABA and orcokinin (Reischig and Stengl, 2002; Soehler et al., 2011). 

However, neurotransmitter and –peptide content of these groups remained to 

be examined within more detail. 

Immunochemical, behavioral, and electrophysiological studies suggested that 

contralaterally projecting VNes (MC I) such as the PDFMEs transmit phase 

information, while VMNes (MC II) might provide contralateral light 

information such as information about the polarization pattern of scattered 

sun light (Loesel and Homberg, 2001; Petri and Stengl, 1997; Reischig et al., 

2004). Contralaterally projecting PDF-ir neurons send their neurites mostly 

into the interglomerular neuropil and to a lesser extend into the glomerular 

core neuropil of the AME while it is not known where the other 

contralaterally projecting neurons of MC II – IV arborize (Reischig and Stengl, 

2002; Reischig and Stengl, 2003b; Soehler et al., 2011). 
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Figure 4 A,B: The cellular network of the circadian clock in the Madeira cockroach. (A)  The 

non-retinotopically organized small neuropile of the accessory medulla (AME) at the 

ventromedian edge of the medulla is innervated by about 240 adjacent cells. Contralaterally 

projecting cells (black circles) of four soma groups (MC I-MC IV) innervate midbrain targets 

in the ipsi- and contralateral brain hemisphere. Ventral neurons (VNe), among them 4 PDF-ir 

cells that project contralaterally (black with red encircling), and 4 PDF-ir neurons that remain 

ipsilaterally (red open circles), posterior neurons (PNe), among them 4 ipsilaterally remaining 

PDF-ir PNEs (red open circles), and the distal group of frontoventral neurons (DFVNE) 

contain 4 small local PDF-ir cells (red open circles) that innervate only the ipsilateral optic 

lobe. (B) The largest aPDFME (purple) projects via the posterior optic commissure (POC) to 

the contralateral hemisphere, innervating the posterior optic tubercles (POTu). Further, 

connecting the superior lateral protocerebrum (SLP) and superior medium protocerebrum 

(SMP) but via the anterior optic commissure (AOC). Two medium-sized aPDFMEs (blue) and 

one larger aPDFMEs project contralaterally via the AOC (MC I cells, grey) with arborizations 

in the SLP and superior medium protocerebrum (SMP). Lamina (LA), medulla (ME), 

accessory medulla (AME), lobula (LO). (Modified after Söhler et al., 2011 and Arendt and 

Stengl, 2016). 
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1.9 Outputs to midbrain targets 

 

Next to being coupling input signals into the contralateral AME, aPDFMEs 

also form several output pathways from the AME to different targets in the 

optic lobes and in the midbrain. The medium sized aPDFMEs projecting 

through the AOC, while the largest aPDFME runs via the POC, also 

connecting to the AOC via branches in the anterior fiber plexus (AFP) within 

the superior lateral protocerebrum (SLP; Fig. 4). Backfill experiments from the 

neurohemal organs combined with multi-label-immunocytochemistry 

attempted to discern connections between PDFME clock outputs and the 

neurosecretory system. The backfills identified leucokinin- and corazonin-ir 

fibers, most likely originating from somata in the pars lateralis (PL) or pars 

intercerebralis (PI) that overlapped with PDF-ir projections in the AFP. 

Therefore, PDFME clock outputs could contact corazonin-ir and orcokinin-ir 

lateral neurosecretory cells and the AFP might couple the circadian system to 

neurosecretory systems (Trinh Hong, 2017; Wei et al., 2010). In addition, 

backfills from the thoracic ganglia combined with multiple-label 

immunocytochemistry searched for premotor areas where circadian clock 

outputs could connect to ascending and descending neurons from the central 

pattern generators in the thorax. Contacts between circadian clock outputs 

and ascending-/decending neurons were found into the superior medial 

protocerebrum, the posterior optic tubercles, and neuropils in the 

non-structured neuropil in the very back of the brain. Thus, these backfill 

studies identified the superior median protocerebrum as possible interface 

between neurosecretory and locomotor coordinating systems of the cockroach 

(Karls, 2017). 
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1.10 GABA is the main inhibitory neurotransmitter in the central nervous 

system 

 

GABA is the major inhibitory neurotransmitter in the central nervous system 

of invertebrates and vertebrates (Homberg et al., 1987; Robinson et al., 1986; 

Simmonds, 1983). GABA signals via ionotropic GABAA and metabotropic 

GABAB receptors. GABAA receptors are ligand-gated ion channels consisting 

of five 4-transmembrane subunits that form an anion selective pore. 

Sequences of six α, three β, three γ, one δ, three ρ, one ε, one π and one θ 

GABAA receptor subunits were reported in mammals with varying 

stoichiometry (review: Lee and Maguire, 2014). Most common GABAA 

receptors expressed in the central nervous system (CNS) contain α 1, β 2, γ 2 

subunits (Korpi et al., 2002; Olsen and Sieghart, 2009). Upon activation, the 

GABAA receptor conducts mostly chloride (Cl-) through its pore, resulting in 

hyperpolarization of the neuron. In insects the GABAA receptor RDL 

(resistant to dieldrin) is best studied (Buckingham et al., 2005; 

French-Constant, 1994). It displays a broad distribution throughout the brain 

of P. americana and D. melanogaster mediating inhibitory neurotransmission 

(Harrison et al., 1996; Sattelle et al., 1991). 

Metabotropic GABAB receptors contain two different subunits, GABAB1 and 

GABAB2, forming a functional GABAB receptors (Filippov et al., 2000; Galvez 

et al., 2001). The receptors localized on pre- and postsynaptic membranes and 

operate through Gi and Go proteins. Activation of postsynaptic receptors 

generally causes activation of inwardly rectifying potassium channels (GIRK 

or Kir3) resulting in hyperpolarization of the cell membrane (Gassmann and 

Bettler, 2012; Lüscher et al., 1997). Activation of presynaptic GABAB receptors 

decreases neurotransmitter release by inhibiting voltage-activated Ca2+ 

channels (Vigot et al., 2006). Further, inhibition of adenylyl cyclase activity by 

Gαi-subunits, therefore, reducing levels of intracellular cAMP could be 

observed in the cockroach (Blankenburg et al., 2015). 
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1.11 Excitatory GABA actions 

 

While GABA is an inhibitory transmitter in the mature brain, its actions were 

thought to be primarily excitatory in the developing brain. The gradient of 

chloride was reported to be reversed in immature neurons, with its reversal 

potential higher than the resting membrane potential of the cell. Thus, 

activation of a GABAA receptor causes efflux of Cl− ions from the cell and 

induces a depolarizing current (review: Ben-Ari, 2002; Watanabe and Fukuda, 

2015). The differential gradient of chloride in immature neurons was shown 

to be primarily due to the higher concentration of chloride importing NKCC1 

(Na+-K+-Cl- cotransporter) relative to chloride extruding KCC2 

(K+-Cl-cotransporter) transporter in immature cells (Fig. 5). GABA itself is 

partially responsible for orchestrating the maturation of ion pumps (Ganguly 

et al., 2001). Thus, GABA was considered to be the major excitatory 

neurotransmitter in many regions of the brain. It is assumed to provide for 

activity in otherwise silent networks during development. 

 

Meanwhile, excitatory GABA effects could be observed in several adult 

tissues, among them the suprachiasmatic nucleus (SCN), the primary 

circadian pacemaker of mammals (Belenky et al., 2010; Haam et al., 2012). A 

region-specific distribution of chloride transporters with respect to daily 

rhythms was identified in the SCN (Belenky et al., 2010; Choi et al., 2008). 
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Figure 5 A,B: Neuronal chloride regulation (A) The chloride-importing sodium- potassium- 

chloride cotransporter (NKCC1) raises the equilibrium potential for chloride (ECl-) over the 

membrane potential (Vm). High intracellular chloride concentrations causes a chloride efflux 

due to GABA induced chloride channel opening and, therefore, excites and depolarizes 

neurons. (B) Activity of chloride-extruding potassium- chloride cotransporter (KCC2) results 

in a low ECl- relative to the Vm of the neuron. Thus, GABAA-receptor activation causes an 

influx of chloride and, thereby, hyperpolarizes and inhibits. Modified after Kahle et al. (2008). 
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1.12 Aim of the study 

 

Behavioral analysis as well as electrophysiological and immunocytochemical 

studies already identified the neuropeptide pigment-dispersing factor (PDF) 

and the neurotransmitter γ-aminobutyric acid (GABA) as essential 

components of the circadian clock, the accessory medulla (AME), of the 

Madeira cockroach. Both are assumed to take part in photic entrainment 

pathways to the circadian clock. In addition, both were suggested to 

synchronize ultradian oscillators of the circadian clock´s neuronal circuits. 

 

To further investigate the roles of GABA released from neurons of the various 

GABA-immunoreactive tracts to the AME, I performed Ca2+ imaging 

experiments to determine GABA-dependent effects on single cells. I wanted 

to characterize different GABA-response types of AME neurons. A 

combination of single cell labeling with rhodamine-dextran and Ca2+ imaging 

was used to distinguish GABA signaling in ipsi- and contralaterally 

arborizing circadian pacemaker neurons of the AME. Additionally, 

GABA-dependent signaling was compared between neurons of the AME and 

neurons of the lamina, as possible light-input region of the clock. It was 

examined whether GABAergic signaling is region specific, or time of day 

specific. 

 

The GABAergic signaling can be accomplished by GABAA or GABAB 

receptors. Therefore, their relative distributions and their share in GABA 

responses were examined, employing agonists and antagonists. Since 

GABAA-receptors are chloride channels, ion exchange experiments and 

inhibition of the cell’s own chloride transporters were performed to study the 

impact of GABAA-receptor evoked responses. 

 

How individual AME cells of the Madeira cockroach respond to PDF was 

already described before. Thus, I focused in my PhD-studies on the question 

whether PDF-releasing neurons have autoreceptors for their own peptide. In 

addition, since it was known before that circadian clock outputs to the 

contralateral circadian clock regulate locomotor activity, I performed my 

experiments employing cell labeling of contralaterally projecting AME cells 

first, before taking the cells into primary cell cultures on gridded UNCD 

surfaces. 
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Then, for physiological analysis I performed Ca2+ imaging and finally, cell 

identification with immunocytochemistry. In addition to the analysis of the 

properties of PDF-related signaling, the responses of AME neurons to the 

main excitatory neurotransmitter acetylcholine and to the main inhibitory 

neurotransmitter GABA were examined, too. 

 

Previous studies detected ultradian next to circadian rhythms of the electrical 

activity by extracellular recordings in the dissected AME. To determine 

whether activity rhythms persist in single, dispersed cells, intracellular 

calcium baseline levels that are indicative of the cells potential were recorded 

over longer time spans and at different Zeitgeber times (ZTs). We searched for 

endogenous changes of Ca2+ baseline levels in single AME cells at specific ZTs. 

Then, it was examined whether AME pacemaker neurons express 

endogenous changes in their sensitivity to the most ubiquitous 

neurotransmitters acetylcholine and GABA as a possible basis for 

daytime-dependent signaling. 
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2. Materials and methods 

 

 

 

 

 

2.1 Animals 

 

The Madeira cockroaches Rhyparobia maderae (Syn.: Leucophaea maderae) were 

reared in plastic boxes with hiding places at 26°C and 60% humidity in the 

Department of Animal Physiology, at the University of Kassel. Nutrition was 

based upon dry dog food supplemented with vegetables and water ad libitum. 

 

 

 

 

 

 

2.2 Cell labeling 

 

To identify contralaterally projecting neurons, backfill procedure were 

performed using 5% rhodamine-dextran as described in Reischig and Stengl 

(2002). The head capsule of male cockroaches was opened and fat body as 

well as tracheal tissue removed to provide accessibility. A glass capillary with 

rhodamine-dextran (Invitrogen™ D1824) was fixed through the stalk after 

optic lobe amputation. Replacement of head capsule and wax sealing 

prevented dehydration after the procedure. The dye was allowed to run 

overnight at 4°C. Excitation at 570 nm wavelength by Polychrome V 

monochromator (FEI, Munich, Germany) and emission detection at 590 nm 

before Ca2+ imaging identified backfilled cells on UNCD surfaces with grids 

(Fig. 7). 
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Immunocytochemistry for Primary Cell Cultures 

 

After the physiological analysis, the PDF-ir AME neurons were identified 

with immunocytochemistry using antisera against the neuropeptide PDF (Dr. 

H. Dircksen, Stockholm, Sweden). A necessary prerequisite for 

immunocytochemistry with the primary cell cultures was the strong 

attachment of the single cells on the UNCD films. The primary cell cultures 

were fixed after Ca2+ imaging analysis with 4% paraformaldehyde in 0.1 M 

phosphate- buffered saline (PBS) for 30 min. They were subsequently washed 

3 times for 10 min with 0.1 M PBS and preincubated at room temperature 

with 5% normal goat serum (NGS, Jackson ImmunoResearch, West Grove, PA, 

USA) for 30 min. Afterward, the primary cell cultures were incubated 

overnight with anti-PDF (1:80,000) in PBS containing 1% NGS at 4 °C. After 

washing (3 times, 10 min each), the primary cell cultures were incubated with 

Alexa 647-tagged secondary antibody (1:500, Jackson ImmunoResearch) and 

DAPI (0.1 μg/ml) for 3 h. After staining, the primary cell cultures were 

washed for 10 min and analyzed with fluorescence microscopy. 

 

 

 

 

 

 

 

2.3 Primary cell cultures 

 

For the preparation of primary cell cultures adult male cockroaches were 

sedated via cooling to 8°C. The head capsule was removed, fixed and culture 

medium added to prevent dehydration. Culture medium containing 98 ml 

L-15 medium (Leibovitz’s L ‐ 15 Medium, PAA Laboratories, Cölbe, 

Germany), 1ml of Mix1 containing 200 mg/ml glucose, 80 mg/ml fructose, 35 

mg/ml L-prolin and 6 mg/ml imidazol dissolved in L‐15. Further, 1 ml 

glutamine, 100 μl gentamicin and 2.38 mg/ml Hanks’ balanced salt solution 

(HBSS, Gibco). The medium was adjusted to pH 7.1 with NaOH and 360 

mOsm/kg by mannitol. After removal of trachea and fat, the AMEs (plural of 

AME) were excised with a sharp class capillary (GB150T‐10, Harvard 

Apparatus Ltd., Edenbridge, UK) with 25 µM diameter. Explants were treated 

with collagenase/dispase solution (1 mg/ml collagenase and 4 mg/ml 
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dispase dissolved in 10 ml HBSS, Gripco) for 5 min at 36°C and transferred to 

an enzyme stop solution. For enzyme stop solution 2.8 mg/ml yeastolate and 

2.8 mg/ml lactalbumin were dissolved in L–15 medium (PAA Laboratories, 

Cölbe, Germany). After 8 min centrifugation with 100 rcf, the supernatant was 

rejected and AME cells were transferred to concanavalin A and Poly-L lysine 

coated glass cover slips (Thermo Scientific, Braunschweig, Germany) or 

UNCD surfaced carriers as-grown, modified using NH3/N2 plasma or UV/O3 

treatment (Voss et al., 2016). Cells were allowed to settle for 2 hours. Culture 

medium was added and cells cultured for 24 hours in a dark incubator at 

20°C until examinations. All chemicals were obtained from Sigma‐Aldrich 

unless declared otherwise. 

 

 

 

 

 

 

 

 

 

2.4 Experimental setup for photoperiodic and daytime-dependent 

measurements 

 

Adult cockroaches raised under the respective photoperiodic conditions (LD 

cycles of 6:18 (short-day), 12:12 (normal-day) or 18:6 (long-day)) were taken 

from colonies and primary cell cultures were prepared at four different 

Zeitgeber times (ZT). They were kept 24 hours in the incubator under 

constant darkness (DD) until examinations. The intracellular resting calcium 

level ([Ca2+]i) or responses to respective stimuli were measured at dawn, at 

noon, at dusk and at night (Fig. 6). Each cell was measured only once. Data 

were pooled to form a “dawn”, “noon”, “dusk”, and a “night” populations 

(ZT-groups), whereas all other conditions between the different ZT-groups 

remained constant. 
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Figure 6: Sampling- and measurement design. Animals raised under same photoperiodic 

conditions were taken from animal colonies and, immediately, primary cell cultures of AMEs 

were prepared at “dawn”, “noon”, “dusk”, or “night”. Respective cultures were cultivated 

for exact 24 hours in the dark incubator and measured via Ca2+ imaging within the same time 

window (recording time, RT) as they were prepared the previous day. 

 

 

 

 

 

 

2.5 Ultrananocrystalline diamond (UNCD) films 

 

To strongly attach the dispersed neurons in primary cell cultures, we 

developed a new surface. UNCD films prepared by microwave plasma 

chemical vapor deposition on silicon wafers were used as substrates for the 

biological tests. To locate physiologically recorded cells during 

immunocytochemistry on the coverslips, titanium grids with a thickness of 50 

nm were integrated beneath the UNCD layer (with a typical thickness of 

about 700 nm). The films were composed of diamond nanocrystallites with a 

diameter of up to 10 nm embedded in an amorphous carbon matrix. Their 

topography is characterized by rounded features with diameters of several 

hundred nanometers, which themselves possess a substructure. The 

root-mean-squaredroughness of the films was 9–13 nm. The surface of the 

as-grown UNCD films was H-terminated and hydrophobic (with contact 

angles against water of 70–80°C). UV/O3 treatment for 10 min in air rendered 

the surface O-terminated and hydrophilic (contact angles of below 10°C). No 

changes in the topography were observed after the modification. Details 
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about the deposition of UNCD films, their bulk and surface properties before 

and after the modification, and the technological steps for incorporation of the 

Ti grid structure are provided in a previous publication (Voss et al., 2016). 

 

 

 

 

 

 

 

2.6 Calcium (Ca2+) Imaging 

 

Using intracellular calcium as indicator for neuronal activity, the ratiometric 

Ca2+ sensor Fura-2 was used for physiological examinations. The cultured 

cells loaded with 8 µM Ca2+ indicator Fura-2 acetoxymethylester (Molecular 

Probes Inc., Eugene, OR, USA) for 40 min at room temperature. For 

experiments cover slips were transferred to a custom made recording 

chamber with constant perfusion of Ringer solutions containing (in mM): 156 

NaCl, 4 KCl, 1 CaCl2, 10 HEPES, 5 glucose, pH 7.1 adjusted with NaOH and 

380 mOsmol osmolarity with mannitol. In chloride-free Ringer solution, 

chloride was replaced by (in mM): 156 C6H11NaO7, 4 C6H11KO7 and 1 

C12H22CaO14 ∙ H2O. Stimuli were dissolved in Ringer solution and applied 

with constant flow of 1 mL/min driven by a peristaltic pump (REGLO digital, 

Ismatec, IDEX Health&Science, Germany). Washing steps and control 

experiments were performed using only Ringer solutions as the carrier of the 

stimuli. 

 

The Fura-2 was excited alternatingly with 340 and 380 nm with Polychrome V 

monochromator (FEI, Munich, Germany) within 500 ms per cycle. Detection 

was accomplished by an Andor EMCCD camera and data were analyzed with 

Live Acquisition software (FEI, Munich, Germany). 
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Figure 7: Single cell labeling and single cell identification on grids. After cell labeling by 

rhodamine-dextran backfills from the contralateral optic lobe, the primary cell cultures were 

prepared on gridded surfaces. Cells were loaded with Ca2+ sensitive dye Fura-2 AM and 

excited at 380 nM (left). Identification of contralaterally projecting cells via 

rhodamine-dextran (excited at 570 nM, right). 

 

 

 

 

The ratio R of the fluorescence intensity of 340 and 380 nm excitation 

wavelengths is measured and intracellular calcium concentration ([Ca2+]i) 

calculated by Gronkiewicz equation (Grynkiewicz et al., 1985) after 

calibration described in Wei and Stengl, 2012 

 

 

 

 

 

 

 

Kd: dissociation constant for Ca2+ Fura‐2 binding to Fura‐2 

ß: a factor which scales Kd into the dissociation constant effective in the preparation. 

R: Ratio of the fluorescence measured during the experiment (F1/F2). 

Fmin and Fmax are the fluorescence intensities in the absence of Ca2+ or in the presence of a 

saturating concentration of Ca2+, respectively. 
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2.7 Data Analysis 

 

The calculation of intracellular calcium concentrations was performed as 

described in Wei and Stengl (2012). 

 

For sensitivity evaluations, dose-response curves for each drug were obtained 

whereas normalized calcium responses of individual AME cells were plotted 

logarithmically to determine EC50 values with GraphPad Prism software 

using: 

 

 

 

 

For calculation of area under curve (AUC), each adjacent x-axis pairs of points 

were described as            and subsequently considered, when 

increased (excitatory) or declined below (inhibitions) Ca2+ baselines after drug 

application, until return to respective baseline levels. To determine inhibitions 

of spontaneously active neurons, the average amplitudes of Ca2+ transients 

before drug application were used as reference. Reductions of amplitudes 

below 30% of reference values in presence of the drug were interpreted as 

suppression of transients. 

 

 

 

 

 

2.8 Drugs and application 

 

All Ringer solution ingredients and GABA were obtained from Sigma Aldrich. 

Agonists (SKF 97541, muscimol), antagonist (PTX, CGC-54626, SR-95531) and 

chloride inhibitors (Bumetanide, VU0463271) were obtained from Tocris 

Bioscience. Gluconate compounds used as chloride substitutes sold by 

PanReac AppliChem and neuropeptide pigment-dispersing factor (PDF: 

NSEIINSLLGLPKVLNDA) by Iris Biotech, Marktredwitz, Germany. 

Substances were dissolved in physiological Ringer solutions at raising 

concentrations. Primary cell cultures for Ca2+ imaging were stimulated via 
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bath application with peristaltic tube pumps (REGLO Digital, Ismatec, IDEX 

Health&Science, Germany). Out of stimulus applications the cultured 

neurons were continuously perfused with Ringer solutions (1 ml/min). 
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Chapter 1 

 

 

 

 

(All previously published texts taken from my own publications will be 

printed in blue and respective publications will be cited) 

 

 

 

 

3.1 GABAergic signaling in the circadian clock of the Madeira cockroach 

 

To investigate the amount of GABA-sensitive cells innervating the circadian 

clock of the Madeira cockroach, primary cell cultures of respective brain 

regions were prepared and treated with the neurotransmitter. First, I focused 

on neurons adjacent to the primary pacemaker, the accessory medulla (AME). 

Thus, I examined GABA responses in cultured AME cells. First, 

rhodamine-dextran backfills from the contralateral optic stalk were 

performed to stain all neurons that directly connect both AMEs as circadian 

coupling pathway. Finally, Ca2+ imaging was employed to investigate GABA 

signaling in the coupling pacemaker neurons as well in ipsilaterally 

remaining AME neurons. In addition, to its suggested role in circadian 

coupling, GABA is assumed to be involved in light entrainment of the 

circadian clock. Thus, primary cell cultures of dorsal and ventral lamina cells 

were prepared since these cells were suspected to form a light entrainment 

pathway into the clock. Then, with Ca2+ imaging I analyzed their 

physiological properties to determine whether and how they respond to 

GABA. 
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3.1.1 GABA either de- or increased the intracellular calcium level of AME 

neurons in primary cell culture 

 

All AME cultures contained silent and active cells. The silent cells display a 

constant Ca2+ baseline or smooth Ca2+ waves and do not generate 

spontaneous action potentials. In contrast, active cells express spontaneous 

action potentials accompanied by Ca2+ transients. To examine GABA 

responses in these two types of AME cells, Ca2+ imaging experiments using 

Fura-2 as Ca2+ sensor were performed. Bath application of GABA (10 nM – 

100 µM, in steps of 10-fold concentration increases, for 60 s) revealed three 

different GABA-response types (Fig. 1.1). All GABA induced responses were 

reversible and dose-dependent. Most silent AME neurons showed 

GABA-response type 1 (57 of 178, 32 %), a decrease in intracellular Ca2+ levels 

after GABA-application (Fig. 1.1 A). The calculated EC50 concentrations of 

individual GABA-type 1 neurons ranged from 29.9 nM up to 5.3 µM GABA 

(Table 1.1; EC50 ± SEM: 908 ± 152 nM). The response type 2, also found in 

silent AME cells (27 of 178, 15 %) was characterized by an increase in 

intracellular Ca2+ baseline levels in response to GABA application (Fig. 1.1 B). 

EC50 values of GABA-type 2 neurons ranged from 40.4 nM up to 7.3 µM 

GABA (Table 1.1; EC50 ± SEM: 1435.3 ± 276 nM). GABA application 

suppressed spontaneous activity in 8 % (14 of 178 cells) of AME neurons 

examined (response type 3; Fig. 1.1 C). No GABA-dependent changes in Ca2+ 

baseline levels were observed in these neurons (Fig. 1.1 C). Their EC50 values 

varied greatly between 23.8 nM to 9 µM (Table 1.1; EC50 ± SEM; 1782.1 ± 495 

nM). No spontaneously active AME neurons were activated by GABA. About 

45 % (80 of 178) of AME neurons examined were insensitive to GABA. 

Among them were 18 % (n=14) spontaneously active and 82 % (n=66) silent 

AME cells (data not shown). No significant correlations between the 

intracellular Ca2+ baseline levels and the different response types could be 

determined. 
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Figure 1.1: The neurotransmitter GABA dose-dependently de- or increased intracellular 

Ca2+ concentrations in accessory medulla (AME) cells. Ca2+ imaging of AME cells in 

primary cell cultures. (A) Silent clock neurons with constant intracellular Ca2+ baseline 

showed GABA response type 1. Application of GABA (10 nM – 100 µM) lead to a 

dose-dependent reversible decrease in intracellular Ca2+ levels in type 1 AME neurons (32 %, 

n=57 of 178). (B) The GABA-response type 2 was also found in silent clock neurons. They 

responded to GABA applications with dose-dependent rises of intracellular Ca2+ levels (15 %, 

n=27 of 178). (C) Spontaneous Ca2+ transients of response type 3 were blocked by GABA 

applications dose-dependently (8 %, n=14 of 178). Their intracellular Ca2+ baseline levels 

remained unaffected. Dotted frames indicate the presence of GABA, gaps indicate periods of 

washing. Modified after Giese et al., 2018. 
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3.1.2 GABA either de- or increased the intracellular calcium levels of dorsal 

lamina cells in vitro 

 

Primary cultures of cells associated with the dorsal lamina were prepared and 

treated with rising GABA concentrations (10 nM, 100 nM, 1 µM, 10 µM and 

100 µM, each for 60 s). I investigated GABA-dependent changes in the 

intracellular Ca2+ concentrations ([Ca2+]i) and determined the number of 

responsive cells and their relative sensitivity. Ca2+ imaging investigations 

identified about 55.6 % (218 of 392) of spontaneously active neurons by their 

endogenously generated Ca2+ transients, next to 44.4 % (174 of 392) silent cells 

with constant baseline. GABA induced responses of silent dorsal lamina 

neurons were reductions of [Ca2+]i below resting baseline levels and rises of 

[Ca2+]i above baseline in a dose-dependent and reversible manner. The 

response type 1 (21.4 %: 21 of 98 GABA-sensitive dorsal lamina cells) 

decreases [Ca2+]i after GABA application (Fig. 1.2A) with EC50 values 

determined by dose-dependent curves of 26928 ± 1473 nM (Tab. 1.1). 

Increases of [Ca2+]i after GABA application were observed in 64.3 % of GABA- 

sensitive cells (63 of 98) and in 16.1 % (63 of 392) of all examined dorsal 

lamina cells (Fig. 1.2B). This predominant response type 2 displayed a 

sensitivity of 15080 ± 1978 nM (EC50 ± SEM, Tab. 1.1). In spontaneously 

active cells GABA prevents the Ca2+ transients dose-dependently by rising 

concentrations in 14.3 % (14 of 98) of the GABA-sensitive dorsal lamina cells 

(Fig. 1.2C). In contrast to the silent types, the active response type 3 displayed 

higher sensitivity to GABA, thus low EC50 values of 861.7 ± 249.9 nM (Tab. 

1.1). No responses to GABA were observed in 294 of 392 (75 %) of examined 

dorsal lamina cells. 
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Figure 1.2: GABA dose-dependently de- or increased the intracellular Ca2+ concentrations 

in dorsal lamina (dLA) cells in vitro. Ca2+ imaging of dorsal lamina cells in primary cell 

cultures revealed three response types to the neurotransmitter GABA according to its effect 

on intracellular Ca2+ levels ([Ca2+]i). (A) Response type 1 cells with constant resting calcium 

level decreased [Ca2+]i by GABA (21.4 %, 21 of 98 GABA sensitive). (B) Silent dorsal lamina 

cells increased the resting Ca2+ level after GABA application in response type 2 (64.3 %, 63 of 

98 GABA sensitive). (C) Spontaneous Ca2+ transients of response type 3 were blocked by 

GABA application in 14 of the 98 GABA sensitive dorsal lamina cells (14.3 %) examined, 

whereas the baseline remained unaffected. Dotted frames indicate the presence of GABA, 

gaps indicate periods of washing. 
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3.1.3 GABA application to ventral lamina (vLa) cells de- or increased 

intracellular calcium in vitro 

 

Ca2+ imaging experiments were performed on primary cell cultures prepared 

from the ventral lamina (vLA). They revealed 62.7 % (254 of 405) 

spontaneously active cells and 37.3 % (151 of 405) silent cells without activity, 

thus maintaining a constant Ca2+ baseline. The application of rising 

concentrations of GABA identified silent cells which decreased [Ca2+]i below 

their resting [Ca2+]i dose-dependent and reversibly in 18 of 85 (21.2 %, Fig. 

1.3A) GABA-sensitive cells. The response type 1 ventral lamina cells 

displayed average EC50 (± SEM) values of 10801 ± 1755 nM (Tab. 1.1). The 

response type 2 silent cells increased [Ca2+]i by GABA application 

dose-dependently with increasing amplitudes of [Ca2+]i in 55 of 85 observed 

GABA-sensitive ventral lamina cells (64.7 %, Fig. 1.3B). Their sensitivity 

towards GABA for grouped response type 2 cells was determined with 6062 ± 

883.9 nM (EC50 ± SEM, Tab. 1.1). Within the large population of 

spontaneously active ventral lamina cells, 12 were inhibited by GABA, thus 

Ca2+ transients were blocked time-dependent with rising concentrations (Fig. 

1.3C). This response typ 3 neurons made 14.1 % of GABA-sensitive ventral 

lamina cells with grouped EC50 ± SEM value of 1606 ± 344,6nM (Tab. 1.1). 

The remaining 79 % (320 of 405) of ventral lamina cells examined did not 

respond to GABA. 
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Figure 1.3: Dose-dependent application of neurotransmitter GABA evoked in- or decreases 

of intracellular calcium concentrations ([Ca2+]i) in ventral lamina (vLA) cells in vitro. 

GABA doses were applied in rising concentrations to primary cell cultures of ventral lamina 

cells and analyzed with Ca2+ imaging technique. (A) Cells with constant baseline decreases 

[Ca2+]i below resting Ca2+ levels after GABA stimulation. Dose-dependency in response type 1 

cells was observed in 18 of 85 (21.2 %) examined GABA sensitive ventral lamina cells. (B) In 

contrast, a further group of silent ventral lamina cells increased the [Ca2+]i by GABA (55 of 85, 

64.7 %). (C) Response type 3 ventral lamina cells were inhibited by GABA (14.1 %, 12 of 85) in 

GABA sensitive ventral lamina cells. The duration of inhibited transients correlated with 

application of rising concentrations. Dotted frames indicated the presence of GABA, gaps 

indicate periods of washing. 
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3.1.4 GABA always inhibited contralaterally projecting AME cells of the 

circadian coupling pathway 

 

The role of GABA in contralateral AME coupling was identified by 

rhodamine-dextran backfill and subsequent preparation of contralateral AME 

for primary cell culture. Rhodamine-labeled cells were identified on UNCD 

surfaces with integrated grid and treated with GABA in Ca2+ imaging 

examinations. 

 

The rhodamine-labeled AME cells decreased the [Ca2+]i after GABA 

application below baseline in 41 of 59 (69.5 %) backfilled cells (response type 1, 

Fig. 1.4A). Spontaneously active cells which were sensitive to 10 µM GABA 

ceased generating Ca2+ transients in 11 of 59 (18.6 %) rhodamine-labeled cells 

(Response type 3, Fig. 1.4B, Tab. 1.1). No rises of [Ca2+]i could be determined 

in contralaterally projecting cells, thus no GABAergic response type 2 cells 

were observed. The remaining 7 of 59 backfilled cells were insensitive for to 

GABA (11.9 %). 
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Figure 1.4: Normalized ratio fluorescence signals of response types 1 and 3 of contralateral 

projecting GABAergic AME cells. Contralateral projecting cells identified by 

rhodamine-dextran labeling were treated with 10 µM GABA and response determined by 

Fura-2 Ca2+ imaging. (A) Contralateral projecting cells reduced fluorescence ratio (F1/F2) after 

application of GABA below baseline (n=41 of 59 backfilled cells). (B) Spontaneously active 

response type 3 cells with rhodamine label displayed individual transient pattern. GABA 

application prevented Ca2+ transients without significant effect to the baseline (n=11 of 59 

backfilled cells). Black= mean per imaging interval (500ms) of normalized fluorescence ratio, 

grey= SEM. Dotted frames indicate the presence of 10 µM GABA. 
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Table 1.1: GABAergic signaling: Distribution and sensitivity of respective GABA response 

types 

 

 dorsal 

lamina 

(dLA) 

ventral 

lamina 

(vLA) 

accessory 

medulla 

(AME)*1 

contral. 

AME 

coupling*2 
response type 

GABA ~ 25 % ~ 21 % ~ 55 % ~ 88 % 

EC50 ± 

SEM [nM] 

26928 ± 

1473 

10801 ± 

1755 

908.8 ± 152 - 

 n 21 18 57 41 

% 21.4 21.2 32.0 69.5 

EC50 ± 

SEM [nM] 

15080 ± 

1978 

6062 ± 883,9 1435.3 ± 276 - 

 

n 63 55 27 0 

% 64.3 64.7 15.2 0 

EC50 ± 

SEM [nM] 

861,7 ± 

249,9 

1606 ± 344,6 1782.1 ± 495 - 

 

n 14 12 14 11 

% 14.3 14.1 7.9 18.6 

Expanded and modified after *1 Giese et al., 2018 *2 Gestrich et al., 2018. 
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Chapter 2 

 

 

 

 

 

3.2 GABA-receptor signaling in accessory medulla cells 

 

GABA is the predominant inhibitory neurotransmitter in the central nervous 

system (CNS) of vertebrates and invertebrates alike, mediating signals via 

GABAA and GABAB receptors. The ionotropic GABAA receptors are ligand-gated 

chloride channels widely distributed in neuronal tissues including post-, pre-, 

and extra-synaptic sites (review: Kullmann et al., 2005). In contrast, the GABAB 

receptor is a G-protein coupled metabotropic receptor, formed by 

heterodimerization of two similar 7-transmembrane subunits GABAB1 and 

GABAB2. Activated GB1/GB2 heterodimers which inhibit the adenylyl cyclase 

activity by Gαi-subunits and reducing levels of intracellular cAMP (review: 

Bowery et al., 2002; Chen and van den Pol, 1998). The Gβγ-subunits were reported 

to inhibit presynaptic voltage gated Ca2+ channels (Vigot et al., 2006) or activate 

inward rectifying potassium channels (Gassmann and Bettler, 2012; Lüscher et al., 

1997). 

 

To further characterize the GABA evoked response types in the cockroach 

clock, agonists for the respective receptors were applied to accessory medulla 

(AME) cells in primary cell culture to examine their possible role in GABAergic 

signaling. 
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3.2.1. Activation of GABAA receptors by muscimol revealed 3 different 

response types in AME neurons 

 

In Ca2+ imaging experiments of isolated AME clock neurons I examined the 

distribution of GABAA receptors and their share in the cell ś GABA response. The 

application of rising concentrations (10 fold steps) of GABAA receptor agonist 

muscimol revealed dose-dependent and reversible responses. Amongst the AME 

neurons three different response types could be distinguished. Response type 1 

were AME neurons with constant Ca2+ baseline which decreased intracellular 

Ca2+ baseline concentrations muscimol-dependently (n=103 of 378; 27.3 %, Fig. 

2.2 A). Response type 2 belonged also to the silent cells with constant Ca2+ 

baseline. However, it responded to muscimol with an increase in intracellular 

Ca2+ baseline levels (n=53 of 378, 14.0 %, Fig. 2.2 B). The response type 3 was also 

inhibited by muscimol but belongs to pacemaker neurons which exhibited 

spontaneous Ca2+ transients. Rising muscimol concentrations suppressed the 

transients with increased duration (n=70 of 378, 18.5 %, Fig. 2.2 C). About 152 of 

the 378 cells examined (40.2 %) did not respond to the GABAA receptor agonist 

muscimol.  

 

 
 
Figure 2.1: Normalized dose-response curves of 

GABA-receptor agonist muscimol determined for 

cockroach AME cells in primary cell culture. Rising 

concentrations of the GABAA-receptor agonist 

muscimol (10nM, 100nM, 1µM, 10µM and 100µM) were 

applied via bath application to determine EC50 values 

in the different response types (1 = circles; 2 = squares; 

3 = triangles). 
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Calculation of EC50 values for each response types provided by muscimol 

revealed similar sensitivities for response type 2 and 3 whereas type 1 appeared 

to be the least sensitive (Fig. 2.1, Table 2.1). All response types were blocked to 

different extends by chloride channel antagonist PTX (picrotoxin) and in part by 

GABAA receptor antagonist SR-95531 (synonym: gabazine, Table 2.2). In 29 % of 

all cells tested that belonged to response types 1 or 3, preincubation with 

SR-95531 did not affect muscimol-induced Ca2+ changes up to the highest dose of 

100 µM. 
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Figure  2.2:  The  GABAA  receptor  agonist  muscimol  increased  or  decreased  
intracellular  calcium concentrations in cockroach clock neurons in primary cell cultures. 
Application of rising muscimol concentrations (10 nM – 100 µM) in Ca2+ imaging experiments 
revealed dose-dependent and reversible effects in 3 different response types. (A) Muscimol 
induced reductions of intracellular Ca2+ concentrations ([Ca2+]i) in silent response type 1 cells 
(n=103 of 378 cells, 27.3%). (B) Response type 2 cells with constant baseline increased [Ca2+]i 
muscimol-dependently (n=53 of 378, 14.0%). (C) Ca2+ transients of spontaneous active neurons 
were suppressed by muscimol (n=70 of 378, 18.5%). Gaps indicate washing steps and dotted 
frames indicate the presence of muscimol in the respective concentration. 
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Table 2.1: EC50 values of muscimol in different response types of the AME associated cells 

 

Agonist 
[Ca2+]i decrease 

response type 1 

[Ca2+]i increase 

response type 2 

inhibition 

response type 3 

Muscimol 

EC50 

± SEM (nM) 
520,2 ± 61,46 295,7 ± 43,88 359,4 ± 40,26 

N 103 53 70 

 

 

 

 

3.2.2. Changes in the extracellular chloride concentration affected GABAA 

receptor agonist-dependent responses in AME cells 

 

To examine whether changes in the extracellular chloride concentration affect 

GABAA– receptor-dependent responses, 5 µM muscimol were applied either in 

Ringer solutions or in chloride-free Ringer solutions. The GABAA channel 

antagonist SR 95531 was used as functional control. Application of muscimol 

inhibited AME response type 1 cells only in normal Ringer solution. The 

muscimol-dependent inhibitions were blocked after 5 min preincubation with 5 

µM GABAA receptor antagonist SR 95531 (IC50type1 ± SEM (nM) = 452.6 ± 164.3, 

Table 2.3). Exchange of conventional Ringer solution with chloride-free Ringer 

solution caused an influx of Ca2+ in the same cell after muscimol application 

which could be blocked again with the antagonist (n=11 of 42, 26.2 %, Fig. 2.3 A, 

Table 2.2). In contrast, cells responding with a Ca2+ influx in presence of 

physiological Ringer solution and therefore with an excitation were not affected 

or enhanced by the removal of extracellular chloride (n=8 of 42, 19.0%, Fig. 2.3 B, 

Table 2.2). Independent of extracellular chloride concentrations, the GABAA 

antagonist SR 95531 (IC50type2 ± SEM (nM) = 346.7 ± 207.9, Table 2.3) prevented 

channel activation. In response type 3 cells application of muscimol suppressed 

Ca2+-transients reversibly in normal Ringers solution, whereas chloride-depletion 
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in extracellular solutions elevated [Ca2+]i after muscimol application. Under both 

conditions SR 95531 (IC50type3 ± SEM (nM) = 3135.9 ± 1436, Table 2.3) prevented 

GABAA channel responses (n=6 of 42, 14.3%, Table 2.2). IC50 values were 

calculated from rising antagonist doses (10nM, 100nM, 1μM, 10μM and 100μM of 

SR 95531) preincubated before stimulation with 5 µM muscimol (Table 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 A-C: GABAA receptor agonist evoked response types depending on extracellular 
chloride concentrations. To evaluate the effect of extracellular chloride concentration changes 
isolated AME neurons in primary cell cultures were treated with GABAA channel agonist 
muscimol (5 µM) in Ringer solution or in chloride-free Ringer solution. Under both conditions 
GABAA channel antagonist SR-95531 (20 µM) was applied as control. (A) Ca2+ imaging 
experiments with physiological Ringer solution revealed muscimol- (5 µM) dependent decreases 
in intracellular Ca2+ concentrations ([Ca2+]i). This response was blocked by preincubation with 
GABAA receptor antagonist SR-95531. Application of chloride-free Ringer solution induced 
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muscimol-dependent [Ca2+]i rises. Preincubation with GABAA-receptor antagonist prevented 
muscimol-dependent GABAA receptor activation also in chloride-free extracellular solutions 
(n=11 of 42, 26.2%). (B) Response type 2 cells increased [Ca2+]i with muscimol treatment. This 
muscimol-response was blocked during preincubation with SR-95531 also in chloride-free 
solutions, where the cell slightly elevated [Ca2+]i (n=8 of 42, 19.0%). (C) In spontaneously active 
AME pacemaker neurons muscimol rapidly suppressed Ca2+ -transients and slightly decreased 
the Ca2+ baseline only in absence of GABAA–receptor antagonist SR-95531. Under chloride free 
extracellular conditions the response type 3 neurons expressed less transient amplitudes and 
arises [Ca2+]i by GABAA channel agonist muscimol. Antagonist dissolved in chloride free Ringer 
solution prevented response (n=6 of 42, 14.3%). Gaps indicated periods of washing and/or 
preincubation with GABAA antagonist, or chloride free Ringer solution. Dotted frames indicate 
the presence of 5 μM muscimol. 

 
 

Table 2.2: GABAA receptor agonist evoked responses depend on extracellular chloride 

concentrations in vitro 

Muscimol 
[Ca2+]i decrease 

response type 1 
[Ca2+]i increase 

response type 2 
inhibition 

response type 3 No response 

N (42 cells) 11 8 6 17 

% 26.2 19.0 14.3 40.5 

 

 

Table 2.3: IC50 values calculated from rising antagonists concentrations with GABAA agonist 

muscimol in primary AME cell cultures of Rhyparobia maderae 

Antagonist 
[Ca2+]i decrease 

response type 1 
[Ca2+]i increase 

response type 2 
inhibition 

response type 3 

PTX 
IC50 ± SEM (nM) 6338 ± 2194 3323 ± 2510 29467 ± 2194 

N (97 cells) 26 (26.8%) 16 (16.5%) 18 (18.6%) 

SR 95531 
IC50 ± SEM (nM) 452.6 ± 164.3 346.7 ± 207.9 3135.9 ± 1436 

N (89 cells) 24 (26.9%) 15 (16.9%) 15 (18.9%) 

Note: Amount of non muscimol sensitive cells were excluded from this table. PTX experimental 
series 37 of 97 (38.1 %) and in SR 95531 experimental series 35 of 89 (39.3 %) were insensitive to 
muscimol. 
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3.2.3. Effect of chloride transporter to intracellular Ca2+ and response of 

chloride conducting GABAA channel of AME neurons in primary cell cultures 

 

Further experiments identified the chloride cotransporter NKCC1 and KCC2 as 

regulators for intracellular chloride concentration in AME neurons. VU0463271 

was applied to inhibit chloride extruding transporter KCC2. 

Bath-applied preincubation with rising concentrations of VU0463271 (n=40) did 

not affect the intracellular resting Ca2+ concentrations of silent AME cells as 

compared to controls. In contrast, prolonged incubation with bumetanide, the 

inhibitor for chloride importing NKCC1 symporter (n=45), significantly increased 

intracellular resting Ca2+ concentrations at 500 nM (p 0.0179), 1 µM (p 0.0081) and 

10 µM (p 0.0202) compared to controls (n=104, Fig. 2.4 A). 

  

Further, the inhibitors were subsequently applied in combination with 

chloride conducting GABAA channel agonist muscimol to determine best 

inhibitor concentrations without affecting [Ca2+]i baseline. Preincubation with 

stepwise raised VU0463271 concentrations to muscimol induced inhibitions, first 

abolished reduction of [Ca2+]i and, second caused influx of Ca2+ in a 

dose-dependent manner after activation of GABAA channels (n= 40 of 86, 46.5%, 

Fig. 2.4 B). 34.9% (30 of 86) of tested cells did not respond to muscimol and 

therefore not included in Figure 2.4 B. Most muscimol induced increases of 

intracellular Ca2+ were slightly increased in the presence of low VU0463271 

concentrations whereas decreased at rising concentrations (16 of 86 measured 

cells, 18.6%).  

The presence of bumetanide prolonged or increased inhibitory muscimol 

responses (26 of 57, 45.6%). The NKCC1 inhibitor bumetanide also prevented 

muscimol induced resting [Ca2+]i increases of AME neurons at rising 

concentrations and promoted reductions of [Ca2+]i in previously excitatory 

responding neurons (11 of 57, 19.3 %, response type 2, Fig. 2.4 C). 35.1 % (20 of 57) 
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of tested cells did not respond to muscimol and therefore not included in Figure 

2.4 C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 A-C: Applications of the antagonists of the chloride exchanger NKCC1 and KCC2 to 

circadian clock cells of Rhyparobia maderae in primary cell cultures modulated intracellular 

Ca2+ baselines. For comparisons AME neurons were prepared and measured at similar ZTs (0-1) 

from animals raised in 12:12 LD cycles. (A) Preincubation with NKCC1 inhibitor bumetanide 

significantly elevated [Ca2+]i in AME cells (n=45, Post-hoc-test，*p < 0.05, **p < 0.01, ***p < 0.001) 

whereas KCC2 inhibitor VU0463271 did not affect (n=40, Post-hoc-test，*p < 0.05, **p < 0.01, ***p < 

0.001) in comparison to untreated control (n=104). (B) Effects of KCC2 inhibitor VU0463271 on 

[Ca2+]i of AME neurons that were inhibited or excited by GABAA agonist muscimol (AME cells 

activated by muscimol n=16 of 86, 18.6%, AME cells inhibited by muscimol n=40 of 86, 46.5%). (C) 

ΔCa2+ changes determined from Ca2+ baselines of responses to the GABAA receptor agonist 
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muscimol in presence of rising concentrations of the NKCC1 inhibitor bumetanide (AME cells 

activated by muscimol n=11 of 57, 19.3%, AME cells inhibited by muscimol n=26 of 57, 45.6%).  

  

 

 

3.2.4. GABAB channel agonist revealed GABA-like response types in AME cells 

 

In Ca2+ imaging experiments of AME primary cell cultures the responses to the 

GABAB channel agonist SKF 97541 at rising concentrations (10 fold steps) were 

grouped into three response types. In the first response type SKF 97541 induced 

decreases of intracellular Ca2+ in a dose dependent manner and reversibly. These 

neurons were also silent neurons or showed smooth waves in their Ca2+ baseline 

(29 of 618, 4.7 %, Fig. 2.5 A). With about 16.3 % the most common response type 2 

revealed rising Ca2+ increases after the application of GABAB agonist SKF 97541 

in 101 of 618 cells (Fig. 2.5 B). Inhibitions of Ca2+ transients in type 3 pacemakers 

were observed in 12 spontaneously active neurons of 618 examined AME cells 

(2 %, Fig. 2.5 C). In contrast to GABAA agonist muscimol, just 23 % of all cells 

examined (618 AME neurons) responded to GABAB receptor agonist SKF 97541, 

whereas 476 (77.0 %) remained unaffected. 
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Figure 2.5 A-C: Applications of GABAB receptor agonist SKF 97541 to AME neurons in primary 

cell cultures revealed 3 response types similar to GABA. Rising doses of GABAB receptor 

agonist SKF 97541 were applied, from 10 nM to 100 µM. (A) Application of SKF 97541 decreased 

intracellular Ca2+ baseline levels ([Ca2+]i) in silent AME cells dose-dependently and reversibly 

(n=29 of 618; response type 1). (B) In response type 2 neurons with constant Ca2+ baselines 

application of SKF 97541 increased [Ca2+]i (n=101 of 618). (C) Response type 3 neurons were 

spontaneously active neurons that responded to SKF 97541 with a suppression of Ca2+ transients 

and reduction of the [Ca2+]i below baseline levels (n=12 of 618). Gaps indicate washing steps and 

dotted frames the presence of the respective SKF 97541 concentration. 
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3.2.5. Intra- and extracellular chloride homeostasis affect also GABAB receptor 

responses 

 

Although the GABAB receptor is a metabotropic 7-transmembrane receptor 

which in contrast to the GABAA receptor do not conduct chloride, I performed 

also chloride exchange and chloride pump inhibitor VU0463271 experiments to 

examine whether intra- and extracellular chloride condition also affect the SKF 

97541 induced responses. The preliminary experimental series identified the 

response type 1 of GABAB receptor agonist SKF 97541 is affected by extracellular 

modulation of chloride ions. Rising chloride concentrations revealed a prolonged 

inhibition induced by SKF 97541 at low chloride level (R0 and R54) compared to 

increased chloride level of 108 mM (R108) and normal concentration (RN, n=2 of 45 

tested cells, Fig. 2.6 A). Response type 2 cells of GABAB receptor agonist 

increased [Ca2+]i at physiological chloride concentration (RN) and further 

increased at reduced concentrations (R54, R108) but remains without effect in 

chloride free extracellular environment (R0). These response type 2 cells were 

detected in 8 of 45 (18 %) tested AME cells and displayed comparable effects to 

the increasing extracellular chloride conditions.  

Rising concentrations of the chloride extruding transporter KCC2 inhibitor 

VU0463271 displayed dose-dependent change of constant SKF 97541 stimuli in 

response type 1 and 2. While GABAB receptor agonist SKF 97541 decrease 

intracellular calcium in the absence of VU0463271, the decrease is reduced by 

rising VU0463271 concentrations and abolished at 10 μM (n=1 of 25, 4 %, Fig. 2.6 

C). In excitatory response type 2 cells increasing VU0463271 concentrations 

reduced the amplitude of calcium influx dose-dependently (3 of 25, 12 %, Fig 2.6 

D). 
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Figure 2.6 A-D: Intra- and extracellular chloride homeostasis affect also GABAB receptor 

responses. Rising extracellular chloride concentrations were tested including Ringer solution 

without chloride (R0 = 0 mM chloride), rising concentrations (R54, R108) up to standard Ringer 

solution (RN) and application of respective stimuli. (A) Stepwise regulation of extracellular 

chloride concentrations modulate inhibitory responses to GABAB receptor agonist (n=2 of 45). (B) 

Ca2+ rises in GABAB receptor induced response type 2 cells were dose-dependently modulated by 

extracellular chloride concentrations (n=8 of 45). (C-D) GABAB receptor agonist responses were 

modulated by rising concentrations of VU0463271, the antagonist of the chloride extruding 

transporter KCC2. Inhibition revealed effects to SKF 97541 induced Ca2+ responses in AME cells 

including suppression of rises (n=3 of 25) and reductions of [Ca2+]i (n=1 of 25). Gaps indicate 

washing steps, preincubations with inhibitors or exchange of Ringer solutions with different 

chloride concentrations. 

 

 

 

 

3.2.6. Intracellular modulations of chloride conditions affect GABA response 

types 

 

Chloride symporter NKCC1 and KCC2 were assumed to modulate intracellular 

chloride conditions. Inhibition of NKCC1 and KCC2 activity in combination with 

GABA treatment were performed to test whether AME neurons express the 

cotransporters and whether they affect GABA responses. Tests using bumetanide 

to inhibit chloride importing NKCC1 symporter and VU0463271 to inhibit 

chloride extruding transporter KCC2 in combination with GABAA chloride 

channel agonist muscimol revealed effects of both inhibitors at concentrations of 

10 µM (Fig. 2.4). Inhibition of NKCC1 symporter in single AME neurons affected 

all previously described GABA-dependent response types (Fig. 1.1 A-C). About 

67.6 % of response type 1 neurons which decreased intracellular Ca2+ levels were 

insensitive to bumetanide application (46 of 68 GABA response type 1), whereas 

32.4 % prolonged the GABA (10 µM)-dependent decreases in Ca2+ concentrations 

(22 of 68 GABA-sensitive response type 1 cells, Fig. 2.7 A, 2.8 A, Tab. 2.3). GABA 
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dependent Ca2+ increases were abolished or turned to decreases of intracellular 

Ca2+ after preincubation with 10 µM bumetanide in 43.8 % (14 of 32 

GABA-sensitive response type 2 cells, Fig. 2.7 A, 2.8 B, Tab. 2.3). In contrast, just 

a small amount of spontaneously active AME neurons that were inhibited by 

GABA were sensitive to the inhibitor. This response type 3 cells showed increases 

in [Ca2+]i baseline levels and transiently increased their activity after 

preincubation with bumetanide and GABA application in 23.5 % (4 of 17 

GABA-sensitive response type 3 cells, Fig. 2.7 A, 2.8 C, Tab. 2.3). All the 

remaining GABA responsive cells remained unaffected by bumetanide (77 of 117, 

Fig. 2.10 A-C, Tab. 2.4). 
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Figure 2.7 A-B: Chloride-importer NKCC1 and -exporter KCC2 modulated all GABA response 

types, but did not affect all cells tested per response type. GABA-responses were tested in AME 

neurons in primary cell cultures. GABA either decreased (response type 1) or increased (type 2) 

intracellular Ca2+ concentrations ([Ca2+]i), or blocked spontaneous activity (type 3). Treatment 

with NKCC1-inhibitor bumetanide or KCC2- inhibitor VU463271 affected all GABA-response 

types. Although, not all GABA-sensitive AME cells per type were affected by these inhibitors. (A) 

Intracellular chloride accumulation via NKCC1 with bumetanide (10 µM) affected 22.6 % of all 

GABA-sensitive AME cells (40 of 117). However, 77 GABA-responses remained unaffected 

(43.5 %). Bumetanide-effects were observed in less than half of the cells examined per response 

type. (B) Application of VU0463271 (10 µM) that blocked chloride extrusion by KCC2, affected 

46.2 % (73 of 158) of GABA responses in all response types tested. Most of the GABA-response 

type 1 cells were sensitive to KCC2-inhibition (60 of 92), whereas just few of response type 3 cells 

were sensitive (6 of 43). 

 

 

Table 2.4: Effects to GABA induced response types under presence of chloride channel inhibitor 

bumetanide in cultured AME cells of Rhyparobia maderae 

 

Bumetanide 

affected  unaffected 

GABA 

sensitive 
n 

% of GABA 

sensitive type 
n 

% of GABA 

sensitive type 

response type 1 22 32.4 46 67.6 68 

response type 2 14 43.8 18 56.3 32 

response type 3 4 23.5 13 76.5 17 

Sum 40 

 

77  117 

% of GABA 

sensitive cells 
34.2 65.8 100 

Note: Cells without response to GABA were excluded from this table (96 of 213, 45.1%).
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Figure 2.8 A-C: Chloride importer NKCC1 was active in all of the GABA-response types, but not in all 

cells per type. (A) GABA response type 1 neurons decreased intracellular Ca2+-concentrations ([Ca2+]i) 

GABA-dependently and significantly (D) for a longer duration in the presence of NKCC1-antagonist 

bumetanide (10 µM) (22 of 68 GABA response type 1 cells, 32.4%). However, 46 cells tested of 

GABA-response type 1 cells remained unaffected (67.6 %). (B) In response type 2 cells, highly significantly 

(E) GABA-dependent rises in [Ca2+]i were abolished or switched to reductions of [Ca2+]i with NKCC1 

inhibitions (n=14 of 32 GABA response type 2 cells). Some GABA-sensitive response type 2 cells remained 

unaffected by bumetanide treatment (n=18 of 32, 56.2 %). (C) Only few of type 3 cells increased [Ca2+]i 

during NKCC1 inhibitions (4 of 17 GABA response type 3 cells, 23.5 %), while 13 of 17 (76.5 %) 
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spontaneously active neurons remained unaffected (F). (D, E) Responses were quantified with 

comparisons of areas under curves (AUC = integrals) normalized to baseline levels. Paired t-test, P<0.5. (F) 

Frequencies of spontaneous Ca2+ transients in presence of GABA and bumetanide compared to GABA 

responses without application of bumetanide. Paired t-test, P<0.5. GABA-sensitive AME cells that were 

not affected by bumetanide were shown in Fig. 2.10 A-C. 

 

 

A further experimental series using VU0463271 on primary cell cultures of clock 

neurons was performed to examine effects of the chloride extruding KCC2 cotransporter 

to GABA responses. Treatment of 10 µM VU0463271 with 10µM GABA induced 

transient Ca2+ increases in response type 1 cells (65.2 %, 60 of 92 GABA-sensitive 

response type 1 cells, Fig. 2.7 B, 2.9 A, Tab. 2.4) whereas the remaining GABA sensitive 

cells of response type 1 were unaffected (32 of 60, 34.8 %). In GABA response type 2 cells 

GABA-dependent rises in [Ca2+]i were reduced by VU0463271 (14 %, 6 of 43 

GABA-sensitive response type 2 cells, Fig. 2.7 B, 2.9 B, Tab. 2.4). But in contrast to 

bumetanide VU0463271 never abolished or switched GABA-dependent Ca2+-responses 

(Fig. 2.9 B, Tab. 2.4). In AME pacemaker neurons GABA dependent inhibitions were 

prevented by VU0463271 incubation (30.4 %, 7 of 23 GABA-sensitive response type 3 

cells, Fig. 2.7 B, 2.9 C, Tab. 2.4) and in some cases the frequency of Ca2+ transients was 

slightly raised. For data of VU0463271 insensitive GABA response type 1-3 cells, see Fig. 

2.10 D-F. 

 

Table 2.5: Effects to GABA induced response types under presence of chloride channel inhibitor 

VU0463271 in cultured AME cells of Rhyparobia maderae 

 

VU0463271 

affected unaffected 

GABA 
n 

% of GABA 

sensitive 
n 

% of GABA 

sensitive 

response type 1 60 65.2 32 34.8 92 

response type 2 6 13.9 37 86.08 43 

response type 3 7 30.4 16 69.6 23 

Sum 73 

 

85  158 

% of GABA sensitive 

cells 
46.2 53.8  

Note: Cells without response to GABA were excluded from this table (130 of 288, 45.1%)
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Figure 2.9 A-F: Chloride exporter KCC2 affected all GABA-response types. (A) 

Preincubation with KCC2 inhibitor VU0463271 in type 1 cells switched GABA-dependent 

decreases of intracellular Ca2+ concentrations ([Ca2+]i) to transient Ca2+ influxes (n=60 of 92 

GABA sensitive response type 1 cells). (D) While this switch was significant, however, 32 of 

the examined GABA response type 1 cells were insensitive to the inhibitor (34.8 %). (B, E) 

GABA-dependent Ca2+ rises of response type 2 cells were reduced significantly by 

VU0463271 in only few cells (6 of 43 GABA response type 2 cells), whereas most GABA 

induced [Ca2+]i changes remained constant (37 of 43 GABA response type 2 cells). (C, F) 
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GABA dependent inhibitions of Ca2+ transients were abolished by inactivation of KCC2 in 7 

of 23 AME neurons of type 3 tested. No change of spontaneous activity was detected in 16 of 

23 pacemakers (Fig. 2.10). (D, E) Responses were quantified with comparisons of areas under 

curves (AUC = integrals) normalized to baseline levels. Paired t-test, P<0.5. (F) Frequencies of 

spontaneous Ca2+ transients in presence of GABA and VU0463271 compared to GABA 

responses without application of VU0463271. Paired t-test, P<0.5. Gaps indicate periods of 

washing or the inhibitor preincubation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 A-F: Unaffected GABA responses of AME cells in presence of chloride 

transporter inhibitors. Application of neurotransmitter GABA to AME cells in primary cell 

cultures revealed 3 response types according to their respective Ca2+ concentration changes. 

Although preincubation with NKCC1 and KCC2 inhibitors demonstrated that intracellular 

chloride concentrations modulated the GABA responses, not all cells were sensitive to the 

inhibitors. (A-C) AME cells responding to GABA were not affected by the presence of 

NKCC1 inhibitor bumetanide. (D-F) Three GABA induced response types were unaffected by 

KCC2 inhibitor VU0463271. Gaps indicate periods of washing or the preincubation with 

inhibitions. For detailed distribution information for 2.10 A-C see Tab. 2.3 and D-F Tab. 2.4.   
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3.2.7. Most neurons with excitatory GABA responses shared GABAA and 

GABAB receptors 

 

Since most AME neurons responded to GABAA- and GABAB receptor 

agonists, I tested in a separate experimental series which neurons were 

sensitive to both agonists. GABA, GABAA receptor agonist muscimol, and 

GABAB receptor agonist SKF 97541 (5 µM of agonists concentrations) were 

applied to the same cells to examine in how many neurons the receptors were 

coexpressed and to determine their response type. The previous experiments 

already revealed that more cells were sensitive to GABAA agonist muscimol 

(60 %) than to GABAB agonist SKF 97541 (23 %).  

Nearly all neurons with excitatory GABA responses were sensitive to SKF 

97541 (70 of 76, 92.1 %). Interestingly, about 37 of 76 (48.7 %) of this 

responded to muscimol with a Ca2+ reduction whereas 26 of 76 (34.2 %) also 

caused Ca2+ increases. Just about 7.9 % of GABA excitatory neurons were not 

sensitive for SKF 97541 (n=6 of 76) but for GABAA agonist muscimol (Tab. 

2.6B). In contrast, inhibitory actions induced by GABA itself can be induced 

by either excitatory or inhibitory effects by both GABA receptor agonists. 

Within the excitatory GABA group 82.9 % of the measured cells responded to 

both GABA receptor agonists (63 of 76). For detailed distribution see Tab. 2.5.  

 

In contrast, AME neurons which decreased intracellular Ca2+ levels after 

GABA application (164 of 507, 32.3 %) responded to SKF 97541 also with Ca2+ 

decreases (37 of 164 inhibitory GABA cells, 22.6 %). Most of inhibitory GABA 

cells were insensitive for SKF 97541 but sensitive to muscimol, which 

increased (n=13 of 164, 7.9%) or decreased (n=102 of 164, 62.2%) intracellular 

Ca2+ concentrations (Tab. 2.6A). Compared to excitatory group just 24.4 % (40 
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of 164) responded to both agonists suggests that both receptors were 

expressed. In some cases it is not clear whether we can distinguish/determine 

with Ca2+ imaging a further Ca2+ reduction in cells with generally low 

baseline. Thus, it is not sure whether respective inhibitory responses could be 

detected via Ca2+ imaging technique. 

 

 

 

 

Figure 2.11 A-E: Many AME neurons expressed both, GABAA- and GABAB-receptors that 

could have agonistic or antagonistic effects on intracellular Ca2+ levels ([Ca2+]i). Isolated 

AME neurons in primary cell cultures treated with GABA (10 µM) together with GABAA or 

GABAB agonists (5 µM) revealed diverse response distributions. (A) Application of GABA (10 

µM) as well as GABAA and GABAB receptor agonists induced Ca2+ efflux in some AME 

neurons (n=12 of 164). (B) The neurotransmitter GABA decreased [Ca2+]i similar to GABAB 

agonist SKF 97541, whereas GABAA receptor agonist muscimol increased the [Ca2+]i (n=16 of 
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164 inhibitory GABA cells). (C) A further cell type also reduced Ca2+ baseline 

GABA-dependent, while muscimol also decreased and SKF 97541 increased [Ca2+]i (n=12 of 

164). In contrast, in response type 2 cells either GABA and both receptor agonists increased 

[Ca2+]i (D) (26 of 76 excitatory GABA cells), or (E) GABAA agonist reduced [Ca2+]i whereas 

GABAB agonist increased [Ca2+]i (n=37 of 76 excitatory GABA cells). Gaps indicate periods of 

washing.  

 

 

 

Table 2.6: AME cells in primary cell cultures respond to GABA with Ca2+ increases or 

decreases 

AME cells tested with GABA (G=507) 

Ca2+ decreases induced 

by GABA (Tab. 2.6A) 

Ca2+ increases induced 

by GABA (Tab. 2.6B) 
No response 

n % n % n % 

164 32.3 76 15.0 267 52.7 

 

 

 

Table 2.6 A: AME cells responding to GABA with decreases of [Ca2+]i and their distribution 

of GABAA and GABAB receptor agonist reactions 

 

 Ca2+ decreases induced by GABA (n=164) 

 Ca2+ decreases 

induced by muscimol 

no muscimol 

response 

Ca2+ increases 

induced by muscimol 

 n % n % n % 

Ca2+ decreases in- 

duced by SKF 97541 
12 7.3 9 5.5 16 9.8 

no SKF 97541 

response 
102 62.2 0 0 13 7.9 

Ca2+ increases in- 

duced by SKF 97541  
12 7.3 0 0 0 0 
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Table 2.6 B: AME cells responding to GABA with increases of [Ca2+]i and their distribution of 

GABAA and GABAB receptor agonist reactions 

 

 Ca2+ increases induced by GABA (n=76) 

 Ca2+ decreases induced 

by muscimol 

no muscimol 

response 

Ca2+ increases 

induced by muscimol 

 n % n % n % 

Ca2+ decreases in- 

duced by SKF 97541 
0 0 0 0 0 0 

no SKF 97541 

response 
0 0 0 0 6 7.9 

Ca2+ increases in- 

duced by SKF 97541  
37 48.7 7 9.2 26 34.2 
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Chapter 3 

 

 

 

(All previously published text taken from my publications will be printed in 

blue and respective publications will be cited) 

 

 

 

 

3.3 Ipsi- and contralateral PDF signaling of individual AME cells in vitro 

 

The neuropeptide pigment-dispersing factor (PDF) acts as important coupling 

factor within AME circuits and is assumed to be also involved in light 

entrainment of the circadian clock. Although the neuroanatomy of 

PDF-expressing neurons was well studied, many questions remain to be 

answered, especially concerning PDF signaling. To distinguish PDF-signaling 

between PDF-immunoreactive (-ir) and non-PDF-ir circadian clock neurons as 

well as between ipsilaterally remaining and contralaterally projecting AME 

neurons, a combination of different techniques was employed. 

Rhodamine-dextran backfills were performed from the contralateral optic 

stalk to label AME neurons that connect both optic lobes. Then, primary cell 

cultures on UNCD surfaces were prepared from the ipsilateral AME. After 

physiological characterization of AME neurons with Ca2+ imaging, finally 

anti-PDF-immunocytochemical stainings were performed to search for PDF 

autoreceptors. 
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3.3.1 PDF signaling of PDF-immunoreactive cells in vitro 

 

 

 

 

3.3.1.1 The largest PDF-ir neuron does not contain PDF autoreceptors 

 

In 3 (3%) of 98 contralateral-projecting neurons of the AME, the largest 

aPDFME was found. It was identified according to its characteristically large 

soma with a diameter of up to 50 µm and its rhodamine-dextran labeling, 

which identified it as a contralateral AME neuron (Gestrich et al., 2018). The 

largest aPDFME spontaneously generated regular Ca2+ transients with large 

amplitudes (≥100 nM) (Gestrich et al., 2018). Bath application of PDF (500 nM) 

did not affect Ca2+ transients (Gestrich et al., 2018). Although Ca2+ transients 

were blocked after application of GABA (10 µM), the Ca2+ baseline was not 

largely affected. In contrast, ACh (10 µM) increased the Ca2+ baseline 

(Gestrich et al., 2018) and the frequency of the Ca2+ transients. 

 

 

 

 

3.3.1.2 Contralaterally-projecting medium-sized aPDFMEs are inhibited by 

PDF 

 

Rhodamine- and PDF-labeled medium-sized aPDFMEs were identified in the 

primary cell cultures (n = 13 of 98 rhodamine-labeled cells). The other cells 

recorded showed little activity before PDF application and became more 

active with an increased baseline level after washing off PDF. Application of 

500 nM PDF abolished the Ca2+ transients and transiently decreased the Ca2+ 

baseline in most cells (Fig. 3.1B). In other medium-sized aPDFMEs, PDF 
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caused a sustained decrease of the Ca2+ baseline (Fig. 3.1A). Thus, 

medium-sized aPDFMEs contain inhibitory, but not excitatory PDF 

autoreceptors (Fig. 3.1). Application of GABA blocked the Ca2+ transients and 

reduced the Ca2+ baseline in all contralateral medium-sized aPDFMEs 

recorded (Fig. 3.1). Perfusion with ACh rapidly increased the Ca2+ baseline 

level of all medium-sized aPDFMEs (n = 13; Fig. 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: The contralateral medium-sized aPDFMEs (pigment-dispersing factor 

[PDF]-expressing neurons anterior to the accessory medulla) were inhibited via PDF 

autoreceptors. (A–B) The Ca2+ baseline was reduced and the Ca2+ transients of all 

contralateral medium sized aPDFMEs were blocked by PDF and GABA applications, whereas 

the cells were activated by acetylcholine (ACh) applications (n = 13). All cells were 

spontaneously active, and most of the cells (B) expressed regular Ca2+ transients. Blue framed: 

example published in Gestrich et al.,2018. Modified after Gestrich et al., 2018. Dotted frames 

indicate the presence of respective stimulus and gaps indicate periods of washing. 

Experiments performed by Maria Giese. 
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3.3.1.3 Small local aPDFMEs are activated by PDF application 

 

Small aPDFMEs (5–10 µm soma diameter) were identified (n = 7 of 156 

preparations) with PDF immunocytochemistry. As expected for local 

interneurons of the AME, the small aPDFMEs were not labeled with 

rhodamine-dextran (n = 7, not shown). They showed no regular spontaneous 

activity (Fig. 3.2), however PDF application rapidly increased their 

intracellular Ca2+ baseline levels and generated oscillating Ca2+ transients (Fig. 

3.2). In addition, the small aPDFMEs were inhibited by GABA to different 

extents (Fig. 3.2), and all were more uniformly, strongly activated by ACh 

application (Fig. 3.2). 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The ipsilateral small aPDFMEs (pigment-dispersing factor [PDF]-expressing 

neurons anterior to the accessory medulla) expressed excitatory PDF autoreceptors. (A–B) 

Small PDF-immunoreactive aPDFMEs that were not rhodamine-labeled were examined in 

Ca2+ imaging experiments (n = 7). Application of PDF (500 nM) and acetylcholine (ACh) 

applications (10 μM) increased the intracellular Ca2+ baseline level in all local small aPDFMEs. 

In contrast, they expressed different sensitivity to GABA (10 μM) application. Although the 

first (A) showed no clear response, the second (B) expressed a small decline of the Ca2+ 
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baseline level. Dotted frames indicate the presence of respective stimulus and gaps indicate 

periods of washing. Experiments performed by Maria Giese. 

 

 

 

 

3.3.2 PDF signaling of non-PDF immunoreactive cells in vitro 

 

Except of the largest PDF immunoreactive cell, all PDF-ir neurons carry PDF 

auto-receptors. Next to PDF-ir, non-PDF-ir cells were also involved in PDF 

signaling. They were either activated, or inhibited by PDF application. 

Furthermore, they were sensitive to the main inhibitory neurotransmitter 

GABA and to the most common excitatory neurotransmitter acetylcholine. 

 

 

 

 

3.3.2.1 Excitatory ipsilateral PDF-sensitive cells which were sensitive for 

GABA were either inhibited or activated by GABA 

 

Among the examined AME cells without rhodamine-label and PDF 

immunoreactivity about 11% were sensitive to 500 nM PDF (85 of 773). The 

majority of these PDF-dependently excited ipsilateral non-PDF-ir clock 

neurons were inhibited by the neurotransmitter GABA. In 38 of 85 cells, the 

application of GABA reduced the [Ca2 +]i baseline below previous levels (Fig. 

3.3A), or inhibited Ca2+ transients in spontaneously active cells (Fig. 3.3B; 12 

of 85). A small amount of PDF-dependently excited cells increased [Ca2+]i 

after application of 10 µM GABA (Fig. 3.3C; 8 of 85). 
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Figure 3.3: Non-PDF-ir ipsilateral cells responded with Ca2+ rises after application of 500 

nM PDF. They were also either activated or inhibited by GABA. Among the non-backfilled, 

therefore ipsilateral PDF-sensitive cells which increased [Ca2+]i after PDF application most 

were also sensitive to GABA. (A) Silent cells revealed GABA-dependent decreases of [Ca2+]i, 

below basline levels (n=38 of 85) in excitatory PDF-sensitive, non-PDF-ir, non-backfilled cells. 

(B) Spontaneously active cells increased [Ca2+]i baseline levels and also the frequency of Ca2+ 

transients PDF-dependently, whereas Ca2+ transients were blocked by 10 µM GABA (n=12 of 

85 ipsilateral non- PDF-ir). (C) The minority of PDF-dependently excitated PDF-sensitve cells 

were activated by GABA and ACh (n=8 of 85 ipsilateral non-PDF-ir). Dotted frames indicate 

the presence of respective stimuli and gaps indicate periods of washing. Experiments 

performed by Maria Giese. 
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3.3.2.2 Contralaterally projecting PDF-sensitive cells always were inhibited 

by PDF as well as by GABA 

 

Among the rhodamine-labeled AME cells without PDF immunoreactivity 

38.6 % were sensitive to the neuropeptide (17 of 44) whereas all of them were 

inhibited also by GABA (Fig. 3.4). Spontaneously active cells which were 

inhibited by 500 nM PDF lacked Ca2+ transients after GABA application (Fig. 

3.4A; 5 of 17) and silent PDF-sensitive cells reduced their [Ca2+]i 

concentrations GABA-dependent (Fig. 3.4B; 12 of 17). 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: All non-PDF-ir but PDF-sensitive cells projecting contralaterally were inhibited 

by PDF and GABA. (A) Spontaneously active neurons carrying the PDF receptor were 

inhibited by application of 500 nM PDF. All of these neurons were inhibited by 10 µM GABA 

since all of these cells were sensitive also to the neurotransmitter (n= 5 of 17 PDF-sensitive). 

(B) Silent AME cells inhibited by PDF, also reduced [Ca2+]i under resting Ca2+ baseline after 

10 µM GABA treatment (n=12 of 17 PDF-sensitive). Dotted frames indicate the presence of 

respective stimuli and gaps indicate periods of washing. Experiments performed by Maria 

Giese. 
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3.3.2.3 Only a minority of non-PDF-ir but PDF-sensitive cells lack 

acetylcholine (ACh) receptors 

 

The PDF-ir neurons were all sensitive to the major excitatory neurotransmitter 

acetylcholine whereas a small amount of non-PDF-ir neurons were insensitive, 

and, thus lack ACh receptor (10 of 119, 8.4 %). Among these, all cells 

examined that responded with excitations to PDF and GABA belonged to 

ipsilateral cells (Fig. 3.5B; 6 of 85), while all contralaterally projecting cells 

were inhibited by PDF and GABA (Fig. 3.5A; 4 of 34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: A minority of PDF-sensitive non-PDF-ir cells does not respond to acetylcholine 

(ACh) (A) Rhodamine-labeled non-PDF-ir cells were inhibited by PDF and GABA, but were 

insensitive to ACh (n= 4 of 34, 11.8 %). (B) Ipsilataral non-PDF-ir cells were excited by 500 nM 

PDF and 10 µM GABA, but remained insensitive to ACh (n=6 of 85, 7.1 %). Dotted frames 

indicate the presence of respective stimuli and gaps indicate periods of washing. Experiments 

performed by Maria Giese. 
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Chapter 4 

 

 

 

3.4 Endogenous modulation and light dependent effects to AME pacemaker 

cells in vitro 

 

 

 

 

 

 

 

3.4.1. The intracellular Ca2+ concentration of isolated AME cells is regulated 

via endogenous and exogenous mechanisms 

 

Clock related cells exhibit ultradian rhythms within the AME network. To 

examine whether AME cells in primary cell culture exhibit endogenous 

activity rhythms and sensitivity changes to neurotransmitter, intracellular 

calcium level were tracked in long-term recordings of single cells and 

examinations of time-dependent pooled data sets. 

 

 

 

3.4.1.1 Long-term imaging of changes in intracellular Ca2+ concentrations 

([Ca2+]i) of isolated AME neurons suggested endogenous rhythms 

 

Long-term Ca2+ imaging of single AME associated cells in primary cell culture 

exhibit endogenous changes of intracellular calcium ([Ca2+]i) level since 
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extracellular conditions kept constant within the examination period and 

without any stimulus application. The different cells displayed individual 

[Ca2+]i motives including transients pattern, amplitudes and frequencies as 

well as baseline levels examined at RT 0, RT 6, RT 12 and RT 18. 

 

Large Ca2+ transients within examination RT 0 were replaced by strongly 

reduced baseline level and lack of transients to RT 6. The high baseline level 

and spontaneous activity with Ca2+ transient recovered to RT 12 whereas the 

[Ca2+]i profile at RT 18 was comparable to the examination performed 12 h 

before at RT 12 (Fig. 4.1A). In contrast, further cells displayed low level 

baseline accompanied with Ca2+ waves at RT 0 replaced by reduced activity 

concerning transients amplitude but comparably high baseline level 6 hours 

later (RT 6). The same cell displayed strongly reduced Ca2+ baseline level 

lacking any transients at RT 12. At RT 18 the [Ca2+]i returned to baseline level 

similar to the first examination phase at RT 0 but weak Ca2+ waves (Fig. 4.1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

Figure 4.1: Long-term Ca2+ imaging in vitro indicated that [Ca2+]i change spontaneously in 

isolated AME neurons in primary cell cultures. Single, isolated AME cells displayed 

endogenous changes of [Ca2+]i at different recording times (RT, n=18 of 82). (A) Large 

amplitude Ca2+ transients at RT 0 were followed by reduced baseline levels of [Ca2+]i without 

or low amplitude transients at RT 6. At RT 12 spontaneous Ca2+ transients returned, while at 

RT 18 activity ceased, again. (B) Variations of amplitudes in spontaneous Ca2+ 

waves/transients and in baseline levels of [Ca2+]i. Gaps indicate 6 hours without imaging but 

with continuous perfusion with Ringer solution in the absence of any stimulations. 

 

 

 

 

3.4.1.2 Time-dependent differences of intracellular Ca2+ concentrations of 

isolated AME neurons suggested circadian clock- or light-dependent 

rhythms 

 

Since single AME associated cells in culture change their intracellular Ca2+ 

condition in course of the day, examination of clock cells within daily sections 

considering also different lightning periods were performed. Therefore, 

cultures of AMEs from animals raised under the same photoperiod were 

taken from the incubator (under constant darkness = DD) at four different 

recording times (RT). Each cell was measured only once. The [Ca2+]i were 

measured at dawn, at noon, at dusk and at night were pooled to form a 

“dawn”, “noon”, “dusk”, and a “night” population (RT-groups), whereas all 

other conditions between the different groups remained constant. 
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Figure 4.2: The resting intracellular calcium levels ([Ca2+]i) of AME neurons are higher at 

dawn and dusk than at noon and middle of the night. The [Ca2+]i of animals raised under 

short-day (LD 6:18), normal-day (LD 12:12) and long-day (LD 18:6) conditions were examined. 

The recording times (RT) within each group were performed at dawn, noon, dusk and night. 

(A) Among all photoperiod groups the [Ca2+]i displayed higher level at dawn and dusk in 

comparison to noon and night determined level. Especially around dawn, the AME cell 

populations expressed significantly higher [Ca2+]i values from short- and normal- day 

animals. The resting [Ca2+]i level of long-day animals revealed no significance determined at 

dawn, noon, dusk and night. (B) The [Ca2+]i of the respective four different RT groups among 

the three different animal groups did not differ significantly (Kruskal-Wallis test, p<0.5). 6:18: 

RT3-RT6 p 0.00082, 6:18: RT6-RT15 p 0.00092, 12:12: RT0-RT18 p 0.017, 12:12: RT12-RT18 p 

0.00087 

 

 

 

 

The resting intracellular calcium concentrations ([Ca2+]i) in AME neurons 

are higher at dawn and dusk 

 

AME cultures prepared from short-day animals (LD 6:18) revealed significant 

variations of [Ca2+]i between noon, dusk and night with lowest pooled Ca2+ 

baseline levels determined during the day (RT 3, noon, Fig. 4.2A, Tab. 

4.1-6:18). In contrast, normal-day animals (LD 12:12) displayed lowest Ca2+ 

level of AME cells during the night (RT 18) but also significant [Ca2+]i shift 

compared to dusk pooled data, similar to short-day (Fig. 4.2A-12:12). The cells 

prepared from long-day animals did not revealed any significant [Ca2+]i 
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changes between pooled data of dawn, noon, dusk and night group 

concerning [Ca2+]i (Fig. 4.2A-18:6). 

 

Considering the day section, the [Ca2+]i determined at the beginning of the 

day (dawn), middle of the subjective day (noon), beginning of the night (dusk) 

and middle of the subjective night (night) displayed no significant differences 

across measured cell cultures prepared from short-day, normal-day and 

long-day animals according to the respective RT (Fig. 4.2B, Tab. 4.1). 

 

 

Table 4.1: Resting Ca2+ concentrations of isolated AME neurons in primary cell cultures 

 

 dawn noon dusk night 

LD 
[Ca2+]i (nM) 

± SEM 

N [Ca2+]i (nM) 

± SEM 

N [Ca2+]i (nM) 

± SEM 

N [Ca2+]i (nM) 

± SEM 
N 

6:18 87,10 ± 6,9 20 77,64 ± 3,2 54 102,0 ± 6,6 49 79,27 ± 5,5 81 

12:12 84,32 ± 8,7 17 73,46 ± 5,6 47 88,62 ± 5,4 41 55,71 ± 2,9 40 

18:6 110,0 ± 14,1 18 73,16 ± 3,8 25 103,6 ± 14,4 22 79,89 ± 4,5 31 
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3.4.2. The sensitivity to neurotransmitter of isolated AME cells is regulated 

via endogenous and exogenous mechanisms 

 

 

 

 

3.4.2.1 Photoperiodic modulation of acetylcholine (ACh) sensitivity in AME 

cells 

 

To determine whether exposure to different length of daylight (photoperiod) 

affects the sensitivity of circadian clock neurons to the predominant excitatory 

neurotransmitters acetylcholine (ACh), EC50 values of AME neurons at 4 

different RT times were determined in three animal groups: at dawn: RT 0 for 

all groups; at noon: RT 3 (short-day animals), RT 6 (normal-day animals), RT 

9 (long-day animals); at dusk: RT 6 (short-day animals), RT 12 (normal-day 

animals), RT 18 (long-day animals); at night: RT 15 (short-day animals), RT 18 

(normal-day animals), RT 21 (long-day animals). The ACh stimuli were bath 

applied via the superfusion system for 60 s at 5 different concentrations 

(10nM, 100nM, 1µM, 10µM, 100µM). Following each ACh application, the 

cells were washed with the standard saline for 5 min. The dose-dependent 

curves with EC50 values of ACh were obtained by fitting a standard 

4-parameter logistic model. All data are given as means ± standard error of 

the mean (SEM). After Kolmogorov-Smirnov normality test, a Kruskal-Wallis 

test was performed for statistical comparison (GraphPad Prism). 
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Figure 4.3: The ACh sensitivity of AME cell cultures from cockroaches reared in different 

photoperiods expressed RT-dependent changes: light/dark (LD) 6:18 (short-day animals), 

12:12 (normal-day animals) or 18:6 (long-day animals) at four different RT representing 

“dawn”, “noon”, “dusk” and “middle of night” for the respective group. With longer 

light-exposure during the day surprisingly, EC50 values decreased. Kruskal-Wallis test, p<0.5. 

6:18: RT3-RT15 p 0.0419, 12:12: RT0-RT6 p 0.0304, 12:12: RT6-RT12 p 0.00053, 12:12: RT12-RT18 

p 0.0142, 18:6: RT0-RT18 p 0.0081, 18:6: RT18-RT21 p 0.0366. 

 

 

 

Table 4.2: Recording time (RT) depending EC50 values calculated from acetycholin-dose 

response curves of isolated AME neurons in primary cell cultures 

 

 

The sensitivity of AME cells to ACh significantly differs just between the 

middle of the day (highest sensitivity) and the middle of the night (lowest 

sensitivity) in short-day animals (Fig. 4.3-6:18, Tab. 4.2). In contrast, 

cockroaches raised in 12:12 LD cycles expressed higher ACh sensitivity at all 

RTs as compared to short day animals (Fig. 4.3, Tab. 4.2). Both groups tended 

 dawn noon dusk night 

LD 
EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) 

± SEM 

N EC50 (nM) 

± SEM 
N 

6:18 1522 ± 434,9 20 1209 ± 137,2 54 2057 ± 395,6 49 1704 ± 149,6 81 

12:12 1281 ± 199,6 17 711,6 ± 110,1 47 1460 ± 116,1 41 889,0 ± 98,4 40 

18:6 1455,0 ± 367,8 18 782,1 ± 103,6 25 501,6 ± 82,8 22 1044 ± 158,1 31 
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to express higher EC50 values (=lower sensitivities) at dawn and dusk 

compared to the middle of the light- or dark phase. In contrast, the long-day 

animals revealed most significant differences in sensitivities between dawn 

and dusk. Highest sensitivity to ACh occurred at dusk, not during the middle 

of the day as in short and normal-day groups (Fig. 4.3-18:6, Tab. 4.2). 

 

 

 

 

3.4.2.2 The circadian modulation of GABA responses in single AME cells 

 

Performed long-term imaging experiments revealed response variations after 

application of the same stimuli concentration (1mM GABA) in single cells by 

endogenous changes. In the experimental series of long-term imaging, 

response type 3 cells change the amplitude of GABA evoked [Ca2+]i increases 

under constant extracellular conditions in comparison between recording 

time 0, 6 and 12 (Fig. 4.4A). AME cells without activity displayed no reaction 

through GABA application within respective RT whereas 6 hours later the 

spontaneous activity and raised [Ca2+]i baseline occurred, accompanied with a 

strong GABA induced decrease of [Ca2+]i. (Fig. 4.4B). Further observations 

identified AME cells which do not only show variations of sensitivity to 

GABA but switch their response type. A response type 1 cell strongly 

decreased [Ca2+]i at RT 0. After 6 hours the [Ca2+]i baseline is reduced by 

endogenous modulation and GABA application induces no further decrease. 

Examination at RT 12 revealed strong GABA induced [Ca2+]i increases, thus a 

polarity switch of GABA induced calcium flux (Fig. 4.4C.1). 
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Figure 4.4: Endogenous changes of GABA-responses occurred in isolated clock neurons in 

long-term recordings. Cultured clock neurons changed GABA (1 mM) responses 

spontaneously and partly reversibly during long-term Ca2+ imaging measured with intervals 

of 6 hours between the individual recordings (recording time). (A.1/2) Some AME type 

expressed spontaneous changes in the amplitude of the GABA-dependent Ca2+ rises over the 

day, which were accompanied by small changes of the baseline Ca2+ level (n=8 of 35). (B.1/2) 

Also, the ability to respond to GABA could change during the course of the day, which were 

accompanied by strong endogenous changes of the baseline Ca2+ levels (n=2 of 35) (C.1/2) A 

GABA-dependent response switch was accompanied by changes in the baseline Ca2+ level in 

another AME response type (n=2 of 35). Gaps indicate 6 hours without imaging but with 

continuous perfusion with Ringer solution in the absence of any stimulation. 
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3.4.2.3 Time-dependent modulation of GABA sensitivity of AME response 

types 

 

Long-term imaging experiments demonstrated that AME cells could change 

their response pattern through GABA application RT-dependently (Fig. 4.4). 

To examine whether the sensitivity of the AME associated cells responding to 

GABA, the experimental series were expanded by dose-response curves 

(10nM, 100nM, 1µM, 10µM and 100µM GABA) of time-depending (dawn, 

noon, dusk, night) pooled data sets (referred as recording time, RT) from 15 

cell cultures for each RT-set. They were prepared and measured described in 

materials and methods part (Fig. 6). Response type 1 cells, reducing [Ca2+]i, 

were most sensitive for GABA in the middle of the noon (measured RT 6-8) 

and significant to more insensitive dusk and night examined GABAergic cells 

(Fig. 4.5A, Tab. 4.3). Excitatory response type 2 cells displayed also lowest 

EC50 levels at RT 6-8 similar to response type 1 and were less sensitive at the 

beginning of the subjective night (RT 12-14) compared to dawn, noon and 

night pooled data sets (Fig. 4.5B, Tab. 4.3). In contrast, spontaneously active 

cells of inhibitory response type 3 were most insensitive during RT 18-20 

whereas remaining examined day sections revealed low EC50 values, thus, 

high sensitivity to neurotransmitter GABA (Fig. 4.5C, Tab. 4.3). 

 

 

 

 

 

 

Figure 4.5: Isolated AME neurons express time- dependent changes in GABA-sensitivity 

that differed between GABA response types. For sensitivity evaluations at different 

recording times (RT), dose-response curves (10nM, 100nM, 1µM, 10µM and 100µM) for 

GABA were obtained whereas normalized calcium responses of individual AME cells were 

plotted logarithmically to determine EC50 values with GraphPad Prism software. 
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Kruskal-Wallis test p<0.05. Results summarized in Table 4.3. 

 

Table 4.3: EC50 values calculated from GABA-dose response curves of isolated AME neurons 

in primary cell cultures 

 

  

 

 

 

3.4.2.4 Time- dependent distribution of GABA response types 

 

As demonstrated in preliminary long-term imaging GABAergic cells can 

switch their response type time-dependent. Evaluation of pooled data sets 

revealed [Ca2+]i decreasing response type 1 within determined day sections 

(dawn, noon, dusk, night) as predominant type (Fig. 4.6, black). The share of 

excitatory response type 2 is slightly raised in pooled data sets measured at 

RT 6-8 (Fig. 4.6, dark grey) and spontaneously cells inhibited by GABA 

appeared more often at RT 12-14 (dusk, Fig. 4.6, light grey). The distribution 

is calculated from data of section 3.4.2.3. For the amount of cells see table 4.3.  

 

 

 

 

 

 RT 0-2 

dawn 

RT 6-8 

noon 

RT 12-14 

dusk 

RT 18-20 

night 

Response 

type 

EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 
N 

1 774,0 ± 172,1 31 380,2 ± 66,9 32 822,5 ± 124,5 30 874,6 ± 125,1 32 

2 480,7 ± 124,7 12 295,0 ± 64,9 10 1466 ± 213,6 18 644,9 ± 188,2 15 

3 390,1 ± 164,0 10 429,1 ± 120,9 14 305,6 ± 109,6 13 1555,0 ± 208,0 11 
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Figure 4.6:  Time-dependent response type distribution of AME associated neurons to 

GABA in vitro. Response type distribution examined for GABA within recording times: RT 

0-2 (n=53 GABA sensitive and 96 in total), RT 6-8 (n=56 GABA sensitive and 101 in total), RT 

12-14 (n=61 GABA sensitive and 115 in total) and RT 18-20 (n=58 GABA sensitive and 104 in 

total). 

  

 

 

3.4.2.5 Time-dependent modulation of the sensitivity to GABAA receptor 

agonist muscimol in different AME response types 

 

GABAA receptor agonist muscimol revealed the same response types in AME 

cells as GABA itself (Fig. 2.2). Rising concentrations (10nM, 100nM, 1µM, 

10µM and 100µM) of the GABAA receptor agonist muscimol were applied to 

AME cells in primary cell culture to examine their sensitivity. Response type 1 

reducing the [Ca2+]i baseline in silent AME cells displayed a high sensitivity 

with narrow distribution of EC50 values at dawn and night (RT 0-2 and 18-20) 

in contrast to lower sensitivity and broad distribution measured at RT 6-8 and 

RT 12-14 (Fig. 4.7A, Tab. 4.4). The excitatory type 2 rises [Ca2+]i by chloride 

efflux through GABAA channel revealed time-dependent no significant 

differences concerning the sensitivity (Fig. 4.7B, Tab. 4.4). Active AME 

neurons inhibited by agonist muscimol displayed highest sensitivity at RT 0-2 

compared to reduced sensitivity, thus significant raised EC50 values at RT 

18-20 (Fig. 4.7C, Tab. 4.4). 
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Figure 4.7: Isolated AME neurons express time-dependent changes in sensitivity to the 

GABAA-receptor agonist muscimol that differed between muscimol response types. For 

sensitivity evaluation at different recording times (RT), dose-response curves (10nM, 100nM, 

1µM, 10µM and 100µM) for GABAA receptor agonist muscimol were generated whereas 

normalized calcium responses of individual AME cells were plotted logarithmically to 

determine EC50 value with GraphPad Prism software. (A) Response type 1 cells reducing  

the [Ca2+]i displayed significant differences in their sensitivity between RT 0-2 and 12-14 (p 

0.0396) whereas response type 2 cells revealed no significant differences (B). (C) 

Spontaneously active AME cells in which muscimol inhibit Ca2+ transients displayed 

significant differences in their sensitivity determined between RT 0-2 and RT 19-20 (p 0.0050). 

Kruskal-Wallis test p<0.05. Results summarized in Table 4.4. 

  

 

 

Table 4.4: EC50 values calculated from GABAA-receptor agonist muscimol-dependent dose 

response curves of isolated AME neurons in primary cell cultures 

 

 

 

 

 RT 0-2 

dawn 

RT 6-8 

noon 

RT 12-14 

dusk 

RT 18-20 

night 

Response 

type 

EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 
N 

1 288,9 ± 79,1 23 790,3 ± 205,4 22 692,0 ± 104,7 26 366,1 ± 77,2 33 

2 180,2 ± 50,3 8 232,0 ± 70,88 6 258,7 ± 48,92 23 430,4 ± 118,1 16 

3 164,2 ± 55,95 14 378,2 ± 71,21 16 340,8 ± 67,23 20 499,6 ± 94,39 20 
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3.4.2.6 Time-dependent distribution of GABAA receptor induced response 

types by agonist muscimol 

 

The distribution of muscimol induced response types were determined in 

course of the day from pooled data sets of AME primary cell cultures 

prepared and examined at RT 0-2, RT 6-8, RT 12-14 or RT 18-20. Response 

type 1 occurred predominantly in half of muscimol sensitive cells similar to 

GABA except of reduced share at RT 12-14 (Fig. 4.8, black). Within the same 

period (noon) the spontaneous response type 2 represents the highest share 

compared to dawn and night, but especially low share in the noon (RT 6-8, 

Fig. 4.8, light grey). AME cells excited by muscimol occurred to all 

examination points with constant share at RT 0-2, RT 12-14 and RT 18-20 but 

raised share at RT 6-8 (Fig. 4.8, dark grey). 

 

 

Figure 4.8: Time-dependent response type distribution of AME associated neurons to GABAA 

receptor agonist muscimol in vitro. Response type distribution examined for muscimol within 

recording times: RT 0-2 (n=45 Muscimol sensitive and 75 in total), RT 6-8 (n=44 Muscimol 

sensitive and 80 in total), RT 12-14 (n=69 Muscimol sensitive and 113 in total) and RT 18-20 

(n=69 Muscimol sensitive and 121 in total). 

 

 

 

 

 

 

 



90 
 

3.4.2.7 Time dependent modulation of the sensitivity to GABAB receptor 

agonist SKF 97541 in different AME response types 

 

GABAB receptor agonist SKF 97541 revealed the same response type through 

[Ca2+]i in AME cells as GABA (Fig. 2.5). To examine whether the sensitivity 

change in course of the day, pooled data sets of AME cells in primary cell 

cultures were analyzed separately at dawn, noon, dusk or night via 

application of rising SKF 97541 concentration (10nM, 100nM, 1µM, 10µM and 

100µM) to compare EC50 values. Silent response type 1 cells which decreased 

[Ca2+]i were most sensitive at dusk (RT 12-14) and night (RT 18-20) compared 

to less sensitive cells at RT 0-2 and RT 6-8 (Fig. 4.9A, Tab. 4.5). EC50 values 

examined for silent AME cells increasing the [Ca2+]i revealed conversely 

distribution: lower EC50 values at dawn and noon compared to dusk and 

night (Fig. 4.9B, Tab. 4.5). The rarest response type 3 were spontaneously 

active AME neurons. Their transients were prevented by SKF 97541 and just 

detected at noon and night with high sensitivity (Fig. 4.9C, Tab. 4.5). 

 

 

Figure 4.9: Time-dependent sensitivity to GABAB receptor agonist SKF 97541 changes 

differently in various response types in AME cells in vitro. Primary cell cultures of Madeira 

cockroaches’ were prepared from AMEs dissected between ZT 0-2, ZT 6-8, ZT 12-14 or ZT 

18-20, kept for 24h in DD in the incubator until imaging experiments started and recorded RT 

0-2, RT 6-8, RT 12-14 or RT 18-20. Dose-response curves for GABAB receptor agonist SKF 

97541 were generated. Agonist was added via bath application in rising concentrations (10nM, 

100nM, 1µM, 10µM and 100µM). Evaluation of agonist sensitivity of the different AME 

response types at respective RT’s showed. (A) Calculation of EC50 values and Kruskal-Wallis 

test (p<0.05) identified significant differences between RT 0-2 and RT 12-14 (p 0.0347), RT 0-2 

and RT 18-20 (p 0.0278), RT 6-8 and RT 12-14 (p 0.0123) as well as between RT 6-8 and RT 18 
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(p 0.0097). (B) In response type 2 cells of GABAB receptor agonist, significant differneces 

concerning the sensitivity were also determined between: RT 0-2 and RT 12-14 (p 0.00012), RT 

6-8 and RT 12-14 (p 0.00022) as well as RT 12-14 and RT 18-20 (p 0.0099). (C) Spontaneously 

active AME cells inhibited by SKF 97541 could not be determined at RT 0-2 and RT 12-14. Just 

a small amount of cells were measured at RT 6-8 and RT 18-20 whereas they displayed no 

sensitivity differences. For detailed results see Table 4.5. 

 

 

 

Table 4.5: EC50 values calculated from GABAB-receptor agonist SKF 97541-dependent 

dose-response curves of isolated AME neurons in primary cell cultures measured at different 

day sections 

 

  

 

 

3.4.2.8 Time-dependent distribution of GABAB receptor induced response 

types by agonist SKF 97541 

 

AME cells responding to GABAB receptor agonist SKF 97541 revealed 

response types like GABA itself (Fig. 2.5) with sensitivity changes in course of 

the day (Fig. 4.9, Tab. 4.5). In contrast to GABA itself and responses to 

GABAA receptor agonist, the most predominant response type of GABAB 

agonist evoked responses were excitatory response type 2 (Fig. 4.10, light 

grey). Response type 1 could be observed in similar distribution within all 

measured day periods with slightly raised share at night and dawn (Fig. 4.10, 

 RT 0-2 

dawn 

RT 6-8 

noon 

RT 12-14 

dusk 

RT 18-20 

night 

Response 

type 

EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 

N EC50 (nM) ± 

SEM 
N 

1 853,0 ± 84,32 9 1015 ± 122,8 6 198,2 ± 107,9 6 237,99 ± 84,22 8 

2 442,1 ± 67,16 30 407,7 ± 100,1 22 1590 ± 172,9 26 951,1 ± 206,0 23 

3 - 0 303,5 ± 76,01 5 - 0 262,1 ± 142,8 7 
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black). Spontaneously active AME cells which were inhibited by GABAB 

agonist were rarely observed only at noon and night (Fig. 4.10). 

 

 

 

 

Figure 4.10:  Zeitgeber time-dependent response type distribution of AME 

associated neurons to GABAB receptor agonist SKF 97541 in vitro. Response 

type distribution examined for SKF 97541 within Zeitgeber times: RT 0-2 

(n=39 of SKF 97541 sensitive and 170 in total), RT 6-8 (n=33 of SKF 97541 

sensitive and 147 in total), RT 12-14 (n=32 of SKF 97541 sensitive and 139 in 

total) and RT 18-20 (n=38 of SKF 97541 sensitive and 158 in total). 
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4. Discussion 

 

 

 

In the nocturnal Madeira cockroach Rhyparobia maderae the circadian clock 

that controls daily rhythms of locomotor activity was located in the optic 

lobes of the insect´s brain but its cellular basis remained unknown 

(Nishiitsutsuji-Uwo, 1968a; Reischig and Stengl, 2003a; Roberts, 1965; 

Sokolove, 1975). Later, lesion- and transplantation experiments identified the 

accessory medulla (AME, plural: AMEs) with innervating pigment-dispersing 

factor immunoreactive (PDF-ir) neurons as circadian pacemaker that controls 

rest-activity rhythms (Reischig and Stengl, 2003b; Stengl and Homberg, 1994). 

For precise timekeeping the pacemaker must be entrained by daily Zeitgebers 

including temperature, social interactions, and, most importantly, by the 24 h 

rhythms of light and dark. While occlusion experiments identified the 

compound eye photoreceptors as the only photoreceptors relevant for 

light-dependent entrainment (Roberts, 1965), immunhistochemical studies 

found no direct innervation of the AME with histaminergic compound eye 

photoreceptor neurons (Loesel and Homberg, 1999). Thus, there are unknown 

interneurons connecting the AME to the delaying or advancing compound 

eye photoreceptor inputs. So far, putative light entrainment pathways are the 

GABA-ir distal tract connecting the glomerular core of the AME with several 

layers of medulla and the GABA-ir/neuropeptidergic fiber fan projections 

coupling the AME with lamina neuropils (Giese et al., 2018; Petri et al., 2002). 

 

In this thesis, GABA responses in neuronal clusters containing the PDF-ir 

cells were examined and compared to identify their signaling properties. 

Clusters of PDF-ir neurons were located anterior (aPDFME) and posterior 

(pPDFME) to the AME. In addition, PDF-clusters were found dorsally 

(dPDFLA) and ventrally (vPDFLA) to the lamina. 
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All experiments for my thesis were performed on isolated AME neurons 

in primary cell culture, thus, additional effects from synaptic inputs, gap 

junctions as well as other neurotransmitters or signaling molecules could be 

excluded, since extracellular conditions were controlled. Especially, because 

there is no metabolism of GABA in extracellular space the GABA membrane 

transporter (GATs) provided the main mechanism to terminate GABA 

induced responses. 

 

 

 

 

 

4.1 GABAergic signaling in the Madeira cockroach displays region specific 

properties 

 

Region-specific distribution of GABA signaling concerning excitatory and 

inhibitory responses was also described for the suprachiasmatic nucleus, SCN 

(Alamilla et al., 2014; Wagner et al., 1997). GABA-mediated excitatory 

postsynaptic potentials (EPSPs) occur in all SCN regions, but they are more 

common in dorsal SCN neurons during the night. Possibly, they are related to 

higher NKCC1 expression in the dorsal SCN at night as compared to the day 

(Choi et al., 2008). Furthermore, it is assumed that the ratio of GABA induced 

excitations to inhibitions, presumably controlled by chloride gradients, 

encodes period length of the circadian oscillator (Myung et al., 2015). The 

findings of GABA-dependent activations and inhibitions within the circadian 

clock of the cockroach support different functions concerning synchronization, 

ensemble formation, gating and coupling (Schneider and Stengl, 2005). 
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Single cell examinations of lamina neuropil associated neurons revealed a 

smaller amount of GABA-sensitive cells as compared to AME associated cells 

(Giese et al., 2018) but surprisingly with mostly excitatory responses. The 

relative distribution of GABA response types either in dorsal lamina (dLA) 

and ventral lamina (vLA) regions remain the same with high EC50 values and, 

thus, low GABA sensitivity. Only spontaneously active neurons expressed 

high GABA sensitivity in the lamina. Taken together, fewer GABA responsive 

neurons with low sensitivity and more excitatory responses were found in 

dorsal lamina and ventral lamina cells, whereas more GABA-sensitive 

neurons with higher sensitivity that were inhibited by GABA were present in 

the circadian pacemaker. In contrast, the relative number of spontaneously 

active GABA-sensitive neurons were about the same in both lamina regions 

examined and in the AME, too. We hypothesized that amongst the 

spontaneously active neurons are PDF-expressing circadian pacemaker 

neurons that regulate/gate light entrainment in lamina neuropils 

GABA-dependently and are also involved in GABA-dependent gating of 

outputs via ensemble formation in the AME (Arendt, 2016; Giese et al., 2018; 

Schneider and Stengl, 2005; Wei and Stengl, 2012). 
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Figure 8: Brain region-specific GABA signaling was found in cells of the dorsal lamina 

(dLA), the ventral lamina (vLA), and the cells of the accessory medulla (AME) that either 

remain ipsilateral or project to the contralateral optic lobe (cAME). (A) Scheme of the 

Madeira cockroach brain with different brain regions (encircled, different colors) employed 

for primary cell cultures. (B) Comparison of the percentages of different GABA response 

types (1 = squares; 2 = triangles; 3 =upside-down triangles; filled circles = sum of 

GABA-responses) and EC50 values (C) indicated that response type 2 is the least 

GABA-sensitive and most common in the ventral and distal lamina. No response type 2 cells 

were present in AME neurons projecting to the contralateral side. Ca2+ based analysis of 

GABA signaling in previous and current studies identified GABA as exclusively inhibitory 

coupling factor between both pacemakers with highest amount of GABA-sensitive cells. 

GABA responses within the AME were dominated by inhibitory responses but shared some 

excitatory responses (15 %) shown by GABA induced Ca2+ rises. In contrast, dLA and vLA 

cells next to the compound eyes responded to GABA mostly with excitations and included 

the smallest amount of highly GABA-sensitive cells. (C) Sensitivity distribution of GABA 

response types 1-3 (grouped EC50 values from dose-response-curves): GABA response types 

1 and 2 were more sensitive in the AME neurons as compared to dLA to vLA neurons. AME 

neurons expressed the lowest EC50 values, thus the highest GABA-sensitivity. Spontaneously 

active neurons were the most consistent group with high sensitivity in all examined brain 

regions (B, C). 
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Especially the high amount of GABA-sensitive cells amongst the AME 

neurons that project to the contralateral optic lobe supported the hypothesis 

that GABA is a very important coupling factor not only within the local AME 

network but also between both pacemakers (Gestrich et al., 2018; Giese et al., 

2018; Schneider and Stengl, 2005). Contralaterally projecting clock neurons 

were suggested to be involved in the coupling of the bilaterally symmetric 

clocks, in entrainment by the contralateral compound eye, and in the control 

of locomotor activity rhythms (review: Stengl and Arendt, 2016). Lesion 

experiments demonstrated that ablation of either the left or right optic lobe 

were sufficient to sustain rhythmicity. But the lesions consistently lengthened 

the free running period of the cockroaches. Thus, each optic lobe contains a 

circadian pacemaker that is coupled to the other to form a compound 

pacemaker whose period is shorter than that of either constituent oscillator. It 

is likely that the shorter period is obtained via an inhibitory coupling 

pathway. It was also suggested that mutual coupling could account for the 

fact that both ipsilateral and contralateral pacemakers could be entrained via 

photic input to either compound eye (Page, 1978; Page et al., 1977). 

Concerning the many GABA-sensitive (Gestrich et al., 2018) contralaterally 

projecting neurons that mediate inhibitory responses we expect that GABA is 

involved in the mutual coupling of both oscillators, taking part in shortening 

of its period. 
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4.2 Excitatory and inhibitory GABA signaling is accomplished by GABAA 

and GABAB receptors 

 

Immunohistochemical studies in the Madeira cockroach identified many 

GABA immunoreactive cells in the circadian system. This is not surprising 

since GABA is the most prominent neurotransmitter of all circadian clocks 

examined, in insects and mammals alike (Petri et al., 2002; Albers et al., 2017; 

Giese et al., 2018). Especially the solely GABA-ir distal tract which strongly 

innervates the glomerular core of the AME was proposed previously to 

mediate ipsilateral light entrainment. Since, injections of GABA revealed a 

biphasic light-like response curve with phase delays at the late subjective 

day/ beginning of the subjective night and phase advances at the second half 

of the subjective night (Petri et al., 2002), GABA is assumed to mediate photic 

entrainment in parallel, antagonistic circuits relaying either delays or 

advances, possibly via distinct receptors (Petri and Stengl, 2001). 

 

To examine the possible influence of ionotropic GABAA and metabotropic 

GABAB receptor signaling in AME associated cells, primary cell cultures were 

treated with agonists and antagonist to identify their responses. 

 

 

 

 

4.2.1 GABAB receptors mostly mediated excitatory responses in AME 

associated neurons 

 

Excitatory responses of GABA during development and also in the circadian 

system were demonstrated in several studies using different tissues, animal 

species and techniques (reviews: Albers et al., 2017; Ben-Ari, 2002). So far, all 

excitatory GABA responses were attributed to ionotropic GABAA-receptors 
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that form a chloride channel that either allows for Ca2+ efflux or influx, 

depending on ECl-. Here, for the first time we could also demonstrate 

excitatory GABA responses that were GABAB receptor-dependent since they 

were reproducibly, dose-dependently, and reversibly mimicked with the 

agonist SKF 97541. In contrast to findings of excitatory and inhibitory 

GABA-responses in the cockroach and in the mammalian circadian system, in 

the circadian clock of the fruit fly Drosophila melanogaster only inhibitory 

GABA-responses were obtained (Hamasaka et al., 2005). Since, EC50 values of 

cockroach AME cells displayed significant differences between different 

examined daytimes, the GABAB receptor sensitivity seemed to be regulated 

daytime-dependently and could in turn mediate daytime-dependent gating of 

clock in- or outputs. Injections of GABAB antagonist into the circadian clock 

combined with light pulses could challenge this hypothesis. 

 

The GABAB receptor associated G-protein is assumed to inhibit adenylyl 

cyclase activity and, therefore, reduces cAMP levels. Expression of cloned 

cockroach GABAB receptor subunits in flpTM cells identified SKF 97541 as 

potent agonist for cockroach GABAB receptors that decreased cAMP levels 

(Blankenburg et al., 2015). In contrast to the pharmacological properties of 

cloned cockroach GABAB receptor, the response in primary cell cultures 

included also excitatory effects since GABA-dependent increases in [Ca2+]i 

ranged between 200-300nM. The physiological requirements for this GABAB 

receptor mediated responses in Madeira cockroach AME cells still needs to be 

examined. My preliminary experiments demonstrated modulations of SKF 

97541 responses by changes in extracellular chloride concentrations. Therefore, 

I hypothesized that also chloride symporters and GABAA receptors mediated 

changes in the chloride gradient and affected GABAB-receptor evoked 

responses. This would indicate a strong functional cooperation of the different 

GABA receptor types. Accordingly, I found a high number of GABAA- and 

GABAB- sensitive neurons that co-localized both receptors. Furthermore, since 
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application of SKF 97541 to pacemaker cells suppressed Ca2+ transients and 

also reduced the Ca2+ baseline it is likely that GABAB receptor activation 

could also decrease cAMP levels in the Madeira cockroach. Spontaneous Ca2+ 

transients in AME cells were shown before to depend on cAMP –dependent 

HCN channels that could reduce their activity via decreases in intracellular 

cAMP (Wei and Stengl, 2012). Future pharmacological experiments need to 

test this hypothesis. 

 

 

 

 

4.2.2 GABAA receptor mediated signaling appears to be responsible for 

GABA response “switches” in adult cells 

 

GABA was shown to synchronize circadian pacemaker neurons, allowing for 

ensemble formation in the excised AME, as well as in the intact AME network 

in vivo (Giese et al., 2018; Schneider and Stengl, 2005). It was also shown that 

inhibition of chloride conducting GABAA channels via picrotoxin 

desynchronized or phase-shifted previously phase-locked ensembles in the 

AME network (Schneider and Stengl, 2005). To examine whether excitatory 

GABAergic signaling underlies chloride homeostasis regulated by NKCC1- 

and KCC2 cotransporters in circadian system of adult cockroach, I examined 

GABAA evoked responses in combination with inhibitors for chloride 

transporter and could show the presence of both chloride transporters in 

dispersed AME neurons. This further indicated that the equilibrium potential 

of chloride (ECl-) determines whether GABA responses are inhibitory or 

excitatory. Also, the high diversity of response type distributions during the 

course of the day in response to the chloride channel agonist muscimol 

further supports this hypothesis. 
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In the developing nervous system, changes in the expression of a family 

of cation chloride cotransporters were suggested to be responsible for 

age-related changes in the equilibrium potential of chloride (ECl-), and thus for 

changes in the pattern of GABA responses, being either excitatory or 

inhibitory. NKCC1 raises intracellular chloride levels and thus contributes to 

a more depolarized ECl- and to excitatory GABA responses. The effects of 

NKCC1 were antagonized by KCC2, which lowers intracellular chloride 

levels and, therefore, promotes inhibitory GABA responses. Several studies 

suggested that the upregulation of KCC2 and the downregulation of NKCC1 

were responsible for the developmental switch between GABA-evoked 

depolarization and – hyperpolarization (Plotkin et al., 1997; Rivera et al., 1999; 

Yamada et al., 2004). My PhD work indicated that a high number of even 

adult AME cells express NKCC1 and KCC2, since they responded to their 

respective inhibitors. Therefore, continued expression of NKCC1 in mature 

AME cells appeared to be responsible for GABA-evoked excitation. 

Accordingly, the pharmacological blockade of this cotransporter mostly 

prevented GABA-evoked excitation. These findings are consistent with the 

hypothesis that two active chloride transport mechanisms operate in the same 

SCN neuron: one that replenishes the cell with chloride after chloride 

depletion and the other that removes chloride after chloride loading (Wagner 

et al., 2001). The long-term imaging data employing stimulation with GABA 

at different times of the day support this hypothesis that an endogenous 

rhythm induced by pumps and receptor physiology modulated the GABA 

response types daytime-dependently. This “switch” could be observed in just 

a small amount of GABAergic AME cells in long-term recordings as well as in 

the pooled data sets. Thus, it might be a small subpopulation of 

GABA-sensitive pacemaker neurons that drive respective daytime-dependent 

rhythms. 
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4.3 PDF neurons act in antagonistic signaling circuits in the circadian 

network of the Madeira cockroach 

 

During my PhD. thesis I collaborated with other lab members employing a 

combination of different techniques to further characterize the mechanisms of 

PDF, the most important insect circadian coupling factor that controls 

rest-activity rhythms. We employed first backfills from the contralateral optic 

stalk (mostly performed by Julia Gestrich), marking AME neurons that 

projected to the contralateral AME, with Ca2+ imaging (mostly performed by 

myself) and immunohistochemical stainings (mostly performed by Julia 

Gestrich) of primary cell cultures of AME neurons (mostly performed by 

myself) on custom made ultrananocrystalline diamond (UNCD) surfaces 

(performed by Y. Zang, Dr. A. Voss, and PD. Dr. C. Popov). Interestingly, 

except of the largest aPDFME, the medium-sized and small aPDFMEs 

expressed autoreceptors for PDF. Thus, for the first time we could 

demonstrate that, depending on their branching patterns, the ipsilaterally 

remaining aPDFMEs and the contralaterally projecting aPDFMEs were 

oppositely affected by PDF. Thus, based upon these findings, a new 

hypothesis of PDF signaling was developed suggesting that PDF activates 

sleep circuits via ipsilateral aPDFMEs and at the same time inhibits activity 

circuits via contralaterally branching aPDFMEs Thus, since preliminary work 

suggested that PDF is released during the day light-dependently (Arendt, 

2016; Wei and Stengl, 2011), this antagonistic action of PDF would maintain a 

stable 12hr phase-difference, light-dependently, between sleep- and 

wake-promoting neuronal circuits. 
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The main inhibitory neurotransmitter GABA and other small molecules of 

low molecular weight such as the main excitatory neurotransmitter 

acetylcholine (ACh) are mainly packed into small, translucent synaptic 

vesicles (SSV). They were known to be released pre-synaptically after Ca2+ 

influx induced via action potential-dependent opening of voltage-dependent 

Ca2+ channels. However, more recent investigations determined that GABA 

and ACh were also packed into large dense-core vesicles (LDCV) together 

with neuropeptides. These LDCVS were not released pre-synaptically, but can 

be released at different sites of a neuron, such as varicosities on an axon, 

employing volume transmission: the released neuroactive substances diffuse 

in the intercellular space or in the hemolymph and become active wherever 

respective receptors are encountered. Thus, it is likely that various 

neurotransmitter act in concert with peptides like PDF (reviews: Ludwig and 

Leng, 2006; Tritsch et al., 2016; Van Den Pol et al., 1990). 

 

 

 

 

4.3.1 PDF release forms two antagonistic ensembles with opposite activity 

via either PDF-dependent inhibition or excitation 

 

In contrast to neurotransmitters, which are copiously distributed in the brain, 

neuropeptides are typically expressed in smaller clusters of neurons. They are 

thought to influence specific physiological and behavioral contexts (Nässel 

and Winther, 2010). Because circadian clock neurons abundantly express 

colocalized neuropeptides, they appear to be crucial for clock functions. As 

mentioned before, the best characterized neuropeptide is PDF that in many 

ways resembles the mammalian circadian coupling signal vasoactive 

intestinal polypeptide (Aton et al., 2005, Vosko et al., 2007). In Drosophila, 

PDF controls circadian locomotor activity rhythms and adapts rest–activity 
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cycles to long-day photoperiods via Zeitgeber time-dependent phase shifts 

(reviews: Helfrich-Förster, 2014; Taghert and Nitabach, 2012). Our current 

study hints at two PDF-dependent ensembles in antiphase. We suggest that 

light activates PDF neurons in the lamina (PDFLAs). They project to the AME 

where they release PDF light-dependently. During PDF release in the 

morning, the ipsilateral aPDFMEs are activated via their excitatory PDF 

autoreceptors. They synchronize and activate each other via positive 

feed-forward interactions, resulting in continuous PDF release that persists 

for hours during the day. Thus, even a transient photic input signal to the 

ipsilateral aPDFMEs could lead to long-duration PDF release. In contrast to 

this sustained activation of the ipsilateral PDF cells, the activity of 

contralateral PDF-sensitive cells is suppressed when PDF is released in the 

AME (Fig. 9). These contralaterally projecting PDFMEs then form an 

ensemble that activates locomotor activity when light-driven PDF release 

ceases at the end of the day and allows for their dis-inhibition. 
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Figure 9: PDF- and GABA signaling within ipsi- and to contralaterally projecting circadian 

pacemakers (PDFMEs). Small ipsilateral PDF synthesizing cells with PDF-autoreceptors 

(sPDFMEs, left side) were activated by light-driven PDF release of PDF lamina cells (PDFLAs) 

in a positive feed forward cycle. Thereby, they suppress the medium sized PDF-ir/ 

PDF-sensitive contralaterally projecting mPDFMEs. This cycle is regulated either via 

inhibitory or excitatory GABAergic inputs within ipsliateral signaling, probably 

daytime-dependently via clock-controlled endogenous GABAergic response “switches”. 

Spontaneously active contralateral mPDFMEs restore activity during the time of lowest 

ipsilateral PDF-release, since they were dis-inhibited by the decline of PDF levels. They in 

turn suppress positive ipsilateral signaling via GABAergic interneuron activation. This 

process is supported by exclusively inhibitory GABAergic signaling and antagonized via 

acetycholin (ACh) signaling. Modified after Gestrich et al., 2018. 
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4.3.2 Light stimulates PDF expression in specific PDF neurons, apparently 

recruiting one PDF-dependent ensemble during the day 

 

The time of day that PDF is released remains unknown, however, preliminary 

ELISA experiments indicated that PDF is released light-dependently (Arendt, 

2016; Schendzielorz, 2014). In addition, it was shown previously that exposure 

to long or short photoperiods, or days of different lengths, changes the 

number of PDF-expressing neurons (Wei and Stengl, 2011). Thus, light 

differentially regulates PDF synthesis in aPDFMEs, upregulating PDF 

expression and possibly also release in only some of the clock cells. We do not 

yet know the exact morphology of the light-dependent aPDFMEs and 

whether they are activated by light-driven PDFLAs. However, we 

hypothesized that increasing light levels during the day will increase PDF 

release in the largest aPDFME and in ipsilateral aPDFMEs only. Then, 

PDF-dependent feed-forward activation will recruit a PDF-dependent 

ensemble during the day. As explained previously, we suggest that this 

PDF-dependent ipsilaterally-remaining ensemble is sleep-promoting for the 

night-active Madeira cockroach (Fig. 9) (Stengl and Arendt, 2016). 

 

In turn, during the day, PDF release by the ipsilateral ensemble will inhibit 

the contralateral PDF-sensitive clock neurons, such as 3 of the medium-sized 

aPDFMEs (Söhler et al., 2011). Page (1978, 1984) showed with microsurgery 

that both bilaterally symmetric circadian clocks control locomotor activity 

rhythms via inhibitory interactions with projections to the contralateral clock. 

Thus, contralateral clock outputs control locomotor activity and are also able 

to inhibit the contralateral clock’s output. This is consistent with our 

hypothesis that the second, contralateral PDF-sensitive ensemble is 

activity-promoting but can also block the contralateral clock’s output via PDF. 

This contralateral PDF-ensemble would be blocked during the day when the 

ipsilateral sleep-promoting ensemble is active. It would regain activity when 



107 
 

light levels decline at the end of the day, correlating with locomotor activity 

onset of the Madeira cockroach (Fig. 9). Current ELISAs test our hypothesis 

that PDF release is high during the day and low during the night. 

 

The PDF-dependent biphasic phase-response curve supports our 

hypothesis that PDF is released during the day. PDF injections delay onset of 

circadian locomotor activity rhythms late in the day, apparently delaying 

decline of endogenous PDF levels. In addition, PDF injections advanced 

locomotor activity onset at the end of the subjective night, apparently 

advancing the increase of endogenous PDF levels (Petri and Stengl, 1997; 

Schendzielorz and Stengl, 2014; Stengl et al., 2015). Thus, the different, 

antagonistic PDF signaling allows for daytime-dependent separation of two 

ensembles, the day-active ipsilateral, and the night-active contralateral 

PDF-ensembles. In addition, PDF release in the cockroach clock, possibly also 

driven by the largest aPDFME, maintains a stable phase difference of these 

neuronal ensembles via antagonistic PDF actions that have also been reported 

for the fruit fly (Liang et al., 2016; review: Helfrich-Förster, 2014). 

 

 

 

 

4.3.3 The largest aPDFME appears to control the phase of all PDF-sensitive 

clock circuits 

 

The function of the largest aPDFME that is not PDF-sensitive but appears to 

branch to all PDF-dependent target neuropils in the midbrain and optic lobe 

(Wei et al., 2010) remains unknown. Its unusual morphology and physiology 

would allow for phase control of all PDF-dependent ensembles via a stimulus 

other than PDF. In accordance, Page (1978, 1982, 1984) has previously 

predicted that circadian clock outputs to locomotor control areas are 
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independent of pathways controlling the phase of clock circuits. In 

Drosophila, at least some of the PDF-ir large lateralventral neurons (l-LNvs) 

do not express PDF autoreceptors (Shafer et al., 2008), and they control rest–

arousal rhythms via connections to the upper division of the central complex 

(Chung et al., 2009; Parisky et al., 2008, Sheeba et al., 2008a). In particular, 

they regulate sleep levels and sleep latency (Liu et al., 2014). The general 

morphology of the largest aPDFME does not resemble branching patterns of 

the l-LNvs of the fruit fly, as it projects via both the posterior and anterior 

optic commissure. Only its posterior commissure projections arborize in the 

posterior optic tubercles that are closely connected to the protocerebral bridge 

of the central complex. Its anterior commissure projections appear to contact 

mushroom body outputs in the superior medial protocerebrum and 

neurosecretory control centers in the superior lateral protocerebrum (Wei et 

al., 2010). Thus, the largest aPDFME might control the phase of both sleep- 

and activity-promoting neuropils in the Madeira cockroach, keeping both at a 

stable phase difference. 

 

It remains to be examined whether the largest aPDFME is controlled 

primarily by light or by an endogenous rhythm. It may express endogenous 

circadian activity that is phase-controlled by both GABA- and 

ACh-dependent innervations, as both the largest aPDFME of the Madeira 

cockroach and the l-LNvs of fruit flies receive excitatory nicotinic cholinergic 

input and GABAergic inhibitory input through GABAA receptors (McCarthy 

et al., 2011; Muraro and Ceriani, 2015; Chung et al., 2009; reviews: 

Helfrich-Förster, 1998, 2014). Also, both the largest aPDFME in the Madeira 

cockroach and the l-LNvs in D. melanogaster are spontaneously bursting 

neurons during the day (Julia Gestrich, unpublished; Gao et al., 2008; Sheeba 

et al., 2008b; Muraro and Ceriani, 2015). It remains to be determined whether 

the largest aPDFME in the cockroach switches its bursting mode to a more 

tonic activity pattern during the night, as has been suggested for fruit fly 
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l-LNvs (Muraro and Ceriani, 2015). Previous pharmacological experiments in 

AME neurons have shown that bursts are accompanied by regular Ca2+ 

transients that are blocked by hyperpolarization, by the HCN-channel blocker 

DK-AH 269, and by the sodium channel blocker TTX (Wei and Stengl, 2012). 

Thus, the presence of HCN pacemaker channels and the cells’ regular activity, 

even when isolated in primary tissue culture, indicate that they are 

spontaneously, endogenously oscillating clock neurons. 

  

 

 

 

4.4 The ubiquitously neurotransmitter acetylcholine (ACh) mediates ipsi- 

and contralateral excitations 

 

The mostly excitatory neurotransmitter acetylcholine (ACh) acts via 

metabotropic or ionotropic receptors and is in insects limited to the central 

nervous system. Nicotinic acetylcholine receptors are ligand-gated ion 

channels conducting positively charged ions. Thus, they induce strong 

depolarizing currents (Breer and Knipper, 1990; Breer and Sattelle, 1987; 

Buchner et al., 1986). Previous in vitro investigations found that most AME 

associated cells of the Madeira cockroach respond to ACh via excitatory 

nicotinic ACh receptors (Baz et al., 2013). ACh induced [Ca2+]i increases were 

blocked by nicotinic ACh-receptors (nAChRs) antagonist mecamylamine, 

whereas the muscarinic ACh-receptors antagonist scopolamine did not affect 

ACh evoked responses. 

 

In D. melanogaster ACh is involved in light entrainment since H-B eyelet 

mediates cholinergic input through 5th LNv (Yasuyama and Meinertzhagen, 

1999). Therefore, ACh is assumed to transmit light information to the 

circadian system also in the cockroach. Histochemical studies supported this 
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assumption since acetylcholinesterase (AChE), the ACh-degrading enzyme, 

was detected in cells in the lamina, medulla, lobula, and also in the glomeruli 

of the AME. In contrast to biphasic light-like phase response curves resulting 

from GABA and PDF injections into the vicinity of the AME, injections of 

ACh induces a monophasic all-delay PRC peaking at the end of the subjective 

day (Schendzielorz, J., 2014). Since nearly all AME cells in culture (95%) 

respond with Ca2+ increases, ACh may provide an excitatory input mediating 

“arousal” by photic input depending on different Zeitgeber times, as well as 

on behavioral or physiological contexts (Baz et al., 2013). 

 

Previous investigation did not find any photoperiod-dependent differences of 

ACh responses in cultured AME cells. The study analyzed the amplitude of 

ACh induced Ca2+ rises from pooled data sets of animals raised in different 

photoperiods (Wei, 2012). In contrast to the experimental setup used in this 

study, the Zeitgeber time transferred to recording time was not considered in 

the preparations of primary cell cultures and imaging (Wei, 2012). 

 

My own results suggested that the time of preparation and measurement 

must be considered. Long-term imaging data and also the results of pooled 

sampled data suggested that endogenous modulations of [Ca2+]i take place. 

Since daytime-dependent changes in ACh sensitivity partly overlapped with 

endogenous [Ca2+]i oscillations determined in my work, dose-response curves 

need to be performed in future studies to evaluate changes in sensitivity by 

EC50 values, instead of comparing induced Ca2+ amplitudes, only. 

Nevertheless, significant differences of ACh sensitivity at different recording 

times during the course of the day suggested that indeed, cholinergic 

signaling underlies daily modulations. It remains to be discerned, which 

functions the ubiquitously present ACh may provide. However, studies 

suggested that ACh may not only act in local AME circuits. Instead it is also a 

dominant neurotransmitter in contralateral signaling (Gestrich et al., 2018). 
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4.5 Outlook 

 

I suggest that future investigations could employ the use of Ca2+ sensitive 

persistent dyes instead of rhodamine-dextran combined with 

immuncytochemical identification afterwards. Pretest in the Madeira 

cockroach using Fura-dextran demonstrated the possibility of in vivo Ca2+ 

imaging (Fig. 10). However, there is ample space for optimization of this 

technique. Long-term in vivo recordings could prolong stability of the neurons. 

Furthermore, individual sensitivity changes could be analyzed in single cells 

interacting within the AME network. After the physiological procedure, 

whole mount immunocytochemistry would allow for identification of the 

neurons and would allow for 3D-dextran tracing of its branching patterns 

within the brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: My preliminary in vivo Ca2+ imaging of contralaterally projecting cells 

associated with the AME of Madeira cockroach. (A) Backfill procedure performed as 

previously described, but using Fura-dextran (15 %). (B) Fura-dextran dyes were allowed to 

stain contralaterally projecting cells for 10 hours at room temperature before start of the 

physiological analysis. (C) The ipsilateral AME was studied, containing contralaterally 
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marked neurons. (D) Schematic “zoom-in” shown in (E). Identification of Fura-dextran 

labeled AME associated cells. (F) Determination of region of interest (ROI) highlighted by 

different colors. (G) Ratio of Fura-dextran measurements. Colors referred to ROI 

determination in (F). Acetycholine was applied as labeled by black line via picrospritzer. 

Concentration within application-capillary: 100 µM ACh/ 3 µl. Whole volume was ejected 

within 45 ms by 1.3 bar. (E,F) Horizontal scale of image: 75 µM. 
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Abbreviations 

  

 

 

[Ca2+]i intracellular calcium 

12:12 “normal-day” 

18:6 “long-day” 

6:18 “short-day” 

AC adenylyl cyclase 

ACh acetylcholine 

AChE acetylcholinesterase 

AFF anterior fiber fan 

AFP anterior fiber plexus 

ALA accessory lamina 

AME accessory medulla 

AME accessory medulla 

ANe anterior neurons 

AOC anterior optic commissure 

AOT anterior optic commissure 

aPDFME anterior PDF-ir cells of medulla 

AUC area under curve 

Ca2+ calcium ions 

cAMP cyclic adenosine monophosphate 

Cl- chloride anions 

CNS central nervous system 

CT circadian time 

DD constant darkness 

DFVNe distal-frontoventral neurons 

dLA dorsal lamina 

DN dorsal neurons 

dPDFLA dorsal PDF-ir cells of lamina 

DT distal tract 

E- oscillator evening oscillator 

EC50 half maximal effective concentration 

ECl- equilibrium potential of chloride 

ELISA enzyme-linked immunosorbent assay 

GABAA ionotropic GABA receptor 

GABAB metabotropic GABA receptor 

HA histamine 
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H-B eyelet Hofbauer-Buchner eyelet 

HCN hyperpolarization-activated, cyclic nucleotide-gated cation channels 

IC50 half maximal inhibitory concentration 

-ir -immunoreactive 

KCC2 chloride-potassium cotransporter 

KV voltage-gated potassium channels 

LA lamina 

LAO lamina organ 

LD cycle light/dark cycles 

LDCV large dense-core vesicles 

l-LNv large ventrolateral neurons 

LN lateral neurons 

LO lobula 

LOVT lobula valley tract 

LVA low-voltage-activated Ca2+ channels 

M- oscillator morning oscillator 

MC I-IV medulla cell groups 

ME medulla 

MFVNe medial-frontoventral neurons 

MIP myoinhibitory peptide 

MLFT medial layer fiber tract 

MNe medial neurons 

nAChRs nicotinic acetylcholine‐receptors 

NGS normal goat serum 

NKCC1 sodium-potassium-chloride symporter 

PBS phosphate- buffered saline 

PDF pigment-dispersing factor 

PDFLA lamina associated PDF -immunoreactive neurons 

PDFME medulla associated PDF -immunoreactive neurons 

PL pars lateralis 

POC posterior optic commissure 

POT posterior optic commissure 

pPDFME posterior PDF-ir cells of medulla 

PRC phase response curve 

PTX picrotoxin 

rcf relative centrifugal force 

ROI region of interest 

RT recording time 
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SCN suprachiasmatic nucleus 

SEM standard error of the mean 

SK channels small-conductance Ca2+-dependent K+ channels 

s-LNvs small ventrolateral neurons 

SMP superior medium protocerebrum 

SSV small synaptic vesicles 

TTX tetrodotoxin 

UNCD ultrananocrystalline diamond 

VIP vasoactive intestinal polypeptide 

vLA ventral lamina 

Vm membrane potential 

VMNe ventromedian neuron 

VMNe ventromedial neurons 

VNe ventral neurons 

vPDFLA ventral PDF-ir cells of lamina 

VPNe ventroposterior neurons 

ZT Zeitgebertime 

τ period length 
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