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Zusammenfassung 

Organismen auf der Erde entwickelten oszillierende endogene Uhren, welche 

zirkadiane Rhythmen in der Physiologie und im Verhalten steuern, die für 

Gesundheit, Überleben und die Organisation von täglichen Aufgaben (z. B. 

Lokomotion, Nahrungsaufnahme) essentiell sind. Die endogene Periode der 

zirkadianen Uhren ist mit dem 24-Stunden-Licht-Dunkel-Zyklus der aufgehenden und 

untergehenden Sonne synchronisiert. Ebenso wie alle anderen Organismen, besitzt 

auch die Madeira-Schabe Rhyparobia (syn. Leucophaea) maderae eine innere Uhr 

mit einem endogenen Rhythmus von etwa („circa“) 24 Stunden (Golombek und 

Rosenstein, 2010). Läsions- und Transplantationsexperimente identifizierten die 

akzessorische Medulla (AME) mit pigment-dispersing factor (PDF) exprimierenden 

Neuronen am ventromedialen Rand der Medulla in den optischen Loben als 

zentrales Schrittmacherzentrum, welche den Aktiviätsrhythmus der Schaben steuert 

(Stengl und Homberg, 1994; Reischig und Stengl, 2003a). Die nachtaktive und 

robuste Madeira-Schabe ist ein gut geeigneter Modellorganismus für 

verhaltensbezogene, zelluläre und elektrophysiologische Untersuchungen der 

zirkadianen Forschung (Page 1982; Stengl und Homberg, 1994; Homberg et al., 

2003). Bislang wurde die innere Uhr von Insekten, sowie auch der Madeira Schabe, 

nur wenig elektrophysiologisch charakterisiert. Auch ist unbekannt wie PDF-Neurone 

Aktivitätsrhythmen auf zellulärer Ebene steuern. In meiner Dissertation lag der 

Schwerpunkt auf der elektrophysiologischen Charakterisierung von AME Neuronen 

und im besonderen auf PDF Neuronen in vitro als auch in vivo. Das Neuropeptid 

PDF stellt den wichtigsten zirkadianen Kopplungsfaktor für Insekten dar. Dieses 

steuert vermutlich die Synchronisation von Schrittmacherneuronen beider bilateral 

symmetrischer zirkadianer Uhren, kontrolliert Ruhe- und Aktivitätsrhythmen und ist 

am Lichteingang beteiligt (Helfrich-Foerster 2014; Stengl et al., 2015; Stengl und 
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Arendt, 2016). Mittels intrazellulärer Ableitungen wurden in dieser Arbeit zunächst 

AME-Neurone abgeleitet, um zirkadiane Schrittmacherzellen, wie unter anderem 

auch die PDF-Zellen, weiter zu charakterisieren. Diesbezüglich wurde zunächst von 

mehreren lichtempfindlichen Neuronen in der Medulla oder nahe der AME abgeleitet. 

Dabei konnte das größte PDF-exprimierende Neuron identifiziert werden. Dieses  

generierte Oszillationen, reagierte tagsüber aber nicht auf applizierte Lichtreize. Da 

es sich als sehr schwierig erwies PDF-Neurone mit der intrazellulären Methodik 

vollständig zu färben und physiologisch zu charakterisieren, wurden weitere 

Techniken praktiziert, um PDF-Neurone weiter analysieren zu können. Bei der 

Durchführung von Backfills in R. maderae aus dem kontralateralen optischen Stiel 

zusammen mit ultrananokristallinen Diamant- (UNCD) Filmen, Calcium-Imaging-

Experimenten und immunchemischen Analysen konnte gezeigt werden, dass alle 

PDF-sensitiven kontralateral projizierten AME-Neurone durch PDF-Applikation 

inhibiert wurden, während alle ipsilateral verbleibenden Neurone durch PDF aktiviert 

wurden. Unter den PDF-sensitiven Neuronen waren auch kontralateral projizierende 

mittelgroße PDF-immunreaktive (ir) Neurone, die durch PDF inhibiert wurden und 

kleine lokale ipsilateral verbleibende PDF-ir-Neurone, die durch PDF aktiviert 

wurden. Diese PDF-exprimierenden Neurone hatten Autorezeptoren für ihr eigenes 

Peptid. Interessanterweise besaß das größte PDF-ir-Neuron, das in allen 

Zielbereichen der PDF-Zellen verzweigt, keine Autorezeptoren für sein eigenes 

Peptid. Warum dies der Fall ist, konnte nicht gelöst werden. Intrazelluläre 

Ab le i t ungen de r AME im Rhyparob ia -Geh i rn i n Komb ina t i on m i t 

immunzytochemischen Studien zeigten, dass Fasern lichtempfindlicher Neurone, die 

intensitätsabhängig auf grünes Licht reagieren, mit Fasern von PDF-Neuronen 

überlappen. Um mehr über die elektrophysiologischen Eigenschaften von AME-

Neuronen während des 24-Stunden-Tages zu erfahren, wurden zudem Langzeit 
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loose-patch-clamp-Ableitungen durchgeführt. Wie bereits zuvor in Ca2+ Imaging-

Studien in Drosophila melanogaster (Liang et al., 2016) gezeigt werden konnte, 

variierte die elektrische Aktivität von AME-Neuronen im Laufe des Tages. 

Interessanterweise zeigten AME-Neurone Aktivitätsmaxima während der 

Abenddämmerung, bevor die lokomotorische Aktivität der nächtlichen Madeira-

Schabe beginnt. Andere Zellen wurden im Morgengrauen und während des Tages 

aktiv, während die Schaben schlafen. Als nächstes untersuchte ich über loose patch-

clamp-Ableitungen, ob Neurone in der AME auf weißes oder grünes Licht bei 

niedrigen Intensitäten reagieren und ob PDF lichtempfindliche Neurone in der 

zirkadianen Uhr der Madeira-Schabe beeinflussen kann. Wie in früheren Studien in 

Periplaneta Americana gezeigt wurde (Mote und Goldsmith, 1970; Mote und Black, 

1981), reagierten sie speziell auf grünes Licht im Gegensatz zu weißem Licht. PDF-

Applikationen verursachten Inhibitionen, Aktivierungen oder Ensemble-Formationen 

in der AME. Interessanterweise konnte PDF Lichtantworten von AME-Neuronen 

modulieren. In einigen Fällen konnte PDF auch Lichtreaktionen in der zirkadianen 

Uhr unterdrücken. Loose patch-clamp-Ableitungen beider AMEs zeigten, dass beide 

gekoppelt sind und auf die PDF-Applikation oft in gleicher Weise reagierten. Da 

angenommen wird, dass sowohl GABA als auch Serotonin an neuronalen 

Lichteingangswegen und Steuerungs-Mechanismen in der AME beteiligt sind, wurde 

in dieser Arbeit mit patch-clamp Ableitungen weiterhin GABA- sowie Serotonin-

Reaktionen von AME-Neuronen charakterisiert. Letztlich konnte gezeigt werden, 

dass PDF-Neurone tatsächlich eine Rolle bei der Steuerung von Lichteingängen 

spielen, ebenso wie bei der kontralateralen Kopplung, der Synchronisation und 

Ensemblebildung in der AME, die für ihr eigenes Peptid, GABA und ACh empfindlich 

ist.            
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Summary  

Organisms on earth evolved circadian endogenous clocks which control circadian 

rhythms in physiology and behavior that are essential for health, survival and the 

organization of daily tasks (e.g., locomotion, food intake). The endogenous period of 

the circadian clocks is synchronized to the 24 hours light-dark cycle of the rising and 

setting sun. Like in vertebrates and other insects, also in the Madeira cockroach 

Rhyparobia (syn. Leucophaea) maderae a circadian clock drives an endogenous 

rhythm of about („circa“) 24 hours (Golombek and Rosenstein, 2010). In the Madeira 

cockroach lesion- and transplantation experiments identified the accessory medulla 

(AME) with pigment-dispersing factor (PDF) expressing neurons at the ventromedial 

edge of the medulla in the optic lobes as main circadian clock that controls locomotor 

activity rhythms (Stengl and Homberg, 1994; Reischig and Stengl, 2003a). The 

nocturnal, large sized and robust Madeira cockroach is a well suited model organism 

for behavioral, cellular and electrophysiological studies of circadian research (Page 

1982; Stengl and Homberg, 1994; Homberg et al., 2003). Electrophysiological data 

about insect circadian pacemakers are rare, thus, not much is known how cockroach 

circadian clock neurons such as the PDF neurons control locomotor activity rhythms 

on the cellular level. Therefore, in this doctoral thesis main focus was set on 

electrophysiological characterizations in vitro as well in vivo of AME neurons, with 

focus on PDF neurons. The neuropeptide PDF is the most important insect circadian 

coupling factor. It is suggested to synchronize pacemaker neurons of the bilaterally 

symmetric circadian clocks, to control rest activity rhythms, and to be involved in 

photic entrainment of the clock (reviews: Helfrich-Foerster 2014; Stengl et al., 2015; 

Stengl and Arendt, 2016). With intracellular recordings I recorded from AME neurons 

to further characterize circadian pacemaker cells such as the PDF cells. I recorded 

from several light-sensitive neurons with somata in the medulla or next to the AME. In  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addition, I found bursting neurons, one of them the largest PDF-expressing neuron 

that did not respond to my light stimuli during the day. Since it turned out to be very 

difficult to fully stain and physiologically characterize PDF neurons with intracellular 

techniques, I switched to other techniques to characterize PDF neurons further. 

Performing backfills in R. maderae from the contralateral optic stalk together with 

ultrananocrystalline diamond (UNCD) films, calcium-imaging experiments and 

immunochemistry we found that all PDF-sensitive contralaterally projecting AME 

neurons were inhibited by PDF application while all ipsilaterally remaining were 

activated by PDF. Among the PDF-sensitive neurons were also contralaterally 

projecting medium-sized PDF-immunoreactive (ir) neurons that were inhibited by 

PDF and small local PDF-ir neurons that were activated by PDF. Thus, these PDF-

expressing neurons had autoreceptors for their own peptide. Interestingly, the largest 

PDF-ir neuron that branches in all of the target areas of the PDF cells did not 

possess autoreceptors for its own peptide. Why this is the case could not be 

resolved. Intracellular recordings of the AME in Rhyparobia´s brain combined with 

immunocytochemical studies showed that branches of light-sensitive neurons that 

respond intensity-dependently to green light overlap with branches of PDF neurons. 

To learn more about the electrophysiological properties of AME neurons during the 

course of the 24 hr day long-term loose-patch clamp recordings were performed. Like 

shown before in Ca2+ imaging studies in Drosophila melanogaster (Liang et al., 

2016), the electrical activity of AME neurons varied during the course of the day. 

Interestingly AME neurons expressed a maximum of activity at dusk jest before 

locomotor activity of the nocturnal Madeira cockroach starts. Other cells became 

active at dawn and throughout the day while the cockroaches are sleeping. Next, via 

loose patch-clamp recordings, I investigated if neurons in the AME respond to white 

or green light at low intensities and whether PDF influences the function of light-
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sensitive neurons in the circadian clock of the Madeira cockroach. As expected from 

previous studies in Periplaneta americana (Mote and Goldsmith, 1970; Mote and 

Black, 1981) they responded especially to green light in contrast to white light. PDF 

application caused inhibitions, activations, or ensemble formations in the AME. 

Interestingly, PDF could modulate light responses of AME neurons. In a few cases, 

PDF could suppress as well activate light responses in the circadian clock. Loose 

patch-clamp recordings of both AME´s revealed that both are coupled and react to 

PDF application often in the same way. Since GABA and serotonin were also 

assumed to take part in light entrainment pathways and gating mechanisms in the 

AME, with loose patch-clamp recordings I further characterized GABA- as well 

serotonin-responses of AME neurons. Altogether I could show that PDF neurons 

indeed play a role in the gating of light inputs, in contralateral coupling, and in the 

synchronization and ensemble formation in die AME, being sensitive to their own 

peptide, to GABA and ACh. 

	                                                                                                                                      Summary 9 



1    Introduction  

1.1 Circadian system  

Circadian clocks (circadian pacemakers) evolved in organisms to orchestrate daily 

behavioral outputs such as e.g. locomotor activities, food-intake, and sexual behavior, in 

synchrony with external Zeitgeber such as the regular light-dark cycle or as temperature 

cycles (Stephan and Nunez, 1977; Rymer et al., 2007; Tomioka and Yoshii, 2006; Currie et 

al., 2009; review: Golombek and Rosenstein, 2010; Crane and Young, 2014; Stengl and 

Arendt, 2016). An evolutionarily ancient strategy for all multicellular species was the 

development of a central circadian clock, consisting of a neuronal network of ‘‘clock 

neurons’’. Each of the circadian clock neurons contains a molecular clockwork in nucleus 

and cytoplasm that generates molecular oscillations of clock mRNA and -proteins with 

periods of about (lat. circa) 24 hours (Herzog, 2007). In addition, the circadian pacemaker 

neurons contain a plasma membrane clockwork that generates circadian rhythms in action 

potential activity and neuropeptide/neurotransmitter secretion (review: Stengl and Arendt, 

2016). The cellular clocks are coordinated via inter-neuronal signaling to build a coherent 

circadian pacemaker network that generates robust circadian rhythms (Welsh et al., 2010; 

Yao et al., 2016). Analysis of basic research in circadian rhythms has experienced a lot of 

interest in the recent past since it became general knowledge that defects in circadian 

clocks are the basis of many mental and physical diseases (Ramkisoensing and Meijer, 

2015). Furthermore, the Nobel Prize winners Jeffrey C. Hall, Michael Rosbash and 

Michael W. Young of last year were chronobiologists working on the molecular clock of the 

fruit fly Drosophila melanogaster. Circadian pacemaker systems have three main 

components: (1) Input pathways (entrainment pathways) that synchronize the internal 

clock to environmental Zeitgeber such as the light/dark. (2) An intrinsic, self-sustained 

circadian clockwork (oscillator) that maintains the endogenous rhythms with a genetically 

determined period of around 24 hrs. (3) Output pathways (effector pathways) that control 
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downstream effectors such as centers of hormone release or premotor areas that control 

locomotor activity. The outputs temporally organize the molecular, cellular, physiological, 

and behavioral responses relative to one another. Effectors also feed-back to the master 

clock and entrainment pathways (Fig. 1.1) (review: Golombek and Rosenstein, 2010; 

Hildebrandt et al., 2015). Endogenous rhythms have been first observed in leaf 

movements of the plant Mimosa pudica under constant darkness (Jacques d ́Ortous de 

Mairan, 1729). Circadian pacemaker centers are located in the suprachiasmatic nucleus 

(SCN) in vertebrates (Moore and Eichler, 1972; Stephan and Zucker, 1972; Klein et al., 

1991; Reppert and Weaver, 2001; Moore et al., 2002; review: Golombek and Rosenstein, 

2010), in the pineal gland, hypothalamus region, and retina of birds (Gwinner and 

Brandstätter, 2001) in mollusk eyes (e.g., Aplysia californica; Jacklet, 1969), and in the 

accessory medulla (AME) of the brain's optic lobes of insects (Stengl and Homberg, 1994; 

Reischig and Stengl, 2003a). Furthermore, next to circadian oscillators in specialized 

regions of the brain, there are peripheral oscillators such as e.g. in eyes, kidneys, blood 

cells, or liver cells in mammals (review: Herzog and Tosini, 2001; Balsalobre, 2002) and 

e.g. eyes, antennae, gut or Malpighian tubules in flies (review: Giebultowicz, 2001). 

Secondary oscillators are coupled to the master clock (review: Golombek and Rosenstein 

2010; Hildebrandt et al., 2015).  

Fig. 1.1: Schematic model of the circadian pacemaker system. It consists of an endogenous oscillator 

with a genetically determined endogenous period of approximately 24 hours. The circadian clock is 
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synchronized with external Zeitgeber via entrainment pathways and controls the molecular, cellular, 

physiological, and behavioral responses through effector pathways, which feed-back to clock and 
entrainment pathways. Modified after Golombek and Rosenstein, 2010 and Hildebrandt et al., 2015.  

1.2    Circadian oscillator system in vertebrates 

1.2.1 Circadian oscillator circuit of clock neurons in vertebrates 

In 1972 lesion experiments identified the SCN in the hypothalamus of mammals as master 

circadian oscillator center of vertebrates (Moore and Eichler, 1972; Stephan and Zucker, 

1972; Hendrickson et al., 1972; Moore and Lenn, 1972; Johnson et al., 1988; Ralph et al., 

1990; LeSauter and Silver, 1999). The SCN is located in the anterior, ventral 

hypothalamus, adjacent to the third ventricle of the brain above the visual pathway (Moore, 

1973; Hattar et al., 2002). In each hemisphere of the brain one SCN is located (Klein et al., 

1991; review: Helfrich-Foerster, 2004). Moreover, one SCN consists of ∼20.000 

autonomous clock neurons (Abrahamson and Moore, 2001; review: Mohawk and 

Takahashi, 2011; Wang et al., 2014; Ananthasubramaniam et al., 2014). The SCN is 

composed of a ventrolateral core as well as a dorsomedial shell (review: Inouye and 

Shibata, 1994; Abrahamson and Moore, 2001; review: Mohawk and Takahashi, 2011). The 

spherical neurons in the ventrolateral core express vasoactive intestinal polypeptide (VIP; 

circadian pacemaker cells in vertebrates) (Vosko et al., 2007; Kudo et al., 2013), the 

peptide histidine isoleucine (PHI), and some neurons produce gastrin releasing peptide 

(GRP, review: Helfrich-Foerster, 2004; review: Golombek and Rosenstein, 2010). Besides, 

calbindin (CalB) is expressed in a small region of the ventrolateral core (Bryant et al., 

2000; Arvanitogiannis et al., 2000). The dorsomedial shell contains mainly vasopressin 

(VP), enkephalin, dynorphin and somatostatin-producing neurons (Antle and Silver, 2005; 

Morin, 2007; Yan et al., 2007; review: Helfrich-Foerster, 2004). Furthermore, most SCN 

neurons contain the neurotransmitter gamma-aminobutyric acid (GABA) (Moore and Speh, 

1993; Harrington, 1997; review: Helfrich-Foerster, 2004). Afferent fibers terminate in the 

ventrolateral core, including the retinohypothalamic tract (RHT), while the dorsomedial 
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shell predominantly contains efferent fibers (Moore, 1996, Abrahamson and Moore, 2001, 

review: Helfrich-Foerster, 2004). Efferent projections of the SCN modulate many endocrine 

and autonomic functions (Buijs et al., 2003; Helfrich-Foerster, 2004). A multi-synaptic 

pathway links the SCN to the pineal gland and controls the rhythmic synthesis and 

secretion of melatonin (Bernard et al., 1999). The central photic entrainment pathway to 

the SCN is directly relayed from the retina through the monosynaptic RHT. The RHT 

releases glutamate, pituitary adenylate cyclase-activating polypeptide, aspartate, and 

possibly the substance P as neurotransmitters (Ebling, 1996; Chen et al., 1999; Eide et al., 

2002; Fahrenkrug, 2006; Golombek et al., 2003; Hannibal, 2006; review: Golombek and 

Rosenstein, 2010). Light induces the release of glutamate from the retinal cells and this in 

turn activates the N-methyl-D-aspartate-induced calcium influx, which triggers the 

activation of various interacting signal transduction cascades via secondary messengers, 

such as calmodulin kinase II, as well as neuronal nitric oxide synthase, cyclic adenosine 

monophosphate (cAMP)-, cyclic guanosine monophosphate (cGMP)-dependent protein 

kinases and mitogen-activated protein kinases, which might interact with each other 

(Yokota et al., 2001; review: Golombek and Rosenstein, 2010). Phosphorylation of the 

cAMP-response element binding protein (CREB) leads to the transcription of per1 and 

per2 (Hamada et al., 2004; Romijn et al., 1996; Yan and Okamura, 2002; Yan and Silver, 

2002; Yan and Silver, 2004; review: Golombek and Rosenstein, 2010). Furthermore, 

vertebrates express VPAC2R G-protein-coupled receptors with seven transmembrane 

domains, three extracellular and intracellular loops, an extracellular amino-terminus and an 

intracellular carboxy-terminus (Harmar, 2001; Vosko et al., 2007). Binding of VIP results in 

activation of adenylate cyclase (AC) activity, increasing cAMP concentrations that 

stimulate protein kinases A (PKA) activity (Rea, 1990; Vanecek and Watanabe, 1998; 

Harmar, 2001; Meyer-Spasche and Piggins, 2004). The PKA acts downstream as a 

regulator of the molecular clock, responsible for phosphorylating CREB and other 
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transcription factors (Hida et al., 2000; Vosko et al., 2007).  Nielsen et al. (2002) found that 

VIP application to SCN neurons during the night resulted in an increased expression of 

Per1 and Per2. 

1.2.2 Molecular timekeeping in vertebrates 

The intracellular clockwork at a molecular level is built of interlocking positive and negative 

feedback loops comprising genes whose transcripts or protein products oscillate with a 

periodicity of about 24 hours (Dunlap, 1999; review: Paranjpe and Sharma, 2005; review: 

Golombek and Rosenstein, 2010). Many vertebrate clock genes were identified 

(Hendrickson et al., 1972; Moore and Lenn, 1972; Vitaterna, 1994). The transcriptional 

activators circadian locomotor output cycle kaput (CLOCK; CLK) and brain and muscle 

arnt-like protein-1 (BMAL1) are positive elements in the molecular clockwork, belonging to 

the family of basic helix-loop-helix transcription factors (bHLH; Ko and Takahashi, 2006; 

review: Paranjpe and Sharma, 2005). The cytoplasm-heterodimerized CLK and BMAL1 

transcription factors translocate into the nucleus and bind to E-box enhancer sequences 

(regulatory DNA sequences), thereby initiating the transcription of the three period genes 

per1, per2, per3, and two cryptochrome genes cry1 and cry2 (review: Paranjpe and 

Sharma, 2005; review: Golombek and Rosenstein, 2010). Gene expression induced by 

CLK and BMAL1 is inhibited by negative feedback via PER and CRY heterodimers, which 

translocate from the cytoplasm into the nucleus (review: Paranjpe and Sharma, 2005; 

Golombek and Rosenstein, 2010). Once PER and CRY are degraded, the cycle starts 

anew (review: Paranjpe and Sharma, 2005; review: Golombek and Rosenstein, 2010). A 

second feedback loop activates the transcription of rev-erb α (which is also regulated via 

the binding of CLK/BMAL1 to an E-box-enhancer-sequence), a nuclear „orphan“ receptor 

and the REV-ERB α-protein, which binds via a retinioid-response element  in the promoter 

region of the bmal1 gene, in turn, inhibits the transcription of its own activator (Preitner et 
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al., 2002). In contrast, rev-erb α transcription is inhibited by PER and CRY proteins, 

allowing for re-activation of the bmal1 gene (Preitner et al., 2002). Furthermore, post-

translational modifications are fundamental for the regulation of translocation, dimerization, 

and degradation of clock genes (review: Paranjpe and Sharma, 2005; review: Golombek 

and Rosenstein, 2010). In addition, casein kinases such as epsilon (CKIε) and (CKIẟ) 

control translocation into the nucleus and degradation of PER1 and PER2 (review: 

Paranjpe and Sharma, 2005; review: Golombek and Rosenstein, 2010). Furthermore, the 

gene product per1 is light-sensitive and appears to be essential for light entry into the 

vertebrate molecular clock (Dunlap, 1999; Agostino et al., 2009; review: Paranjpe and 

Sharma, 2005; review: Golombek and Rosenstein, 2010). 

1.2.3 Electrophysiological properties of SCN neurons in vertebrates 

Pacemaker neurons from cell cultures of the SCN generate circadian rhythms in their 

electrical activity (Welsh et al., 1995). Moreover, SCN neurons generate ultradian rhythms 

(Brown and Piggins, 2007; Maywood et al., 2007; Colwell, 2011). Firing patterns in SCN 

neurons are described as “irregular”, “regular”, or “bursting” (Groos and Hendriks, 1979; 

Shibata et al., 1984; Cahill and Menaker, 1989; Schaap et al., 2003). It was shown that 

SCN neurons exhibit high activity (6 - 10 Hz) during the day and less activity during the 

night (Yamaguchi et al., 2003; Schaap et al., 2003; Kuhlman and McMahon 2006; Ko et 

al., 2009; Colwell, 2011). To generate spontaneously active action potentials, so-called 

"pacemaker ion channels" are required, such as i.a. the hyperpolarization-activated cyclic 

nucleotide (HCN)-controlled cation channel, which is activated at hyperpolarizing 

potentials -70 to -140 mV and modulated via cAMP (de Jeu and Pennartz, 1997; Atkinson 

et al., 2011). Besides, circadian modulators of the spontaneous activity are present. They 

are also responsible for the circadian modulation of firing rate, i.a. they appear to control 
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the voltage-activated calcium channels (VACCs) which participate in the high firing rate 

(resulting from Ca2+ increase caused by VACCs) during the day (Colwell, 2000). 

1.2.4 Morning and Evening Oscillator cells in the brain of vertebrates 

Based upon the bimodal activity pattern of nocturnal rodents that adjusts to changing 

photoperiods a hypothetical model was evolved (Pittendrigh and Daan, 1976). It suggests 

the presence of two separate circadian oscillators per circadian pacemaker center: a 

morning (M)- and an evening (E)-oscillator that are differentially regulated via light and that 

drive locomotor activity patterns. The M-oscillator appears to be accelerated via light and 

is synchronized to dawn. In contrast, the E-oscillator is decelerated by light and 

synchronized to dusk. This model explains circadian data not only for nocturnal rodents 

but also for other animals, such as the day-active fruit fly that generates two activity bouts: 

one in the morning and one in the evening (Aschoff, 1966; Helfrich-Foerster, 2009). 

Electrical recordings of SCN slices in the horizontal plane from the Syrian hamster 

measured M- and E-peaks in electrical activity around dawn and dusk (Jagota et al., 

2000). Furthermore, recordings from hamsters raised in short (LD 8:16) or long (14:10) 

photoperiods showed that the peaks in electrical activity moved in accordance with the 

locomotor activity peaks at dusk and dawn as predicted from the dual oscillator model 

(Jagota et al., 2000). However, electrical recordings in mice and rats didn’t find M- or E-

peaks (Burgoon et al., 2004). Nevertheless, in the cultured mouse SCN of mice Per1 gene 

expression monitored via fluorescent or luminescent reporters over several days displayed 

daily peaks in single SCN neurons (Quintero et al., 2003; Yamaguchi et al., 2003). In 

addition, also the Siberian hamster, which adapts to different photoperiods, showed Per2 

RNA oscillations in coronal sections from rostral and caudal SCN regions. The Per2 peak 

appeared around lights-on in the caudal SCN and around lights-off in the rostral SCN 

under long days, suggesting M- and E-oscillators in the caudal and rostral SCN (Hazlerigg 
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et al., 2005). Altogether, specific neuronal networks in the SCN might be designated as M- 

and E-oscillators, depending on their different responses light or changing photoperiods. 

But it was not possible to assign a specific region of the SCN either to an M- or E-oscillator 

circuit, at least not in mice (Helfrich-Foerster, 2009). 

1.2.5 Light entrainment pathways of SCN neurons in vertebrates 

Light exposure of the retina was sufficient in 32% and 38% of SCN neurons. 

Approximately 40% of these exhibited a light-dependent change in excitability with a 

latency of about 400 ms up to seconds (Groos and Mason, 1980; Meijer et al. 1986; Kim 

and Dudek, 1993; Cui and Dyball, 1996; Jiang et al., 1997; Aggelopoulos and Meissl, 

2000; Meijer and Schwartz, 2003; Schaap et al., 2003; review: Golombek and Rosenstein, 

2010). Glutamate antagonists blocked both light-dependent activations and inhibitions in 

the optic nerve, while bicuculline blocked only GABA-induced responses of the neurons 

(Jiang et al., 1997; Meijer & Schwartz, 2003). GABAergic interneurons, as well as junction-

mediated coupling, are essential in ensuring synchronization of the SCN cells (Jiang et al., 

1997, Colwell, 2000; Schaap et al., 2003). Furthermore, intracellular recordings of rat brain 

slices showed that SCN neurons (which receive input from the optic nerve) exhibit a high 

input resistance and a membrane potential of -60 mV (Kim and Dudek, 1993; Jiang et al., 

1997). In addition, these neurons displayed increased conductivity and higher membrane 

potentials during the day and lower conductivity at dusk, as well as lower membrane 

potentials during the night (Jiang et al., 1997; de Jeu et al., 1998; Schaap et al., 1999; 

Meijer and Schwartz, 2003). Diurnal rhythms in the membrane conductance of the SCN 

neurons was altered by light also at low light intensities ,and this mostly led to inhibition of 

neuronal activity (Meijer and Rietveld, 1989; Jiang et al., 1997; review: Golombek and 

Rosenstein, 2010). Thus, many SCN neurons respond to low light intensities (between 0.1 

and 1 lux) at dawn and dusk (Meijer and Schwartz, 2003; review: Golombek and 
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Rosenstein, 2010). Furthermore, extracellular single recordings of the diurnal squirrel 

(Spermophilus tridecemlineatus) and the degu (Octodon degus) displayed differences in 

nocturnal organisms (Meijer and Schwartz, 2003). In day-active animals, light responses 

were lower in contrast to nocturnal animals (∼10%) ,and most neurons were light-

dependently inhibited, while only minorities of the neurons were activated via light (Meijer 

et al., 1989; Jiao et al., 1999; Meijer and Schwartz, 2003). 

1.3    Circadian oscillator system in the fruit fly Drosophila melanogaster 

1.3.1 Circadian oscillator circuit of clock neurons in Drosophilas brain 

The circadian pacemaker center in the fruit fly D. melanogaster is localized in both optic 

lobes and controls circadian activity rhythms (Konopka et al., 1983; Peschel and Helfrich-

Foerster, 2011). Approximately 150 circadian pacemaker neurons were identified via 

antibodies against clock proteins in each hemisphere (Helfrich-Foerster, 2011). According 

to their anatomical position, seven soma groups were distinguished, such as the small and 

large ventrolateral neurons (s-LNv and l-LNv), the dorsal lateral neurons (LNd), the lateral 

posterior neurons (LPN), and three groups of the dorsal neurons (DN1, DN2, DN3), further 

sub classified as DN1s, located anterior DN1anterior (DN1a), and the remaining DN1s situated 

more posteriorly DN1posterior (DN1p) (Siwicki et al.,1988; Zerr et al., 1990; Ewer et al., 1992; 

Frisch et al., 1994; Kaneko and Hall, 2000; Shafer et al., 2006; Helfrich-Foerster et al., 

2007; Hermann-Luibl and Helfrich-Foerster, 2014; Nitabach and Taghert, 2008; Tomioka 

and Matsumoto, 2010; Peschel and Helfrich-Foerster, 2011; Helfrich-Foerster, 2014). 

Neuropeptides play a crucial role in the timing of physiology and behavior to geophysical 

24-hour light-dark cycles in vertebrate- and insect circadian clocks alike. So far, the 

pigment-dispersing factor (PDF) expressing clock neurons were analyzed best. The 

neuropeptide PDF is an evolutionarily conserved neuropeptide that was isolated first from 

crustaceans (Dircksen et al., 1987). Anti-PDF antibodies labeled a specific group of 
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circadian pacemaker neurons in different insects such as the s-LNvs in flies with 

arborizations in the optic lobes and the midbrain (Homberg et al., 1991; Helfrich-Foerster 

et al., 1998; Sehadová et al., 2003). Fibers from the PDF-expressing s-LNV neurons 

project into the dorsal protocerebrum, where they control circadian locomotion rhythms 

(Helfrich-Foerster, 1995; Kaneko et al., 1997; review: Helfrich-Foerster, 2004). 

Furthermore, fibers from four PDF-immunoreactive (ir) s-LNv project into the dorsal 

protocerebrum (review: Helfrich-Foerster, 2004). Four of the PDF-ir I-LNV project into the 

distal medulla (ME) and connect the AME with both hemispheres via the posterior optic 

tract (review: Helfrich-Foerster, 2004). Almost all clock neurons contain G protein-coupled 

PDF receptors that signal via adenylate cyclase (Shafer et al., 2008). 

1.3.2 Molecular timekeeping in D. melanogaster 

The molecular clock of D. melanogaster consists of two interlocking feedback loops, 

whereby individual cells in the optic lobes drive oscillations by themselves (Dunlap, 1999; 

Glossop et al., 1999; Hardin, 2005; Paranjpe & Sharma, 2005; Bae and Edery, 2006; 

Gallego and Virshup, 2007; Mehra et al., 2009). Since the clock gene period (per) was 

discovered by Konopka and Benzer (1971) in D. melanogaster mutants exhibiting 

arrhythmic locomotor activities, additional clock genes (of which partially conserved 

homologs can be found in vertebrates) were identified and characterized (Hardin et al., 

1990; Edery et al., 1994; Ceriani et al., 1999; Yu et al., 2006; Peschel and Helfrich-

Foerster, 2011). Genes like i.a. timeless (tim), clock (clk), cycle (cyc), vrille (vri), double-

time (dbt), shaggy (sgg) and par domain protein 1ε (pdp1ε) play crucial roles in the 

negative feedback loop of D. melanogaster (Hardin et al., 1990; Edery et al., 1994; Ceriani 

et al., 1999; Yu et al., 2006; Peschel and Helfrich-Foerster, 2011). Two homologs of these 

genes (per and tim) were also identified in the cockroach Rhyparobia maderae 

(Werckenthin et al., 2012). In contrast to Drosophila, Rhyparobia expressed the light-
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insensitive CRY2 (Werckenthin et al., 2012). So far, most insect clock genes were 

identified and characterized in the genetic model organism D. melanogaster. The 

transcriptional activators CLOCK (CLK) and CYCLE (CYK, homologs to BMAL1) form 

heterodimers, binding to the regulatory E-box sequence (CACGTG) and initiate the 

transcription of per and tim (Hardin et al., 1990; Darlington et al., 1998; Price et al., 1998; 

Kloss et al., 1998; 2001; Glossop et al., 1999; Shafer et al., 2002; Ashmore et al., 2003). 

Late in the evening, the two PER and TIM proteins display maximum concentrations 

(Hildebrandt et al., 2015). After delayed phosphorylation of PER by DBT, either a complex 

of PER/TIM/DBT or PER/DBT is formed, via SGG-dependent phosphorylation of TIM, 

which translocate into the nucleus, inhibiting the function of the CLK/CYC heterodimer 

and, therefore, inhibiting its own transcription (Hardin et al., 1990; Darlington et al., 1998; 

Price et al., 1998; Kloss et al., 1998; 2001; Glossop et al., 1999; Shafer et al. 2002; 

Ashmore et al., 2003). Furthermore, CRY1 is activated by light in the morning. It binds to 

TIM and degrades it, which in turn results in degradation of PER. Since CRY1 is unstable 

without TIM it binds CLK/CYC to the E-box sequence (CACGTG) (Hardin et al., 1990; 

Edery et al., 1994; Ceriani et al., 1999; Yu et al., 2006; Peschel and Helfrich-Foerster, 

2011). The PER/TIM heterodimer acts as a transcriptional repressor, inhibiting the function 

of CLK/CYC heterodimers as well as VRI which suppresses clk expression (Blau and 

Young, 1999; Paranjpe and Sharma, 2005). While PDP1ε is accumulated mid-late and 

late-evening, activating clk transcription, VRI accumulates late in the day or early night and 

inhibits clk transcription. Thus, the enriched proteins PDP1ε and VRI are responsible for 

oscillations in clk expression resulting in high CLK levels in the subjective late night (Cyran 

et al., 2003; Glossop et al., 2003). 
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1.3.3 Morning and evening oscillator cells in the brain of D. melanogaster  

As described for the hamster (Jagota et al., 2000), also the fruit fly D. melanogaster 

displays bimodal locomotor activity rhythms, peaking in the morning (light-on) and evening 

(light-off) (Helfrich-Foerster, 2009). This activity pattern is consistent with the Zeitgeber-

dependent dual-oscillator system consisting of M-oscillator cells and E-oscillator cells, 

which form the basis of the light-on morning and light-off evening activity peaks 

(Pittendrigh and Daan, 1976; Helfrich-Foerster, 2001). The M- and E-oscillator cells were 

ascribed to specific clock neurons. The M- oscillator cells are represented by the s-LNvs 

whereas the E oscillator cells are resembled by the LNds (Grima et al., 2004; Stoleru et al., 

2004). The four PDF-expressing s-LNvs and CRY-positive DN1ps belong to the M-oscillator 

cells whereas the 5th s-LNv, three CRY-positive LNd neurons and perhaps the CRY-

negative DN1ps belong to the E-oscillator cells and appear to be mutually regulated and 

functionally coupled to each other (Stoleru et al., 2005; Murad et al., 2007; Picot et al., 

2007; Stoleru et al., 2007; Parisky et al., 2008; Yoshii et al., 2009; Helfrich-Foerster, 2009; 

Rieger et al., 2007; Sheeba et al., 2010). Moreover, all ventrolateral clock neurons, except 

the 5th s-LNv, express PDF under clock gene control (Park et al., 2000). As described in 

vertebrates, also Drosophila expresses a class B G-protein coupled receptor (groom of 

PDF; GOP; synonym HAN or PDFR) similar to calcitonin receptor (Hyun et al., 2005; Lear 

et al., 2005; Mertens et al., 2005; Vosko et al.,2007; Shafer et al., 2008). Except of l-LNv 

neurons, obviously all oscillator neurons comprise the G-protein-coupled PDF receptor 

and respond to PDF with long-lasting cAMP increases (Shafer et al., 2008). Furthermore, 

PDF-signaling differs in M- and E-oscillator cells (Duvall and Taghert, 2012). In contrast to 

M-oscillator cells, which couple to adenylate cyclase AC3, PDF activates another 

adenylate cyclase in E-oscillator cells (Duvall and Taghert, 2012). The regulatory function 

of PDF for the E cells was confirmed by Cusumano et al. (2009). Using whole-cell patch 

clamp electrophysiology in current clamp mode, Cao and Nitabach (2008) were able to 
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show that the resting membrane potential (RMP) and firing frequency of l-LNvs changes 

throughout the day so that a more depolarized RMP and higher firing frequency is 

observed in the morning in contrast to the evening. Sheeba et al. (2008) further 

demonstrated that hyper-excitation of l-LNvs, increased nocturnal activity at night in a PDF-

mediated manner, indicating that these neurons modulate arousal and sleep. Muraro et al. 

(2015) showed that l-LNvs are spontaneous, regularly bursting neurons during the day and 

switch from a bursting mode to a more tonic activity pattern during the night. Patch Clamp 

recordings showed that the l-LNvs were activated by light illumination via CRY, Rh7, and 

probably also by the Hofbauer Buchner (HB) eyelet and the compound eye (Sheeba et al., 

2008b; Ni et al., 2017). The s-LNvs are part of the M-oscillator circuit controlling the 

morning peak and delaying the evening peak of locomotor activity (review: Helfrich-

Foerster, 2014). The s-LNv neurons could receive light information directly from the HB 

eyelet. Besides, the s-LNvs appear to be regulated by l-LNv neurons via PDF, which 

receive light information (Helfrich-Foerster et al., 2001; Shafer et al., 2008; Sheeba et al., 

2008a; 2008b; Wuelbeck et al., 2008). Recent studies in the Drosophila clock neurons 

suggest further a „bicycle“ mechanism to control membrane excitability, therefore, driving 

distinctly timed sodium and potassium electrical membrane excitability and neuronal 

function in a circadian manner (Flourakis et al., 2015).  

1.3.4 Light entrainment pathways of Drosophilas pacemaker cells 

In D. melanogaster, light is transmitted by retinal photoreceptors in the complex eyes, the 

HB-eyelet, the Bolwig´s organs in larvae and the ocelli (Fig. 1.2). Furthermore, the DN1, 

LNds, l-LNvs, s-LNvs, and the 5-th s-LNv, as well as compound eye photoreceptors, express 

the blue light photo-pigment CRY. This is also part of the negative feedback loop in D. 

melanogaster (Helfrich-Foerster et al., 2001; 2002; Rieger et al., 2003; Tomioka and 

Matsumoto, 2010; Peschel and Helfrich-Foerster, 2011; Yoshii et al., 2008; 2015).  
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!
Fig. 1.2: Schematic representation of photic input to the clock network in D. melanogaster.  Right: 
The compound eyes, the Hofbauer-Buchner (HB) eyelets and the ocelli (on top of the brain) resemble light 

entrainment pathways in Drosophila. Pigment-dispersing factor (PDF) is expressed by the small and large 
ventrolateral neurons (s-LNvs; I-LNV). They are assumed to drive the morning (M) activity peak. The evening 
(E) clock cells are represented by lateral dorsal neurons (LNd) and the 5th s-LNv. Left: The clock network in 

the fruit fly consists of cryptochrome (CRY) positive and negative pacemaker neurons. Figure published in 
Yoshii et al., 2016. 

Furthermore, CRY expressing clock neurons transmit light information to CRY-negative 

clock neurons (Lamba et al., 2014). The CRY-dependent light input to M-oscillator cells 

interacts with CRY-independent TIM degradation in E-oscillator cells, therefore processing 

the light response of E oscillator cells via neuronal communication (Lamba et al., 2014). 

The compound eyes represent the largest photoreceptive structure and are suggested to 

be most important for light entrainment (Helfrich-Foerster et al., 2002). Investigations of 

eye mutants in the fruit fly demonstrated that compound eyes are necessary to measure 

day length and to detect moonlight (Rieger et al., 2003; Bachleitner et al., 2007; 

Schlichting et al., 2014). Moreover, mutants lacking compound eyes are unable to adapt 

their M and E activity peaks under long-day conditions and didn’t respond to moonlight 

anymore (Rieger et al., 2003; Bachleitner et al., 2007; Schlichting et al., 2014). The 
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compound eyes use histamine, dopamine, and serotonin as neurotransmitters, conveying 

light inputs from the compound eyes (Rieger et al., 2003; Yuan et al., 2005; Hirsh et al., 

2010). In addition, double-mutation of cry and the hdc gene encoding histidine 

decarboxylase cannot synchronize to LD cycles (Rieger et al., 2003). Neither the role of 

ocelli, nor HB-eylet has been well understood in circadian light entrainment. Acetylcholine 

as well as histamine function as neurotransmitters and target directly PDF neurons 

(Yasuyama and Meinertzhagen, 1999; Pollack and Hofbauer, 1991; Yoshii et al., 2015), 

which communicate via PDF to each other and other PDF expressing clock neurons. 

Furthermore, Bolwig´s organs, together with CRY, are essential for light entrainment of the 

larval clock neurons (Klarsfeld et al., 2011) and projections of Bolwig´s organs in larvae as 

well as HB eyelets in adult flies directly contact the PDF-positive LNvs (Helfrich-Foerster, 

2002; Malpel et al., 2002; Yuan et al., 2011; Yoshii et al., 2012; Yoshii et al., 2015).  

1.4     Circadian oscillator system in the cockroach Rhyparobia maderae 

1.4.1 Circadian oscillator circuit of clock neurons in R. maderae 

While the fruit fly D. melanogaster represents a powerful tool and model organism in 

genetic studies, the nocturnal, robust and long-living cockroach Rhyparobia maderae 

(Syn. Leucophaea maderae; Kevan, 1980) is well suited for anatomical, 

electrophysiological and behavioral studies of the circadian system (review: Stengl and 

Arendt, 2016). The cockroach R. maderae was the first organism in which a circadian 

pacemaker center was located to the brain via lesion and transplantation experiments 

(Nishiitsutsuji-Uwo and Pittendrigh, 1968; Page, 1982; Roberts, 1974; Sokolove, 1975). 

The AME resembles the master clock in the night-active cockroach and controls locomotor 

activity, as it was shown in Drosophila as well (Peng et al., 2003; Reischig and Stengl, 

2003a; Lin et al., 2004; Nitabach et al., 2006; Yoshii et al., 2009; review: Stengl and 

Arendt, 2016). While Madeira cockroaches without lamina (LA) exhibited rhythmic running 
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behavior, animals generated an arrhythmic running pattern without ME (Nishiitsutsuji-Uwo 

and Pittendrigh, 1968; Roberts, 1974). Furthermore, transplantation experiments in which 

the whole optic lobe was removed and placed into another cockroach (which had 

previously dismissed the optic lobe) restored circadian rhythms in locomotor activity after a 

few weeks. Finally, arrhythmic animals without optic lobes displayed rhythmic activity again 

after implantation of the AME with PDF-ir neurons (Reischig and Stengl, 2003a). Thus, it 

was suggested that the AME with PDF-neurons is the endogenous circadian oscillator 

controlling rhythmic locomotor activity (Stengl and Homberg, 1994; Homberg, 2003; 

review: Stengl and Arendt, 2016).  

The AME constitutes an approximately 80-100 µm pear-shaped neuropil and is located at 

the anterior-proximal edge of the ventromedial ME beneath the bifurcation of a 

characteristic trachea in the bilateral optic lobes (Reischig and Stengl, 1996; Petri and 

Stengl, 1997; 1999). Peptidergic neurons of the AME exhibit diameters of about 10-30 µm 

(Homberg et al., 2003; review: Helfrich-Foerster, 2004; Wei et al., 2010). Besides, the AME 

is composed into three compartments. A dense nodular neuropil with an interglomerular 

neuropil and a shell region in between, which in turn surrounds the glomerular and 

interglomerular neuropil (Reischig and Stengl, 1996; 2003a; b). Electron microscopy 

revealed that the AME is innervated by neuropeptide-ir neurons that contain at least four 

different granular dense core vesicles (DCVs) types (Reischig and Stengl, 1996; 2003b). 

The AME is associated with seven soma groups, consisting of about 240 neurons, which 

were classified into different groups according to their location (relative to the AME), size 

and characteristics (Reischig and Stengl, 1996; 2003b; Soehler et al., 2008; review: Stengl 

and Arendt, 2016). They were assigned as follows: anterior and posterior neurons (ANEs, 

PNEs), distal and medial groups of the frontoventral neurons (DFVNEs, MFVNEs), medial 

neurons (MNEs), ventral neurons (VNEs), ventromedian neurons (VMNEs) and 
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ventroposterior neurons (VPNEs) (Fig. 1.3) (Petri et al., 1995; Reischig and Stengl 1996; 

2003b; Soehler et al., 2008). 

1.4.2 Neuropeptides of MC groups in the Madeira cockroach  

Immunocytochemical studies and MALDI-TOF (matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry) revealed various neuropeptides and neurotransmitters in 

the AME (Soehler et al., 2008; Schulze et al., 2012). Among them, e.g., 

leucomyosuppressin (LMS) neurons near the AME. They belonged to the VNE group 

(Soehler et al., 2007, 2008). Furthermore, GABA expressing neurons link the nodules of 

the AME to the ME and LA via the distal tract (DT) (Petri et al., 2002). Manduca sexta 

(Mas) allatotropin (AT)-ir local neurons project into the AME and belong to the DFVNE, 

MFVNE, MNE, VNE (Petri et al., 1995, Petri et al., 2002; Reischig and Stengl, 2003b). 

Some of them appear to be local interneurons, and others were associated with the 

ipsilateral light entrainment pathway. Several myoinhibitory peptides (MIPs) could be 

assigned to the DFVNEs, MFVNEs, MNEs, VMNEs, VNEs and VPNEs (Schulze et al., 

2012). Furthermore, serotonin, allatostatin, baratin, corazonin, FMRF-amide-related 

peptides, orcokinins (ORCs) and pigment-dispersing factor (PDF), as well as histamine 

were immunocytochemically detected (Homberg et al., 1991; Petri et al., 1995; Naessel et 

al., 2000; Petri et al., 2002; Reischig and Stengl 2003b; Hamasaka et al., 2005a; Hofer 

and Homberg 2006a; Soehler et al., 2007; Soehler et al., 2008). Some of these 

neuropeptides and neurotransmitters could not be assigned to the neuronal groups of the 

AME.  

1.4.3 Coupling pathways of optic lobe commissures to Rhyparobias AME 

Furthermore, both bilaterally symmetric AMEs are suggested to be coupled and 

synchronized with each other, thus, maintaining the same phase and therefore drive a    
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Fig. 1.3: “Schematic network of the pigment-dispersing factor–immunoreactive (PDF-ir) circadian 
clock neurons of the Madeira cockroach. Of the bilaterally symmetric network, only PDF-ir somata and 

arborizations in the left brain hemisphere are shown (A), with details of the adjacent soma groups in (B). The 
PDF-ir neurons in dorsal (dPDFLAs) and ventral soma groups (vPDFLAs) in the lamina (LA) innervate the 
accessory laminae (ALAs) and the proximal LA, and appear to project via the anterior fiber fan (AFF) to the 

accessory medulla (AME). The AME is the circadian clock of the Madeira cockroach that controls locomotor 
activity rhythms via contralaterally projecting PDF-ir neurons. Two soma groups of anterior (aPDFMEs) and 
posterior PDF-ir neurons (pPDFMEs) innervate the AME. The 12 aPDFMEs consist of 4 small, 4 medium-

sized, 3 large, and one conspicuously largest clock cell. The 4 small aPDFMEs are local neurons of the 
AME. Three of the 4 medium-sized aPDFMEs project contralaterally. They send their axons via the lobula 
valley tract (LOVT) and the anterior optic commissure (AOC) to ipsi- and contralateral midbrain targets 

(black circles), such as the superior lateral (SLP) and superior medial protocerebrum. They reach finally the 
contralateral optic lobe, innervating the contralateral AME. The largest aPDFME projects via the posterior 
optic commissure (POC), innervating the posterior optic tubercles (POTUs). It appears to innervate all 

midbrain targets of the circadian clock, also the ipsi- and contralateral AME, connecting POC and AOC via 
the anterior fiber plexus (AFP). (B) Adjacent to the AME (open oval) are 8 neuropeptidergic soma groups: 
ANEs (anterior neurons), PNEs (posterior neurons), MFVNEs (medial group of frontoventral neurons), 

DFVNEs (distal group of frontoventral neurons), MNEs (medial neurons), VPNEs (ventroposterior neurons), 
VNEs (ventral neurons), and VMNEs (ventromedian neurons). The small aPDFMEs belong to the DFVNEs, 
whereas all other aPDFMEs belong to the VNEs. The pPDFMEs belong to the PNEs. Backfills from the 

contralateral AME identified contralaterally projecting AME neurons (striped) that were grouped into 4 soma 
groups, MCI–IV (Soehler et al., 2011), that form subgroups of the above AME soma groups. Four of the 
aPDFMEs (the largest and 3 medium; dark gray filled circles) belong to MCI neurons, together with one non-

PDF-ir VNE (diagonally striped open circle). Non-backfilled neurons (diagonally striped open circles) include 
the small aPDFMEs and other ipsilaterally remaining non-PDF-ir neurons. AL = antennal lobe; CA = calyx; 
ILP = inferior lateral protocerebrum; LAL = lateral accessory lobes; LAO = lamina organ; LO = lobula; MB = 

mushroom body; PB = protocerebral bridge; VLP = ventrolateral protocerebrum.” Figure and text published 
in Gestrich et al., 2018. 
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stable rhythm (Page et al., 1977; Page, 1978; Wiedenmann, 1984). This task is 

accompanied by approximately 50 neurons which connect both optic lobes via three 

different commissures, identified via backfills from the contralateral optic stalk and 

injections of neuronal tracers into the AME (Fig. 1.3) (Reischig and Stengl, 2002; Soehler 

et al., 2011). Tract three, four and seven project to the contralateral optic lobe and both 

AMEs are coupled directly via the anterior optic commissure (AOC) (tracts three and four) 

or the posterior optical commissure (POC) (tract seven) (Reischig and Stengl, 2002). Four 

ME cell groups (MC I-IV) were associated with these tracts and extended to the 

contralateral side of the optic lobe (Reischig and Stengl, 2002; Reischig et al., 2004; 

Soehler et al., 2011). The MC I group, which process into the lobula valley tract (LOVT), 

includes five VNEs, projecting into the contralateral optic lobe via an anterior fiber fan 

(AFF) across the ME and proximal LA, which in turn branch into the AME (Reischig and 

Stengl, 2002). The MC I group includes four PDF-ir VNEs, containing the largest PDF-ir 

neuron (anterior PDFME), setting the PDF-ir termination areas in the midbrain and the 

optical lobes via the AOC, as well as POC in both AMEs as a possible coupling pathway 

(Reischig and Stengl, 2002; Reischig et al., 2004; Soehler et al., 2011; Wei et al., 2010). 

Also, the medial layer fiber system (MLFs) is connected to the AME and branches into the 

4th layer of the ME (Korek, 2016; personal communication with Azar Massah). The MC II 

group consists of 35 VMNEs, to which six MIP-ir VMNEs were assigned (Schulze et al., 

2012) and belong to the MLFs (Reischig and Stengl, 2002). The MC IV group may include 

two MNEs that show immunoreactivity to FMRF-amides, ORC, or PDF (Loesel and 

Homberg, 2001; Reischig and Stengl, 2002; Reischig et al., 2004; Hofer and Homberg, 

2006b; Soehler et al., 2011). Furthermore, four MNEs displayed MIP-ir, and some of them 

might belong to the MC IV group (Schulze et al., 2012).  
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1.4.4 The function of PDF-ir neurons 

So far, the structure of PDF-ir neurons in the Madeira cockroach has been best studied 

and will be briefly described below (Fig. 1.3) (Stengl and Homberg, 1994; Homberg et al., 

2003; Wei et al., 2010; review: Stengl and Arendt, 2016). PDF neurons in the cockroach 

are involved in several tasks. They are suggested to take part in light-entrainment, the 

internal coupling between both AMEs as well as rest and activity (review: Stengl and 

Arendt, 2016). Four groups of neurons show immunoreactivity to PDF in the cockroach 

brain (Stengl and Homberg, 1994). Two PDF-ir neuronal groups could be located at the 

posterior dorsal and ventral end of the LA (dPDFLA, vPDFLA) (Stengl and Homberg, 1994; 

Wei et al., 2010; Soehler et al., 2011). Twelve anterior (aPDFMEs) and six posterior PDF-ir 

neurons (pPDFMEs) are located near the AME in the ME cortex (Petri et al., 1995; 

Reischig and Stengl, 1996; 2003b; Wei et al., 2010; Soehler et al., 2011). The twelve 

aPDFMEs consist of one largest, three large- and four medium-sized, which were 

assigned to the VNEs, and four small PDF-ir neurons that are associated with the DFVNEs 

(Wei et al., 2010; Soehler et al., 2011). The small aPDFMEs appear to be local neurons 

confined to the AME and possibly other neuropils in the ipsilateral optic lobe (Wei et al., 

2010; Soehler et al., 2011). The aPDFMEs connect the AME with the ME and the LA 

through the AFF and MLFs (Reischig and Stengl 2002; Wei et al., 2010; Soehler et al., 

2011). The branching pattern of individual aPDFMEs is unknown. Using backfill 

experiments in combination with immunocytochemistry displayed, however, that a total of 

four neuron groups connect both AME. In this regard, it has been suggested that one large 

or two medium-sized aPDFMEs appear to be projection neurons that couple both AMEs 

(Reischig et al., 2002; Hofer and Homberg, 2006a; Soehler et al., 2011). The fibers of the 

large aPDFMEs branch anterior in the shell neuropil of the AME and connects both the 

input and output regions with the optic lobe and neuropils of the central brain (Reishig and 

Stengl, 2003b; Wei et al., 2010). The fibers of the medium-sized aPDFMEs largely 
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innervate the interglomerular and less the glomerular neuropil of AME (Reischig and 

Stengl, 2003b). The largest aPDFME connects the two bilateral AMEs via the AOC and 

POC and projects to all PDF-ir targets of the central brain (superior lateral, superior 

medial, inferior lateral, and ventrolateral protocerebrum) (Reischig et al., 2004; Wei et al., 

2010). In addition, next to the largest aPDFME, also three medium-sized aPDFMEs, which 

contain FMRF-amides and ORC, provide coupling between both AMEs via the AOC 

(Reischig and Stengl, 2002; Homberg et al., 2003; Hofer and Homberg, 2006a; Wei et al., 

2010; Soehler et al., 2011). 

1.4.5 Light entrainment pathways in the clock of R. maderae 

In the cockroach R. maderae, information about the change between day and night (photic 

entrainment of the internal clock) is mediated via photoreceptor cells in the compound 

eyes (Fig. 1.4) (Roberts, 1974; Page et al., 1977; Page, 1978; Petri et al., 2002). Each of 

the two bilateral oscillators receives light-input information from both the ipsilateral and 

contralateral compound eyes (Roberts, 1974; Page et al., 1977; Page, 1978). So far, the 

light entrainment pathways of AME are largely unknown. Nevertheless, since PDF-ir 

circadian pacemaker neurons changed their plasticity in number and branching patterns, 

depending on the length of light phases, PDF-ir oscillator neurons are suggested to be 

light-dependent (Wei and Stengl, 2011). Because PDF injections resulted in a monophasic 

delay of PRC (Petri and Stengl 1997; 2001), it was assumed that PDF does not mediate 

contralateral light input and instead transmits coupling information between both AMEs 

(Petri, 1998; Reischig and Stengl, 2002; Soehler et al., 2011). However, previous studies 

have been shown that PDF injections as well as cAMP injections delayed locomotor 

activity rhythms at dusk and advanced at dawn (Petri and Stengl, 1997; Schendzielorz et 

al., 2014). Thus, PDF is released by the circadian clock at dusk and dawn, controlled via  
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Fig. 1.4: A hypothetical network model of putative light entrainment pathways to the accessory 
medulla (AME) of the Madeira cockroach. The following neuropeptides are thought to play a role in light 
entrainment to the AME. Red: pigment dispersing factor (PDF); green: allatotropin (AT); purple: 

myoinhibitory peptides (MIPs); blue: orcokinin (ORC); orange: corazonin and the neurotransmitters yellow: 
GABA; magenta: Serotonin (5-HT); cyan (arrow): histamine. Anti-PDF and anti-5-HT co-localized fibers of 
ventral and dorsal lamina cells (vPDFLAs and dPDFLAs) innervate the accessory laminae (ALA) and the 

proximal lamina (pLA). Extra-retinal photoreceptors (flash) of the lamina organ (LAO) in the ALAs and short 
green-sensitive photoreceptor axons of the compound eye in the pLA are suggested to relay possibly photic 
inputs to the vPDFLAs and dPDFLAs. The GABAergic distal tract (DT) is assumed to transmit ipsilateral light 

information to the glomeruli (gray area) and connects all glomeruli of the AME to the medial layer fiber 
system (MLFs) of the medulla (ME). The distal-frontoventral neurons (DFVNEs) are suggested to resemble 
postsynaptic cells of the DT. Possibly, DFVNEs which co-localized AT with MIPs and GABA, represent local 

interneurons of the AME and receive indirect light input of the DT. Next to the DFVNEs, also median neurons 
(MNEs) might be taking part in ipsilateral light-entrainment since they are connected between the glomeruli, 
the accessory lamina (ALA) and the proximal lamina (LA), where histaminergic axons of the photoreceptor 

cells (flash) terminate. Furthermore, two triple-labeled MNEs are suggested to participate in light 
entrainment pathways. They either co-localized corazonin (cMNe) (orange), MIP (purple circle) and GABA 
(yellow stripe) or AT (aMNE) (green), MIP (purple circle) and GABA (yellow stripe). They connect the AME to 

the MLFs of the ME via the anterior fiber fan (AFF). The cMNE and aMNE are hypothesized to receive 
indirect photic input from long photoreceptor axons of the second layer. Furthermore, also three ORC-
immunoreactive ventromedian neurons (VMNEs) are assumed to receive contralateral light information. One 

of them co-localized MIPs. Also, one two labeled MIP (purple), and ORC (blue circle) ventral neuron (VNE) is 
hypothesized to receive light-input. AOC=anterior optic commissure; aPDFME=anterior PDF medulla neuron; 
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LO=lobula; POC=posterior optic commissure. Modified after Schendzielorz and Stengl, 2014 and Gestrich, 

2014. 

two daytime-dependently gated light-sensitive input pathways. Furthermore, it is known 

that histamine acts as a neurotransmitter of photoreceptor cells in the cockroach R. 

maderae and innervates the AME indirectly (Fig. 1.4) (Loesel and Homberg, 1999). The 

photoreceptor axons one to six terminate in the LA, with seven and eight projecting into 

the distal layer of the ME (Loesel and Homberg, 1999). Newer studies further showed that 

histamine-ir long photoreceptors ended in the second layer of the ME (Korek, 2016). 

Additional, since neurobiotin backfilled photoreceptors overlapped with PDF, FMRF-amide 

and ORC-ir processes in the proximal LA photic entrainment is suggested to be relayed via 

short photoreceptors to median sized PDF neurons (Korek, 2016; Trinh Hong, 2017; Karls, 

2017). Ipsilateral light entrainment is suggested to be relayed via GABA-ir neurons of the 

DT, which connects all glomeruli of the AME to the MLFs of the ME and LA (Reischig and 

Stengl, 1996; Korek, 2016; Giese et al., 2018). Moreover, intracellular recordings identified 

different light-sensitive neurons in the AME, showing ramifications in the MLFs of the ME 

and projected via the AFF to the accessory laminae (ALAs) ,thus, resembling GABA-ir 

neurons (Loesel and Homberg, 2001; Petri et al., 2002). Besides, injections of GABA, AT, 

and ORC near the AME resulted in light-like phase-response (PRC) curves; therefore 

these substances could be involved in light entrainment pathways (Petri et al., 1995; 2002; 

Reischig and Stengl, 2003b; Stengl et al., 2015). Next, to GABA-ir neurons, AT-ir local 

interneurons are also suggested to mediate ipsilateral light inputs (Petri et al., 2002). A 

similar function is assumed for different MIPs as well (Schendzielorz and Stengl, 2014). 

Colocalizations of MIP, AT, and ORC in the DT and AME were not achieved (Hofer and 

Homberg, 2006 a; b; Schendzielorz and Stengl, 2014). However, triple-label 

immunocytochemical studies identified one MNE with colocalized GABA-, MIP- and AT-

immunostaining (aMNE), which could represent an E-oscillator neuron (Loesel and 

                                                                                                                             1Introduction !32



Homberg, 2001; Petri et al., 2002; Schendzielorz and Stengl, 2014). Due to its location 

and size, this aMNE (Petri et al., 2002), could be assigned as light-sensitive ipsilateral 

branching neuron (OL1, OL2, Loesel and Homberg, 2001), which might represents a 

possible ipsilateral light input pathway into the AME (Loesel and Homberg, 2001; Petri et 

al., 2002; Schendzielorz and Stengl, 2014). Furthermore, this aMNE connects the 

glomeruli of the AME through the AFF to the proximal LA and branches into nonspecific 

layers of the ME (Loesel and Homberg, 2001; Petri et al., 2002; Hofer and Homberg, 

2006a; Schendzielorz and Stengl, 2014). As suggested for an E-oscillator, injections of 

cockroach AT and MIP1 into the optic lobes resulted in an all-delay type phase response 

curve (PRC), delaying the onset of locomotor activity rhythms only at dusk. In contrast, 

GABA-injections delayed at dusk and advanced at dawn, and resembled the light-like 

PRC, while MIP2-injections only advanced at dawn (Page and Barrett 1989; Petri et al., 

2002; Schendzielorz and Stengl, 2014). In addition, ORC-ir VMNEs could provide 

contralateral light inputs through the POC (Reischig and Stengl, 2002; Homberg et al., 

2003; Hofer and Homberg, 2006a; Wei et al., 2010; Soehler et al., 2011). They connect the 

inter-glomerular neuropil of the AME with the middle layers of the ME and the lobula (LO) 

of the ipsilateral optic lobe and the contralateral AME (Reischig and Stengl, 2002; 

Homberg et al., 2003; Hofer and Homberg, 2006a; Wei et al., 2010; Soehler et al., 2011). 

MIP and ORC co-localizations were found in one VNE and two fibers of the AOC and POC 

(Schulze et al., 2012). Co-localization of AOC and POC showed that MIP could act 

possibly as coupling factor, since the advance MIP-2 and delay MIP-1 of the PRC are 

overlapping with the effects of the light curve (Schulze et al., 2012). Thus, MIPs in the 

cockroach R. maderae could also be involved in the contralateral light input (Schulze et al., 

2012). Moreover, one GABA-, MIP- and corazonin-triple-labeled (cMNE) neuron of the 

AME was found, which possibly represents a candidate for the M-oscillator circuit since 

injections of corazonin resulted in all-advance PRCs (Arendt and Stengl, 2016; Arendt et 
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al., 2017). Furthermore, cAMP and cGMP are possibly involved likewise in the 

transmission of input signals into the AME of the cockroach R. maderae (Schulze et al., 

2013; Schendzielorz and Stengl, 2014; Schendzielorz et al., 2014).  

1.4.6 Electrophysiological characterization of AME neurons 

Next to regularly active neurons, the AME also contains irregularly active neurons and 

bursting neurons (Brusius, 2009, Schneider and Stengl, 2005, 2006, 2007, Tueremis, 

2013; Gestrich, 2014). Recordings also revealed the so-called silent neurons, which do not 

respond to light or any other stimuli (Tueremis, 2013). Collwell and Page showed with 

extracellular recordings in 1990 that the optic tract of the cockroach R. maderae exhibited 

spontaneous activity during the subjective day. In contrast, extracellular recordings of optic 

lobes in Gryllus bimaculatus revealed main activity during the subjective night (Tomioka 

and Chiba, 1986; 1992; Collwell and Page, 1990). Furthermore, extracellular recordings of 

R. maderae in situ as well as in vivo showed that most neurons generate spontaneous 

action potentials with regular intervals in the millisecond range (Schneider and Stengl, 

2005, 2006, 2007, Brusius, 2009). In addition, long-term extracellular recordings of the 

isolated AME exhibited circadian and ultradian rhythms in the frequency range of gamma-

band oscillations (20-70 Hz) (Schneider and Stengl, 2005, 2006, 2007). AME neurons are 

coupled in-phase to ensembles, simultaneously generating action potentials with the same 

intervals (period lengths, τ) and at the same times (phase angles), whereby different 

ensembles are synchronized via PDF and GABA (Schneider and Stengl, 2005, 2006, 

2007). Furthermore, they are coupled synchronously via gap junctions and fire with the 

same frequency to generate action potentials (Schneider and Stengl, 2005, 2006, 2007). 

PDF can inhibit, activate and synchronize AME neurons in situ (Schneider and Stengl, 

2005). Most AME neurons were activated (76%) after light treatment and glutamate 

inhibited light-dependent cell populations (Brusius, 2009). Intracellular recordings of the 
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cockroach R. maderae, further displayed, that neurons which projected into the AME and 

additionally branched into the ME responded to stationary light (possible light input 

pathways into the internal clock), while neurons branching to the midbrain or contralateral 

optic lobe weakly or not at all responded to light exposure (Loesel and Homberg, 2001). 

Furthermore, the ocellar neuron, which links the AME to the ocellar nerve, showed an 

inhibition after light exposure (Loesel and Homberg, 2001). In addition, in vitro Ca2+ 

imaging studies investigated pacemaker channels and the underlying ionic mechanisms 

that control spontaneous Ca2+ transients in R. maderae (Wei and Stengl, 2012; Wei et al., 

2014). Spontaneous Ca2+ transients indicate spontaneous action potential activity, which is 

predominantly generated by mibefradil-sensitive low-voltage-activated Ca2+ channels (L-

VACC) and by DK-AH269-sensitive hyperpolarization-activated cyclic nucleotide-gated 

(HCN) cation channels (Wei and Stengl, 2012; Wei et al., 2014). These pacemaker 

channels activated voltage-activated Na+ channels, as well as nifedipine-sensitive-high 

VACCs (Wei and Stengl, 2012; Wei et al., 2014), and calcium increase-induced 

depolarizations open small Ca2+-dependent K+ channels (SKs) (Wei and Stengl, 2012; Wei 

et al., 2014). Furthermore, it was shown that the inhibitory neurotransmitter histamine 

decreased intracellular Ca2+ levels in cells of the AME and could be important as a non-

photic input pathway in the circadian clock of the cockroach R. maderae (Baz et al., 2013). 

A recent study in the Madeira cockroach identified at least four types of PDF-sensitive 

neurons and concentrated on the characterization of regularly bursting PDF-sensitive cells 

which displayed intracellular rises of Ca2+ via PDF-dependent stimulation of AC. Moreover, 

PDF treatment blocked outward K+ and inward Na+ channels cAMP dependently. Besides, 

at least one type of PDF-sensitive circadian oscillator neurons did not signal via AC 

activation, suggesting that PDF activated phospholipase Cβ causing rises in intracellular 

Ca2+-concentrations (Wei et al., 2014).  

                                                                                                                             1Introduction !35



1.4.7 Output pathways in the Madeira cockroach 

So far, not much is known about output pathways in the Madeira cockroach. PDF-ir 

neurons are either located in the pars intercerebralis (PI) projecting towards the 

retrocerebral complex, contacting the corpora allata via the recurrent nerve of the frontal 

ganglion or positioned in the ventral nerve cord. Furthermore, terminals of the abdominal 

PDF cells appear to contact peripheral neurohemal release sites (Homberg et al., 1991; 

Naessel et al., 1993; Persson et al, 2001; Sehadová et al., 2003). As outputs, PDF-ir 

neurons could connect the AME to various tissues of the optic lobe and the central brain. 

They branch out into superior lateral protocerebrum (SLP), superior medial (SMP), inferior 

lateral (ILP), ventrolateral protocerebrum (VLP), and contralateral AME via AOC and POC. 

The branches into the SLP and SMP are necessary for a rhythmic running behavior 

(Reischig and Stengl, 2003b). Previous neurobiotin backfills from neurohemal organs and 

the first thoracic ganglion combined with immunochemistry revealed possible postsynaptic 

partners of PDF-neurons (Trinh Hong, 2017; Karls, 2017). Leucokinin- and corazonin-ir 

fibers were found and overlapped with PDF-ir projections in the anterior fiber plexus (AFP). 

They likely emerged from somata in the pars lateralis (PL) or PI. The corazonin-ir and 

orcokinin-ir lateral neurosecretory cells and the AFP might contact PDF-ir clock outputs 

and are thought to couple the circadian system to neurosecretory systems (Trinh Hong, 

2017; Wei et al., 2010). Moreover, PDF neurons seemed to contact locomotor control 

centers in the SMP and the posterior optic tubercles. Therefore, the SMP appear to link 

neurosecretory and locomotor coordinating systems of Rhyparobias locomotor control 

centers (Karls, 2017). 
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1.5    Vision in nocturnal insects and phototransduction  

1.5.1 Structure of insects apposition eye  

The visual system of cockroaches consists of two large compound eyes and ocelli, forming 

inputs to the optic lobes (Strausfeld, 1976; Loesel and Homberg, 1999). The ocelli of the 

cockroach appear like two large white spots, located between the compound eyes at the 

base of the antennae (Cooter, 1975; Weber and Renner, 1976). Compound eyes in 

cockroaches are structured from 3300 to 5700 ommatidia (Fueller et al., 1989), forming the 

retina. Eight photoreceptor cells R1-R8 form an ommatidium. The cornea is built of 

ommatidial facet lenses, varying significantly in both size and shape within the same eye 

(Heimonen et al., 2006). Nocturnal organisms, such as cockroaches emerged apposition 

eyes, where each ommatidium receives light from a single facet (Butler, 1973). Moreover, 

several adaptations in the visual system compensate for the low optical sensitivity 

(Greiner, 2006a). Furthermore, ommatidia of cockroaches include eight photoreceptors, 

five of which are maximally sensitive to green and three to UV, with peak sensitivities at 

507 and 370 nm, respectively (Butler, 1971; Mote, 1990). Besides, the cockroach has a 

fused rhabdom build via rhabdomeres of green- and UV-sensitive photoreceptors (Butler, 

1971). Below the retina, the receptors R1-R6 terminate in the LA and connect to 

monopolars, whose somata are restricted distal to the LA (Strausfeld, 1976; Loesel and 

Homberg, 1999). The receptors of each ommatidium are connected to a unit of monopolar 

neurons. LA, ME and LO are organized retinotopically and process spatial visual 

information (Strausfeld, 1976; Strausfeld et al., 1981). Monopolar neurons of the LA 

project into the ME, where they are connected by numerous ME-tangential neurons 

(Strausfeld, 1976). In the transition from the LA to the ME the fibers cross each other on 

the vertical axis (1st optic chiasma, Strausfeld, 1976). The second optic chiasma arises 

analogously between ME and LO (Strausfeld, 1976). In the middle layers of the ME, the 

fibers terminate the receptors R7 and R8 (Strausfeld, 1976). In addition, the ME processes 
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color and polarization information (Kelly and Mote 1990; Losel and Homberg, 2001). The 

LA receives its input from the photoreceptors, and the anatomy of the retina-LA projection 

in the cockroach suggests large-scale spatial pooling (Ribi, 1977). LA and ME represent 

the first and second visual neuropil, in which 2nd order cells synapse from retina 

photoreceptors. Two axon classes were characterized in cockroaches: short visual fibers, 

projecting in the LA and long optical fibers that go through LA and connect to the ME (Ribi, 

1977). Short and long visual fibers are green and UV spectral sensitive (Mote, 1990). 

Photoreceptor axons in cockroaches exit the retina in bundles of eight, passing through 

two basement laminae, projecting after in bundles of 6-20, enclosed within myelin sheaths 

(Ernst and Fueller 1987; Ribi, 1977). Furthermore, extensive dendritic arbors in the LA of 

2nd order cells, suggesting the opportunity of large-scale spatial pooling of photoreceptor 

inputs, displaying a mechanism which is thought to benefit night vision (Warrant, 1993; 

Warrant, 1999; Greiner et al., 2004; Greiner et al., 2005; Theobald et al., 2006; Klaus and 

Warrant, 2009). 

1.5.2 Signaling in photoreceptors 

Photoresponse is characterized as energy transformation of absorbed light into an 

electrical signal, and its shape is defined via properties of the photo-transduction cascade 

and photoreceptor membrane. The microvillar rhabdomere performs photo-transduction in 

insects, responsible for inward cation current, reflecting the voltage response driven via 

the light-induced current. Biochemical processes the photo-transduction cascade, initiating 

the photoresponse. Most about photo-transduction cascade is known in the fruitfly 

D.melanogaster (review: Hardie, 2012). First, absorption of a photon in a rhodopsin 

molecule is photoisomerised into metarhodopsin, triggering a G-protein mediated signal 

transduction cascade, which results in an activation of phospholipase C (PLC) that 

hydrolyses a membrane lipid component called phosphatidyl-inositol (4, 5) biphosphate 
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(PIP2) into diacylglycerol (DAG), inositol (1,4,5) triphosphate (IP3) and a proton, opening 

ion channels responsible for driving the light-induced current (Hardie and Franze, 2012 

review: Hardie, 2012). Two channel types have been described to convey light-induced 

current in D. melangeaster. The first type is the transient receptor potential (TRP), opening 

at bright light intensities (Baehner et al., 2002) and the second type is the transient 

receptor potential like (TRPL) (Montell and Rubin, 1989; Hardie and Minke, 1992; Phillips 

et al., 1992; Niemeyer et al., 1996), opening at low light intensities (Baehner et al., 2002). 

Light depended photo-transduction results at the end to an influx of Ca2+ and Na+, 

generating electrical current and voltage change in membranes of photoreceptors. The 

„quantum bump“ is the voltage fluctuation triggered by the absorption of a single photon 

and the most basal unit of a photoreceptor’s light response (Yeandle, 1958; Kirschfeld, 

1966; Wu and Pak, 1975; Lillywhite, 1977). A bright stimulus results in several bumps from 

different microvilli and sums up to build a noisy macroscopic light response. (Heimonen et 

al., 2006; Salmela et al., 2012). Voltage bump amplitudes in cockroach photoreceptors 

ranges from a few to ca. ten millivolts. In contrast to other organisms, the adaptation 

kinetics and the plateau level are highly variable in cockroach photoreceptors (Heimonen 

et al., 2006).  
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2 Thesis aims   

So far, it is known that AME neurons in the Madeira cockroach respond to light stimuli in 

vivo as well as to PDF with activations or inhibitions in situ. PDF-ir oscillator neurons 

change in number and branching pattern through different photoperiods, suggesting that 

PDF plays a role in light entrainment. It is not known whether PDF-ir neurons express 

autoreceptors for their own peptide. Furthermore, it has never been investigated before 

which frequencies of light AME neurons respond to and whether light sensitive clock 

neurons react to PDF. Moreover, it is unknown whether PDF-neurons are light sensitive 

and at what time of the day PDF-ir neurons express their main activity, or which 

neurotransmitter receptors they express in vivo. 

The aim of this doctoral thesis was to analyze the influence of the neuropeptide PDF on 

the function of light-sensitive neurons in the AME of the cockroach R. maderae in vivo. 

Furthermore, it was studied whether PDF-ir neurons express autoreceptors for their own 

peptide and if they respond to light. Thus, investigations were performed with focus on 

immunocytochemical triple label experiments, backfills, extracellular loose patch clamp 

and intracellular recordings.   

Major tasks: 

• Are light-responsive AME neurons in Rhyparobia in close vicinity to PDF pacemakers? 

• Do PDF-ir neurons in Rhyparobia´s circadian oscillator express PDF-autoreceptors? 

• Which neuronal electrophysiological pattern display AME neurons during day and night? 

• Does PDF activate and/or inhibit AME neurons in R. maderae in vivo? 

• Does PDF recruit ensembles of synchronized AME pacemakers in R. maderae in vivo? 

• Do AME neurons in Rhyparobia respond to low light intensities in vivo? 
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• Which other wavelengths are recognized by AME pacemaker neurons in R. maderae in 
vivo?  

• Do the light-responsive AME neurons respond to PDF in R. maderae in vivo? 

• Do PDF-sensitive neurons respond to light in R. maderae in vivo? 

Minor tasks: 

Since GABA and 5-HT were also suggested to be involved in light entrainment pathways 

or rather in gating mechanisms, the role of both neurotransmitters was investigated.  

• Does GABA and 5-HT activate and/or inhibit AME neurons in R. maderae in vivo? 
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3    Material and methods 

3.1 Animals 

“Adult male Madeira cockroaches Rhyparobia maderae were 

raised in laboratory colonies at the University of Kassel at 

about 26°C, 60% relative humidity in a photoperiod of 12:12 

hours light/dark with lights on at 08:00 am (Fig. 3.1; Gestrich, 

2014). The nutrition based on dry dogfood supplemented with 

potatoes and fruits. Water was supplied ad libitum. 

Cockroach populations were raised in plastic boxes with litter 

and hiding places” (Giese et al., 2018).  

3.2 Surgical preparation 

“Male cockroaches were anesthetized with ice and fixed in an acrylic chamber to 

avoid movement artefacts” (Giese et al., 2018). Physiological experiments were 

performed during day and night (Fig. 3.3). The head was kept steady with wax. 

Thorax, abdomen, and legs were fixed with tape. Antennae were kept intact. After 

opening the frontal head capsule, Ringer saline (156 mM NaCl, 4 mM KCl, 1 mM 

CaCl2, 10 mM Hepes, 5 mM glucose; pH = 7.1; 380 mOsm) was supplied “and all fat 

and upper frontal tracheal sacs near optic stalk were removed” (Giese et al., 2018). 

To place the microelectrode into the AME 

the neurolemma was removed with 

tweezers. The microelectrode was set into 

the region of a characteristic trachea 

(Petri and Stengl, 1997) (Fig. 3.2). 
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Fig. 3.1: Male adult 
cockroach R. maderae. 
Modified after Gestrich, 

2014.

Fig. 3.2: Opened head capsule of R. maderae. 
The electrode was set into the AME (dotted 

circle). Modified after Gestrich, 2014.



                                                                                                                     

3.3 Construction of the electrophysiology set-ups and experiments 

The electrophysiological set-ups were constructed as followed. The university 

workshops completed a Faraday cage with a vibration-free table. The fluorescence 

microscopes Leica M 165 FC (1,25× objective, Leica, Wetzlar, Germany) or Zeiss 

(20× objective, W N-Achro plan, NA 1.0, Zeiss, Germany) were integrated into the 

!  

Fig. 3.3: Presentation of set-ups on which intracellular and extracellular recordings were 
performed. (A left) Microscope Zeiss W N-Achroplan, NA 1.0 and (A right) the amplifier Multiclamp 
700B with Digidata 1550A1, Axon Instruments, California, USA (B left) Leica fluorescence microscope 

M165 FC, Wetzlar, Germany with micro manipulator IVM-3000, Scientifica, UK and (B right) 
BRAMP-01-R and BA-03X, npi, Tamm, Germany with CED 1401micro, Cambridge Electronic Design, 

Cambridge, UK.  
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Fig. 3.4: Preparation- and measurement design. Animals raised under 12:12 light/dark cycle 

conditions were taken from animal colonies and prepared at Zeitgeber times (ZTs). (A) Cockroaches 
were prepared at ZTs 24 or 12. After a settling phase of one hour, animals were placed into the set-up. 
Then, the electrode was placed into the neuropil of the accessory medulla (AME). The animals were 

recorded at least 12 hrs up to 24 hrs. If the resistance was still approximately one GΩ, 1 µM PDF was 
applied (either rest or activity phase) on the second day and recorded as long as possible. (B) 
Cockroaches were prepared at ZTs 24, 10, 14 or 22. A break of approximately 2 hours allowed the 

animals to calm down and afterward they were measured via intracellular- or extracellular loose patch-
clamp recordings. In contrast to A, the electrode was placed next to the AME neuropil, where neurons 
were located. Cockroaches were preferentially recorded at projected Zeitgeber times (p ZTs) 3, 8, 15, 
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20. Projected is referred to “light off” before the experiments started. (C) Animals were prepared at ZTs 

24, 10, 14 or 22. Recordings were achieved mostly during ZTs 3, 8, 15 or 20. Here, controls (Ringer 
solution), 500 or 1 µM PDF were applied during rest or activity. Horizontal double arrows indicate the 
period where recordings were achieved. Vertical double arrows show preparation time and time when 

recordings where started. 

set-ups. In the setup, the tires of the vibration-free table were replaced by air spring 

elements (DIN95407 SLM-M3A, cplusw GmbH, Hamburg, Germany) (Gestrich, 

2014). They behave in a similar way to a pneumatic table and offer the advantage 

that they are low maintenance. Furthermore, they consist of elastomeric springs and 

pneumatic isolators, whereby the air component allows vibration isolation of 3 - 5 Hz 

(cplusw.de, 2014). The measuring chain is formed by interconnected conductors and 

electronic components constructed of cells, electrodes, measuring amplifiers and 

measuring instruments  (Figs. 3.3; 3.5 and 3.12). The experimental design is shown 

in Fig. 3.4. Note that recordings in Fig. 3.4 A were mostly sampled with the 

experimental set-up of Fig. 3.3 A (amplifier: Multiclamp 700B with Digidata 1550A1, 

Axon Instruments, California, USA), whereas the recordings of Fig. 3.4 B-C were 

achieved with the set-up of Fig. 3.3 B (amplifier: BRAMP-01-R and BA-03X, npi, 

Tamm, Germany with digitizer CED 1401micro, Cambridge Electronic Design, 

Cambridge, UK).  

3.4    Measurement chain   

3.4.1 Biological membranes  

Via integrated transport proteins, the biological membrane is permeable to ions and 

thus possesses electrical properties as it can conduct current (Axon Guide, 2008, 

Brette and Destexhe, 2012). Ohm's Law describes the linear relationship between 

potential difference and current flow. This refers to biological membranes because 

they have a resistance R and a conductance G, which is the reciprocal of R:        
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As a nonconductor, the lipid bilayer behaves like a capacitor and is integrated 

between two electrolytic conductors (cytosol and extracellular medium). The capacity 

of a capacitor can be calculated according to the following formula: 

 

!   or respectively for the specific capacity of the lipid membrane: !  

, where C is the capacitance, Ɛr is the electric constant of the lipid bilayer, Ɛ0 is the 

electric constant of vacuum permittivity, D is the thickness of the lipid bilayer, and A is 

the membrane surface.  

Because of the properties described above, the biological membrane can be 

considered as a parallel circuit of resistance and capacitor and is represented as an 

equivalent circuit diagram, whereby the lipid membrane and transport proteins can be 

considered as electrical components (Axon Guide, 2008). Transmembrane potentials 

are measured via intracellular recordings, first performed by Hodgkin and Huxely 

(1939) on a giant axon of the octopus. A sharp glass microelectrode (GME) is in 

direct contact with the cell interior and the reference electrode in the external 

medium, thereby recording the potential difference (voltage) via an amplifier with a 

very high input resistance. Here, Re represents the infinite resistance of an ideal 

voltmeter, and Rin the finite resistance of a real voltmeter. The combination of both 

resistors forms a voltage divider so that part of Erp appears as an input in the ideal 

voltmeter and this part corresponds to the equation in the equivalent circuit. The 

R = U
I   or G =   1

R
= 1

U
 

εr  ε0  A
D

C
A

= μF
cm2
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larger Rin, the higher is the voltage (V) of the membrane potential (Axon Guide, 2008; 

Brette and Destexhe, 2012). 

3.4.2 Glass microelectrodes and configuration of recordings 

The glass microelectrode (GME) is a salt bridge, with a diameter of a few 

micrometers. The 1 M KCl or 0.1 M LiCl solution in the GME is in direct contact with 

the silver-silver chloride electrode. Together, the Ag/AgCl electrode and the GME 

filled with KCl or LiCl represent the recording electrode in the electrode holder. The 

GME is pulled out into two microelectrodes with an electrode puller. The GME is 

divided into electrode tip, electrode neck and electrode shaft (Fig. 3.5). By the small 

tip diameter of 0.1 - 1 micrometer, the cell structure is only slightly damaged. Due to 

the conical shape of the electrode tip, resistances arise, which depend on two 

factors. The smaller the tip diameter and the longer the electrode is, the higher is the 

electrode resistance (3 - 200 MΩ; Fig. 3.5). This can theoretically be calculated using 

the following formula, which expresses the (partial) resistance Rtip of the capillary tip 

to the distance of the length from the tip (Bretschneider and  R. de Weille, 2006).   

                            !  

The specific resistance of the filled liquid is referred to as ρ (rho), the tip angle as α 

and the tip diameter as d (Bretschneider and  R. de Weille, 2006). 

Rtip = ρ
π*tan2(α)

2tan(α)
d

− 1
l + d

2tan(α)
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Fig. 3.5: Schematic representation of different electrodes to achieve different electrical signals. 

(A) Via low resistance electrodes (3-12 MΩ) field potentials as well as multi- or single units (MUA, 

SUA) are recorded. (B) With juxta or loose patch-clamp recordings longtime network or single neurons 

are recorded. (C) Analysis of ion channels is achieved via cell attached modus. (D) Intracellular 

recordings are performed with high resistance electrodes (>100 MΩ) and measure the membrane 

potential of a neuron. Therefore, the recorded signals depend on the pulled electrode diameter. (E) 
SEM of extracellular loose patch electrodes and (F) SEM of intracellular electrodes which were used 

in this study. Pictures were taken by Yi Zhang. 
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To ensure the flow of current from the copper wire to the electrolyte solution, Ag/AgCl 

electrodes were used. Here, electrodes flow from the copper wire to the electrode tip, 

where AgCl decomposes into Ag+ and Cl- and the Cl- ions pass into solution. (Axon 

Guide, 2008). It is a reversible electrode because current flows in both directions 

(Bretschneider and  R. de Weille, 2006). 

3.4.3 Measurement chain: preamplifier, amplifier, stimulation unit, timer 

module, analog-to-digital converter and the measured signal 

The existing measurement chain consists of cells, electrodes, preamplifiers, 

amplifiers, measuring instruments and external light sources (Fig. 3.6; 3.13). The 

head stage was connected directly to the electrode holder via a BNC connector. This 

served as an impedance converter and amplified the input signal tenfold. 

Furthermore, the input resistance of the preamplifier is more than 10 MΩ, which 

makes it much larger than the electrode resistance. Thus, the voltage falls mainly 

over the preamplifier and can be conveyed as an output signal to the amplifier. The 

tenfold amplified potential changes are transmitted via the potential output 

connection. The electrode holder contained a silver-silver chloride wire and contacted 

the GME which was filled with potassium or lithium chloride solution (1 M KCl or 0.1 

M LiCl) as described above. The recording electrode was positioned to the AME of 

the cockroach (Figs. 3.2; 3.6; 3.13). Bioelectric signals are too small to be detected 

directly with measuring devices (oscilloscope or computer). Due to the high internal 

resistance of the signal source, an amplifier with very high input resistance is needed 

to measure the membrane potential (Axon Guide, 2008, Brette and Destexhe, 2012). 

This is determined using the indirect measuring method based on the principle of the 

Wheatstone measuring bridge. The Wheatstone bridge is an electrical circuit (made 
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!
Fig. 3.6: Schematic representation of the measurement chain with the connection of individual 
components with each other. The preamplifier (b) was connected to the reference electrode (here 

ground electrode) (b) and (a) to the amplifier (2) where the preamplifier could be connected via an 8-
pin headstage input. The measured signal (1) of the cell was further passed via the connection (c) to 
the (T-V1) connector. This connector (T-V1) was interconnected via (d) to the audio amplifier (8). 
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Second, (T) of (T-V1) led to (T-V2). The split signal (1) was led on the one hand via the connection (f) 

to the oscilloscope (6), on the other hand directly to (T-V2) to the analog-to-digital converter (5). The 
USB port on the back of the analog-to-digital converter (5) and routed through (g) to the computer (7). 
Furthermore, the stimulation unit (3) was connected to the amplifier via (I). The timer module (4) was 

connected firstly to the stimulation unit (3) by (i) and to the amplifier via (T-V3) by means of (k). 
Furthermore, (j) was interconnected via (T-V3) to the analog-to-digital converter (5). (T-V4) with the 
connection (m and o) was interconnected to (5), while (h) and (n) led to the LED lamp (10) and (11) 

inside the Faraday cage (modified after Tueremis, 2013; Gestrich, 2014 and operating instructions and 
system description for the BRAMP-01R, version 4.6, 2011, general brain scheme modified after 
Gestrich et al., 2018). 

up of four resistors and connected into a square) capable of measuring an unknown 

electrical resistance (ohmic resistance) (Ekelof, 2001). The measurements of the 

bioelectric signals were carried out in the current clamp mode. The voltage between 

differential GME and the indifferent reference electrode was measured via the bridge 

amplifier (BRAMP-01-R, npi electronics, Tamm, Germany). The bridge measurement 

compensates the rapid voltage change of the electrode when the injected current 

changes (Brette and Destexhe, 2012). For the current injection as well as membrane 

potential measurement, an impedance converter with a special capacitance 

compensation circuit was required (Ogden, 1994, Richter et al., 1996). The amplifier 

offers a display for the measured potential difference (in mV), the current (in mA) and 

the resistance (in MΩ). Furthermore, it has the following control elements: an offset 

controller to adjust the height of the opposite polarity applied current and to 

compensate for offset voltages. Moreover, the membrane potential can be 

depolarized or hyperpolarized via the holding current regulator. In addition, it is used 

for the iontophoretic application of the dye (Lucifer yellow or Neurobiotin). The 

capacity of the microelectrode is compensated via the capacitance compensation 

regulator. The built-in buzz switch leads to a strong oscillation of the electrode 

potential, whereby the cell membrane can be penetrated (operating instructions and 

system description for the BRAMP-01-R, version 4.6, 2011). Furthermore, a 
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connection of the isolation unit (Iso -Stim 01-M, npi electronic, Tamm, Germany) 

leads to the stimulus current input of the amplifier. This module provides external 

voltage or current in a range of 0.1 V - 10 V and 0.1 mA - 10 mA and an internal timer 

unit allows the regulation of amplitude height, pulse length, as well as the polarity of 

the stimulus (operating instructions and system description for the ISO-STIM 01-M, 

Version 3.6, 2010). With the timer module (operating instructions and system 

description for the TMR-02M, version 1.2, 2010, which has also been connected to 

the amplifier), the time window for a stimuli can be set. It generates square wave 

signals with a certain amplitude level (+ 5 V) and a freely selectable length. The pulse 

duration and the intervals can be set via two displays. The analog-to-digital converter 

(A/D, CED 1401 micro, Cambridge Electronic Design, Cambridge, United Kingdom) 

received the output signal of the amplifier. The measured values were translated by 

analog signals into digital signals and then processed by the computer. The signal 

was digitized at a sampling frequency of 25 - 50 kHz. To avoid aliasing, data should 

be recorded at the same or twice of the frequency (Nyquist theorem, Nyquist, 1928). 

The visualization and recording of the signal trace was offered via the software Spike 

2 (Version 7, Cambridge Electronic Design, Great Britain), with which the data was 

analyzed later. In addition, the recording was also visualized by the oscilloscope 

(HAMEG, HM 208, Hameg Instruments, Frankfurt, Germany). Furthermore, action 

potentials were acoustically monitored via the audio amplifier (12 W, Kemo 

Electronics, Germany). Therefore, the quality of the GME could be acoustically 

determined and frequency changes of the recordings were perceived quite quickly. 
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3.4.4 Stimulation with light 

To set the recording electrode into the tissue, the power LED cold-well source (KL 

200, Schott, Wiesbaden, Germany) was used. It was located outside the Faraday 

cage and led the light into the cage via two light guides (1500 Lux and 500 Lux). 

Cockroaches were shielded from any illumination in a light-proof Faraday cage. To 

test whether neurons respond to white or green light intensities the compound eyes 

were illuminated with a computer-controlled custom voltage-to-current LED driver 

(Fig. 3.3 B; 3.6; 3.13). The LED driver was used to run two LEDs (LED green LXML-

PM01-0080 and LED white Nichia NSPW300DS, Conrad, Germany), with narrow-

band emission peaks ranging from 530 nm and 440-660 nm. The luminance was 

continuously decreased from 55 to 2 lux in pairs of two consecutive ramps for white 

and green light. Stimulation was provided every 30 seconds at the beginning of the 

experiments, and later, every 30 minutes. Furthermore, additional 55 or 500 Lux 

stimuli were applied via an optical fiber of a custom-build light source (workshop 

University of Kassel; LED white Nichia NSPW300DS, Conrad, Germany). The light 

sources were connected as shown in the scheme (Fig. 3.6; 3.12). They were 

connected to the timer module and the event input of the A/D converter to generate a 

light stimulus. The light stimuli were shown as squares above the recording traces. To 

test 50 Lux UV light (375 nm) (LED UV Nichia NSPU510CS), the green light LED 

was changed with the UV LED. The LEDs were positioned 5 cm beside the 

compound eyes as shown in Fig. 3.3 B. To test higher intensities (1800 lux) the 

power LED cold light source (KL 200, Schott, Wiesbaden, Germany) was employed. 
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3.5    Intracellular recordings in vivo 

3.5.1 Intracellular recordings with high impedance glass electrodes 

Cockroaches (p=255) were prepared as described above. Recordings were 

performed during day and night (Fig. 3.4 B). Borosilicate glass capillaries were used 

(GCF150-7.5, Harvard Apparatus, USA) to pull electrodes (Flaming/Brown P-87 

micropipette puller, Sutter Instruments, Novato, USA). Electrodes were filled with 1 M 

KCI or 0.1 LiCl and had resistances of approximately 150-200 MΩ. After placing the 

electrode into the AME the signal was recorded with an amplifier (BRAMP-01-R, npi, 

Germany), monitored with a computer, and analyzed with spike 2-software 

(Cambridge Electronic Design, Cambridge, UK). To achieve intracellular recordings 

the Buzz regulator of the amplifier was used (Fig. 3.7). The luminance was provided 

as described above. In three recordings I also injected a current of 100-300 pA 

(amplifier: BRAMP-01-R, npi, Germany). 

!
Fig. 3.7:  Achieved intracellular recording with the Buzz switch (black arrow). Typical intracellular 
recorded action potentials (spikes) reach amplitudes of 5 up to 60 mV.  
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3.5.2 Data analysis and evaluation of intracellular recorded neurons with Spike 

2 software 

The results of the recordings were obtained with the Spike 2 software (version 7, 

Cambridge Electronic Design, Cambridge, UK) visualized, evaluated and analyzed. It 

was connected to the A/D converter Micro 1401-3, whose on-board processor is 

optimized for real-time processing (CED manual, Cambridge, UK). The traces were 

recorded in the wave-form mode and later converted into the mean frequency, as 

well as the instantaneous frequency for characterizing the basic activity of firing 

patterns (with the already provided program convert to event channel). To analyze 

the firing pattern of the recorded neurons to light exposure, a threshold-based spike- 

event detection was performed (Fig. 3.8 B). The occurring events were used to 

calculate the mean action potential frequency (MF) and interevent-intervals. The MF 

evaluates the general number of action potentials occurring in a time interval and is 

defined in Hertz (Hz) (Fig. 3.8 C). The threshold (red line) is set at a position, 

ensuring that it is crossed by the action potentials and an event is displayed in the 

event channel (Fig. 3.8 A). The instantaneous frequency (ISF) represents the 

reciprocal of the time interval between signals (Fig. 3.8 D). The diagram displays all 

frequencies of events in a defined time interval.  
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!
Fig. 3.8: Evaluation of an intracellular recorded light sensitive neuron. (A) Using the tool convert 
waveform to event channel all events of the spikes are shown. (B) Original trace of the recorded 

neuron. Spikes over the red threshold are counted as events. (C) Mean action potential frequency 
(MF)(vertical black arrow) of the counted spikes in A is displayed in Hertz (Hz). Mean distance of 
events is shown per second. (D) The instantaneous frequency (ISF) mirrors the reciprocal in Hz of the 

recorded neuron (horizontal red arrow). After 55 Lux the frequency is getting higher (more spikes 
occur) as seen in both MF and ISF plots.  

3.5.3 Statistical analyses  

Data are given as means ± standard errors of the mean. The Kolmogorov–Smirnov 

test was used for normality test. The MF of action potentials in the same cells before 

and after ramps of white and green light were compared by use of the paired t-test. 

The statistical studies were performed with Graph pad prism (version 6; Software, 

USA).  
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3.5.4 Iontophoretic application of Lucifer yellow and neurobiotin  

Iontophoresis refers to the injection of a dye (neurotracers) by means of a different 

electrode and current administration. The polarity of the injected current depends on 

the charge of the molecule, e.g., negative current pulses are applied to negatively 

charged molecules and positive current pulses to positively charged molecules 

(Mobbs et al., 1994). If blockages occur, there is the possibility to use the toggle 

switch electrode clear. During the application of the water-soluble lithium salt Lucifer 

yellow (absorption maximum 428/536 nm), a covalent bond of the carbohydrazide 

(CH) group of the dye with molecules of the environment (Stewart, 1978; Abbaci et 

al., 2008; Wei et al., 2009; Takeuchi et al., 2011; life technologies, Molecular 

Probes®). On the other hand, labeling with neurobiotin was performed. The vitamin 

biotin is bound with high affinity to avidin, a basic glycoprotein with four biotin binding 

sites. Biotin binds easily to antibodies and enzymes (streptavidin conjugated to a 

fluorophore) (Kita & Armstrong 1991; vectorlab). In this study, Streptavidin from the 

bacterium Streptomyces avidinii was used. After recordings, neurons were labeled by 

iontophoretic injection of neurobiotin with depolarizing current (2-6 nA for 1- 20 min) 

or Lucifer yellow via hyperpolarizing current (-2 -10 nA for 1- 20 min). 

3.5.5 Immunocytochemistry of whole-mount brains  

After iontophoretic injection of respective AME cells with neurobiotin or Lucifer yellow 

brains (p=96) were excised and fixed in 4% paraformaldehyde in sodium phosphate 

buffer (0.1 M PBS, pH 7.4) and kept at 4°C in darkness overnight. After fixation, 

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

M NaCl, pH 7.4) containing 0.1 % Triton X-100 (TrX) and preincubated in TBS with 

0.3 % TrX and 5 % normal goat serum (NGS, Dianova, Hamburg, Germany) at 4 ° C. 

The cockroach brains were double-stained with the antisera SYNORF1 against the 

                                                                                                                                           3 Material and methods !  57



                                                                                                                     

synaptic protein synapsin (mouse monoclonal, kindly provided by Dr. E. Buchner, 

Würzburg, Germany). To label PDF neurons we applied anti-pigment-dispersing 

hormone antisera (PDH of Uca. pugilator, Crustacea; #3B3 kindly provided by Dr. H. 

Dircksen; University of Stockholm, Sweden) at a dilution of 1:15000 in TBS with 0.3 

% TrX, 2 % NGS, and 0.02% sodium azide, which label the neuropil structures and 

PDF-ir network, respectively. Brains were incubated for 3 days in darkness at 4° C on 

a shaker, followed by washing 4x15 min in TBS containing 0.1% TrX-100. Next, they 

were treated with the secondary antibody, goat anti-rabbit conjugated to Cy3 (1:300; 

Dianova, Merck Millipore, Darmstadt, Germany, # AB5885), Alexa 647 (1:500) and in 

case of neurobiotin Cy2 conjugated streptavidin (1:100) was applied in TBS 

containing 0.3% TrX, 1% NGS and 0.02% sodium azide. Brains incubated at 4 °C for 

4 days. Again, brains were rinsed in TBS with 0.1% TrX. Subsequently, brains were 

dehydrated in an increasing ethanol series (each 15 min at 50%, 70%, 90%, 96% 

and 100%). To clarify the tissue, they were first cleared in a dilution of 50% ethanol/

50% methyl salicylate for 15 min followed for 40 min in 100% methyl salicylate 

(Merck, Darmstadt, Germany). Finally, the brains were embedded in Permount 

(Fisher Scientific, Pittsburgh, PA) between two cover-slips using five ring spacers 

(Zweckform, Oberlaindern, Germany) to prevent compressions.  

3.5.6 Confocal microscopy  

Immunocytochemical stained whole mount brains were scanned via the confocal 

laser scanning microscope (HCX Apo L-V-V 20 x/ 0,75, TCS SP5, Leica, Wetzlar, 

Germany) at a resolution of 1024×1024 pixels in the xy direction and a step size of 

1.1856 µm in the axial direction. This resulted in a voxel size of the image stacks of 

0.757×0.757×1.1856 µm3. In order to exclude artifacts by cross talks of the individual 

fluorescent dyes, lambda scans were first carried out with the secondary antibodies. 
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The detection spectrum corresponding to the absorption spectrum was chosen to 

ensure that there was no overlap of other dyes with the emitted light. After the 

sequential scans of all channels, the detection areas were separated as much as 

possible. Cy2-conjugated streptavidin was excited with the 488 nm line of the argon 

laser (20%) and Lucifer yellow with the 476 nm line of the argon laser (20%). Goat 

anti-mouse conjugated Alexa 647 was excited with the 633 line of the Helium-neon 

laser, and Goat anti-rabbit conjugated Cy3 was excited using the 543 nm line of the 

Helium-neon laser. Images were taken with a Leica HCX Apo L-V-V 20×/0.75, TCS 

SP5 water immersion lens and with a frame average of four-six. Because the 

thickness and width of the brains are beyond the limitation of the working distance of 

the 20× objective, each brain was scanned 3×2 partially in a direction from anterior to 

posterior and from posterior to anterior. Six stacks of images were named according 

to their positions: anterior left (aL), anterior middle (aM), anterior right (aR), posterior 

left (pL), posterior middle (pM), and posterior right (pR). The photos were taken with 

LAS AF Lite (Leica, Wetzlar, Germany) and Inkscape (Xquartz 2.6.3, © 2003-2011 

Apple Inc., © 2003 XFree86 Project, Inc., © 2003-2011 X.org Foundation, Inc.) 

arranged and graphically displayed. 

3.6    3D reconstruction with AMIRA 

3.6.1 AMIRA image alignment of whole-mounts  

First images were aligned considering translation and rotation with the help of 

module align slices in AMIRA (version 4.3.3, Visage Imaging, Fürth, Germany). All 

slices were imported as image format .tif by AMIRA. Three steps are necessary for 

the alignment. Via Z-align slices, the overlapping area were scanned twice and 

stored both in anterior (aL) and posterior (pL) image stacks. First of all, I looked for 

the slice in pL which is identical with the last slice from aL. The first few slices from pL 
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were aligned to the last slice from aL, which was used as a reference slice during the 

entire Z-alignment procedure. The reference was fixed, and the other slices were 

aligned according to this reference. Duplicate images were removed, and the 

alignment algorithm least squares algorithm was used. All slices from aL and pL were 

automatically aligned using the tool Align all slices and were stored in a 3D 

format .am. In this method, all slices from the left or right optic lobe were aligned to 

each other. For neurons which projected further in the midbrain the XY-align were 

performed, and stacks from e.g. left optic lobe were connected with the left midbrain 

stacks. Left and right slice stacks were opened using Orthoslice-editor.  Using Apply 

transform 3D images could be merged using the tool Merge. 

3.6.2 Image segmentation   

Image segmentation is the process of dividing a brain image into different neuropils 

(segments). The stack of images was loaded into the AMIRA segmentation editor. 

The labels were stored in a Labelfield. A list of materials (neuropils) was defined. 

Afterwards, pixels were selected using the Brush icon. In the standard AMIRA 3D 

viewer, where the current slice with colored contours surrounding the different 

neuropils is shown. In the upper-right viewer a frontal slice (in XY plane), in the 

lower-left viewer a sagittal slice (in YZ plane), and in the lower-right viewer an axial 

slice (in XZ plane) is displayed. Via the Warp-tool all suitable voxels in all slices were 

selected according to their grey values in the grid-net and then added to the material 

and stored as labelfield in AMIRA.  

3.6.3 3D reconstruction    

Using the module Surfacegen the final labelfield polygonal surfaces can be 

reconstructed in AMIRA. This module computes a triangular approximation of the 
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interfaces between different neuropils in a labelfield with uniform coordinate. 

Subsequently, the module Surfaceview displayed a three-dimensional brain model 

with neuropils.    

3.6.4 Reconstruction of neurons  

Via the module SkeletonTree fibers of single neurons could be reconstructed. First, 

the largest fiber of the neuron tree was identified and computed. Afterwards, all 

smaller fibers were reconstructed. The reconstructed neurons were stored as 

SkeletonTree.am.  

3.7 Backfills, UNCD films, calcium imaging and immunochemistry for in vitro 

studies 

3.7.1 “Ultrananocrystalline diamond (UNCD) films 

UNCD films prepared by microwave plasma chemical vapor deposition on silicon 

wafers were used as substrates for the biological tests (Fig. 3.9). To locate 

physiologically recorded cells during immunocytochemistry on the coverslips titanium 

grids with thickness of 50 nm were integrated beneath the UNCD layer (with a typical 

thickness of about 700 nm). The films are composed of diamond nanocrystallites with 

a size 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-squared (rms) roughness 

of the films is 9 – 13 nm. The surface of the as-grown UNCD films is H-terminated 

and rather 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 about the deposition of UNCD films, their bulk and especially 
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surface properties before and after the modification, as well as the technological 

steps for incorporation of Ti grid structure are provided in a previous publication 

(Voss et al., 2016)” (Gestrich et al., 2018). 

!  

Fig. 3.9: Schematic representation of the lift-off technique used for the fabrication of a grid 

structure underneath the ultrananocrystalline diamond (UNCD) films. Right bottom: SEM 
images of the layout of grid pattern. Pictures were taken by Yi Zhang and modified after Voss et al., 
2016. 

3.7.2 “Backfill with rhodamine-dextran 

To identify contralaterally projecting AME neurons and to increase the probability of 

detecting PDF-ir pacemakers, backfill experiments with dextran labeled rhodamine 

from the contralaterally cut optic stalk were performed (n=117) (Fig. 3.10). The 

rhodamine-dextran backfills were accomplished as reported by Reischig and Stengl 

(2002). Briefly, about 100 nl 5% rhodamine-dextran solution in an application 

capillary with a tip opening of 300-400 µm (Molecular Probes, 3000 MW) was slipped 

over the stump of the removed optic stalk. After the operation the head capsule was 

closed with wax. The animals were kept in the refrigerator (4°C) overnight to allow 

intracellular transport of the tracer” (Gestrich et al., 2018).  

                                                                                                                                           3 Material and methods !  62



                                                                                                                     

!  
Fig. 3.10: Schematic draw of backfill experiments. (A) Rhodamine-dextran was provided via a 
glass capillary, which was slipped over the stump of the cut optic stalk. (B) Contralateral projecting 
neurons of the cut optic lobe. Scale bar = 15 µM. Modified after Gestrich et al., 2018. 

3.7.3 “Primary cell cultures and calcium imaging 

Primary cell cultures (n=156 cultures from 117 backfilled animals) of AME neurons 

from ipsilateral optic lobes were prepared under sterile conditions by mechanical 

dissociation and enzymatic treatment, as described previously (Petri and Stengl, 

1999). The cell suspension was plated on UV/O3 treated UNCD films with integrated 

grids, which enabled cell adhesion and identification of individual neurons after 

physiological characterization and immunocytochemistry” (Gestrich et al., 2018). 

“The dissected AMEs were collected in Leibovitz’s L-15 medium (PAA Laboratories, 

Cölbe, Germany), treated with collagenase-dispase (Sigma Aldrich) solution for 5 min 

and transferred to an enzyme stop solution containing L-15, yeastolate and 

lactalbumin. After 5 min at 100 rcf the supernatant was rejected and cells transferred 

to concanavalin A and poly-L-lysine coated coverslips (Thermo Scientific) in culture 

dishes. After 2 h of settling, L-15 medium was added to the dishes for cultivation in a 

dark incubator at 20 °C until recording”(Giese et al., 2018). “The procedure for 

loading AME cells with Fura-2 and the measurement of their intracellular Ca2+ 

concentration changes using a Till photonic imaging system was described before in 

Wei and Stengl (2012). Briefly, the primary cell cultures were loaded with 4 µM 
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Fura-2 acetoxymethyl ester (Fura-2-AM, Molecular Probes) for 40 min at RT in 

darkness. The contralaterally projecting neurons labeled with the fluorescence dye 

rhodamine could be identified using another fluorescence filter set (Fig. 3.11). The 

cell cultures were continuously superfused with standard Ringer’s solution. The 

stimulus solutions (500 nM PDF: NSEIINSLLGLPKVLNDA, Iris Biotech, 

Marktredwitz, Germany; 10 µM GABA and 1 µM ACh) were bath-applied. The 

concentration of the stimuli was determined in previous studies (Baz et al., 2013; Wei 

et al., 2014)” (Gestrich et al., 2018). 

The intracellular Ca2+ concentration ([Ca2+]i) was calculated by using the Grynkiewicz 

equation which links the fluorescence ratios to the Ca2+ concentration (Grynkiewicz 

et al., 1985): 

                               !  

  

whereby Kd is the dissociation constant of Fura-2; 

The ratio R of the fluorescence intensity at both excitation wavelengths is: 

                                                         !  

Rmax, R at saturating Ca2+ concentration; 

Rmin, R at zero Ca2+ concentration; 

Fmax380, value at saturating Ca2+ concentration for wavelength 380 nm;  

Fmin380, value at zero Ca2+ concentration for wavelength 380 nm. 

[Ca2+ ]i
= Kd

R − Rmin

Rmax − R
*

F380 min

F380 max

R = F340
F380
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!  
Fig. 3.11: Schematic representation of cell culture and calcium imaging. (A) Contralateral 

projecting neurons were stamped out and (B) primary cell cultures were applied (C) intracellular Ca2+ 
concentration changes of backfilled neurons using a Till photonic imaging system were measured. 
Modified after Gestrich et al., 2018. 

3.7.4 Statistical analyses  

Data are given as means ± standard errors of the mean. The Kolmogorov–Smirnov 

test was used for normality test. The amplitudes of Ca2+ transients in the same cells 

before and after PDF, ACh and GABA treatment were compared by use of the paired 

t-test. The statistical studies were performed with Graph pad prism (version 6; 

Software, USA).  

3.7.5 “Immunocytochemistry for primary cell cultures 

The PDF-ir AME neurons were identified with immunocytochemical staining 

employing antisera against the neuropeptide PDF (Fig. 3.12) (Dr. H. Dircksen, 

Stockholm, Sweden; n=156 experiments). The primary cell cultures were fixed after 

physiological tests with Ca2+ imaging with 4% paraformaldehyde in 0.1 M sodium 

phosphate buffer (PBS) for 30 min. They were subsequently washed 3 times for 10 

min with 0.1M PBS and pre-incubated at room temperature with 5% normal goat 

serum (NGS, Jackson ImmunoResearch) for 30 min. Afterward, the primary cell 

cultures were incubated overnight with anti-PDF (1:80000) in PBS containing 1% 

NGS at 4°C. After washing (3 times, 10 min each), the primary cell cultures were 
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incubated with Alexa 647-tagged secondary antibody (Jackson ImmunoResearch) at  

1:500 dilutions 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 (Fig. 

3.12)” (Gestrich et al., 2018). 

!  

Fig. 3.12: Immunocytochemical identification of contralateral projected PDF cells. (A) DAPI 
staining (B) rhodamine-dextran staining (C) PDF staining (D) overlay. (E- F) represent enlargements 
of A and C. G Overlay of DAPI and PDF. Scale bar = 15 µM.    

3.8     Extracellular loose patch-clamp recordings in vivo 

3.8.1 Extracellular loose patch-clamp recordings with low impedance glass 

electrodes of either single or both AMEs 

Experiments were performed with adult cockroach males throughout day and night 

(Fig. 3.4). “Electrodes were pulled with borosilicate glass capillaries (GCF150-7.5, 

Harvard Apparatus, USA) using the Flaming/Brown P-87 micropipette puller (Sutter 
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Instruments, Novato, USA) and filled with 1 M KCl“ (Giese et al., 2018). The 

electrodes were filled with intracellular pipette solution: 160 mM, KCl, 1 mM CaCl2, 

11 mM EGTA, 10 mM HEPES adjusted to pH 7.1 using KOH and an osmolarity of 

355 mOsm/kg. The resistance of the electrode was approximately 12 MΩ. After 

placing the electrode into the AME single and multi-unit action (MUA) potential 

activity were recorded with amplifiers (BRAMP-01-R and BA-03X, npi, Tamm, 

Germany or Multiclamp 700B, Axon instruments, California, USA) and analyzed with 

spike 2-software (Cambridge Electronic Design, Cambridge, UK). The amplifier was 

high pass filtered to eliminate electrode offset and low pass filtered to avoid high 

frequency noise and aliasing. The sampling rate of the digitizer (A/D; CED 

1401micro, Cambridge Electronic Design, Cambridge, UK or Digidata 1550A1, Axon 

instruments, California, USA) was 25–50 kHz. After recordings, neurons were labeled 

by iontophoretic injection of neurobiotin with depolarizing current (2-6 nA for 1-20 

min). Fig. 3.12 displays the schematic draw of the set-up and how recordings were 

performed of both AMEs.   

3.8.2 “Extracellular recordings with low impedance glass electrodes 

Electrodes were pulled with borosilicate glass capillaries (GCF150-7.5, Harvard 

Apparatus, USA) using the Flaming/Brown P-87 micropipette puller (Sutter 

Instruments, Novato, USA) and filled with 1 M KCl. The resistance was determined at 

approximately 12 MΩ. After placing the electrode into the AME, multi-unit action 

potential activity (2-9 ms long) as well as slower field potentials were recorded with 

BRAMP-01-R amplifier (npi, Tamm, Germany) and analyzed with Spike2 software 

(Cambridge Electronic Design, Cambridge, UK). Excitatory and inhibitory 

postsynaptic potentials, EPSPs and IPSPs, 100 - 200 ms long were identified 

according to criteria published by Zanos et al. (2011), Bedard et al. (2006) and Ray 
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(2015). High pass filtering (200 Hz) of amplifier eliminated electrode offsetand low 

pass filtering (2000 Hz) avoided high frequency noise as well as aliasing. The 

sampling rate of the digitizer (A/D; CED 1401micro, Cambridge Electronic Design, 

Cambridge, UK) set to 25 kHz” (Giese et al., 2018). 

3.8.3 Drug Application 

I applied PDF dissolved in physiological Ringer’s solution at raising concentrations. 

For stimulus applications the AME neurons in vivo were continuously perfused with 

Ringer’s solution (1 ml/min). Working concentrations of the neuropeptide PDF (Wei et  

al., 2014; Gestrich et al., 2018) were applied with glass capillaries into the tissue via 

pressure ejection (FemtoJet 4i, Eppendorf, Germany) (Fig. 3.13). PDF: 0.1 µl of 500 

nM and 1 µM concentrations were injected to the vicinity of the AME into the opened 

head capsule for 1.5 seconds. Altogether, 86 (n=86) different AME neurons of 67 

(p=67) different cockroaches were recorded involving application of 500 nM and 1 µM 

PDF and ramps of white as well as green light.  

“The neurotransmitters GABA and 5-HT were applied as described above: GABA: 0.1 

µl of 400 nM – 1 µM and 5-HT: 0.1 µl of 500 nM - 1 µM concentrations were injected 

to the vicinity of the AME into the hemolymph. The exposed brain was continuously 

perfused with Ringer´s solution. Altogether, 59 different AMEs of 59 different 

cockroaches (p=59) were recorded in 131 (n=131) different experiments involving 

GABA and 5-HT application; further vehicle control recordings with Ringer´s solution 

were performed previously but without effects” (Giese et al., 2018).  
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Fig. 3.13: Schematic representation of both recorded AMEs and the connection of individual 

components with each other. The preamplifier (Electrode 2) was connected to the reference 
electrode (here ground electrode) (b) and (a) to the amplifier (1) where the preamplifier could be 
connected via an 8-pin headstage input. The measured signal (1) of the cell was further passed via 

the connection (c) to the (T-V1) connector. This connector (T-V1) was interconnected via (d) to the 
audio amplifier (8). Second, (T) of (T-V1) led to (T-V2). The split signal (1) was transmitted on the one 
hand via the connection (f) to the oscilloscope (6), on the other hand directly to (T-V2) to the analog-

to-digital converter (5). The USB port on the back of the analog-to-digital converter (5) routed through 
(g) to the computer (7). Furthermore, the stimulation unit (3) was connected to the amplifier via (I). The 
timer module (4) was connected firstly to the stimulation unit (3) by (i) and to the amplifier via (T-V3) by 

means of (k). Furthermore, (j) was interconnected via (T-V3) to the analog-to-digital converter (5). (T-
V4) with the connection (m and o) was interconnected to (5), while (h) and (n) led to the LED lamps 

(10) which could be further regulated via a custom build LED controller (9) and (11) inside the Faraday 
cage. Furthermore Electrode 1 of preamplifier was connected via (t) to the reference electrode and via 

(q) to the amplifier (2). Drug application was provided via injection pipette (s) from FemtoJet 4i, 
Eppendorf (12). (figures modified after Tueremis, 2013; Gestrich, 2014; operating instructions and 
system description for the BRAMP-01R, version 4.6, 2011; operating instructions and system 

description for FemtoJet 4i, Eppendorf, Germany, 2015; schematic draw of cockroach brain modified 
after Gestrich et al., 2018). 

3.8.4 Analysis of extracellularly recorded electrical activity of AME neurons 

Extracellular recordings of AME neurons which were recorded using pClamp10 

software were imported to Spike2 software (version 7 or 9, Cambridge Electronic 

Design, Cambridge, UK). To analyze the firing pattern of the recorded neurons as 

well as the effects of light exposure and drug application on the electrical activity, a 

threshold-based spike-sorting detection was performed (Fig. 3.14). After template 

formation, I clustered and sorted units of action potentials by applying the Spike2 

provided clustering dialogue. First, principal component analysis (PCA) with 

components based on waveforms were separating the units, and additional feature 

extraction like the slope of action potentials, amplitude, peak area helped to classify 

the data further. The occurring events were used to calculate the MF and interevent-

intervals as described for intracellular recordings above. Here, the interevent-interval 

is helpful to determine if neurons fire regularly with the same interevent-interval and  
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Fig. 3.14: Spike sorting of extracellular loose-patch clamp recordings. (A) Spikes are counted 

over and beneath the red defined threshold. Furthermore a spike template for the shape of the spike 
was defined before searching. (B) The sorted units displayed as overlay (not shown) different spike 
shapes that cluster distinctly after principal-component-analysis (PCA). The clustered units are 

surrounded by 2.5 times the Mahalanobis distance (a multidimensional version of standard deviation) 
and depict no overlay. (C) High magnification of spike shapes of three sorted units color coded of the 
raw data channels.  

phase, showing a narrow band of points in the instantaneous plot as described in 

Schneider and Stengl (2005). If different ensembles of neurons are recorded, within 

neurons fire with the same frequency and phase, and between which the cells fire 

with the same frequency but a constant phase difference, multiple stable interevent-

intervals will occur, displaying multiple, parallel instantaneous frequency bands 

(Schneider and Stengl, 2005). In contrast, irregular fire patterns result in a broad 

cloud of points in the instantaneous frequency plot, without any defined bands. 

Therefore, it is possible to visualize distribution patterns of frequencies within these 

time intervals. For example, if neurons synchronize in their action potential frequency 

via stimuli, the action potentials that were previously widely distributed in frequency 

converge in a very narrow frequency range.   

3.8.5 Iontophoresis of neurobiotin and immunocytochemistry of whole-mounts  

After iontophoretic injection of respective AME cells with neurobiotin during loose 

patch-clamp recordings brains (p=13) were excised and fixed in 4% 

paraformaldehyde in sodium phosphate buffer (0.1 M PBS, pH 7.4) and kept 

overnight at 4°C in darkness. After fixation, brains were rinsed for 4 x 15 minutes in 

Tris-buffered saline (TBS: 0.1 M Tris-HCl, 0.3 M NaCl, pH 7.4) containing 0.1% Triton 

X-100 (TrX) and preincubated in TBS with 0.3% TrX and 5% normal goat serum 

(NGS, Dianova, Hamburg, Germany) at 4°C. To label PDF neurons we applied anti-

pigment-dispersing hormone antisera (PDH; #3B3 provided by Dr. H. Dircksen; 
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University of Stockholm, Sweden) at a dilution of 1:15000 or in case if rhodamine-

dextran was applied PDF raised in mouse at a concentration of 1:2500 in TBS with 

0.3% TrX, 2% NGS, and 0.02% sodium azide. Brains were incubated for three days 

in darkness at 4°C on a shaker, followed by washing 4 x 15 min in TBS containing 

0.1% TrX-100. Next, they were treated with the secondary antibody, either goat anti-

rabbit conjugated to Cy3 (1:300; Dianova, Merck Millipore, Darmstadt, Germany, # 

AB5885) or goat anti-mouse Alexa 647 (1:1000) and Cy2 conjugated streptavidin 

(1:100) in TBS containing 0.3% TrX, 1% NGS and 0.02% sodium azide. Brains 

incubated at 4°C for four days. Again, brains were rinsed in TBS with 0.1% TrX. 

Subsequently, brains were dehydrated in an increasing ethanol series (each 15 min 

at 50%, 70%, 90%, 96% and 100%). To clarify the tissue, they were first cleared in a 

dilution of 50% ethanol / 50% methyl salicylate for 15 min followed by 40 min in 100% 

methyl salicylate (Merck, Darmstadt, Germany). Finally, the brains were embedded in 

Permount (Fisher Scientific, Pittsburgh, PA) between two cover-slips using five ring 

spacers (Zweckform, Oberlaindern, Germany) to prevent compressions.  

3.8.6 Statistical analysis 

The data sets were analyzed for equal variance and normal distribution to help select 

the appropriate statistical test. Significance for extracellular loose-patch-clamp 

recordings was assessed using a paired t-test as well as one-way analysis of 

variance (ANOVA) for each group, P<0.05, followed by Tukey post hoc tests. Paired 

t-tests were used to detect significant changes due to pharmacological treatment of 

PDF. Effects were reported to be significant if P<0.05. For correlation analysis 

Pearson correlation coefficients was used (95% confidence interval). Furthermore, 

the data sets were analyzed by two-way ANOVA, with treatment and light exposure, 

time or inter-event-interval as factors. If significant group differences were detected 
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(P < 0.05) by ANOVA, the Bonferroni post hoc test for pair-wise multiple comparisons 

was used. For all tests, values were considered significantly different if P<0.05. All 

tests were performed using Graph pad prism (version 6; Software, USA).  
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4 Characterization of light responsive AME neurons in the cockroach R. 

maderae 

In this part of my thesis, intracellular recordings were performed to characterize the 

electrophysiological properties and the anatomy of single light-sensitive neurons. The 

set-up for intracellular recordings was successfully established during my diploma 

thesis. During my Ph.D. I adapted the set-up for my new projects. In the first 

experimental series during my diploma thesis, I found that AME neurons in vivo fired 

either regular or irregular and could generate bursts (oscillations). Others were silent, 

without spontaneous activity and respond to light exposure (Gestrich, 2014), as it 

was shown in previous studies (Loesel and Homberg, 2001, Schneider and Stengl, 

2005; Brusius, 2009). Here, light-sensitive neurons of the AME were further 

investigated, and I attempted to characterize their anatomy. In addition, I investigated 

whether PDF neurons belong to the light-sensitive neurons and whether light-

sensitive neurons arborize in close proximity to PDF cells in the fiber fan since Loesel 

and Homberg (1998; 2001) could characterize different light-sensitive neurons in the 

optical lobe that projected ipsi- or contralateral. Additionally, further investigations 

were performed in dorsal and ventral parts of the LA in search for light-sensitive 

neurons to achieve more information about possible light entrainment pathways. As 

described in previous studies of P. americana (Heimonen et al., 2006) it was 

challenging to perform intracellular recordings. Here, one loose patch-clamp 

recording in the current clamp mode with amplitudes of 2 mV was achieved.   

4.1 Results 

4.1.1 Intracellular recordings of AME neurons in vivo identified activations or 

inhibitions after light exposure 
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This study is based on 268 recordings of 165 cockroaches near the AME from 

projected ZT 4-9 to ZT 12-18. Cockroach AME neurons were either activated (p=8 of 

165; 5%) (Figs. 4.1 – 4.9, 4.14 – 4.16, 4.18 – 4.24) or inhibited (p=5 of 165; 3%) 

(Figs. 4.10 - 4.12, 4.26 – 4.28, 4.30 - 4.32) after light exposure. Four of the 13 

cockroaches were successfully labeled, and double impalements of two AME 

neurons (p=2 of 13; 15%) of the same response type were achieved (Figs. 4.13, 

4.17, 4.25, 4.29).  

!  

Fig. 4.1: Intracellular recording of one AME neuron shows dose-dependent phasic-tonic light 
activations at projected Zeitgeber time (p ZT) 5. Light stimuli of 14 and 12 seconds duration were 
applied, generating steps of 500 and 1800 Lux white light. (A) Original recording trace shows 60 mV 

high action potentials at -50 mV membrane potential. After 500 and 1800 Lux exposures the neuron 
displayed phasic on response as shown in the mean action potential frequency (MF) (B) and 
instantaneous frequency (1/interevent-intervals, ISF) (C) plots. Furthermore, it displayed light off-

responses, as seen in (A-C, G-I, M-O). Details were shown in Fig. 4.2 (D-I) and 4.3 (J-O) at expanded 
time scales. Time scales 2 s in (A-C).   
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In all of the 13 responses were stable recordings obtained to test different and 

repeated light stimuli. In the following six different cockroaches (p=6 of 13; 46%) 

were intracellular recorded (Figs. 4.1 – 4.12), which couldn't be labeled via 

neurobiotin or Lucifer yellow. Here, during the first experiments (Figs. 4.1 – 4.6) 

different steps of light exposure were used, before applying low light intensity ramps 

(Figs. 4.7 – 4.12).  

Neurons next to the AME reacted to higher (1800 Lux) as well as to lower applied 

light intensities (55 Lux; Figs. 4.1 - 4.6). All light-sensitive neurons displayed a phasic 

tonic response pattern after light exposure. This is mirrored via the mean action 

potential frequency as well as instantaneous frequency plots. Typically, after light 

exposure, the mean frequency was increased for the first 100–300 ms and 

decreased again (Figs. 4.1 - 4.6). Furthermore, after light off an off-response 

emerged shown by increasing spiking rate in frequency (Hz; Fig. 4.1 A-C; 4.2 D-I; 

4.3 J-O). Next step protocols of low light intensity were established (Fig. 4.4; 4.5; 

4.6). As displayed at higher intensities, also at lower 55 Lux intensity neurons 

showed a phasic-tonic light response (4.4 A-F; 4.5 A-F; 4.6 A-F). This is figured out 

by higher spiking rate during the first 100-300 ms. In (4.4 A-F; 4.5 A-F; 4.6 A-F) no 

off response was seen. Moreover, different steps of decreasing white light intensities 

(25, 5 Lux) showed no clear light response in contrast to 55 Lux (Fig. 4.6 A-F). To 

test whether light sensitive AME neurons response to decreasing light intensity 

ramps at dusk repeated double ramps of white and green light (55-25-5-2 and 

55-25-5-2) were established. Green light is suggested to act as a “dark pulse” (Mote, 

1981), thus likely play also a role in locomotor activity during the night. Light sensitive 

AME neurons responded to applied white and green light ramps either with an 

activation in spiking rate or an inhibition in spiking rate (Figs. 4.7 A-C; 4.8 D-F; 4.9 
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G-I; 4.10 A-C; 4.11 D-F; 4.12 G-I) at ZT 9. One light sensitive AME neuron which 

was activated at decreasing white or and green ramps displayed a higher spiking rate 

and also a phasic tonic response. At the repeated 55-2 Lux ramp it showed just a 

!
Fig. 4.2: Details of Fig. 4.1 at projected Zeitgeber time (p ZT) 5 expanded time scales show 
phasic-tonic light responses after pulsed 500 Lux. Steps of light stimuli (500 Lux; 14 sec) were 
                                         
                                        4 Characterization of light responsive AME neurons in the cockroach R. maderae !  78



  

applied. Original recording trace (D, G) shows 60 mV high action potentials at -50 mV membrane 

potential. Background frequency changed after 500 Lux stimuli, and the neuron displayed a phasic on 
response after 40 ms as shown in the mean action potential frequency (MF) (E, H) and instantaneous 
frequency (1/interevent-intervals, ISF) (F, I) plots. In addition, it displayed light off response after 91 

ms, as seen in an increased spike rate after light off (G-I). Time scales 50 ms in (D-I).   

!
Fig. 4.3: Details of Fig. 4.1 at projected Zeitgeber time (p ZT) 5 expanded time scales show 
phasic-tonic light responses after pulsed 1800 Lux. Steps of light stimuli (500 Lux; 14 sec) were 
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applied. Original recording trace (J, M) shows 60 mV high action potentials at -50 mV membrane 

potential. Background frequency changed after 500 Lux stimuli, and the neuron displayed a phasic on 
response after 39 ms as shown in the mean action potential frequency (MF) (E, H) and instantaneous 
frequency (1/interevent-intervals, ISF) (K, N) plots. In addition, it displayed light off response after 92 

ms, as seen in an increased spike rate after light off (L-O). Time scales 50 ms in (J-O).   

!

Fig. 4.4: Intracellular recording of one AME neuron shows a phasic-tonic response to repetitive 

stimulation with 55 Lux at projected Zeitgeber time (p ZT) 18. Steps of light stimuli (55 Lux; 2 sec) 

were applied. Original recording trace (A, D) shows 20 mV high action potentials at -25 mV membrane 
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potential. Background frequency changed after 55 Lux, and the neuron displayed a phasic on 

response frequency as shown in the mean action potential frequency (MF) (B, E) and instantaneous 
frequency (1/interevent-intervals, ISF) (C, F) plots. Detail of phasic-tonic response after 55 Lux light 
illumination displays increased spiking rate and membrane potential after 40 ms and is shown at 

expanded time scale in (D-F). Time scales 2 s in (A-C) and 500 ms in (D-F).   

!  

Fig. 4.5: Intracellular recording of one AME neuron shows a phasic-tonic response to repetitive 
stimulation with 55 Lux at projected Zeitgeber time (p ZT) 4. Steps of light stimuli (55 Lux; 2 sec) 

were applied. Original recording trace (A, D) shows 15 mV high action potentials at -40 mV membrane 
potential.  Background frequency changed after 55 Lux, and the neuron displayed a phasic on 
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response frequency as shown in the mean action potential frequency (MF) (B, E) and instantaneous 

frequency (1/interevent-intervals, ISF) (C, F) plots. Detail of phasic-tonic response after 55 Lux light 
exposure displays increased spiking rate and membrane potential after 39 ms and is shown at 
expanded time scale in (D-F). Time scales 2 s in (A-C) and 500 ms in (D-F).   

!  

Fig. 4.6: Intracellular recording of one AME neuron shows a phasic-tonic response to repetitive 

stimulation with 55 Lux at projected Zeitgeber time (p ZT) 17. Steps of light stimuli (55 Lux; 2 sec) 

were applied. Original recording trace (A, D) shows 4 mV high action potentials at -4 mV baseline. 
Background frequency changed after 55 Lux, and the neuron displayed a phasic on response 
                                         
                                        4 Characterization of light responsive AME neurons in the cockroach R. maderae !  82



  

frequency as shown in the mean action potential frequency (MF) (B, E) and instantaneous frequency 

(1/interevent-intervals, ISF) (C, F) plots. Detail of phasic tonic response after 55 Lux light exposure 
displays increased spiking rate and membrane potential after 45 ms and is shown at expanded time 
scale in (D-F). It showed no clear light response at lower light intensities (25 or 5 Lux). Time scales 2 s 

in (A-C) and 500 ms in (D-F).   

!  

Fig. 4.7: Intracellular recording of one AME neuron shows white and also green light responses 
at projected Zeitgeber time (p ZT) 9. Continuously decreasing intensity ramps of white or green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (A) shows 5 mV 

high action potentials at -9 mV baseline and an increased spiking rate as displayed by the mean 
action potential frequency (MF) (B) and the instantaneous frequency (1/interevent-intervals, ISF) plots. 
In contrast to white light, responses to green light showed less adaptation and the cells responded 

more reliably also to the second light ramp. In addition, this light-sensitive AME neuron also revealed 
off-responses. Details were shown in Fig. 4.8 (D-F) and 4.9 (G-I) at expanded time scales. Time 
scales 2 s in (A-C).   
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Fig. 4.8: The expanded time scale of Fig. 4.7 displays excitatory responses to ramps of white 
light at projected Zeitgeber time (p ZT) 9. Continuously decreasing intensity ramps of white light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (D) shows 5 mV 

high action potentials at -9 mV baseline and a phasic tonic response after 43 ms as shown by the 
mean action potential frequency (MF) (E) and the instantaneous frequency (1/interevent-intervals, ISF) 
(F) plots. Here, this neuron responded also to the second light ramp with a modest activation. This 

light-sensitive AME neuron also revealed an off-response. Details of phasic-tonic response after 55 
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Lux light exposure is shown at expanded time scale in (D1-F1). Time scales 2 s in (A-C) and 100 ms in 

(D1-F1).   

slight increasing spiking rate (Figs. 4.7 A-C; 4.8 D-F; 4.9 G-I). Moreover, after 

applying ramps of white light, an off-response emerged (Figs. 4.7 A-C; 4.8 D-F). In 

contrast to ramps of white light, the light-sensitive AME neuron of Fig. 4.7 A-C 

responded more reliable to decreasing ramps of green light (Figs. 4.7 A-C; 4.9 G-I). 

Here, the neuron also reacted to the 2nd ramp of green light (55-2 Lux). Next to 

neurons that were excited by light, one recorded AME neuron was also inhibited after 

light illumination (Figs. 4.10 A-C; 4.11 D-F; 4.12 G-I). It displayed a decrease in the 

membrane potential, its spiking rate, and its frequency. Here, also green light 

responses were more reliable and mimicked exactly the decreasing green light 

intensity (Figs. 4.10 A-C; 4.12 G-I). Moreover, two parallel bands emerged 

transiently after 55 lux illumination (Figs. 4.10 A-C; 4.11 D-F; 4.12 G-I). A transient 

decrease in the mean action potential frequency emerged after 100 ms at the onset 

of the light stimulus ramps (Figs. 4.10 A-C; 4.11 D-F; 4.12 G-I).  

Table 4.1: Light response types of intracellularly recorded AME neurons in vivo at projected  Zeitgeber 
times (p ZTs) 4-9 and 12-18. 

Preparations: Inhibition Activation

100% 
(165 p)

3% 
( 5 p)

5% 
( 8 p)

100% 
 (n=268)

3% 
(n=8)

11% 
(n=30)
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Fig. 4.9: At an expanded time scale phasic tonic excitation by green light of Fig. 4.7 can be 
seen more clearly at projected Zeitgeber time (p ZT) 9. Continuously decreasing intensity ramps of 
green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace 
Original recording trace (G) shows 5 mV high action potentials at -9 mV membrane potential and an 

increased spiking rate after 41 ms. Mean action potential frequency (MF) (H) and the instantaneous 
frequency (1/interevent-intervals, ISF) (I) plots. Here, this neuron responded to the second ramp of 
green light with a clear activation. This light-sensitive AME neuron also expressed a slight off-response 
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after 2 Lux. Details of the phasic-tonic response after 55 Lux green light exposure is shown at 

expanded time scale in (G1-I1). Time scales 2 s in (G-I) and 100 ms in (G1-I1).   

!  

Fig. 4.10: Intracellular recording of one AME neuron that was inhibited by ramps of white and 
also green light at projected Zeitgeber time (p ZT) 9. Continuously decreasing intensity ramps of 

white and green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording 
trace (A) shows 5 mV high action potentials at -29 mV membrane potential. A transient decrease in 
the mean action potential frequency (MF) (B) and the instantaneous frequency (1/interevent-intervals, 

ISF) (C) plots occurred at the onset of the light stimulus ramps. In contrast to white light, responses to 
green light showed less adaptation, and the cells responded more reliably also to the second light 
ramp. Furthermore, inhibition is displayed by the membrane potential, which declined after light on. 

Details were shown in Fig. 4.11 (D-F) and 4.12 (G-I) at expanded time scales. Time scales 2 s in (A-
C).   
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Fig. 4.11: At an expanded time scale a transient decrease in spiking rate in response to photic 
stimulus onset of Fig. 4.10 is shown at projected Zeitgeber time (p ZT) 9. Continuously 

decreasing intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
Original recording trace (D) shows 5 mV high action potentials at -29 mV membrane potential and a 
transient inhibition after 45 ms that is also seen in mean action potential frequency (MF) (E) and the 

instantaneous frequency (1/interevent-intervals, ISF) (F) plots. This light-sensitive AME neuron also 
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reflected a decrease in membrane potential after 55 Lux white light exposure as it is shown at 

expanded time scale in (D1-F1). Time scales 2 s in (A-C) and 100 ms in (D1-F1).   

!
Fig. 4.12: At an expanded time scale a transient decrease in spiking rate in response to photic 
green stimulus onset of Fig. 4.10 is shown at projected Zeitgeber time (p ZT) 9. Continuously 

decreasing intensity ramps of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
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Original recording trace (D) shows 5 mV high action potentials at -29 mV membrane potential and a 

transient inhibition after 44 ms that is also seen in mean action potential frequency (MF) (E) and the 
instantaneous frequency (1/interevent-intervals, ISF) (F) plots. Here, this neuron responded to the 
second green light ramp with a clear second transient inhibition. This light-sensitive AME neuron also 

showed a decrease in membrane potential after 55 Lux green light illumination as it is shown at 
expanded time scale in (G1-I1). Time scales 2 s in (G-I) and 100 ms in (G1-I1).   

4.1.2 At projected ZT 12 intracellular recordings in vivo identified one light-
sensitive VNE neuron that arborized in close vicinity to ramifications of 

PDFMEs and vPDFLAs 

One intracellular recorded light sensitive AME neuron had partially stained 

arborizations restricted to the optic lobe (OL) and belonged to the VNEs. It showed 

beaded ramifications in the proximal LA (Fig. 4.13 A-D). Large diameter fibers of this 

neuron passed along the frontal surface of the ME in the AFF towards the proximal 

LA. The beaded processes of the light-sensitive VNE neuron ended in close vicinity 

to the vPDFLAs (Fig. 4.13 A-D). At projected ZT 12 it displayed activations to 

decreased white as well as green light ramps (Fig. 4.14 A-C; 4.15 H-J; 4.16 K-M) 

figured out by the MF and ISF plots. In contrast to the light-sensitive neuron above 

(Figs. 4.7 A-C; 4.8 D-F; 4.9 G-I) it displayed a slight increase in membrane potential 

and showed no bursts. Instead, spiking rate was increased after 40 ms. After the 

second applied decreasing illumination ramp, the light-sensitive AME neuron 

responded with a slight second activation, which appeared again more reliable in the 

green light response (Fig. 4.14 A-C; 4.16 K-M). 
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Fig. 4.13: Frontal reconstruction of one intracellularly recorded light sensitive ventral neuron 
(VNE; magenta). (A) Confocal laser images show PDF immunoreactivity (cyan). (B) The intracellular 

recorded and iontophoretically neurobiotin labeled light sensitive AME neuron (magenta; double 
arrowhead) appeared to belong to ventral neurons (VNEs) next to PDF immunoreactive (ir) VNEs that 
arborized in the accessory medulla (AME). It projected processes next to PDF (ir) arborization in the 

fiber fan of the medulla (ME). Furthermore, its beaded processes ended next to the (vPDFLAs) in the 
proximal lamina (arrowhead. LA). The Overlay is shown in (C). (D) Reconstructed neuropils (grey) and 
neuron (magenta). 3D reconstruction was performed with AMIRA. Scale bars = 100 µm in (A – D). 
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Fig. 4.14: At dusk (at projected Zeitgeber time (p ZT) 12) this light-sensitive neuron of Fig. 4.13 
responded to ramps of white and green light with phasic tonic excitation. Light stimuli of 2 

seconds were applied in ramps of the continuously decreasing intensity of white or green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus). Original intracellular recording (E), showed an increase 
of spiking rate of the light-sensitive neuron, which responded dose-dependently to different intensities 

of green light, shown by the mean action potential frequency (MF) (F) and the instantaneous 
frequency (1/interevent-intervals, ISF) (G) plots. Details were shown in Fig. 4.15 (H-J) and 4.16 (K-M) 
at expanded time scales. Time scales 2 s in (E-G).   
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Fig. 4.15: The expanded time scale of Fig. 4.14 shows phasic-tonic excitation in response to 
ramps of white light at projected Zeitgeber time (p ZT) 12 of the intracellularly recorded light 
sensitive VNE neuron shown in Fig. 4.13. Light stimuli of 2 seconds were applied in ramps of a 
continuously decreasing intensity of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus). Original 
recording trace (H) shows 6 mV high action potentials at -8 mV membrane potential and an increased 

spiking rate 40 ms after the ramp of white light shown by the mean action potential frequency (MF) (I) 
and the instantaneous frequency (1/interevent-intervals, ISF) (J) plots. This light-sensitive AME neuron 
revealed at the second repeated ramp a slightly increased spiking rate again, but not as strong as 
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before, as seen in its mean action potential frequency (MF) (I) plot. Details of the emerged spiking rate 

after 55 Lux white light illumination is shown at expanded time scale in (H1-J1). Next to the spiking 
rate, also the membrane potential was slightly increased after 55 Lux white light exposure. Time 
scales 2 s in (H-J) and 100 ms in (H1-J1).   

!  

Fig. 4.16: The expanded time scale of Fig. 4.14 shows phasic-tonic excitation in response to 
ramps of green light at projected Zeitgeber time (p ZT) 12 of the intracellularly recorded light 
sensitive VNE neuron shown in Fig. 4.13. Light stimuli of 2 seconds were applied in ramps of a 
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continuously decreasing intensity of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus). Original 

recording trace (K) shows 6 mV high action potentials at -8 mV baseline and an increased spiking rate 
40 ms after the ramp of green light shown by the mean action potential frequency (MF) (L) and the 
instantaneous frequency (1/interevent-intervals, ISF) (M) plots. This light-sensitive AME neuron 

revealed at the second repeated ramp a clear increased spiking rate again as seen in mean action 
potential frequency (MF) (L) plot. Details of the emerged spiking rate after 55 Lux green light 
illumination is shown at expanded time scale in (K1-M1). Next to the spiking rate, also the membrane 

potential was slightly increased after 55 Lux green light exposure. Time scales 2 s in (K-M) and 100 
ms in (K1-M1).   

4.1.3 Intracellular recordings in vivo identified one VMNE neuron at projected 
ZT 16 in close vicinity to PDF cells which arborized in the 4th layer of the ME 

One intracellularly recorded VMNE neuron at ZT 16 showed oscillations after light 

exposure. Here, for the first time, it is shown that it is positioned in close vicinity to 

the PDF neurons. Moreover, the VMNE appeared to be located posterior 30 µM to 

the PDF neurons. Fine branches discerned within ME layer 4 (Fig. 4.17). The 

physiological characteristics of this VMNE are shown in Figs. 4.18 E-G; 4.19 H-J; 

4.20 K-M; 4.21 N-P; 4.22 Q-S; 4.23 Q1-3-S1-3; 4.24 Q4-S4. Low intensity (50 Lux) light 

elicited weak oscillations of the membrane potential. Some of these oscillations were 

subthreshold, while others triggered in only one action potential. Thus, no bursting 

pattern was elicited under these stimulations (Figs. 4.23 Q1-3-S1-3; 4.24 Q4-S4). When 

the light intensity was increased pronounced oscillations of the membrane potential 

were accompanied by bursts of action potentials (spike triplets) (Fig. 4.23 Q3-S3). 

Oscillations never occurred at the beginning of the excitatory light response but only 

some 40 ms after stimulus onset. After lights were turned off, the VMNE remained 

silent (4.18 E-G). The burst frequency remained unchanged at approximately 100 Hz 

throughout the stimulus (1-1500 Lux) (Fig. 4.22 Q-S). In addition, also baseline 

potentials increased and decreased after light exposure (Figs. 4.18 E-G; 4.19 H-J; 

4.20 K-M; 4.21 N-P; 4.22 Q-S; 4.23 Q1-3-S1-3; 4.24 Q4-S4). 
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Fig. 4.17:  Frontal reconstruction of one intracellularly recorded AME neuron that is apparently 
belonging to ventro median neurons (VMNEs; magenta). (A) Confocal laser images show PDF 
immunoreactivity (cyan). (B) The intracellular recorded and iontophoretically neurobiotin labeled 
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VMNE (~20 µM) (magenta; double arrowhead) projected posteriorly through the accessory medulla 

(AME) and ramified in the medial layer fiber system of the medulla (ME). In addition, also two other 
VMNEs (~10 µM) were labeled and seemed to belong to the fiber tree. The overlay is shown in (C). 
(D) Reconstructed neuropils (grey) and recorded neuron (magenta). Lamina (LA), 3D reconstruction 

was performed with AMIRA. Scale bars = 100 µm in (A – D). 

Interestingly, after the second ramp of decreasing intensities of white light (Fig. 4.18 

E-G; 4.19 H-J) the VMNE neuron responded only with a slightly increased spiking 

rate. In contrast to white light, green light illumination elicited a different, more reliable 

response (Figs. 4.18 E-G; 4.20 K-M).  

!  

Fig. 4.18:  During the night at projected Zeitgeber time (p ZT) 16 the VMNE of Fig. 4.17 
responded to white and green light intensities in vivo. Light stimuli of 2 seconds were applied in 
ramps of a continuously decreasing intensity of white or green light (55-25-5-2-55-25-5-2 Lux, 2 s 
each stimulus). Original intracellular recording (E), showed onset of oscillations of the VMNE, which 

responded dose-dependently to different low green light intensities, displayed by the mean action 
potential frequency (MF) (F) and the instantaneous frequency (ISF) (G) plots. Details were shown in 
Fig. 4.19 (H-J) and 4.20 (K-M) at expanded time scales. Time scales 2 s in (E-G).   
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Fig. 4.19: The expanded time scale of Fig. 4.18 shows oscillations in response to ramps of 
white light at projected Zeitgeber time (p ZT) 16 of the intracellularly recorded light sensitive 
VMNE neuron shown in Fig. 4.17. Light stimuli of 2 seconds were applied in ramps of a continuously 
decreasing intensity of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus). Original recording 
trace (H) shows 10 mV high action potentials at -25 mV membrane potential and an increased spiking 

rate 40 ms after the ramp of white light shown by the mean action potential frequency (MF) (I) and the 
instantaneous frequency (1/interevent-intervals, ISF) (J) plots. This light sensitive AME neuron 
revealed at the second repeated ramp a slight oscillatory response again, but not as strong as before, 
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as seen in mean action potential frequency (MF) (I) plot. Details of the emerged oscillations (spike 

triplets) after 55 Lux white light illumination is shown at expanded time scale in (H1-J1). Next to the 
onset of oscillations, also the baseline level was increased after 55 Lux white light exposure. Time 
scales 2 s in (H-J) and 100 ms in (H1-J1).   

!
Fig. 4.20: The expanded time scale of Fig. 4.18 shows oscillations in response to ramps of 
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green light at projected Zeitgeber time (p ZT) 16 of the intracellularly recorded light sensitive 
VMNE neuron shown in Fig. 4.17. Light stimuli of 2 seconds were applied in ramps of a continuously 
decreasing intensity of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus). Original recording 
trace (K) shows no action potentials at -26 mV membrane potential before and an increased spiking 

rate of 10 mV height 39 ms after green light illumination as displayed by the mean action potential 
frequency (MF) (L) and the instantaneous frequency (1/interevent-intervals, ISF) (M) plots. This light-
sensitive AME neuron revealed at the second repeated ramp a clear oscillatory response again (MF) 
(M). Details of the emerged oscillations (spike triplets) after 55 Lux green light illumination is shown at 
expanded time scale in (K1-M1). Next to the onset of oscillations, also the membrane potential was 
increased after 55 Lux green light exposure and decreased with lowering the ramps again. Time 

scales 2 s in (H-J) and 100 ms in (K1-M1).  

Furthermore, their response pattern mirrored the decreasing green light ramp, as 

also shown in Fig. 4.9 G-I. Moreover, both recordings displayed subthreshold 

membrane potential oscillations. Next to decreasing white and green ramps, also 50 

Lux UV light was tested (Fig. 4.21 N-P). Interestingly, UV light seemed to elicit a 

similar response as it was shown at 55 Lux green Light. Thus, this VMNE is activated 

by white, green and UV light. Furthermore, it is highly light sensitive even react to 1 

Lux white light illumination (Figs. 4.23 Q1-S1). It started to generate bursts of spikes 

after stimulation with 50 Lux light (Figs. 4.23 Q1-3-S1-3). In addition, it also responded 

to decreasing light stimuli (Fig.4.24 Q4-S4). Therefore, it displayed high light 

sensitivity to increasing and decreasing light stimuli at projected ZT 16. 
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Fig. 4.21: The intracellularly recorded VMNE shown in Fig 4.17 also responded to UV at 
projected Zeitgeber time (p ZT) 16. A step of UV light stimulus (50 Lux; 2 sec) was applied. Original 

recording trace (N) shows no action potentials at -30 mV membrane potential and an increased 
spiking rate of 10 mV height 39 ms after UV light illumination as displayed by the mean action 
potential frequency (MF) (O) and the instantaneous frequency (1/interevent-intervals, ISF) (P) plots. 

Details of the emerged oscillations (spike triplets) after 50 Lux UV light illumination is shown at 
expanded time scale in (N1-P1). Next to the onset of oscillations, also the membrane potential was 
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increased after 50 Lux UV light exposure and decreased with light off again. Time scales 300 ms in 

(N-P) and 100 ms in (N1-P1).  

!  

Fig. 4.22: The intracellularly recorded VMNE shown in Fig 4.17 responded to different applied 
white light ramps at projected Zeitgeber time (p ZT) 16. Increased and decreased ramps of white 
light were applied. Original recording trace (Q) shows no action potentials at -28 mV membrane 
potential and an increased spiking rate of 10 mV height 39 ms after white light illumination as 

displayed by the mean action potential frequency (MF) (R) and the instantaneous frequency (1/
interevent-intervals, ISF) (S) plots. This light-sensitive VMNE revealed typical oscillations at higher 
intensities as seen in (ISF) (S) plot. Details of the emerged oscillations (spike triplets) after ramps of 

white light is shown at expanded time scales in Fig. 4.23 (Q1-S1, Q2-S2 and Q3-S3 ) and in Fig. 4.24 
(Q4-S4). Next to the onset of oscillations, also the membrane potential was increased after white light 

exposure and decreased with lowering intensities again. Time scale 10 s in (Q-S).  
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Fig. 4.23: The intracellularly recorded VMNE displayed in Figs. 4.17 and 4.22 shows high 

sensitivity to increasing applied ramps of white light at projected Zeitgeber time (p ZT) 16. After 
several protocols were employed of 1 Lux repeated steps, ramps of white light were applied. Original 
recording trace (Q1-Q3) shows 10 mV high action potentials at -24 mV membrane potential and a 

phasic-tonic on response appeared 39 ms after the first repeated 1 Lux white light step. Mean action 
potential frequency (MF) (R1-R3) and the instantaneous frequency (1/interevent-intervals, ISF) (S1-S3) 
plots. Spike triplets emerged at 1500 Lux as seen in (Q2-S3 and Q3-S3). Next to the onset of 

oscillations, also the membrane potential was increased after different applied ramps of white light. 
Time scale 100 ms in (Q1-3-S1-3). 

!  

Fig. 4.24: The intracellularly recorded VMNE displayed in Figs. 4.17 and 4.22 shows high 
sensitivity to decreasing applied ramps of white light at projected Zeitgeber time (p ZT) 16. 
Decreased ramps of white light were applied. Original recording trace (Q4) shows 10 mV high action 
potentials at -23 mV membrane potential and a decreased spiking rate after lowering ramps of white 
light as displayed by the mean action potential frequency (MF) (R4) and the instantaneous frequency 

(1/interevent-intervals, ISF) (S4) plots. Time scale 100 ms in (Q4-S4). 
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4.1.4 Intracellular recording in vivo identified an inhibitory light sensitive MNE 

neuron at projected ZT 11 that arborized in close vicinity to ramifications of 

PDFMEs 

This intracellularly recorded and neurobiotin labeled inhibitory light sensitive MNE 

neuron was neighbored next to PDF neurons (Fig. 4.25 A-D). The varicose beaded 

processes branched in the AME and contacted the ventral and dorsal ME. 

Furthermore, the fibers projected in the PDF-ir fiber fan. Here, approximately 19 

neurons were neurobiotin labeled, since they were also directly connected to the fiber 

branch. Next to light activation, this MNE was also inhibited after light illumination 

(Figs. 4.26 E-G; 4.27H-J ; 4.28 K-M) as it was shown above (Figs. 4.11 D1-F1; 4.12 

G1-I1). After decreasing white light intensities membrane potentials, spiking rate and 

frequency increased as displayed by the MF and ISF (Figs. 4.26 E-G; 4.27H-J). 

Here, green light responses were more reliable and mimicked exactly the decreasing 

ramp of green light (Figs. 4.26 E-G; 4.28 K-M). Interestingly, this AME neuron 

displayed also membrane oscillations (4.27 H1-J1; 4.28 K1-M1) before and during 

light was turned on as shown in enlargements (Figs. 4.19 H1-J1; 4.20 K1-M1 and 

4.31 H1-J1; 4.32 K1-M1).   
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Fig. 4.25: Frontal reconstruction of one intracellularly recorded light sensitive medial neuron 
(MNE; magenta). (A) Confocal laser images show PDF immunoreactivity (cyan). (B) The intracellular 
recorded and iontophoretically neurobiotin labeled light sensitive MNE (magenta; double arrowhead) 
arborized in close vicinity to ramifications of PDFMEs. It varicose beaded processes ended in the 

ventral and dorsal medulla (ME). Approximately 19 other neurobiotin labeled neurons appeared to be 
connected with each other. The overlay is shown in (C). (D) Reconstructed neuropils (grey) and 
recorded neuron (magenta). Lamina (LA), 3D reconstruction was performed with AMIRA. Scale bars = 

100 µm in (A – D). 

!  

Fig. 4.26: During the day at projected Zeitgeber time (p ZT) 11 this light sensitive MNE of Fig. 
4.25 responded to white and green light intensities with an inhibition in vivo. It was inhibited by 

light stimulus ramps of continuously decreasing intensity (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 
with green light response more reliable as compared to white light response. Original intracellular 
recording trace (E) shows a decrease of spiking rate of the light sensitive neuron displayed by the 

mean action potential frequency (MF) (F) and the instantaneous frequency (1/interevent-intervals, ISF) 
(G) plots. Details were shown in Fig. 4.27 (H-J) and 4.28 (K-M) at expanded time scales. Time scales 
2 s in (E-G).   
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Fig. 4.27: At an expanded time scale a transient decrease in spiking rate in response to photic 
stimulus onset of Fig. 4.26 is shown at projected Zeitgeber time (p ZT) 11. Continuously 
decreasing intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
Original recording trace (H) shows 12 mV high action potentials at -32 mV membrane potential and a 

transient inhibition after 39 ms that is also seen in mean action potential frequency (MF) (I) and the 
instantaneous frequency (1/interevent-intervals, ISF) (J) plots. This light sensitive AME neuron 
revealed a slight off-response as shown in (H-J). Details of the transient inhibition after 55 Lux white 

light illumination is displayed at expanded time scale in (H1-J1). Next to the spiking rate, also the 
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membrane potential was decreased after 55 Lux white light exposure. Time scales 2 s in (H-J) and 

100 ms in (H1-J1).   

!
Fig. 4.28: At an expanded time scale a transient decrease in spiking rate in response to photic 
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stimulus onset of Fig. 4.26 is shown at projected Zeitgeber time (p ZT) 11. Continuously 

decreasing intensity ramps of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
Original recording trace (K) shows 14 mV high action potentials at -29 mV membrane potential and a 
transient inhibition after 40 ms that is also seen in mean action potential frequency (MF) (I) and the 

instantaneous frequency (1/interevent-intervals, ISF) (M) plots. This inhibitory light sensitive AME 
neuron revealed a slight off-response as shown in (K-M). Details of the emerged spiking rate after 55 
Lux green light illumination is displayed at expanded time scale in (K1-M1). Next to the spiking rate, 

also the membrane potential was decreased after 55 Lux white light exposure. Time scales 2 s in (K-
M) and 100 ms in (K1-M1).   

4.1.5 Intracellular recording in vivo identified an inhibitory light sensitive ME 
neuron at projected ZT 11 with ramifications in the PDF-ir fiber fan and a 

projection to the LA  

This intracellularly recorded and neurobiotin labeled inhibitory light sensitive ME 

projected partly to PDF fibers in the AFF (Fig. 4.29 A-D). The beaded processes 

contacted the dorsal part of the ME. In addition, one fiber projected further to the 

distal LA. Here, also other neurons were neurobiotin labeled, since they were also 

directly connected to the neurobitin tabled fiber branch and in close vicinity to beaded 

processes of PDF neurons. Furthermore, the ME neuron projected towards the 

midbrain and crossed the PDF-ir AOC. This ME neuron displayed membrane 

potential oscillations (4.31 H1-J1; 4.32 K1-M1) before light was turned on as shown at 

expanded time scales (Figs. 4.19 H1-J1; 4.20 K1-M1 and 4.27 H1-J1; 4.28 K1-M1).  

After light illumination, it was inhibited by both wavelengths tested (Figs. 4.30 E-G; 

4.31H-J ; 4.32 K-M) as it was shown above (Figs. 4.11 D1-F1; 4.12 G1-I1 and 4.26 E-

G; 4.27H-J; 4.28 K-M). After decreasing of white light intensities membrane 

potentials, spiking rate and frequency increased as displayed by the MF and ISF 

(Figs. 4.30 E-G; 4.31 H-J). Besides, green light responses were more reliable and 

mimicked exactly the decreased light stimulus. (Figs. 4.30 E-G; 4.32 K-M).  
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Fig. 4.29: Frontal reconstruction of one intracellularly recorded light sensitive medulla (ME) 
neuron (magenta). (A) Confocal laser images show PDF immunoreactivity (cyan). (B) The 
intracellularly recorded and iontophoretically neurobiotin labeled light sensitive ME neuron (magenta; 

double arrowhead) arborized in the anterior fiber fan parallel to fibers above the accessory medulla 
(AME) and projected further to the midbrain. Furthermore, one fiber passed along the frontal surface 
of the ME and innervated the distal lamina (LA). The overlay is shown in white (C). (D) Reconstructed 

neuropils (grey) and neuron (magenta). 3D reconstruction was performed with AMIRA. Scale bars = 
100 µm in (A – D). 
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Fig. 4.30: During the day at projected Zeitgeber time (p ZT) 11 this light sensitive neuron of Fig. 
4.29 showed inhibitions after illumination with white and green light in vivo. It was inhibited by 

light stimulus ramps of continuously decreasing intensity (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 
with green light response more reliable as compared to white light response. Original intracellular 
recording trace (E) shows a decrease of spiking rate of the light sensitive neuron displayed by the 

mean action potential frequency (MF) (F) and the instantaneous frequency (1/interevent-intervals) 
(ISF) (G) plots. Details were shown in Fig. 4.27 (H-J) and 4.28 (K-M) at expanded time scales. Time 
scales 2 s in (E-G).    
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Fig. 4.31: At an expanded time scale a decrease in spiking rate in response to photic stimulus 
onset of Fig. 4.30 is shown of the intracellularly recorded light sensitive ME neuron displayed 
in Fig. 4.29 at projected Zeitgeber time (p ZT) 11. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (H) shows 12 
mV high action potentials at -32 mV membrane potential and a decreased spiking rate 37 ms that is 

also seen in mean action potential frequency (MF) (I) and the instantaneous frequency (1/interevent-
intervals, ISF) (J) plots. This light sensitive AME neuron revealed a slight off-response as shown in (H-
J). Details of the emerged spiking rate after 55 Lux white light illumination is displayed at expanded 
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time scale in (H1-J1). Next to the spiking rate, also the membrane potential was decreased after 55 

Lux white light exposure. Time scales 2 s in (H-J) and 100 ms in (H1-J1).   

!
Fig. 4.32: At an expanded time scale a decrease in spiking rate in response to photic stimulus 
onset of Fig. 4.30 is shown of the intracellularly recorded light sensitive ME neuron displayed 
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in Fig. 4.29 at projected Zeitgeber time (p ZT) 11. Continuously decreasing intensity ramps of green 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (K) shows 12 
mV high action potentials at -42 mV membrane potential and a decreased spiking rate 38 ms that is 
also seen in mean action potential frequency (MF) (L) and the instantaneous frequency (1/interevent-

intervals, ISF) (M) plots. This inhibitory light sensitive AME neuron revealed a slight off-response at 2 
Lux as shown in (K-M). Details of the emerged spiking rate after 55 Lux green light illumination is 
displayed at expanded time scale in (K1-M1). Next to the spiking rate, also the membrane potential 

was decreased after 55 Lux white light exposure. Time scales 2 s in (K-M) and 100 ms in (K1-M1).   

4.2 Extracellular loose patch-clamp recording in vivo identified activations after 
illumination in one LA neuron at projected ZT 18, which was adjacent to 
vPDFLAs 

Next to intracellular recordings of the AME, also LA recordings were performed (n=1 

of 8) to search for PDFLA neurons as possibly circadian light entrainment pathways. 

Since, it was very difficult to achieve intracellular recordings, in the LA more loose 

!  

Fig. 4.33: Frontal reconstruction of one extracellularly recorded light sensitive LA neuron in the 
loose patch-clamp configuration. (A) Confocal laser images show PDF immunoreactivity (cyan). (B) 
The iontophoretically neurobiotin labeled light sensitive LA neuron (magenta; double arrowhead) was 
located in close vicinity to the (vPDFLAs) and projected towards the accessory medulla (AME) through 

the PDF-immunoreactive (ir) fiber fan of the medulla (ME). Furthermore, its beaded processes ended 
next to the vPDFLAs in the lamina (LA). Overlay is shown in (C) and magnification of (A-C) is 

displayed in (D-F). Scale bars = 100 µm in (A – C) and 50 µM in (D-F). 
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Fig. 4.34: Extracellularly loose patch-clamp recording of one LA neuron displayed in Fig. 4.33 

shows white light activation during dusk at projected Zeitgeber time (p ZT) 18 in vivo. 
Continuously decreasing intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 
were applied. Original recording trace (G) shows 2 mV high action potentials and an increased spiking 
rate 26 ms that is also seen in mean action potential frequency (MF) (H) and the instantaneous 
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frequency (1/interevent-intervals, ISF) (I) plots. Details of the emerged spiking rate after 55 Lux white 

light illumination is shown at expanded time scale in (G1-I1). Time scales 500 ms in (G-I) and 100 ms in 
(G1-I1).  

!
Fig. 4.35: Extracellularly loose patch-clamp recording of one LA neuron displayed in Fig. 4.33 
shows white light activation during dusk at projected Zeitgeber time (p ZT) 18 in vivo. 
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Continuously decreasing intensity ramps of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 

were applied. Original recording trace (J) shows 2 mV high action potentials and an increased spiking 
rate 24 ms that is also seen in mean action potential frequency (MF) (K) and the instantaneous 
frequency (1/interevent-intervals, ISF) (L) plots. Details of the emerged spiking rate after 55 Lux green 

light illumination is shown at expanded time scale in (J1-L1). Time scales 500 ms in (J-L) and 100 ms 
in (J1-L1).  

patch-clamp recordings were achieved. The recording place of one light sensitive LA 

neuron showed that it was likely in close vicinity to vPDFLAs (4.33 A-F). Applied 

decreasing white and green light ramps resulted in response activation after 26 ms 

displayed by a higher spiking rate and frequency (4.34 G-I and 4.35 J-L). Since the 

recording was lost after the first green light ramp, just one stimuli ramp is shown. 

4.3 Summary 

In summary, in chapter 4 I figured out that light sensitive AME neurons were inhibited 

or activated via white light illumination. Moreover, light sensitive AME neurons 

showed sensitivity to different wavelengths tested such as green and UV light. 

Furthermore, light sensitive AME neurons showed membrane potential oscillations 

and processed in close vicinity to PDFMEs neurons. In addition, their arborizations 

overlapped with arborizations of PDF-ir neurons. One of them appeared to contact 

ramifications of vPDFLAs. In addition, one extracellularly loose patch-clamp 

recording, likely recorded next to vPDFLAs, showed increased spiking rates after 

light onset.    
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5 The neuropeptide PDF and its function in the circadian system of R.maderae 

The previous chapter characterized single light sensitive AME neurons of R. 

maderae, and determined that light sensitive neurons processed in close vicinity of 

PDFMEs. In this chapter I concentrated my search on PDF neurons. Since light 

changed PDF expression during the day (Wei and Stengl, 2011) and PDF release is 

higher during the day compared to the night (Arendt, 2016), I expected PDF neurons 

to release PDF during the day. Thus, in this chapter I searched for bursting AME 

neurons throughout the day, since PDF neurons were believed to drive oscillating 

patterns during the day to release PDF. In addition, decreasing ramps of white and 

green light were tested in all of the recordings. Next to intracellular recordings, in vitro 

studies were performed at the level of single cells. Here, we wanted to further 

characterize the role of PDF neurons. Backfills from contralateral optic stalks were 

performed, to label also the largest and three medium-sized PDFMEs. Afterwards 

primary cell cultures of backfilled AME neurons (Wei 2012; Wei and Stengl, 2012; 

Baz et al., 2013) were prepared and ipsi- as well as contralaterally projecting AME 

neurons were further characterized in calcium imaging experiments (Gestrich et al., 

2018). The combination of intracellular recordings in search for oscillating AME 

neurons as well as backfills of the contralateral projecting neurons should further 

increase the probability to identify and characterize PDF-ir pacemaker cells in more 

detail. As stated in the contribution statements above all backfills were performed by 

myself. During the first session I performed immunochemistry together with Wen 

Shen. During the second session backfills and immunochemistry were performed by 

myself. Statistics were performed and evaluated by myself. I prepared and modified 

all figures for my thesis (for details see contribution statement). 
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5.1 Results 

5.1.1 Bursting AME neurons during rest   

All intracellular recordings were performed during the rest phase where cockroaches 

show less activity. Here, in 18% of animals examined (n= 115; p=45 of 255 

cockroaches) bursting AME neurons were detected. The clock cells spiked either in a 

regularly (Figs. 5.1 A-F; 5.5 G-I) or irregularly manner (Figs. 5.1 G-I; 5.3 C-E). 

Interestingly, none of these intracellularly recorded bursting neurons responded to 

decreased ramps of white or green light (Figs. 5.1 A-I; 5.3 C-E; 5.5 G-I; 5.7). One of 

the oscillating neurons was iontophoretically labeled and showed ramifications in the 

ME. Furthermore, beaded processes ended in the ME (Fig. 5.2 A-B). It displayed 

irregular bursts, which did not correlate with stimuli of white light (Fig. 5.3 C-E). The 

intracellular recording (Fig. 5.3 C1-E1) reveal spontaneous occurring depolarizations 

(increased membrane potential and spiking rate) and hyperpolarization (decreased 

membrane potential and spiking rate), which occurred in an irregularly manner and 

not stimulus correlated. Statistical analyzes of the mean frequency further showed no 

change in bursting before and after light stimuli (5.7).  
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Fig. 5.1: Three different spontaneously active AME neurons are shown that were recorded at 
rest at projected ZTs 3, 6, 11 generated oscillations. None of them expressed clear light 
responses. Continuously decreasing ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 
are applied. Original recording traces (A, D, G) displays oscillations during the day as shown by the 

mean action potential frequency (MF) (B, E, H) and the instantaneous frequency (1/interevent-
intervals, ISF) (C, F, I) plots. Furthermore, they spontaneously hyperpolarized and switched from high 
to lower frequencies as seen in mean frequencies (B, E, H) and instantaneous frequency (C, F, I) 
plots. Time scales 2 s in (A-I). 

!  
Fig. 5.2: Frontal reconstruction of an intracellularly recorded bursting accessory medulla 
(AME) neuron. (A) Confocal laser images show an iontophoretically labeled Lucifer yellow (double 

arrowhead) fiber branch with beaded processes next to the medulla (ME) and AME. (B) 3D 
reconstruction of the fiber branch was performed with AMIRA (magenta). LA; lamina. Scale bars = 100 

µM in (A-B). 
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Fig. 5.3: During rest at projected ZT 7 the intracellularly recorded AME neuron of Fig. 5.2 
generated regular oscillations (bursts) and did not express clear white light responses in vivo. 
Continuously decreasing ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were 

applied. Original recording traces (C) displays irregular oscillations during the day as shown by the 
mean action potential frequency (MF) (D) and the instantaneous frequency (1/interevent-intervals, 

ISF) (E) plots. It did not respond to any of the light stimuli applied. Furthermore, it hyperpolarized 
irregularly and switched from higher to lower spike rates as seen in mean frequency (D, D1) and 
instantaneous frequency plots (E, E1). Details are seen in (C1-E1) at expanded time scales. Time 
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scales 2 s in (C-E) and 100 ms in (C1-E1).   

5.1.2 The largest PDF-ir neuron is a “burster” that does not encode different 

light intensities during rest 

In intracellular recordings (n=96) of AME neurons with consecutive neurobiotin 

injections in vivo in intact adult Madeira cockroaches during the day the largest 

aPDFME was recorded once (n=1 of 96; 1%; Fig. 5.4 A-C). The largest aPDFME 

was immunocytochemical identified according to its large soma (diameter=30µm) 

next to the AME and its process that projected via the POC to the contralateral AME 

(Fig. 5.4 D-F). In this intracellular recording at projected ZT 9 the largest aPDFME 

displayed high frequency bursting (in the beta frequency range of 15-40 Hz within 

bursts) during the day (Fig. 5.5 G-I). It did not respond to stimuli with different light 

intensities of white light between 2-55 lux (Fig. 5.6 M-R). Even at higher intensities of 

1800 lux the largest aPDFME did not react to illumination at projected ZT 9 (Fig. 5.5 

J-L), despite the fact that depolarizing current injection increased the resting potential 

and generated tonic spiking (Fig. 5.5 J-L). 

!  
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Fig. 5.4:  Frontal reconstruction of an intracellularly recorded largest aPDFME neuron. (A) 
Confocal laser images show PDF immunoreactivity of the largest aPDFME (cyan, double arrowhead) 
next to the accessory medulla (AME). In an intracellular recording at - 45 mV the cell was 
iontophoretically labeled with neurobiotin (yellow, B). The overlay is shown in (C). Furthermore it 

projected via the posterior optical commissure (POC) to the contralateral side (PDF, cyan, D, 
neurobiotin, yellow, E and overlay F) Scale bars = 30 µm in A - F. 

!  
Fig. 5.5: During rest at projected ZT 9 the largest aPDFME of Fig. 5.4 generated regular bursts 
and did not respond to light in an intracellular recording in vivo. (G, J) During the day, the largest 
aPDFME showed regular bursting activity during rest. Original recordings, mean frequency (MF) (H, 
K) and instantaneous frequency (1/interevent-intervals, ISF) (I, L) plots. The largest aPDFME 
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switched from bursting to a lower tonic activity mode during depolarization with 300 pA (J-L). Rather, it 

spontaneously hyperpolarized and switched from higher to lower frequency spiking during bursts, 
before increasing its spike frequency again (I, L). It didn't respond to stimuli of 1800 Lux white light. 
Time scales 500 ms in (G-L).    

!  
Fig. 5.6: During rest at projected ZT 9 the largest aPDFME of Fig. 5.4 generated regular bursts 
and did not respond to light in an intracellular recording in vivo. Continuously decreasing ramps 
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of white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording 

trace (M, P) shows that the largest aPDFME did not respond to different ramps of white or green light 
during rest as shown in mean frequency (MF) (N, Q) and instantaneous frequency (1/interevent-
intervals, ISF) (O, R) plots. Time scales 2 s in (M-R).    

Fig. 5.7: Statistical analysis revealed 
that bursting neurons were not light 
sensitive during the projected day. 
From data (p= 45 of 255 cockroaches; 

18%) box plot columns were calculated 
that denote changes (±SEM) in the 
action potential frequency (MF). Bursting 

neurons showed no significant effect to 
light application (P < 0.05). Data were 
analyzed by paired t-test (GraphPad 

Prism6 Software). 

5.2 “The largest PDF-ir neuron does not contain PDF autoreceptors 

In three of 98 contralateral projecting neurons (3%) 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-label which identified it as a 

contralaterally projecting AME neuron (Fig. 5.8 A1-A4; B1-B3). The largest aPDFMEs 

spontaneously generated regular Ca2+ transients with large amplitudes (≥100 nM) 

(Fig. 5.8 C). Bath application of PDF (500 nM) did not affect Ca2+ transients (Fig. 5.8 
C; Table 5.1). While Ca2+ transients were blocked after application of GABA (10 µM), 

the Ca2+ baseline was not much affected. In contrast, ACh (1 µM) increased the Ca2+ 

baseline (Fig. 5.8 C) and also the frequency of the Ca2+ transients. Therefore, the 

largest aPDFME, which projects to the contralateral AME expresses receptors for the 

neurotransmitters GABA and ACh, but does not possess autoreceptors for its own 

neuropeptide PDF” (Gestrich et al., 2018). 
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Fig. 5.8: “The largest aPDFMEs do not express PDF autoreceptors. Backfills and 

immunocytochemistry combined with Ca2+ imaging identified and characterized contralaterally 

projecting anterior pigment-dispersing factor (PDF)-expressing neurons (aPDFME) of the accessory 
medulla (AME) in primary tissue culture (n=1557). Before the ipsilateral AME was dispersed into single 
cells, rhodamine dextran backfills from the contralateral optic stalk labeled all neurons next to the AME 

that project into the contralateral optic lobe (A1, red somata). For easier identification in the dish, the 
primary cell cultures of the ipsilateral AME were plated on an UNCD surface with integrated grids. 
Next, they were loaded with Ca2+ indicator Fura-2 (A2, green) for physiological characterization. After 

Ca2+ imaging, anti PDF-immunocytochemistry was performed to identify PDF-ir neurons in the primary 
cell cultures (A3, yellow), while DAPI nuclear staining (A4, cyan) labeled all cells on the grids for 
quantitative analysis. The arrow marks the contralaterally projecting largest aPDFME that was 

identified according to its characteristic size, its rhodamine-, and PDF-labeling. Confocal images show 
enlargements of one largest- (B1-3) aPDFME that were identified with anti-PDF immunocytochemistry 
(yellow) and stained with DAPI (cyan) on the grids after physiological analysis. Double-labeling is 

shown in the overlay (B3). Scale bars = 50 µm in B1-3. (C) In three of 156 experiments the backfilled 
largest aPDFMe could be immunocytochemically identified and physiologically characterized. 
Spontaneous regular Ca2+ transients of the three largest aPDFMEs were not affected by PDF (500 

nM), but were blocked by GABA (10 µM), transiently. The cells were strongly activated by ACh (1 µM)” 
(Gestrich et al., 2018). Blue: Figure published in Gestrich et al., 2018 and modified after Gestrich et 
al., 2018. Ca2+ imaging (C) was performed by Wen Shen and Dr. Wei. Immunocytochemical staining 
was performed together with Wen Shen and the figure was prepared by myself.  
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5.2.1 “Application of PDF inhibited contralaterally projecting non-PDF-ir 

neurons, while it excited ipsilaterally remaining non-PDF-ir neurons 

In 156 cultures, 82 of the 1557 AME neurons recorded were labeled with rhodamine, 

but lacked PDF-immunoreactivity (Fig. 5.9 A1-A4; n=82; 5%). Spontaneous Ca2+ 

transients occurred in 68% of the non-PDF-ir contralaterally projecting AME neurons 

(Table 5.1; 56 of 82). They were blocked after application of PDF (500 nM) in 38% of 

all active neurons (21 of 56; Fig. 5.9 B). Also in 16% (n=9) of the silent (not bursting) 

contralaterally projecting AME neurons PDF decreased the baseline Ca2+ level (Fig. 
5.9 C). None of the contralaterally projecting non-PDF-ir neurons were activated by 

PDF application (n=82). Statistical analysis confirmed the significance of PDF-, 

GABA-, and ACh-effects in contralaterally projecting non-PDF-ir neurons reported 

(Fig. 5.9 D-F; 5 J-K). 

Ipsilateral non-PDF-ir neurons lacked rhodamine and PDF-immunoreactivity 

(n=1452) (5.9 G1-G4). Only 15% (n=214 of 1452) were spontaneously active. In 10% 

of the ipsilateral, non-PDF-ir neurons (142 of 1452) the frequency of oscillating Ca2+ 

transients and/ or the Ca2+ baseline concentration increased after PDF application 

(Fig. 5.9 H, I; Table 5.1), as it was shown previously (Wei et al., 2014). In none of our 

experiments (n=1452) PDF-dependent inhibition of ipsilateral non-PDF-ir neurons 

was observed” (Gestrich et al., 2018). 
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Fig. 5.9: “Amongst the non-PDF-ir accessory medulla (AME) neurons the contralaterally 
projecting were blocked by PDF application, while the ipsilaterally remaining were activated via 
PDF. The contralaterally projecting AME neuron was identified with rhodamine-labelling (A1, red), 
labeled with Fura 2 (A2, green) and DAPI (A4, cyan), but not with anti-PDF-staining (A3). The 

ipsilaterally remaining non-PDF-ir AME neuron contains neither rhodamine- (G1) nor PDF- staining 
(G3), but was labeled with Fura 2 (G2, green) and DAPI (G4, cyan).The rhodamine-labeled 
contralaterally projecting AME neurons (B,C; n=82) and the ipsilaterally remaining AME cells (H,I; 
n=1452) that both lacked PDF-immunoreactivity could be grouped into spontaneously active (B,H; 
n=270) and silent cells (C,I; n=1264) that did not express clear Ca2+ transients. In Ca2+ imaging 
experiment application of 500 nM PDF and also 10 µM GABA blocked spontaneous Ca2+ transients in 

contralaterally projecting active clock cells (B; n=56), or decreased baseline Ca2+ levels in 
contralaterally projecting silent clock cell (C; n=26). None of the ipsilaterally remaining clock cells were 
blocked by PDF, but were only blocked by GABA. Rather, baseline Ca2+ levels increased PDF-

dependently in both the active (H) and the silent (I) ipsilaterally remaining clock cells. Thus, PDF 
affected AME neurons cell-type specifically, while acetylcholine (ACh) elevated intracellular Ca2+ levels 
in all cell types alike. Bars represent the mean (±SD) of Ca2+ baseline changes resulting from (D) PDF 

500 nM, (E) GABA 10 µM, and (F) ACh 1 µM applications in contrast to saline controls applied before 
(n=30). Bars represent the mean (±SD) of Ca2+ baseline changes resulting from (J) GABA 10 µM and 
(K) ACh 1 µM application in contrast to saline control before (n=71; asterisks; paired t-test; < 0,0001; 

GraphPad Prism6 Software)” (Gestrich et al., 2018). Blue: Figure published in Gestrich et al., 2018 

and modified after Gestrich et al., 2018. Ca2+ imaging (B; C; H; I) were performed by Wen Shen and 

Dr. Wei. Immunocytochemical staining was performed by myself and the figure was prepared by 

myself.  

5.2.2 “Contralaterally-projecting medium-sized aPDFMEs are inhibited by PDF  

Thirteen rhodamine- and PDF-labeled medium-sized aPDFMEs (Fig. 5.10 A1-A4; B1-

B3; 10-20 µm soma diameter) were identified in the primary cell cultures (n=13 of 98 

rhodamine-labeled cells; Table 5.1). Several showed spontaneous Ca2+ transients 

throughout the recording (Fig. 5.10 C; Table 1). The other cells recorded showed 

little activity before PDF-application and became more active with increased baseline 

level after washing off PDF (not shown, Gestrich et al., 2017). Application of 500 nM 

PDF abolished Ca2+ transients and transiently decreased the Ca2+ baseline in most 

cells (Fig. 5.10 C). In other medium-sized aPDFMEs PDF caused a sustained 

decrease of the Ca2+ baseline (not shown, Gestrich et al., 2017). Thus, medium-sized 

aPDFMEs contain inhibitory, but not excitatory PDF autoreceptors (Fig. 5.10 D; 

Table 5.1). Application of GABA blocked Ca2+ transients and reduced the Ca2+ 

baseline for all cells (Fig. 5.10 C; 5.10 E). Perfusion with ACh rapidly increased the 

Ca2+ baseline level of all m-aPDFMEs (n=13; Fig. 5.10 C; 5.10 F). Thus, 

contralaterally projecting medium-sized aPDFMEs possess inhibitory autoreceptors 
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for PDF, inhibitory receptors for GABA, and excitatory receptors for ACh (5.10 C; 

Table 5.1)” (Gestrich et al., 2018). 

  
Fig. 5.10: “The contralaterally projecting medium-sized aPDFMEs were inhibited via PDF 
autoreceptors. The medium-sized aPDFME (arrow) was labeled with rhodamine backfills (A1, red) 
and Ca2+ sensor Fura-2 (A2, green). After Ca2+ imaging experiments anti-PDF- immunocytochemistry 

(A3, yellow), and DAPI nuclear staining (A4, cyan) labeled the medium-sized aPDFME (confocal 

images B1-3). Scale bars = 10 µm in B1-3. (C) The Ca2+-baseline was reduced and the Ca2+ transients 

of all contralaterally projecting medium-sized aPDFMEs were blocked by PDF- and GABA-, while the 

cells were activated by ACh-applications. The cells were spontaneously active and most of the cells 
expressed regular Ca2+ transients. (D-F) Bars represent the mean (±SD) of Ca2+ baseline changes 
resulting from (D) PDF 500 nM, (E) GABA 10 µM, and (F) ACh 1 µM applications in comparison to 

saline control applications (n=13; asterisks; paired t-test; <0,0002;0,0002;0,0001; GraphPad Prism6 
Software)” (Gestrich et al., 2018). Blue: Figure is published in Gestrich et al., 2018 and modified after 
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Gestrich et al., 2018. Ca2+ imaging (C) was performed by Wen Shen and Dr. Wei. 

Immunocytochemical staining was performed together with Wen Shen and the figure was prepared by 
myself.   

5.2.3 “The small local aPDFMEs are activated via PDF application 
Seven small aPDFMEs (5-10 µm soma diameter) were identified in 7 of 156 

preparations with anti-PDF-immunocytochemistry (Fig. 5.11 A1-A4; B1-B3). As 

expected for local interneurons of the AME they were not labeled with rhodamine 

dextran (n=7, A1-A4). Besides, they showed no regular spontaneous activity (Fig. 

Fig. 5.11 C). PDF application rapidly increased their intracellular Ca2+ baseline level 

and generated oscillating Ca2+ transients (Fig. 5.11 C; 5.11 D; Table 5.1). In addition, 

the small aPDFMEs were inhibited by GABA- (Fig. 5.11 E) and all three were 

strongly activated by ACh application (Fig. 5.11 F). Thus, all local PDF-ir neurons 

exhibit excitatory autoreceptors for PDF and receptors for ACh, while they display 

differential sensitivity to GABA (Fig. 5.11 C)” (Gestrich et al., 2018). 
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Fig. 5.11: “The ipsilaterally remaining small aPDFMEs expressed excitatory PDF autoreceptors. 
The small aPDFME (arrows) was not backfilled with rhodamine (A1). It was stained with Fura 2 (A2, 
green), with anti-PDF antisera (A3, yellow), and DAPI (A4, cyan). B1-3: Confocal images of the small 
aPDFME show PDF immunoreactivity (B1, yellow), DAPI fluorescence (B2, cyan), and double-labelling 

in the overlay (B3). Scale bars = 5 µm in B1-3. (C) Small PDF-immunoreactive aPDFMEs that were not 
rhodamine-labeled were examined in Ca2+ imaging experiments. Application of PDF (500 nM) and 
also ACh-applications (1 µM) increased the intracellular Ca2+baseline level in all local small aPDFMEs. 

In contrast, they expressed different sensitivity to 10 µM GABA-application. Here, it expressed a small 
decline of the Ca2+ baseline level. Bars represent the mean (±SD) of Ca2+ baseline changes resulting 
from (D) PDF 500 nM, (E) GABA 10 µM and (F) ACh 1 µM applications in comparison to saline control 

applications (n=7; asterisks; paired t-test; <0,0148;0,0076;0,0082; GraphPad Prism6 
Software)” (Gestrich et al., 2018).  Blue: Figure D-F is published in Gestrich et al., 2018 and Fig. 5.11 
C was recorded by myself and is similar to published figures in Gestrich et al., 2018; 

immunocytochemical staining was performed together with Wen Shen and the figure was prepared by 
myself.    
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Table 5.1: “Summary of PDF-immunoreactive (-ir) neurons (aPDFME) stimulated with PDF, GABA, 

and acetylcholine (ACh)” (Gestrich et al., 2018). Table is published in Gestrich et al., 2018. 

5.3 Summary: Intracellular recordings during projected rest identified bursting AME 

neurons, which did not respond to different stimuli of light. In addition, the 

combination of intracellular recording and immunocytochemistry identified the largest 

aPDFME. It generated oscillations during rest and did not respond to ramps of white 

and green light during projected ZT 9. Furthermore, “with the combination of backfills, 

Ca2+ imaging with primary cell cultures, and immunocytochemistry on UNCD films, 

we characterized for the first time PDF-, GABA-, and ACh-responses of 

contralaterally projecting AME neurons, specifically also of PDF-ir neurons. Our data 

show that cholinergic and GABAergic synaptic inputs, in conjunction with antagonistic 

1557 cells 
characterized in 

 n= 156 experiments

largest  
aPDFME 

(n=3)

medium sized- 
aPDFMEs 

(n=13)

contralateral non-PDF-ir 
neurons 

(n=82)

small 
aPDFMEs  

(n=7)

iIpsilateral 
non-PDF-ir 

neurons 
(n=1452)

Rhodamine-label + + + - -

PDF- immuno-

reactivity
+ + - + -

spontaneous  
calcium transients

+ 
(n=3) 

(100%)

+ 
(n=13) 
(100%)

+ 
(n=56) 
(68%)

- 
(n=7) 

(100%)

+ 
(n=214) 
(15%)

PDF-receptor
  - 
(n=3) 
(0%)

Inhibition 
(n=13) 
(100%)

Inhibition 
(n=30) 
(37%)

Activation 
(n=7) 

(100%)

Activation 
(n=142) 
(10%)

GABA-sensitive
Inhibition 

(n=3) 
(100%)

Inhibition 

(n=13) 
(100%)

+ 

(n=71) 
(87%)

Inhibition 

(n=7) 
(100%)

+ 

(n=857) 
(59%)

ACh-sensitive
Activation 

(n=3) 
(100%)

Activation 

(n=13) 
(100%)

Activation 

(n=77) 
(94%)

Activation 

(n=7) 
(100%)

Activation 

(n=1332) 
(92%)
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PDF signaling via autoreceptors, play a critical role in modulating the membrane 

activity of the AME circadian pacemaker neurons“(Gestrich et al., 2018). 
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6  Electrical properties of AME neurons and function of PDF in R. maderae 

In this part of the thesis extracellular loose patch-clamp recordings were performed to 

characterize electrophysiological properties of AME neurons in vivo. Since backfill 

and calcium imaging experiments figured out that the median and small sized AME 

neurons differed in response to PDF, suggesting to play likely counterpart roles in the 

bilaterally symmetric circadian clock network and probably could be responsible to 

drive morning and evening peak activities, I further investigated network properties in 

vivo.  

6.1 Results 

6.1.1 Extracellular loose patch-clamp recordings in vivo found a prominent 

evening (E) peak in most-, and a small morning (M)-peak in few AME neurons 

Using in vivo electrophysiological techniques, electrical activity of the intact AME 

network was measured in LD cycles (n=20) for 24-48 hours (Figs. 6.1; 6.4; 6.5; 6.6; 

6.9; 6.13; Table 6.1). In 80% (n=16 of 20 cockroaches) of all our recordings a 

“pulsing” neuronal activity pattern with rising or falling amplitudes every 4-6 hours 

was observed, reminiscent of two coupled oscillators that suppress each other 

phase-dependently (6.1; 6.3; 6.4; 6.5; 6.9; 6.13). A prominent evening peak around 

ZT 11-13 occurred in 80% (n=16 of 20 cockroaches) of the AME neurons (Fig. 6.1; 

6.2; 6.5; 6.6; Table 6.1). In 20% (n=4 of 20 cockroaches) of AME neurons an 

additional much smaller morning peak became apparent (Fig. 6.4; 6.5; 6.6; 6.9; 

Table 6.1). Before and during the evening peak, first, bursts of activity occurred that 

were followed by ensemble formation and a strong rise in overall activity. Busting 

activity (oscillations) could be recognized best at higher temporal resolution in the 

original recording, or as sharp peaks of activity in the ISF (Fig. 6.3). When bursting  
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Fig. 6.1: Extracellular 24 h - long loose-patch clamp recording of the accessory medulla (AME) 
in vivo revealed an evening peak in the daily neuronal activity of the cockroach circadian 
clock. Original recording (A, D), mean action potential frequency (MF) (B, E), and instantaneous 
frequency (1/interevent-intervals, ISF) plots (C, F) of the circadian clock of the Madeira cockroach 

from Zeitgeber time (ZT) 24 to ZT 12. A prominent maximum of activity occurred at dusk, at ~ZT 9 to 
ZT 15 (light:dark = LD 12:12). Enlargement of A1-C1 show repetitive patterns of synchronization 
generating ensembles of neurons that fire with the same elevated frequency at ZT 10 before the 

evening peak emerged (see below for details). (G-I) are enlarged in (Fig. 6.2). The ISF plot revealed 
bursts of activity at ZT 7 before ensemble formation (parallel lines) occurred and the evening peak 
emerged. Recording was sampled by Dr. Hong Ying Wei and analyzed as well as prepared by myself. 

The figure plate was prepared by myself.   
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Fig. 6.2: The expanded time scales of Fig 6.1 show electrophysiological properties occurred at 
different Zeitgeber times (ZTs) with respect to the prominent evening peak at ZT 11. Original 
recording (G), mean action potential frequency (MF) (H), and instantaneous frequency (1/interevent-

intervals, ISF) plots (I) of the circadian clock of R. maderae from ZT 24, 6, 11 and 19. A prominent 
maximum of activity occurred at dusk, at ~ZT 11 (light:dark = LD 12:12). Enlargements of (G-I) is 
shown in (J-U). Time scales 5 min in (G-I) and 500 ms in (J-U). Recording was sampled by Dr. Hong 

Ying Wei and analyzed as well as prepared by myself. The figure plate was prepared by myself.   
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Fig. 6.3: The expanded time scale of Fig 6.1 show repetitive patterns of synchronization 
generating ensembles of neurons that fire with the same elevated frequency at Zeitgeber time 
(ZT) 10. Original recording (A1), mean action potential frequency (MF) (B1), and instantaneous 
frequency (1/interevent-intervals, ISF) plots (C1) of the circadian clock of R. maderae display irregular 

repetitive neuronal activities occurring at ZT 10. Details are shown in (a-c). Here, spiking rate of action 
potentials increased (A1-C1). For better comparability a second extracellular loose patch-clamp 
recording of another cockroach is shown. Original recording (D), mean action potential frequency (MF) 

(E), and instantaneous frequency (1/interevent-intervals, ISF) plots (F) shows the same irregular 
repetitive electrophysiological activity as above (D-F; A1-C1). Also details show emerging oscillations 
in spiking rate (d-f). Time scales 50 s in (A1-C1 and D-F) and 200 ms in (a-c and d-f). (A1-C2) 

Recording was sampled by Dr. Hong Ying Wei and analyzed as well as prepared by myself. The figure 
plate was prepared by myself. (D-F) was sampled, analyzed and prepared by myself.  

neurons synchronized, spiking at the same frequency and stable phase relationship, 

these synchronized ensembles could be recognized as parallel bands in the ISF plot 

(Fig. 6.1; 6.2; 6.3; 6.5; 6.4; 6.9; 6.13).  

Statistical analysis of all long-term recordings (n=20) of the AME in vivo clearly 

revealed the evening peak (One-way ANOVA P<0.05) (Fig. 6.6). Since the evening 

peak started before light out, it was not light-driven and correlated with the start of 

locomotor activity of the cockroach (Schendzielorz, 2014). Therefore, the evening 

peak is controlled in its phase via the circadian clock. When analyzing the recordings 

with the morning peak of activity, we found a significant rise of activity at ZT 22-1. 

Table 6.1: Neuronal activity pattern during 24-48 hours in the Madeira cockroach. 

Preparations: E-peak M-peak 1 h 1 µM PDF-treatment

100% 
(20 p)

80% 
(n=16 p)

20% 
(n=4 p)

20% 
(n=4 p of 20 p)
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Fig. 6.4: Extracellular 36 h - long loose patch-clamp recording of the accessory medulla (AME) 
in vivo revealed a morning peak in the daily neuronal activity of the cockroach circadian clock. 
Original recording (A, D, G), mean action potential frequency (MF) (B, E, H), and instantaneous 
frequency (1/interevent-intervals, ISF) plots (C, F, I) of the circadian clock of the Madeira cockroach 

from Zeitgeber time (ZT) 24 to ZT 12. An irregular repetitive pattern of synchronization generating 
ensembles of neurons that fire with the same elevated frequency emerged at around ZT 6. The ISF 
plot revealed bursts of activity at ZT 6 before ensemble formation (parallel lines) occurred. A prominent 

maximum of activity occurred at dusk, at ~ZT 9 to ZT 15 (light:dark = LD 12:12) before a morning peak 

occurred at dawn, around ~ZT 23 to ZT 24.   
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Fig. 6.5: Extracellular 40 h - long loose patch-clamp recording of the accessory medulla (AME) 
in vivo revealed a morning and an evening peak in the daily neuronal activity of the cockroach 
circadian clock. Original recording (A, C, E, G) and instantaneous frequency (1/interevent-intervals, 
ISF) plots (B, D, F, H) of the circadian clock of the Madeira cockroach from ZT 24 to ZT 12. The ISF 
plot revealed a prominent morning peak occurred at dawn, at ~ZT 24 and a prominent evening peak 

emerged at dusk, around ~ZT 12 to ZT 13 (light:dark = LD 12:12).   
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Fig. 6.6: (A) Statistical analysis of all extracellular long-term loose-patch clamp recordings 
(n=20) of the accessory medulla (AME) in vivo revealed a prominent evening peak. (B) Fewer 

recordings (n=4) in addition to the evening peak also expressed a much smaller morning peak in the 
daily mean action potential frequency (MF) of the circadian clock. (A, B) Box plot columns represent 
the (±SEM) of changes in the MF (events/h) (n = 20 cockroaches). Asterisks indicate significant 

differences in the daily neuronal activity pattern of AME neurons (P<0.05, one-way ANOVA, followed 
by Tukey post hoc test; GraphPad Prism6 Software).  
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6.2  AME neurons were either activated or inhibited by PDF application in vivo 

Since in the fruit fly M-oscillators are PDF-expressing circadian clock neurons we 

hypothesized that PDF-expressing neurons in the Madeira cockroach could also be 

M oscillator neurons that constitute the M peak. Extracellular loose patch-clamp 

recordings in the intact AME network were performed to determine PDF actions in 

vivo (n = 86 in 67 male cockroaches) (Figs. 6.7 A-F; 6.8 A-F; S2 A-I; S3 A-I; S4 A-H; 

Tables 6.2; 6.3). Micro-ejector applications of PDF (500 nM and 1µM) applied to the 

AME either inhibited (n=24 of 86; 28%; 18 of 67 cockroaches, Figs. 6.7 A-C; 6.8 A-

C; S2 A-I; S3 A-I; S4 A-B and E-F; Table 6.2) or activated (n=31 of 86; 36 %; 19 of 

67 cockroaches, Figs. 6.7 D-F; 6.8 D-F; S4 C-D and G-H; Table 6.2) electrical 

activity. In 24% of the recordings (n=21 of 86, 20 of 67 cockroaches) PDF was not 

effective. Inhibitory/excitatory PDF-responses occurred within 4.559 ± 3.735 to 94.40 

± 117.4 s (S4 A-B and E-F; Table 6.2; 6.3) after treatment. Excitatory responses to 

PDF reversed within 157.4 ± 191.8 to 309.3 ± 474.1 s to baseline levels (depending 

on concentrations applied). Inhibitory responses to PDF disappeared within 125.7 ± 

126.5 to 129.6 ± 143.0 s (S4 C-D and G-H; Table 6.2; 6.3). In contrast to excised 

AME studies (Schneider and Stengl, 2005), in vivo recordings revealed in 12% (n=10 

of 86 in 10 of 67 cockroaches) in 24 h recordings (see chapter 7: Fig. 7.32; 7.33; S5; 

S6; Table 6.2; 6.3) long-duration bursts in the AME. Paired t-tests confirmed that 

PDF-responses were dose-dependent for all PDF-response types (Fig. 6.7 A-F; S4 

A-H; Table 6.2). PDF effects were not ZT-dependent, but rather, cell-type specific, 

since excitatory and inhibitory responses were achieved during day and night. 

Furthermore, changing the electrode position revealed excitatory or inhibitory effects. 

In addition, also in vitro studies showed no ZT-dependent differences but rather cell-

type specific responses (see chapter 5; Gestrich et al., 2018) (Fig. S2 A-I ZT 9; S3 

A-I ZT 18). 
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Fig. 6.7: In extracellular loose patch-clamp recordings of the cockroach clock in vivo PDF 
dose-dependently inhibited or activated action potential activity. Original recording of two 

different cockroaches (A, D), mean action potential frequency (MF) (B, E), and instantaneous 
frequency (ISF) plots (C, F) show electrical activity of the circadian clock of the Madeira cockroach at 
ZT 7 and 20. Application of (0.1 µl or 1 µM of 500 nM) PDF inhibited (A-C) or activated (D-F) multi-unit 

activity (MUA) of clock neurons The ISF blot (F) illustrates that PDF-dependent activation elicits 
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bursting which gets more transient at higher doses. Gaps between recordings indicate periods of 

washing. Time scales 10 s in (A-C) and 25 s in (D-F). 

"  

Fig. 6.8: Statistical analysis reveals that PDF-dependent inhibitions and activations of 
accessory medulla (AME) neurons were significantly different from controls. From data (28% 
inhibitions n=24 of 18 cockroaches and 36% activations n=31 of 19 cockroaches) box plot columns 

were calculated that denote changes (±SEM) in the multi-unit action (MUA) potential frequency (A, D), 
in the instantaneous frequencies (B, E) and in electrical event amplitudes (C, F). Applications of PDF 
(0.1 µl 500 nM, 1 µM) were compared to 0.1 µl vehicle controls. For details in differences of PDF 

concentration see Appendix supplementary figure S4 A-H. Asterisks indicate significant effects 
(P<0.05) of PDF applications. Data were analyzed by paired t-test (GraphPad Prism6 Software). 

Table 6.2: Overview of AME neurons reactions after PDF treatment in vivo. 

Preparations: Inhibition Activation Long term bursting No reaction

100% 
(67 p)

27% 
(18 p)

28% 
(19 p)

15% 
(10 p)

30% 
(20 p)

100% 
 (n=86)

28% 
(n=24)

36% 
(n=31)

12%  
(n=10)

24% 
(n=21)
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Table 6.3: PDF treatment of 500 nM and 1 µM displayed inhibitions and activations in extracellular 
loose patch-clamp recordings of AME neurons in vivo (p = total number of preparations; ± standard 
error of deviation). 

6.3 Excitatory effects of PDF were long-lasting  

Previously, we found that PDF-releasing PDFMEs possess excitatory autoreceptors 

for PDF, suggesting that PDF can recruit PDF-release via positive feedforward over 

longer time intervals than stimulus durations (Gestrich et al., 2018). Thus, in AME 

recordings that lasted over 48 h (n=20) the duration of PDF (1 hr of 1 µM PDF) 

effects were examined. In 20% (n=4 of 20) of all long-term recordings PDF treatment 

caused long-duration bursts that lasted up to 4 hrs, before returning back to control 

levels (Figs. 6.9; 6.10; 6.11; 6.13). In all of these recordings, PDF application 

delayed the evening peak of electrical activity of AME neurons for approximately 2 

hrs (n=4) (Fig. 6.9 A-L; 6.12; 6.13 A-L; Table 6.1). Thus, PDF can produce long-

lasting bursts that outlast PDF application time, characteristic for neuropeptide 

release via autoreceptor-dependent positive feedforward (Gestrich et al., 2018). Two-

way ANOVA revealed a significant effect of PDF treatment (F=19.79, P<0.0001), but 

there was neither a significant effect of time (F=0.539, P=0.834) nor treatment x time 

interaction between both days (F=0.469, P=0.891). Although the interaction was not 

significant, in single recordings action of PDF remained 2–4 hrs after treatment (Fig.

6.14 A-B; post hoc Bonferroni method, P<0.05). 

PDF 500 nM Latency 
[s]

Duration 
[s]

1µM Latency 
[s]

Duration 
[s]

Inhibition  (18 p) 23% 
(n=20)

16.88 ± 
42.71

125.7 ± 126.5 28% 
(n=24)

4.559 ± 
3.735

129.6 ± 143.0

Activation (19 p) 33% 
(n=28)

94.40 ± 
117.4

157.4 ± 191.8 36% 
(n=31)

41.21 ± 
49.46

309.3 ± 474.1

Long-term bursting 
(10 p)

4% 
(n=4)

94.40 ± 
117.4

3688 ± 2453 
 

12% 
(n=10)

41.21 ± 
49.46

15840 ± 
15815
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Fig. 6.9: PDF-application to a morning (M)-cell increased action potential activity, enhanced 
ensemble formation, and delayed the E-peak at Zeitgeber time (ZT) 12.30. Application of brief 
pulses of PDF caused long-lasting bursting of accessory medulla (AME) neurons in vivo. (A, D, G, J) 
One example of a 48 h long-term recording of the circadian clock in vivo is shown in 12-h light:12-h 

dark (LD). During both days recorded the clock neurons changed their neuronal activity pattern ZT-
dependently, with an activity peak around ZT 10 that decreased again at ZT 12, and a morning peak 
around ZT 23. One hour treatment with 1 µM PDF caused long-lasting bursts of activity in AME 

neurons (G, H). Mean action potential frequency (MF) (B, E, H, K) and  instantaneous frequency (1/
intereventintervals, ISF) (C, F, I, L) plots revealed bursts of activity around ZT 10-12 and ZT 23-1, just 
before an evening peak and a morning peak emerged. After 1 µM PDF application from ZT 3 to ZT 4 

the frequency of electrical activity increased and clustered into bursts, which continued for hours. In 
contrast to the day before, the evening peak was delayed after PDF application. Details were shown in 
Fig. 6.10 (M-O), Fig. 6.11 (a1-c1, a2-c2) and Fig. 6.12 (d1-f1, d2-f2) at expanded time scales. Recording 

was sampled by Dr. Hong Ying Wei and analyzed as well as prepared by myself. The figure plate was 
prepared by myself.   
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Fig. 6.10: The expanded time scale of Fig. 6.9 shows bursting of accessory medulla (AME) 

neurons after 1 µM PDF application in vivo at Zeitgeber time (ZT) 3. (M) Original extracellular 

loose-patch clamp recording displays oscillations of multi-unit activity (MUA) after 1 µM PDF treatment 

as shown by mean action potential frequency (MF) (N) and (O) instantaneous frequency (1/

intereventintervals, ISF) plots which revealed bursts of activity. Details of MUA is shown in (m-o). Time 

scales 15 s in (M-O) and 200 ms in (m-o). Recording was sampled by Dr. Hong Ying Wei and 

analyzed as well as prepared by myself. The figure plate was prepared by myself.   
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Fig. 6.11: The expanded time scale of Fig. 6.9 show long-lasting bursts of activity in accessory 
medulla (AME) neurons after 1 µM PDF application in vivo at Zeitgeber time (ZT) 6 in contrast to 
the day before. (a1, a2) Original extracellular loose patch-clamp recording displays oscillations of 
multi-unit activity (MUA) after 1 µM PDF treatment as shown by mean action potential frequency (MF) 
(b1, b2) and (c1, c2) instantaneous frequency (1/intereventintervals, ISF) plots which revealed bursts of 
activity in contrast to ZT 6 before. Time scales 5 min in (a1-c1) and (a2-c2). Recording was sampled by 

Dr. Hong Ying Wei and analyzed as well as prepared by myself. The figure plate was prepared by 
myself.   
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Fig. 6.12: The expanded time scale of Fig. 6.9 shows a delayed E-peak of accessory medulla 
(AME) neurons at Zeitgeber time (ZT) 12.30 after 1 µM PDF application in vivo. (d1, d2) Original 
extracellular loose patch-clamp recording trace displays multi-unit activity (MUA) as shown by mean 

action potential frequency (MF) (e1, e2) and (f1, f2) instantaneous frequency (1/intereventintervals, ISF) 
plots. In contrast to the day before, the evening peak was delayed after 1 µM PDF application. Time 
scales 100 s in (d1-f1) and (d2-f2). Recording was sampled by Dr. Hong Ying Wei and analyzed as well 

as prepared by myself. The figure plate was prepared by myself.   
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Fig. 6.13: PDF-application to a morning (M)-cell increased action potential activity, enhanced 
ensemble formation, and delayed the E-peak at Zeitgeber time ZT 13. Application of brief pulses 
of PDF caused long-lasting bursting of accessory medulla (AME) neurons in vivo. (A, D, G, J) One 
example of a 48 h long-term recording of the circadian clock in vivo is shown in 12-hrs light:12-hrs 

dark (LD). During both days recorded the clock neurons changed their neuronal activity pattern ZT-
dependently, with an activity peak around ZT 10 that decreased again at ZT 12, and a morning peak 
around ZT 23. One hour treatment with 1 µM PDF caused long-lasting bursts of activity in AME 

neurons (G, H) (B, E, H, K). Mean action potential frequency (MF) and (C, F, I, L) instantaneous 
frequency (1/intereventintervals, ISF) plots revealed bursts of activity around ZT 10-12 and ZT 23-1, 
just before an evening peak and a morning peak emerged. After 1 µM PDF application from ZT 2 to ZT 

3 the frequency of electrical activity increased and clustered into bursts, which continued for hours. In 
contrast to the day before, the evening peak was delayed after PDF application. Recording was 
sampled by Dr. Hong Ying Wei and analyzed as well as prepared by myself. The figure plate was 

prepared by myself.   

"  
Fig. 6.14: PDF application increased action potential activity in accessory medulla (AME) 
neurons over hours. Box plot columns illustrate the number of electrical events per hour (±SEM) 

recorded at specific Zeitgeber times (ZTs) the day before (left), and the day after (right) application of 1 
µM PDF for 1 hour (20%, n=4 of 20 cockroaches). After PDF application activity rises and declines 
slower as compared to the same ZTs the day before. Two-way ANOVA analysis followed by the 

Bonferroni method for multiple comparisons denotes that PDF application elevated activity as 
compared to the ZTs before PDF application (F =19.79, P<0.0001). Overall activity amplitudes did not 
differ between the two days (F=0.539, P=0.834) and no interaction between both days was found 

(F=0.469, P = 0.891) (GraphPad Prism6 Software). 

6.4 Summary: Extracellular loose patch-clamp recordings revealed a prominent 

evening peak and a slight morning peak. PDF treatment resulted in activations and 

inhibitions throughout day and night (rest and activity). Moreover, PDF treatment 

displayed long-lasting bursting patterns. 
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7  Light sensitive AME neurons and function of PDF in the Madeira cockroach  

Next to the general activity properties of AME cells and their different responses to 

PDF, I further investigated the role of light-sensitive neurons in the AME concerning 

to PDF. Since intracellular recordings have limitations, in the fact of performing only 

short-term recordings about one hour (Fig. S1) or shorter, I performed further 

extracellular loose patch-clamp recordings to investigate the light sensitivity of AME 

neurons throughout the day. Later, I also analyzed the effect of PDF on light-sensitive 

neurons as well as the effect of PDF if AME neurons displayed no or only slight light 

sensitivity. Moreover, after 1 µM PDF application extracellular loose patch-clamp 

recordings were performed up to 24 hours to investigate whether light-sensitive 

neurons also show long-lasting changes in neuronal activity, as shown in the 

previous chapter 6.  

7.1 Results 

7.1.1 In extracellular loose patch-clamp recordings of clock neurons in vivo 

responses to low levels of light were observed at all projected ZTs tested 

Physiological responses were used to confirm that the electrode was placed in a 

light-responsive region of the AME. To examine whether AME neurons react to light 

at low intensities, two consecutive stimulus ramps from 55 to 2 Lux were applied for 

white light and green light. The first ramp of white light elicited a transient on-

response in action potential frequency at the highest light intensity, followed either by 

a sustained or slowly declining action potential response throughout the light 

exposure. The response to white light adapted after the first ramp and did not 

increase further in frequency during the subsequently applied second ramp of 55-2  
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Fig. 7.1 A-X: Green light and also to some extend white light activates accessory medulla 
(AME) neurons at all projected Zeitgeber times (ZTs) tested. Extracellular loose-patch clamp 
recordings of AME neurons were performed in vivo at different projected ZTs during the light (open 
bar) or dark phase (black bar). At projected ZT 5 to ZT 21 light stimuli of 2 seconds ramps of 

continuously decreasing intensity of white or green light (55-25-5-2-55-25-5-2 Lux; 2 s per stimulus) 
were applied. Original recordings (A; D; G; J; M; P; S; V), showed single-unit activity (SUA) of AME 
neurons). Field potentials could be distinguished from SUA (D; J; M; P; V). AME neurons responded 

dose-dependently to light stimuli of different intensities of white- or green light. Mean action potential 

frequency (MF) (B; E; H; K; N; Q; T; W) and the instantaneous frequency (1/interevent-intervals, 
ISF) (C; F; I; L; O; R; U; X) plots. 12% (n = 10 of 67 cockroaches) of the light-sensitive neurons 

revealed also off-responses (G-I). In contrast to white light, responses to green light showed less 
adaptation and the cells responded more reliably also to the second light ramp. Details were shown in 
expanded time scales (Figs. 7.2- 7.17). Time scales 2 s in (A-X).   

Lux (46.5% n = 40 of 86 in 20 of 67 cockroaches) (Figs. 7.1 A-X; 7.2-7.17; 7.18 A-F). 

In contrast to white light responses, action potential responses to green light adapted 

and dis-adapted faster, encoding light intensity changes more reliably. Thus, the AME 

cells responded to both consecutive ramps of green light (46.5% n = 40 of 86 in 20 of 

67 cockroaches) (Figs. 7 A-X; 7.2-7.17; 7.18 A-F). AME neurons reacted to white 

light within a latency period of 44.25 ± 3.839 ms. Green light responses were 

achieved after 44.72 ± 6.323 ms. Light responses were analyzed with one-way Anova, 

followed by Tukey post hoc test (Fig. 7.18 A-F). White light sensitive AME neurons 

reacted also to green light at low intensities (46.5% n = 40 of 86 in 20 of 67 

cockroaches) and responded also in all six tested cockroaches to UV light (n=6 of 6; 

100%; Figs. 7.18 G-I; S5; S7; S10). Since these recordings were clearly only from a 

single cell and not from a population of AME neurons, this suggests that the AME 

recorded were not narrowly tuned, but respond to broadband wavelengths. No 

differences in light-response characteristics were detected at different ZTs. 

Furthermore, usually light stimuli did neither result in ensemble formation nor in long-

term changes of spike patterns of AME neurons recorded. 
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Fig. 7.2: The expanded time scale of Fig. 7.1 displays excitatory responses to ramps of white 
light at projected Zeitgeber time (p ZT) 5. Continuously decreasing intensity ramps of white light 

(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (a) shows 
increased spiking rate after 43 ms as displayed by the mean action potential frequency (MF) (b) and 
the instantaneous frequency (1/interevent-intervals, ISF) (c) plots. In addition, field potentials emerged 

after light on and off. Details of excitatory response after 55 Lux light exposure is shown at expanded 
time scale in (a1-c1). Time scales 2 s in (a-c) and 100 ms in (a1-c1).   
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Fig. 7.3: The expanded time scale of Fig. 7.1 shows a phasic-tonic response to ramps of green 
light at projected Zeitgeber time (p ZT) 5. Continuously decreasing intensity ramps of green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (d) shows 
increased spiking rate after 44 ms as displayed by the mean action potential frequency (MF) (e) and 

the instantaneous frequency (1/interevent-intervals, ISF) (f) plots. In addition, field potentials emerged 
after light on and off. Details of phasic-tonic response after 55 Lux light exposure is shown at 
expanded time scale in (d1-f1). Time scales 2 s in (d-f) and 100 ms in (d1-f1).   
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Fig. 7.4: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 6. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (g) shows 
increased spiking rate after 43 ms as displayed by the mean action potential frequency (MF) (h) and 

the instantaneous frequency (1/interevent-intervals, ISF) (i) plots. In addition, field potentials emerged 
after light on and off. Details of phasic-tonic response after 55 Lux light exposure is shown at 
expanded time scale in (g1-i1). Time scales 2 s in (g-h) and 100 ms in (g1-i1).   
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Fig. 7.5: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
green light at projected Zeitgeber time (p ZT) 6. Continuously decreasing intensity ramps of green 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (j) shows 
increased spiking rate after 43 ms as displayed by the mean action potential frequency (MF) (k) and 
the instantaneous frequency (1/interevent-intervals, ISF) (l) plots. In addition, field potentials emerged 

after light on and off. Details of phasic-tonic response after 55 Lux light exposure is shown at 
expanded time scale in (j1-l1). Time scales 2 s in (j-l) and 100 ms in (j1-l1).   
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Fig. 7.6: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of white 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (m) shows 
increased spiking rate after 40 ms as displayed by the mean action potential frequency (MF) (n) and 
the instantaneous frequency (1/interevent-intervals, ISF) (o) plots. Here, a light off-response is shown. 

Details of phasic-tonic response after 55 Lux light exposure is shown at expanded time scale in (m1-
o1). Time scales 2 s in (m-o) and 100 ms in (m1-o1).  
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Fig. 7.7: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
green light at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of green 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (p) shows 
increased spiking rate after 40 ms as displayed by the mean action potential frequency (MF) (q) and 
the instantaneous frequency (1/interevent-intervals, ISF) (r) plots. Here, a slight light off-response is 

shown. Details of phasic-tonic response after 55 Lux light exposure is shown at expanded time scale 
in (p1-r1). Time scales 2 s in (p-r) and 100 ms in (p1-r1).   
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Fig. 7.8: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (s) shows 

increased spiking rate after 44 ms as displayed by the mean action potential frequency (MF) (t) and 
the instantaneous frequency (1/interevent-intervals, ISF) (u) plots. Details of phasic-tonic response 
after 55 Lux light exposure is shown at expanded time scale in (s1-u1). Time scales 2 s in (s-u) and 

100 ms in (s1-u1). 
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Fig. 7.9: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
green light at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of green 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (v) shows 
increased spiking rate after 44 ms as displayed by the mean action potential frequency (MF) (w) and 
the instantaneous frequency (1/interevent-intervals, ISF) (x) plots. Details of phasic-tonic response 

after 55 Lux light exposure is shown at expanded time scale in (v1-x1). Time scales 2 s in (v-x) and 
100 ms in (v1-x1).   
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Fig. 7.10: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 15. Continuously decreasing intensity ramps of white 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (a) shows 
increased spiking rate after 42 ms as displayed by the mean action potential frequency (MF) (b) and 
the instantaneous frequency (1/interevent-intervals, ISF) (c) plots. Details of phasic-tonic response 

after 55 Lux light exposure is shown at expanded time scale in (a1-c1). Time scales 2 s in (a-c) and 
100 ms in (a1-c1). 
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Fig. 7.11: The expanded time scale of Fig. 7.1 shows a phasic-tonic response to ramps of green 
light at projected Zeitgeber time (p ZT) 15. Continuously decreasing intensity ramps of green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (d) shows 

increased spiking rate after 42 ms as displayed by the mean action potential frequency (MF) (e) and 
the instantaneous frequency (1/interevent-intervals, ISF) (f) plots. Details of phasic-tonic response 
after 55 Lux light exposure is shown at expanded time scale in (d1-f1). Time scales 2 s in (d-f) and 100 

ms in (d1-f1).   
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Fig. 7.12: The expanded time scale of Fig. 7.1 shows excitatory responses to ramps of white 
light at projected Zeitgeber time (p ZT) 16. Continuously decreasing intensity ramps of white light 

(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (g) shows 
increased spiking rate after 44 ms as displayed by the mean action potential frequency (MF) (h) and 
the instantaneous frequency (1/interevent-intervals, ISF) (i) plots. In addition, field potentials emerged 

after light on and off. Details of excitatory responses after 55 Lux light exposure is shown at expanded 
time scale in (g1-i1). Time scales 2 s in (g-h) and 100 ms in (g1-i1).   
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Fig. 7.13: The expanded time scale of Fig. 7.1 displays excitatory responses to ramps of green 
light at projected Zeitgeber time (p ZT) 16. Continuously decreasing intensity ramps of green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (j) shows 
increased spiking rate after 44 ms as displayed by the mean action potential frequency (MF) (k) and 

the instantaneous frequency (1/interevent-intervals, ISF) (l) plots. In addition, field potentials emerged 
after light on and decreasing intensities. Details of excitatory responses after 55 Lux light exposure is 
shown at expanded time scale in (j1-l1). Time scales 2 s in (j-l) and 100 ms in (j1-l1).   
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Fig. 7.14: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 20. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (m) shows 
increased spiking rate after 42 ms as displayed by the mean action potential frequency (MF) (n) and 

the instantaneous frequency (1/interevent-intervals, ISF) (o) plots. In addition, field potentials emerged 
after light on and off. Details of phasic-tonic response after 55 Lux light exposure is shown at 
expanded time scale in (m1-o1). Time scales 2 s in (m-o) and 100 ms in (m1-o1).  
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Fig. 7.15: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
green light at projected Zeitgeber time (p ZT) 20. Continuously decreasing intensity ramps of green 

light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (p) shows 
increased spiking rate after 43 ms as displayed by the mean action potential frequency (MF) (q) and 
the instantaneous frequency (1/interevent-intervals, ISF) (r) plots. Here, field potentials emerged after 

light on and decreasing intensities. Details of phasic-tonic response after 55 Lux light exposure is 
shown at expanded time scale in (p1-r1). Time scales 2 s in (p-r) and 100 ms in (p1-r1).   
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Fig. 7.16: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
white light at projected Zeitgeber time (p ZT) 21. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (s) shows 

increased spiking rate after 39 ms as displayed by the mean action potential frequency (MF) (t) and 
the instantaneous frequency (1/interevent-intervals, ISF) (u) plots. In addition, field potentials emerged 
after light on and off. Details of phasic-tonic response after 55 Lux light exposure is shown at 

expanded time scale in (s1-u1). Time scales 2 s in (s-u) and 100 ms in (s1-u1). 
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Fig. 7.17: The expanded time scale of Fig. 7.1 displays a phasic-tonic response to ramps of 
green light at projected Zeitgeber time (p ZT) 21. Continuously decreasing intensity ramps of green 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Original recording trace (v) shows 

increased spiking rate after 39 ms as displayed by the mean action potential frequency (MF) (w) and 
the instantaneous frequency (1/interevent-intervals, ISF) (x) plots. Here, next to single unit activity, 
field potentials emerged after light on and decreasing intensities. Details of phasic-tonic response after 

55 Lux light exposure is shown at expanded time scale in (v1-x1). Time scales 2 s in (v-x) and 100 ms 
in (v1-x1).   
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Fig. 7.18: Accessory medulla (AME) neurons responded dose dependently to different low 
white as well as green light intensities. Furthermore, they responded in all six (100%, n=6 of 6 

tested cockroaches) tested 50 Lux UV light stimuli exposure (S5; S7; S10). Box plot columns denote 
the (±SEM) of changes in single and multi-unit action potential frequencies in Hz (A, D, G), in 
instantaneous frequencies (Hz; B, E, H) and in amplitudes (C, F, I) after low white and green light 

decreasing intensity (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) (p = 20 of 67 cockroaches; 30%) or 
50 Lux (steps, 2-10 s each stimuli) UV light illumination. Asterisks indicate significant difference (P < 

0.05) compared to controls analyzed by one-way ANOVA, followed by Tukey post hoc test or paired t-
test (P< 0.05) (GraphPad Prism6 Software). 

7.2 Light responses of AME neurons were either inhibited or activated by PDF  

The AME neurons recorded responded to light of different wavelengths at low light 

intensities at all ZTs (n=40 of 86 in 20 of 67 cockroaches; 46.5%), while the clock is 

affected by light only at dusk and dawn. Thus, I investigated further, whether light 

responses of AME neurons could be modulated by PDF. Altogether 25.5% (n=22 of 
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86 neurons; 12 of 67 cockroaches) of light sensitive AME neurons reacted to PDF 

(Figs. 7.19–7.31; S5-S15; Table 7.1). 13% (n=11 of 86; 7 of 67 cockroaches) were 

inhibited (Figs. 7.19–7.27; S12-13; Table 7.1) and 10.5% (n=9 in 4 of 67 

cockroaches) were activated during ZT 3-9 and 15-21 (Figs. 7.28–7.31; S4-S11; 

Table 7.1). After washing out PDF the light responses came back to control levels in 

all of the PDF- and light-sensitive AME neurons (n=21 of 86; 24.4%). No changes in 

latency of light responses were observed after PDF treatment (n=21 of 86; 24.4%). In 

contrast to controls (n=77 tested of 86 in 67 of 67 cockroaches) all light sensitive 

neurons that were activated by PDF reacted stronger and with increased spiking 

rates, reflected by the MF at low light intensities in the range of 5-2 Lux after PDF 

application (n=9 in 4 of 67 cockroaches; 10.5%) (Fig. 7.28-7.31). In 5% (n=4 of 86; 4 

of 67 cockroaches) of AME neurons that were inhibited by PDF, light responses to 

white and green light were not affected at ZT 4-8 and 11-23. In two of the 11 light-

sensitive neurons that were activated by PDF (2%; n=2 of 86 in 1 of 67 cockroaches; 

2%) clock neurons were first activated by PDF at ZT 19 and white and green light 

responses after treatment before or during applied ramps, suggesting a shift in light 

response pattern (Fig. 7.23-7.26; Table 7.1). Two-way ANOVA, followed by Bonferroni 

post hoc test (P<0.05) was performed to test for light conditions and treatment effects 

(Figs. 7.27 A-F; 7.31 A-F). Application of PDF significantly inhibited AME neurons 

(n=11; F=5.749, P=0.0041; F=9.730, P<0.0001) that responded to white light stimuli 

(F=9.925, P<0.0001) and green light stimuli (F=6.098, P=0.0031). But there was no 

interaction of treatment and light exposure (F=1.056, P=0.399; F=1.250, P=0.2043). 

Activations of light sensitive AME neurons were effective in PDF application (n=9; 

F=4.459, P=0.0070) as well as low white light intensity exposure (F=22.38, 

P<0.0001). Also low green light intensity exposure (F=13.31, P<0.0001) and PDF 
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Fig. 7.19: Circadian clock neurons decreased their responses to white and green light after 
PDF application at projected Zeitgeber time (p ZT) 8. (A, D, G) Original loose patch-clamp 
recording displays multi-unit activity (MUA) of PDF-sensitive clock neurons. Application of 0.1 µl 500 
nM (D-F) and 1 µM PDF (G-I) inhibited AME neurons. After 500 nM PDF application, AME neurons still 

exhibited sensitivity to low levels of white and green light. During constant 55 Lux light exposure AME 
neurons were inhibited by 1 µM PDF. Afterwards they ceased to react to the applied ramp stimuli of 
55-25-5-2-55-25-5-2 Lux (2 s each stimulus). After 14 s of washing off PDF their light responses 

recovered. (B, E, H) Mean action potential frequency (MF) and (C, F, I) instantaneous frequency (1/
interevent-intervals, ISF) plots further illustrate inhibitions of electrical activity after 500 nM and 1 µM 
application. Details were shown in expanded time scales of Figs. 7.20 (a1-3–c1-3), 7.21 (d1-3–f1-3) and 

7.22 (G1-I1). Time scales 2 s in (A - I). 

treatment (F=4.388, P=0.0076) were effective. This analysis revealed a significant 

effect of both condition and white (F=2.582, P<0.0001) as well as green light 

exposure (F=2.159, P=0.0013). These results demonstrate that photic information is 

still reaching AME neurons after PDF application, although light sensitive neurons 

were inhibited before. Interestingly, activations via PDF treatment of low white and 

green light sensitive neurons resulted in an interaction, suggesting that PDF could 

modulate light sensitive neurons, especially if they displayed only weak light field 

potentials before PDF treatment (Fig. S5-S6).  
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Fig. 7.20: The expanded time scale of Fig. 7.19 shows the decreased response to white light 
after PDF application at projected Zeitgeber time (p ZT) 8. Continuously decreasing intensity 
ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (a1, a2, 
a3) shows decreased amplitude and spiking rate of multi-unit activity (MUA) to decreasing white light 
illumination after 500 nM PDF application and AME neurons exhibited no more white light response 
after 1 µM PDF treatment as displayed by the mean action potential frequency (MF) (b1, b2, b3) and 

the instantaneous frequency (1/interevent-intervals, ISF) plots (c1, c2, c3). Time scales 2 s in (a1-3–
c1-3). 

Table 7.1: Reaction-types of insensitive light or light sensitive neurons after each 500 nM and 1µM 
PDF treatment in 67 tested cockroaches (n=86) in vivo.

(Note: ↑: light sensitive; ↓: not light sensitive; - : PDF reaction is not changing light sensitivity), 16 
cockroaches didn't show any reaction after PDF treatment.  

Response AME neurons Inhibition Activation

- Light sensitive  15%  (n=13 of 11 p)  10.5% (n= 9 of   3 p)

↑ Light sensitive ↓  13%  (n=11 of   7 p)   2%     (n= 2 of   1 p)

-  Light sensitive ↑  -  13%    (n=11of   11p)

↑ Light sensitive ↑ -  10.5% (n= 9 of    4p)

↑ Light sensitive -   5%   (n= 4 of   4 p)  -

-  Bursting light sensitive ↑ -  15%    (n=10 of 10 p)
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Fig. 7.21: The expanded time scale of Fig. 7.19 shows the decreased response to green light 
after PDF application at projected Zeitgeber time (p ZT) 8. Continuously decreasing intensity 
ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (d1, d2, 
d3) shows decreased amplitude and spiking rate of multi-unit activity (MUA) to decreasing green light 
illumination after 500 nM PDF application and AME neurons exhibited slight green light response after 
1 µM PDF treatment as displayed by the mean action potential frequency (MF) (e1, e2, e3) and the 

instantaneous frequency (1/interevent-intervals, ISF) plots (f1, f2, f3). Here, green light responses were 
not completely inhibited and appeared back. Time scales 2 s in (d1-3–f1-3). 
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Fig. 7.22: The expanded time scale of Fig. 7.19 (G-I) shows inhibition of multi-unit activity 
(MUA) after 1 µM PDF application at 500 Lux white light illumination. (G1) Original loose patch-
clamp recording trace displays PDF-sensitive clock neurons. Application of 0.1 µl 1 µM PDF resulted 
in a decreased spiking rate at 500 Lux white light exposure, thus inhibiting light sensitive AME neurons 

as mirrored by the mean action potential frequency (MF) (H1) and the instantaneous frequency (1/
interevent-intervals, ISF) plots (I1). Time scales 2 s in (G1–I1). 
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Fig. 7.23: Circadian clock neurons abolished their responses to white and green light after 1 
µM PDF application at projected Zeitgeber time (p ZT) 19 and emerged oscillations. 
Continuously decreasing intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) 
were applied. (A) Original loose patch-clamp recording shows multi-unit activity (MUA) PDF-sensitive 
clock neurons. Application of 0.1 µl 1 µM PDF inhibited AME neurons. (B) Mean action potential 

frequency (MF) and (C) instantaneous frequency (1/interevent-intervals, ISF) plots further illustrate the 
emerging oscillations of electrical activity after 1 µM application. Details were shown in expanded time 
scales of Figs. 7.24 (A-I), 7.25 (a1-3–c1-3) and 7.26 (d1-3–f1-3). Time scales 2 s in (A - C). 
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Fig. 7.24: Circadian clock neurons of Fig. 7.23 abolished their responses to white and green 
light after 1 µM PDF application at projected Zeitgeber time (p ZT) 19. Continuously decreasing 
intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. (A, D, G) 
Original loose patch-clamp recording shows multi-unit activity (MUA) PDF-sensitive clock neurons. 

Application of 0.1 µl 500 nM PDF (D-F) first activated AME neurons and increased the response to 
ramps of white and green light before 1 µM PDF (G-I) completely abolished light responses at both 
wavelengths. (B, E, H) Mean action potential frequency (MF) and (C, F, I) instantaneous frequency (1/

interevent-intervals, ISF) plots further illustrate the activation and inhibition of electrical activity after 
500 nM and 1 µM application. Details were shown in expanded time scales of Figs. 7.25 (a1-3–c1-3) 

and 7.26 (d1-3–f1-3). Time scales 2 s in (A - I). 
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Fig. 7.25: The expanded time scale of Fig. 7.24 shows the increased and abolished response to 
white light after PDF application at projected Zeitgeber time (p ZT) 19. Continuously decreasing 
intensity ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light 
responses were compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original 

recording trace (a1, a2, a3) shows first the increased amplitude and spiking rate of multi-unit activity 
(MUA) to decreasing white light illumination after 500 nM PDF treatment. AME neurons exhibited no 
more white light responses after 1 µM PDF treatment as displayed by the mean action potential 

frequency (MF) (b1, b2, b3) and the instantaneous frequency (1/interevent-intervals, ISF) plots (c1, c2, 
c3). Time scales 2 s in (a1-3–c1-3). 
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Fig. 7.26: The expanded time scale of Fig. 7.24 shows the increased and abolished response to 
green light after PDF application at projected Zeitgeber time (p ZT) 19. Continuously decreasing 
intensity ramps of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light 
responses were compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original 

recording trace (d1, d2, d3) shows first the increased amplitude and spiking rate of multi-unit activity 
(MUA) to decreasing green light illumination after 500 nM PDF treatment. AME neurons exhibited no 
more green light responses after 1 µM PDF treatment as displayed by the mean action potential 

frequency (MF) (e1, e2, e3) and the instantaneous frequency (1/interevent-intervals, ISF) plots (f1, f2, 
f3). Here, after 1 µM PDF application oscillations emerged at the end of the green light stimuli (d3-f3). 
Time scales 2 s in (d1-3–f1-3). 
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Fig. 7.27: Circadian clock neurons decreased their responses to white and green light after 
PDF application (n=11 of 7 cockroaches; 13%). Box plot columns denote the (±SEM) of changes in 

multi-unit action (MUA) potential frequency in Hz (D; G), in instantaneous frequencies (Hz; E; H) and 
in amplitudes (F; I) before and after low white and green light sensitive PDF treated AME neurons. 
Asterisks indicate significant difference (P<0.05) compared to controls analyzed by two-way ANOVA, 

followed by Bonferroni post hoc test. Treatment of 500 nM and 1 µM PDF (F=5.749, P=0.0041) as well 
as ramps of white light (F=9.925, P<0.0001) were effective but there was no interaction (F=1.056, 
P=0.399) between them. Also ramps of green light (F=6.098, P=0.0031) and 500 nM and 1 µM PDF 

application (F=9.730, P<0.0001) were effective. No interaction of green light intensity and treatment 

was found (F=1.250, P=0.2043) (GraphPad Prism6 Software). 
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Fig. 7.28: Circadian clock neurons increased their responses to white and green light after PDF 
application at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of white 
light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. (A, D, G) Original loose patch-clamp 
recording trace displays multi-unit activity (MUA) of PDF-sensitive clock neurons. Application of 0.1 µl 

500 nM (D-F) and 1 µM PDF (G-I) activated AME neurons. After 500 nM PDF application, AME 
neurons exhibited higher sensitivity to low levels of white and green light. Treatment of 1 µM PDF 
resulted in higher amplitudes of action potentials (B, E, H) Mean action potential frequency (MF) and 

(C, F, I) instantaneous frequency (1/interevent-intervals, ISF) plots are mirroring activations of 
electrical activity after 500 nM and 1 µM application. Details were shown in expanded time scales of 
Figs. 7.29 (a1-3–c1-3) and 7.30 (d1-3–f1-3). Time scales 2 s in (A - I). 
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Fig. 7.29: The expanded time scale of Fig. 7.28 shows the increased response to white light 
after PDF application at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity 
ramps of white light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (a1, a2, 
a3) shows increased amplitude and spiking rate of multi-unit activity (MUA) to decreasing white light 
illumination after 500 nM PDF application. AME neurons exhibited a stronger white light response (100 
Hz in contrast to 60 Hz before) after 1 µM PDF treatment as displayed by the mean action potential 

frequency (MF) (b1, b2, b3) and the instantaneous frequency (1/interevent-intervals, ISF) plots (c1, c2, 
c3). Time scales 2 s in (a1-3–c1-3). 
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Fig. 7.30: The expanded time scale of Fig. 7.28 shows the increased response to green light 
after PDF application at projected Zeitgeber time (p ZT) 7. Continuously decreasing intensity 
ramps of green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (d1, d2, 
d3) shows no difference in amplitude and spiking rate of multi-unit activity (MUA) to decreasing green 
light illumination after 500 nM PDF application. AME neurons exhibited an increased amplitude and 
spiking rate to green light illumination after 1 µM PDF treatment as displayed by the mean action 

potential frequency (Now 80 Hz in contrast to 50 Hz before, MF) (e1, e2, e3) and the instantaneous 
frequency (1/interevent-intervals, ISF) plots (f1, f2, f3). Time scales 2 s in (d1-3–f1-3). 

"
Fig. 7.31: Circadian clock neurons increased their responses to white and green light after PDF 
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application (n=9 of 4 cockroaches; 10.5%). Box plot columns denote the (±SEM) of changes in 

multi-unit action (MUA) potential frequency in Hz (D; G), in instantaneous frequencies (Hz; E; H) and 
in amplitudes (F; I) before and after low white and green light sensitive PDF treated AME neurons. 
Asterisks indicate significant difference (P<0.05) compared to controls analyzed by two-way ANOVA, 

followed by Bonferroni post hoc test. Treatment of 500 nM and 1 µM PDF (F=4.459, P=0.0070) as well 
as ramps of white light (F=22.38, P<0.0001) were effective and displayed an interaction (F = 2.582, P 
< 0.0001). Also ramps of green light (F=13.31, P<0.0001) and 500 nM and 1 µM PDF application 

(F=4.388, P=0.0076) were effective. An Interaction between ramps of green light and treatment was 
found (F=2.159, P=0.0013) (GraphPad Prism6 Software). 

7.3 PDF application exhibited oscillations in AME neurons and influenced light 

sensitivity at projected ZT 3-9 

PDF was applied to the ipsilateral AME to investigate whether PDF affected electrical 

activity. PDF treatment (1 µM) resulted in long-lasting changes in the ipsilateral AME 

(n=10 of 67 cockroaches; 15%) (Figs. 7.32; S5-S6). Furthermore, they displayed 

after PDF treatment at projected ZT 3-9 light sensitivity (Figs. 7.32; S5-S6). One-way 

ANOVA (n=10 of 67 cockroaches; 15%) revealed significant changes of activity 

patterns resulting in bursts (Fig. 7.33; Table 7.1).  
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Fig. 7.32: Circadian clock neurons exhibited long lasting oscillations and displayed also 
responses to white and green light after 1 µM PDF application at projected Zeitgeber time (p 
ZT) 9. (A, E) Original loose patch-clamp recording trace displays multi-unit activity (MUA) as well as 
field potentials of PDF-sensitive clock neurons. Application of 0.1 µl 1 µM PDF resulted in long-lasting 
oscillations in MUA (B, F) as well as field potentials (A, E). In addition, they responded to ramps of 

white and green light (C, G) Mean action potential frequency (MF) and (D, H) instantaneous frequency 
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(1/interevent-intervals, ISF) plots further illustrate the emerging oscillations of electrical activity after 1 

µM application.  
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Fig. 7.33: Long-lasting burst activity changes in ipsilateral accessory medullas (AMEs) 
generated long-term bursting activity for about 4 hours (n=10 of 67 cockroaches; 15%). Box plot 
columns represent the (±SEM) of changes in the multi-unit action (MUA) potential frequency in Hz (A), 
in instantaneous frequencies (Hz; B) and in amplitudes (C) after application of PDF (0.1 µl 1 µM) in 

contrast to 0.1 µl vehicle controls. (A-C) Asterisks indicate significant differences in the neuronal 
activity pattern of AME neurons (P<0.05, one-way ANOVA, followed by Tukey post hoc test; GraphPad 
Prism6 Software). 

7.4 Summary: In response to compound eye stimulation, light sensitive AME 

neurons showed increases in electrical impulse frequency to ramps of white and 

green light. Furthermore, light sensitive AME neurons reacted to ramps of green light 

more reliable in contrast to ramps of white light. Light sensitive AME neurons, reacted 

via PDF application with an activation or inhibition, but appeared back in most cases 

compared to controls (Ringer solution). AME neurons showing no or only weak low 

white or green light field potentials were significant influenced through PDF 

treatment. Furthermore, PDF treated cockroaches exhibited long-lasting bursting 

patterns and robust light responses.       
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8  Electrical activity changes in both AMEs after PDF application in R.maderae 

From previous experiments of chapter 6 and 7, I knew that PDF application resulted 

in long-lasting changes. Since light responses were significantly changed after PDF 

treatment and long-lasting changes of ipsilateral AME neurons were observed I also 

applied 1 µM PDF at ZTs were no light sensitivity or only weak low light field 

potentials occurred. Furthermore, it is hypothesized that both bilaterally symmetric 

circadian clocks that control locomotor activity rhythms are strongly coupled via 

inhibitory interactions. Therefore, both bilaterally symmetric AMEs of the cockroach 

were recorded in parallel with loose patch-clamp recordings. 

8.1 Results 

8.1.1 PDF synchronizes both AMEs and influenced light sensitivity at ZT 3-9 

PDF was applied to the ipsilateral AME to investigate whether PDF affected the  

electrical activity of both, the ipsi- and contralateral AME (Fig. 8.1). 

!  

Fig. 8.1: The Schematic draw of the experimental set-up. For long-term double extracellular loose 

patch-clamp recordings the first electrode was placed next to the application capillary in the ipsilateral 
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accessory medulla (AME). The second electrode was placed in the contralateral AME. Decreasing 

ramps of white and green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied next to the 

contralateral optic lobe.  

Twelve double recordings of both AMEs were achieved in out of 67 cockroaches in 

vivo and histological analysis confirmed that recordings were performed in the AME 

(p = 5). At the begin of the experiment both AMEs showed little activity (S16, ZT 6) or 

same activity patterns as figured out in Fig. 8.11 at projected ZT 3 before Ringer 

control, 500 nM or 1 µM PDF were applied. Identical MUA was shown in both AMEs 

as displayed by the MF and the ISF plots (Fig. 8.11 A-F and G-L). Four of 12 double 

recordings resulted in long-lasting changes in both AMEs after PDF treatment (n=4 of 

total 67 cockroaches; 6%) (Fig. 8.2 A-L). Activity changes were dose-dependently 

seen as shown by the MF and the ISF plots. As described in previous studies 

(Schneider and Stengl, 2005; Funk, 2015) new ensembles of synchronized electrical 

activity emerged, especially after 1 µM PDF treatment. Interestingly, 6% of the 

recorded AME neurons displayed after PDF treatment at projected ZTs 3-9 light 

sensitivity patterns in both AMEs, in contrast, to control the application of Ringer 

solution before. (Figs. 8.2 A-L; 8.3; 8.6; 8.7; 8.8; 8.9; 8.10; S17). Two-way ANOVA (n= 

4 of 67 cockroaches; 6%) was also performed to test for phase-time correlations and 

treatment effects (Fig. 8.11; S16). 
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Fig. 8.2 A-L: PDF application activated both accessory medullae (AMEs). (A; D; G; J) Original 24 

h recordings of electrical activity in AME neurons under every 30 min repeated ramps of white and 
green light (55-25-5-2-55-25-5-2 Lux; 2 s each stimulus). AME neurons showed after 500 nM PDF 
applications activity changes. After 1 µM PDF treatment long-lasting burst activity changes occurred in 

both AMEs, lasting for about 9 h. (B; E; H; K) Mean action potential frequency (MF) and (C; F; I; L) 
instantaneous frequency (1/interevent-intervals, ISF) plots are displaying transient bursts of electrical 
activity after 500 nM PDF application. Treatment of 1 µM PDF resulted in a strong bursting mode of 

both AMEs. Control = control application of Ringer solution. Details were shown in Fig. 8.3 (D-F) and 
(J-L) at expanded time scales. 

In 4 of 12 (33%) double recordings only one AME responded to PDF dose-

dependently (S14; S15). Extracellular loose patch-clamp recording of Fig. S15 

displays light sensitivity at projected ZT 7. After 500 nM PDF application, the 

contralateral AME was inhibited but emerged still light responses to white and green 

illumination, while the ipsilateral AME remained unaffected. The neuronal activity was 

excited after 1 µM PDF treatment shown by the MF. In addition, this contralateral 

AME neuron exhibited no long-lasting changes after PDF application but clearly 

showed that light-sensitive AME neurons could change from inhibitions to activations 

dose-dependently.  
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Fig. 8.3: Both accessory medullae (AMEs) of Fig. 8.2 reacted to applied ramps of white and 
green light at projected Zeitgeber time (p ZT) 3-14 after PDF application. Confocal laser images 
show PDF-immunoreactivity (cyan; A; G) and neurobiotin labeling (magenta; B; H) in the ipsi- and 
contralateral AMEs of the Madeira cockroach. Overlay of PDF-ir and neurobiotin labeling is shown in 

white in panels (C; I). All images are maximum projections from stacks of images. Filled double 
arrowheads point to neurobiotin labeled somata and show that the recorded AME neurons are 
neighbored next to PDF neurons. Furthermore, they projected through the AME and branched in the 

PDF-immunoreactive (ir) fiber fan, but were not co-labeled with PDF neurons (C, I). Scale bars=100 
µm in (A-C) and (G-I). (D; J) Original extracellular loose patch-clamp recordings showing enlarged 
time scales of activity occurred in AME neurons of Fig. 8.2 under every 30 min repeated ramp cycles 

(55-2+55-2 Lux; 2 s each stimulus). AME neurons showed after 500 nM PDF and 1 µM PDF treatment 
white and green light sensitivities at projected ZT 4 and 5 in contrast to control (C) before. (E; K) Mean 
action potential frequency (MF) and (F; L) instantaneous frequency (1/interevent-intervals, ISF) plots 

are displaying bursts of electrical activity in both AMEs after PDF application (1 µM) to the ipsilateral 
AME. Note that numbered expansions in Figs. 8.4 (M-U), 8.5 (M-U), 8.6 (V-X), 8.7 (a1-3–c1-3), 8.8 
(d1-3–f1-3), 8.10 (a1-3–c1-3) and 8.11 (d1-3–f1-3) show details at different ZTs. Time scales 2 s in (D-F) 

and (J-L). 
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Fig. 8.4: The expanded time scales of Fig 8.3 shows the activation of the ipsilateral recorded 
accessory medulla (AME) neuron after PDF application at projected Zeitgeber time (p ZT) 4 and 

                               8 Electrical activity changes in both AMEs after PDF application in R.maderae "  207



5. Ipsilateral AME responses were compared with 0.1 µl Ringer-solution, after 0.1 µl 500 nM and after 

1 µM PDF treatment. (M, P, S) Original extracellular loose patch-clamp recordings show no reaction 
after Ringer control, an increased amplitude and spiking rate after 500 nM PDF and an increasingly 
higher spiking rate after 1 µM PDF treatment.  Furthermore, the amplitude was also higher in contrast 

to 500 nM PDF application. (N, Q, T) Mean action potential frequency (MF) and (O, R, U) 
instantaneous frequency (1/interevent-intervals, ISF) plots are displaying frequency changes in the 
electrical activity of the ipsilateral AME. Time scale is 100 s in (M-U). 
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Fig. 8.5: The expanded time scales of Fig 8.3 shows the activation of the contralateral recorded 
accessory medullae (AME) neurons after PDF application at projected Zeitgeber time (p ZT) 4 
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and 5. Contralateral AME responses were compared with 0.1 µl Ringer-solution, after 0.1 µl 500 nM 

and after 1 µM PDF treatment. (M, P, S) Original extracellular loose patch-clamp recordings show no 
reaction after Ringer control and 500 nM PDF. After 1 µM PDF application also the contralateral AME 
exhibited an increased amplitude and spiking rate shown by (N, Q, T) mean action potential frequency 

(MF) and (O, R, U) instantaneous frequency (1/interevent-intervals, ISF) plots. Moreover, the 
contralateral AME displayed oscillations after 1 µM PDF treatment. Time scale is 100 s in (M-U). 

!
Fig. 8.6: The expanded time scales of Fig. 8.3 shows a phasic-tonic response at 500 Lux of 
both accessory medullae (AMEs) after 1 µM PDF application. (Ipsilateral V, contralateral V) 
Original loose-patch clamp recording at projected Zeitgeber time (p ZT) 5 displays PDF-sensitive clock 
neurons of both AMEs. They exhibited after 1 µM PDF an increased spiking rate at 500 Lux white light 

exposure as mirrored by the mean action potential frequency (MF) (Ipsilateral W, contralateral W) 
and the instantaneous frequency (1/interevent-intervals, ISF) plots (Ipsilateral X, contralateral X). 
Time scales 100 ms in (ipsilateral V-X and contralateral V-X). 
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Fig. 8.7 The expanded time scale of Fig. 8.3 shows a phasic-tonic response of the ipsilateral 
accessory medulla (AME) neuron to ramps of white light after PDF application at projected 
Zeitgeber time (p ZT) 4 and 5. Continuously decreasing intensity ramps of white light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were compared with 

Ringer controls, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (a1, a2, a3) 
shows increased amplitude and spiking rate of single-unit activity (SUA) to decreasing white light 
illumination after 500 nM and 1 µM PDF application as displayed by the mean action potential 

frequency (MF) (b1, b2, b3) and the instantaneous frequency (1/interevent-intervals, ISF) (c1, c2, c3) 
plots. After 0,1 µl Ringer application, no light response was achieved in the ipsilateral AME neuron. In 
addition, the ipsilateral AME neuron exhibited larger amplitudes to white light illumination after 1 µM 

PDF treatment. Time scales 2 s in (a1-3–c1-3). 
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Fig. 8.8: The expanded time scale of Fig. 8.3 shows the increased response of the contralateral 
accessory medulla (AME) neurons to ramps of white light after PDF application at projected 
Zeitgeber time (p ZT) 4 and 5. Continuously decreasing intensity ramps of white light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were compared with 

Ringer controls, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (a1, a2, a3) 
shows increased amplitude and spiking rate of multi-unit activity (MUA) to decreasing white light 
illumination after 500 nM and 1 µM PDF application as displayed by the mean action potential 

frequency (MF) (b1, b2, b3) and the instantaneous frequency (1/interevent-intervals, ISF) (c1, c2, c3) 
plots. After 0,1 µl Ringer application, no light response was achieved in the contralateral AME neurons. 
In addition, the contralateral AME neurons exhibited larger amplitudes to ramps of white light after 1 

µM PDF treatment. Furthermore, the contralateral recorded AME neurons displayed field potentials to 
light on and off in contrast to control. Time scales 2 s in (a1-3–c1-3). 
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Fig. 8.9: The expanded time scale of Fig. 8.3 shows a phasic-tonic response of the ipsilateral 
accessory medulla (AME) neuron to ramps of green light after PDF application at projected 
Zeitgeber time (p ZT) 4 and 5. Continuously decreasing intensity ramps of green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were compared with 

Ringer controls, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (d1, d2, d3) 
shows increased amplitude and spiking rate of single-unit activity (SUA) to decreasing green light 
illumination after 500 nM and 1 µM PDF application as displayed by the mean action potential 

frequency (MF) (e1, e2, e3) and the instantaneous frequency (1/interevent-intervals, ISF) (f1, f2, f3) 
plots. After 0,1 µl Ringer application, no light response was achieved in the ipsilateral AME neuron. In 
addition, the ipsilateral AME neuron exhibited larger amplitudes to green light illumination after 1 µM 

PDF treatment. Time scales 2 s in (d1-3–f1-3). 
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Fig. 8.10 The expanded time scale of Fig. 8.3 shows the increased response of the contralateral 
accessory medulla (AME) neurons to ramps of green light after PDF application at projected 
Zeitgeber time (p ZT) 4 and 5. Continuously decreasing intensity ramps of green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were compared with 

Ringer controls, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (d1, d2, d3) 
shows increased amplitude and spiking rate of multi-unit activity (MUA) to decreasing green light 
illumination after 500 nM and 1 µM PDF application as displayed by the mean action potential 

frequency (MF) (e1, e2, e3) and the instantaneous frequency (1/interevent-intervals, ISF) (f1, f2, f3) 
plots. After 0,1 µl Ringer application no light response was achieved in the contralateral AME neurons. 
Furthermore, the contralateral recorded AME neurons displayed field potentials to decreasing green 

light stimuli and off-response in contrast to control before. Time scales 2 s in (d1-3–f1-3). 
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Fig. 8.11: At begin of the recording of Fig. 8.2 and 8.3 both accessory medullae (AMEs) 
generated oscillations and formed ensembles without any PDF stimuli at projected Zeitgeber 
time (p ZT) 3. (Ipsilateral A, G, contralateral D, J) Original extracellular loose patch-clamp 
recordings of both AMEs showed self-driven oscillations of AME neurons displayed by (Ipsilateral B, 
E, contralateral E, K) mean action potential frequency (MF) and (Ipsilateral C, I, contralateral F, L) 
instantaneous frequency (1/interevent-intervals, ISF) plots. After the self-driven oscillations both AMEs 
remained silent and Ringer control as well as light stimuli were tested before applying different 

concentrations of PDF, as shown in Fig. 8.3. Details of events (arrows) in multi-unit activity (MUA) 
occurred in both AMEs PDF independently are shown in expansions (G-I) and (J-L). Time scales 100 
s in (A-C) and (D-F), 100 ms in (G-I) and (J-L). 
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Fig. 8.12: Correlation of phase and time in both accessory medullae (AMEs) after PDF 
treatment (n=4 of totally tested 67 tested cockroaches; 6%). (A; C) The inter-event-interval 
distribution display that cells of both AMEs fire in synchrony at the same phase and a lower action 
potential frequency. (B; D) After 1 µM PDF treatment, frequency bands continuously increase to a 

higher instantaneous frequency while new parallel bands appear. Thus, after PDF treatment, more 
cells in both AMEs become active, but all cells maintain coupling and fire very regularly with integer 
multiples of the same inter-event-interval. Box plot columns denote the (±SEM) of changes in the inter-

event-interval distribution/ms (E) after application of PDF (0.1 µl 1 µM) in contrast to 0.1 µl vehicle 
controls (n=4 of 67 cockroaches; 6%). Asterisks indicate significant differences in the inter-event-
interval distribution of both AMEs. Two-way ANOVA analysis followed by the Bonferroni method for 

multiple comparisons indicates that 1 µM PDF treatment was effective (F=23.89, P=0.0002) in both 
AMEs, showing no differences between them (F=0.001, P=0.971). Additionally, there was no 
interaction between treatment and AMEs (F=0.246, P=0.628), suggesting that both were coupled to 

each other firing at same time and phase (GraphPad Prism6 Software). 

8.2 Summary: Also, both recorded AMEs reacted to PDF application and generated 

activations or bursts. AME neurons showing no or only weak white or green light field 

potentials were significantly influenced through PDF treatment, now responding to 

both wavelengths. 
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9 Role of GABA and 5-HT in the circadian clock network of the Madeira 

cockroach 

Previous studies revealed the impact of PDF in the circadian pacemaker center of 

the cockroach. Since, GABA and 5-HT appear to be also involved in light entrainment 

pathways their general function in the AME was investigated. Text and figures are 

blue labeled, because this part of the thesis is already published in Giese et al., 

2018. As stated in the contribution statements above all extracellular loose-patch 

clamp recordings shown below were recorded, statistical evaluated and figures and 

tables prepared by myself (for more information see also contribution statements).  

9.1 Results 

9.1.1 “In vivo application of GABA either inhibited or excited AME neurons, 

comparably to in vitro responses  

Extracellular low impedance glass electrode recordings in the intact AME network 

were performed to determine whether GABA can inhibit and excite circadian clock 

neurons also in vivo (n=57 in 30 male cockroaches) (Figs. 9.1-9.4). 

Neurotransmitters (0.1 µl) were delivered to the vicinity of the AME via micro-ejector 

applications into the hemolymph. In addition to MUA potential activities also field 

potentials were recorded that are indicative of synaptic activity (n=14 in 4 

cockroaches for GABA; Table 9.1). Usually, all neurotransmitter responses were 

dose-dependent and reversible.  

In 43% (24 of 55) of all in vivo recordings, the AME network was not affected by 

GABA. As reported previously in excised AMEs (Schneider and Stengl, 2005) GABA 

inhibited the electrical activity of AME neurons also in vivo (18 of 55, 33%, Fig. 9.1 A-

C; Table 9.1). However, in contrast to recordings in excised AMEs also GABA-
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dependent activations of AME neurons were observed in vivo (13 of 55, 24%, Fig. 

9.2 A-D). Inhibitory/excitatory GABA- responses occurred within 3.3 ± 0.9 to 65.0 ± 

14.7 s after GABA-application. Excitatory responses to GABA reversed within 159.2 ± 

52.5 to 261.5 ± 72.3 s to baseline levels (depending on concentrations applied). 

Inhibitory responses to GABA reversed within 141.9 ± 22.6 - 240.0 ± 75.01 s (Table 

9.1). In 9% of 33% inhibitions (5 of 55; Fig. 9.3 A-C; Table 9.1) GABA applications 

changed ensemble formation in the AME in vivo. Statistical analysis confirmed that 

GABA-responses were dose-dependent for all GABA-response types (Fig. 9.4 A-

F)“ (Giese at al., 2018). 

"  

Fig. 9.1: ”Extracellular loose patch recordings of accessory medulla (AME) neurons in vivo 
exhibited dose-dependent inhibitions of multi-unit action potential activity (MUA) after GABA 
addition. Application of GABA (0.1 µl of 400 nM or 1 µM) inhibited MUA of clock neurons. (A) Original 

recording. (B) Mean action potential frequency (MF). (C) Instantaneous frequency (ISF) blots. GABA-
application reduced the number of units firing at higher frequencies. Gaps between recordings 
indicated periods of washing. Time scales 20 s“ (Giese et al., 2018). Blue: Figure published in Giese et 

al., 2018. Recording and figure plate was performed by myself. 
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Fig. 9.2: “GABA-dependent activation of multi-unit action potential activity (MUA) of accessory 
medulla neurons in vivo. Application of GABA (0.1 µl of 400 nM or 1 µM) increased MUA dose-
dependently for several seconds. (A) Original recording including slow field potentials. (B) Same 

recording excluding slow field potentials (n = 13) displaying only fast MUA. (C) Mean action potential 
frequency (MF). (D) Instantaneous frequency (ISF) plots show transient bursts of electrical activity but 
revealed no ensemble formation. Gaps between recordings indicated periods of washing. Time scales 

20 s“ (Giese et al., 2018). Blue: Figure published in Giese et al., 2018. Recording and figure plate was 
performed by myself. 

. 

"  
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Fig. 9.3: “GABA-dependent inhibitions suppressed ensembles firing at higher frequencies 

forming new ensembles at lower frequency in the accessory medulla in vivo. Application of 
GABA (0.1 µl of 400 nM or 1 µM) inhibited multi-unit action potential activity of clock neurons as shown 
in the original recording (A) or the mean action potential frequency (MF) plot (B). (C) Instantaneous 

frequency plot (ISF) showed GABA-dependent ensemble block and recruitment of a new ensemble via 
inhibition (ensembles are shown as parallel lines in the plot). Gaps between recordings indicated 
periods of washing. Time scales 200 s“ (Giese et al., 2018).  Figure corresponds to figure as published 

in Giese et al., 2018. Recording and figure plate was performed by myself. 

9.1.2 “In vivo application of 5-HT, either inhibited or excited AME neurons, 

comparably to in vitro responses  

Extracellular low impedance glass electrode recordings in the intact AME network 

were performed to determine whether 5-HT can inhibit and excite circadian clock 

neurons also in vivo (n=57 in 30 male cockroaches) (Figs. 9.5-9.8). 

Neurotransmitters (0.1 µl) were delivered to the vicinity of the AME via micro-ejector 

applications into the hemolymph. In addition to MUA potential activities also field 

potentials were recorded that are indicative of synaptic activity (n=21 in 12 

cockroaches for 5-HT; Table 9.1). Usually, all neurotransmitter responses were dose-

dependent and reversible.  

After application of 5-HT in 66% of all recordings no responses were obtained (50 of 

76; n=32 cockroaches). In the remaining experiments 5-HT decreased electrical 

activity of the AME network in 13% (10 of 76; Fig. 9.5 A-C), and increased it in 21% 

of all recordings (16 of 76; Fig. 9.6 A-C). The 5-HT-related decreases of extracellular 

recorded electrical activity were accompanied in 13% (n=6 of 10 preparations) with 

ensemble formations (Fig. 9.7 A-D; Table 9.1) with characteristic phase shifts 

occurring within 6.8 ± 2.8 to 8.5 ± 2.0 s of application. Excitatory responses to 5-HT 
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occurred 5.7 ± 2.5 to 42.8 ± 32.5 s after 5-HT application and returned to baseline 

during wash-out after 19.0 ± 9.0 - 577.5 ± 495.2 s (Table 9.1). 

"  
Fig. 9.4: “GABA significantly inhibited (A-C) or activated (D-F) accessory medulla (AME) 
neurons in a dose-dependent manner. Scatter plot columns (mean ± SEM) of changes in frequency 
(Hz; A, D), changes in amplitude (mV; B, E) or changes in the instantaneous frequency (Hz; C, F) 

after application of GABA (0.1 µl of 400 nM and 1 µM) compared to application of vehicle controls (0.1 
µl). Asterisks indicate significant differences (P<0.05) compared to controls analyzed by paired t-test 
(GraphPad Prism6 Software)“ (Giese et al., 2018). Blue: Figure published in Giese et al., 2018. 

Statistical analysis and figure plate was performed by myself. 

As seen in the instantaneous frequency plots in 9% of 5-HT- dependent activations 

(n=7) were accompanied by ensemble formation (Fig. 9.7 C, 9.7 D Table 9.1). 

Vehicle control applications (n=26 of 26 separate cockroaches) did not elicit any 

responses in the intact AME network (not shown). Responses to both GABA and 5-

HT of the intact AME network resembled in vitro responses of its dispersed primary 

cell cultures. Also in vivo more than half of the recordings showed GABA-responses 
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and only about a third responded to 5-HT. However, in vivo more often excitatory 

GABA- and 5-HT-responses were observed, compared to in vitro“ (Giese et al., 

2018). 

!  

Fig. 9.5: “In loose-patch recordings of accessory medulla neurons in vivo application of 5-HT 

inhibited multi-unit action potential activity (MUA) (A-C). Application of 5-HT (0.1 µl of 500 nM or 1 
µM) inhibited MUA dose-dependently as seen in the original recording (A) and mean frequency plot 
(MF; B). The instantaneous frequency plots (ISF; C) showed that 5-HT decreased tight 

synchronization of ensembles. 5-HT application expanded and splitted frequency bands. Gaps 
between recordings show periods of washing. Time scales 20 s“ (Giese et al., 2018). Blue: Figure 
published in Giese et al., 2018. Recording and figure plate was performed by myself. 
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Fig. 9.6: “In extracellular loose-patch recordings 5-HT dose-dependently and transiently 
activated multi-unit action potential activity (MUA) of accessory medulla neurons in vivo. 
Application of 5-HT (0.1 µl of 500 nM or 1 µM) activated MUA of clock neurons. (A) Original recording. 

(B) Mean action potential frequency (MF). (C) Instantaneous frequency (ISF) plot showed transient 
bursts of electrical activity after 5-HT (1 µM) application. Gaps between recordings indicate periods of 
washing. Time scales 5 s“ (Giese et al., 2018). Blue: Figure published in Giese et al., 2018. Recording 

and figure plate was performed by myself. 

!  
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Fig. 9.7: “5-HT application activated multi-unit action potential activity (MUA) dose-dependently 

in accessory medulla (AME) neurons. (A-C) Application of 5-HT (0.1 µl of 500 nM or 1 µM) 
activated AME neurons after a latency of ~5 s for several seconds. (A) Original recording (mV). Field 
potentials that indicate synchronized postsynaptic potential changes occurred already before 5-HT 

application. 5-HT-dependently a strong increase in MUA occurred for several seconds. (B) High-pass-
filtered original recording (mV). (C) Mean frequency plot (MF; Hz). The instantaneous frequency plot 
(ISF; Hz) revealed that 5-HT applications synchronized AME neurons, forming one synchronized 

ensemble firing at higher frequency, next to activated neurons firing at different frequencies. Gaps 
between recordings indicate periods of washing. Time scales 5 s“ (Giese et al., 2018). Blue: Figure 
published in Giese et al., 2018. Recording and figure plate was performed by myself. 

!  

Fig. 9.8: “Serotonin significantly inhibited (A-C) or significantly activated (D-F) accessory 
medulla neurons in vivo. Scatter plot columns represent the (mean ± SEM)  5-HT (0.1 µl of 500 nM, 

or 1 µM)-dependent changes in the multi-unit action potential frequency (Hz; A, D), in amplitudes (mV; 
B, E), and in instantaneous frequencies (Hz; C, F) compared to 0.1 µl vehicle control applications. 
Asterisks indicate significant differences (P<0.05) compared to controls, analyzed by paired t-test 

(GraphPad Prism6 Software)“ (Giese et al., 2018). Blue: Figure published in Giese et al., 2018. 
Statistical analysis and figure plate was performed by myself. 
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Table 9.1: “Neurotransmitter-dependent changes in electrical activity of the intact circadian 

clock circuit in vivo (c = number of cockroaches tested)“ (Giese et al., 2018). Table is published in 
Giese et al., 2018. Table was prepared by myself. 

9.1.3 “Three distinct GABA-ir tracts connect the AME to the ME and/or to the 

LA 

We could distinguish three GABA-ir tracts (Fig. 9.9), according to their distinct 

arborization patterns: first, a tract that projects via the AFF, second, the distal tract, 

Type n 

GABA 
[400nM] 

5HT 
[500nM]

n 

[1µM]

Latency 

[s]  

GABA 
[400nM] 

5-HT [500nM]

Latency 
[s] 

[1µM]

Duration 
[s]  

GABA 
[400nM] 

5-HT [500nM]

Duration 
[s] 

[1µM]

1 GABA  
Inhibition

8 (c=7) 
(15 %)

5 (c=5) 
(9 %)

9.3 ± 4.8 3,3  ± 0.9 141.9 ± 22.6 204.9 ± 23.2

2 GABA  
Activation

8 (c=6) 
(15 %)

5 (c=5) 
(9 %)

21.4 ± 4.5 65.0 ± 14.7 159.2 ± 52.5 261.5 ± 72.3

3 GABA 
 Ensemble

3 (c=2) 
(5 %)

2 (c=1) 
(4 %)

35.1 ± 4.1 20.4 ± 8,7 213.4 ± 9.7 240.0 ± 75.0

4 GABA 
Desynchronization

- - - - - -

5 GABA  
Field potentials

9 (c=4) 
(16 %)

5 (c=2) 
(9 %)

390.8 ± 83.4 44.0 ± 11.8 187.0 ± 55.2 20.7 ± 7.2

1 5-HT 
Inhibition

4 (c=3) 
(5 %)

2 (c=2) 
(3 %)

6.8 ± 2.8 8.5 ± 2.0 84.3 ± 38.7 157.5 ± 38.1

2 5-HT 
Activation

6 (c=6) 
(8 %)

7 (c=7) 
(9 %)

5,7 ± 2.5 42.8 ± 32.5 19.0 ± 9.0 577.5 ± 495.2

3 5-HT 
Ensemble

2 (c=2) 
(3 %)

5 (c=5) 
(7 %)

17.5 ± 2.5 14.8 ± 1.2 12.5±5.5 64.8 ± 9.5

4 5-HT 
Desynchronization

- - - - - -

5 5-HT 
Field potentials

12 (c=12) 
(16 %)

9 (c=9) 
(12 %)

7.3 ± 3.3 11.1 ± 2.2 14.2 ± 7.6 43.3 ± 8.5
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and third, the newly discovered medial layer fiber tract (MLFT). The first GABA-ir tract 

(Fig. 9.9) is part of the AFF, connecting the AME to the proximal LA and ALAs, next to 

the PDF-ir fibers (Petri et al., 1995; Petri et al., 2002). The GABA-ir DT (Fig. 9.9) that 

was shown previously to connect the glomeruli of the AME to the ME (Petri et al., 

2002) was shown here for the first time to remain in the ME and not continue on to 

the LA (Fig. 9.9). Also for the first time a third GABA-ir tract, the MLFT (Fig. 9.9) was 

identified. It ran parallel to the MLFs and directly connected strong GABA-ir 

arborizations in the MLFs of the ME to the AME. Because of the many GABA-ir 

somata and arborizations in the optic lobe neuropils it was not possible to assign 

specific neurons to specific branching patterns“ (Giese et al., 2018).  

!  

Fig. 9.9: “Frontal view of a 3D-reconstruction of optic lobe neuropils with partially 

reconstructed GABA-immunoreactive (-ir) tracts *1, *2, *3, connecting the accessory medulla 
(AME) to lamina (*1) and medulla (*1,*2,*3) neuropils. (A) The opac 3D-reconstructions of lamina 
(LA) and medulla (ME) with yellow GABA-ir fiber tracts. *1: A bundle of GABA-ir fibers of the anterior 

fiber fan projects from the AME into the most distal layer of the ME. It sends side branches towards 
the medial layer fiber system (MLFS) of the medulla and continues on to the proximal LA. *2: GABA-ir 
fibers of the distal tract also project into the most distal layer of the ME, connecting the AME to the 

ME, only. Fine branches of the distal tract turn towards the MLFS (arrowhead) of the ME. *3: GABA-ir 
fibers of the medial layer fiber tract originated from somata next to the AME and connect the MLFS 
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(arrowhead) directly with the AME, omitting the distal most layer of the ME. (B) Partial 3-D 

reconstruction of GABA-ir fiber tracts implemented into a confocal image (maximum projection of 
whole left optic lobe, stained with anti-GABA antisera). Dense GABA-ir innervation lightens up the 
MLFS (arrowhead) of the medulla. Scale bar = 100 µm in A and B“ (Giese et al., 2018). Blue: Figure 

published in Giese et al., 2018. Immunocytochemical experiment was performed by Azar Massah. 3D 
reconstruction with AMIRA and figure plate was performed by myself. 

9.2 Summary: “Responses to both GABA and 5-HT of the intact AME network 

resembled in vitro responses of dispersed primary cell cultures. Also in vivo more 

than half of the recordings showed GABA-responses and only about a third 

responded to 5HT. However, in vivo more often excitatory GABA- and 5-HT-

responses were observed, compared to in vitro recordings. Furthermore, since in 

vivo also population responses of a connected neuronal network could be analyzed, 

it became obvious that both, 5-HT and GABA, frequently affect ensemble formation. 

Three different GABA-ir tracts, the DT, the MLFT, and the GABA-ir branch of the AFF 

connect the AME to the MLFs, and possibly also to other layers of the ME. Amongst 

these three tracts, only the AFF connects the clock to the LA and to the ALAs. Finally, 

GABA-ir fibers in the LOVT connect the AME to midbrain targets“ (Giese et al., 

2018). 
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10 Discussion 

10.1 Intra- and extracellular recordings characterize the light sensitivity of AME 

neurons 

10.1.1 Impact of light sensitivity in insects 

Light relays essential structural information about surroundings and is the most 

important Zeitgeber for organisms (Reviews: Foster and Helfrich-Foerster, 2001; 

Helfrich-Foerster, 2009; Stengl and Arendt, 2016). Insects developed different forms 

of visual systems to fulfill special tasks based upon detection of different intensities-, 

wavelengths-, and polarization patterns of light (Mote and Goldsmith, 1970; Kelly and 

Mote, 1990; Henze et al., 2012; Zhukovskaya et al., 2017). The eyes of nocturnal 

insects such as cockroaches (Periplaneta americana) or the bee (Megalopta genalis) 

are morphologically adapted for increased sensitivity and greater information 

capacity. They allow for vision under conditions of dim light based upon more efficient 

capture of photons (Warrant, 2004; Frederiksen et al., 2008; Honkanen et al., 2014). 

In the cockroach R. maderae, light information is also relayed to the circadian clock. 

It is already known that the Madeira cockroach detects different intensities of white 

light, UV light, green light, as well as to polarized light (Loesel and Homberg, 1998; 

1999; 2001; v. Berlepsch, 2017). Neuroanatomical studies found that there is no 

direct histaminergic light input into the AME (Loesel and Homberg, 1999). In the 

Madeira cockroach, it is known that the PDF-ir circadian pacemaker neurons are 

light-dependent since they change in number and branching patterns, depending on 

the length of the light phase (photoperiod) and the ratio of light/dark phase per day 

(Wei and Stengl, 2011). Nevertheless, little is known about how light information 

reaches the circadian pacemaker center and whether PDF-ir neurons encode photic 

information. Furthermore, it is unknown which wavelengths are relayed to the 

cockroach clock and whether AME neurons react to decreasing light stimuli at dusk 
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or increasing light stimuli at dawn. To investigate further possible light entrainment 

pathways intracellular recordings with subsequent iontophoretic labeling of AME 

neurons were performed. In contrast to previous studies (Loesel and Homberg 1998; 

2001) which physiologically and morphologically characterized general properties of 

light-sensitive AME neurons, here also immunostaining against PDF was performed. 

It has been shown that low white and especially green light intensities are sufficient 

to entrain cockroaches (Mote and Black, 1981). I focused my study on stimulation 

with white and green light at low, decreasing intensities to investigate how they 

function in the circadian oscillator center via intra- or extracellular loose patch-clamp 

recordings. Moreover, extracellular loose patch-clamp recordings were performed to 

investigate whether light-sensitive AME neurons respond differently to tested light 

stimuli throughout the day. I wanted to determine whether light sensitive AME 

neurons react to photic stimuli that are typical of dusk, a light regime that appears to 

initiate locomotor behavior of the Madeira cockroach (supported by the Deutsche 

Forschungsgemeinschaft (DFG) with grant STE 531/18-3 to M.S). 

10.1.2 Challenges between intracellular and extracellular recordings  

Intracellular recordings are required to measure the voltage across the membrane of 

soma and are ideally suited for anatomical reconstructions of the recorded neuron 

(Brette and Destexhe, 2012). One typical technical problem that occurred in a few 

intracellular recordings was an unstable input signal. This problem happened by the 

voltage signal being continually drifting (Figs. 4.26-4.28), possibly, caused by the 

high resistance recording electrode being blocked (Juusola et al., 2016). Also, 

electrode clogging of some intracellular recordings seemed to be responsible for 

unsuccessful staining (Figs. 4.1-4.12). Another phenomenon was observed in 

multiple staining with neurobiotin (Figs. 4.17; 4.25; 4.29). That was already shown by 
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Loesel and Homberg (2001), which got multiple staining likewise in the majority of 

intracellular recordings. Neurobiotin is known to be transported anterograde and 

retrograde within the cell and leads to stronger retrograde staining compared to 

biocytin (Lapper and Bolam, 1991; Kita and Armstrong, 1991; Huang et al., 1992). 

Here, intracellular recordings showed membrane oscillations and multiple labeling 

(Figs. 4.17-4.32), and might also be related to gap junction coupling. It was 

demonstrated that gap-junction antagonists desynchronized most AME neurons and 

therefore it was suggested that AME neurons use gap-junction–mediated coupling as 

an additional mechanism of synchronization (Schneider and Stengl, 2006). Gap 

junction coupling was additionally shown in vertebrates SCN neurons and seemed to 

be necessary for synchronization of circadian clock neurons (Shinohara et al., 2000; 

Colwell, 2000; Schaap et al., 2003; Long et al., 2005; Wang et al., 2014). 

Furthermore, some recordings showed higher frequencies and the membrane 

potential occurred at (-4)-(-10) mV. Those recordings represented low-quality 

intracellular recordings (eg., Figs. 4.6; 4.7-4.9). Here, likely cells died during 

electrode penetration, but still mirrored the light response (Figs. 4.7-4.9). High-quality 

intracellular recordings showed membrane potentials at (-40)-(-60) mV (e.g., Figs. 

4.1-4.3; 5.5). Another limitation of intracellular recordings in vivo is the fact that AME 

neurons could not be recorded over a long time span. Thus, extracellular loose 

patch-clamp recordings in vivo were performed likewise. Here, the ability to get 

access to light-sensitive AME cells was higher in contrast to intracellular recordings. 

Furthermore, in most cases, the recordings were stable enough to apply also PDF 

next to light exposure (eg., Figs. 7.19; 7.22; 7.23; 7.28; 7.32). Here, single and MUA 

recordings were achieved. One limitation of extracellular loose patch-clamp 

recordings in contrast to intracellular recordings was that the membrane potential 

could not be estimated. Also, labeling of neurons was more difficult, but multiple 
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labeling was achieved as subscribed above (Fig. 8.3). Besides, next to MUA 

recordings also extracellular field potentials were measured. They resemble local 

current sources and are driven by the simultaneous activation of a large neuron 

population via a synaptic transmission (eg., Figs. S6; S.17). Extracellular loose 

patch-clamp recorded negative field potentials represented possibly activation of a 

synchronized neuron population, whereas positive field potentials could have 

resembled an inhibition of many cells (Brusius, 2009). Thus, next to action potential 

recordings, additional information of surrounding neurons in response to light and 

PDF could be achieved and compared with each other. Furthermore, via extracellular 

loose patch-clamp recordings both AMEs could be investigated more easily in 

contrast to intracellular recordings.    

10.1.3 Light sensitive AME neurons are candidates for light entrainment and 

adjustment to day length  

Previous work examined possible light entrainment pathways to the Madeira 

cockroach clock (Loesel and Homberg, 1998; 1999; 2001; Schendzielorz and Stengl, 

2014). Histamine is the neurotransmitter of insect photoreceptors (Hardie, 1987; 

1988; 1989; Buchner et al., 1993; Naessel, 1999; Stuart, 1999). It has been shown 

that light input is relayed indirectly to the AME since Loesel and Homberg (1999) 

have figured out those histamine-ir fibers ended in the proximal LA in contrast to 

photoreceptors in flies (Naessel et al., 1988; Pollack and Hofbauer, 1991). Previous 

studies revealed histamine staining in the long photoreceptors of layer 2 in the LA 

(Korek, 2016; personal communication with Azar Massah). Furthermore, the AME is 

connected to the MLFs in the 4th layer of the ME and via the AFF that projects in the 

1st layer of the ME (Korek, 2016). It is connected to the proximal LA and the ALAs 

(Reischig and Stengl, 2002; Korek, 2016). The 4th layer resembles a multi peptidergic 
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integration center which showed no histamine staining (Korek, 2016; personal 

communication with Azar Massah), thus possibly relay light information further to the 

AME. In addition, earlier studies suggested that the GABA-ir DT connects the 

glomeruli (= noduli) of the AME to the ipsilateral ME and possibly also to the LA 

(Reischig and Stengl 1996; Petri et al., 2002; Reischig and Stengl, 2003b). It has 

been shown that ipsi- and contralateral light information reaches each AME and that 

both AMEs are strongly coupled, apparently via direct connections (Page et al., 1977; 

Page, 1978; Page, 1982; Page, 1983a; b). Four cell clusters (MC I-IV) were identified 

via backfill studies that connect both optic lobes via different tracts (Reischig and 

Stengl, 2002; Reischig et al., 2004; Soehler et al., 2011). These contralaterally 

projecting neurons were suggested to transmit phase-information and photic 

information from the contralateral optic lobe since intracellularly recorded 

commissural fibers responded to light stimulation (Loesel and Homberg, 2001). In 

addition, contralateral light entrainment pathways projected along AOC and POC, 

connecting the interglomerular neuropil of the AME with contralateral optic lobe 

neuropils (Reischig and Stengl, 2002). Moreover, putative neurotransmitters and 

neuropeptides of the light entrainment pathways phase-shift circadian locomotor 

activity rhythms equally to light inputs. “Since PDF injections, as well as injections of 

ORC, histamine, and GABA into the vicinity of the AME delayed locomotor activity 

rhythms at dusk and advanced at dawn, PDF, GABA, ORC, and histamine generated 

the same daytime-dependent phase shifts as light and, thus, could be involved in 

light entrainment pathways to the clock (Petri and Stengl, 1997; Schulze et al., 2013; 

review: Stengl et al., 2015)“ (Giese et al., 2018). Moreover, light-sensitive AME 

neurons are suggested to represent possible light entrainment pathways (Loesel and 

Homberg, 2001). As shown in earlier studies light sensitive AME neurons express 

phasic-tonic responses to light stimuli (Loesel and Homberg, 2001). Those neurons 
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were identified as optic lobe neurons (OL1, 2) or commissural neurons (PC2) (Loesel 

and Homberg, 2001). Furthermore one triple-labeled aMNE was identified 

(Schendzielorz and Stengl, 2014) and likely resembled the giant GABA-ir neuron 

(Petri et al., 2002) as well as light-sensitive optic lobe neurons (OL1, OL2; Loesel 

and Homberg, 2001). Therefore, it resembled a light entrainment candidate, relaying 

ipsilateral light input to the cockroach clock (Schendzielorz and Stengl, 2014). In 

addition, the triple-labeled aMNE connected the glomeruli of the AME via the AFF to 

the proximal LA and the ALAs, and send branches in distinct layers of the ME 

(Schendzielorz and Stengl, 2014). Next to the triple labeled aMNE, three ORC-ir 

VMNEs belonged to the MC II that directly connected both AMEs via the POC 

(Schendzielorz and Stengl, 2014). They resembled cells which responded to photic 

stimuli such as polarized light (Loesel and Homberg, 2001). Another triple-labeled 

cMNE was also thought to take part in either delaying or advancing light entrainment 

pathways (Schendzielorz and Stengl, 2014; Arendt et al., 2017). “Among them were 

polarization-sensitive ventromedial AME neurons. They also arborize in the posterior 

optic tubercles that are input regions to the protocerebral bridge of the central 

complex. The central complex is an important center for sky compass orientation that 

also controls locomotor programs (Loesel and Homberg, 2001; Homberg, 2015; 

Varga et al., 2017). Thus, we hypothesize that many photic and non-photic phase-

resetting clock inputs, also from locomotor control areas reach the AME from the 

medial ME and may be involved in phase resetting of the clock.“ (Giese et al., 2018). 

This data hypothesized that different MNEs, VNEs, and VMNEs are involved in ipsi- 

and contralateral light entrainment pathways to the AME. Intracellular recordings 

further identified light-sensitive peptidergic median neurons (MNEs) that connect the 

AME to median layers of the ME, to the proximal LA, and to the ALAs (Loesel and 

Homberg, 1999; 2001; review: Stengl and Arendt, 2016). In my thesis those neurons 
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could not be labeled, thus it is difficult to predict whether they resemble the same 

OLs or PC2 types (Figs. 4.1-4.12). 

Nevertheless, in a few experiments, I could also perform additional labeling. For the 

first time, I could show that light-sensitive AME neurons processed in close vicinity to 

PDF-ir cells and represented VNEs, VMNEs and possibly MNEs (Figs. 4.13; 4.17; 

4.25). Furthermore, they arborized in close vicinity to ramifications of PDFMEs. One 

light sensitive VNE neuron processed to the vPDFLAs and could resemble one 

possible entrainment center which likely relays further light input into the AME (Fig. 

4.13). Moreover, via loose patch-clamp recordings one light-sensitive LA neuron was 

identified in close vicinity to the vPDFLAs consistent with the assumption that 

vPDFLAs are likely involved in relaying light input (Fig. 4.33). “The functions of the 

PDFLAs were not known yet. Neither were the ALAs physiologically characterized. 

However, they were hypothesized to receive inputs from the adjacent LA organ that 

resembles an extraretinal photoreceptor organ of beetles (Petri et al., 1995; Fleissner 

et al., 2001). Since medial neurons next to the AME that connected the AME to the 

ALAs responded to light (Loesel and Homberg, 2001), it is possible that PDFLAs do 

receive light input in the ALAs. In addition, the PDFLAs branched in the proximal LA 

in direct neighborhood to histaminergic short photoreceptor terminals from the 

compound eye (Loesel and Homberg, 1999). Thus, we hypothesized that the 5-HT-, 

PDF-, or FMRFamide-colocalizing PDFLAs carry photic input from compound eye 

photoreceptors via the AFF to the AME” (Giese et al., 2018). Therefore, my results 

(Figs. 4.13; 4.33) further support this hypothesis. Although none of the light-sensitive 

recorded AME neurons belonged to the PDF cells, this data suggest that they likely 

interact with PDF cells as possibly light inputs.  

Earlier studies also expected that light-sensitive neurons not represented PDF-ir 
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neurons, since their fiber branches differed from those of PDF cells (Loesel and 

Homberg, 2001). Moreover, the almost light insensitive projection neuron PN2 and 

the commissural neurons SC and PC1a and b closely matched the branching pattern 

reflected in PDH immunostaining (Loesel and Homberg, 2001). Interestingly, PC1 

generated also bursts. Here, I identified one bright rhythm neuron as VMNE which 

processed posterior to the 4th layer of the ME. As previously reported by Loesel and 

Homberg (1998) also the recorded bright rhythm VMNE in my thesis showed 

subthreshold oscillations and emerged typical spike triplets (bursts) after higher 

intensities (Fig. 4.23 Q3-S3). Furthermore, it responded to decreasing and increasing 

white and green light stimuli and was also depolarized via 50 Lux UV light at 

projected ZT 16 (Figs. 4.18 E-G; 4.19 H-J; 4.20 K-M; 4.21 N-P; 4.22 Q-S; 4.23 Q1-3-

S1-3; 4.24 Q4-S4). Therefore, this neuron possibly also respond to polarization light 

stimulus (not tested), as shown by Loesel and Homberg (1998; 2001). In addition, the 

generating regular large amplitude Ca2+ transients type 1 pacemaker neurons from 

previous calcium imaging studies in vitro, suggested that regularly bursting bright- 

and dark-rhythm neurons belong to the two groups of regularly bursting type 1 

pacemakers which were synchronized differentially by PDF maintaining stable 

phase-differences (Loesel and Homberg, 1998; Wei et al., 2014). Oscillation in light 

vision was shown in vertebrates and insects (Barinaga 1990; Kirschfeld, 1992; 

Loesel and Homberg, 1998), but their function is not well understood. Also fly laminar 

monopolar cells mirrored bursts and might be involved in inhibitory feedback from the 

ME back to the LA (Kirschfeld; 1992), possibly via GABA-ir neurons which connects 

layers of the ME to the LA in cockroaches (Fueller et al.,1989; Loesel and Homberg, 

1998). Thus, the GABA-ir DT is thought to resemble one possible light entrainment 

pathway as described before (Reischig and Stengl, 1996, Loesel and Homberg, 

2001, Petri et al., 2002, Schendzielorz and Stengl, 2014). As proposed by previous 
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studies (Ritzmann, 1993; Loesel and Homberg, 1998; Zhukovskaya et al., 2017) 

bright rhythm as well as dark rhythm neurons might likewise be connected to 

descending neurons and could be responsible for the escape reaction from a bright 

light source, which is typical for nocturnal animals. Since the fibers contacted the 4th 

layer of the ME (Fig. 4.17), this would further support the hypothesis that the 4th layer 

of the ME represents an important role in light entrainment to drive rest and activity in 

the Madeira cockroach. 

Next to excitatory light sensitive AME neurons, I could also record inhibitory light 

sensitive neurons (Figs. 4.25; 4.29). One of them likely resembles an MNE (Fig. 

4.25). As described by Loesel and Homberg (2001), this inhibitory light-sensitive 

neuron had beaded processes in the optic lobe. Moreover, a second ME neuron (Fig. 

4.29) showed also strong inhibition to both applied wavelengths, thus resembles the 

same reaction type as the light-sensitive MNE neuron (Figs. 4.26-4.28 and 

4.30-4.32). Interestingly, this ME neuron processed further to midbrain areas. Since 

green light responses mirrored more reliable responses to decreasing ramps of 

green light, in both excitation and inhibition, it could might be indeed resemble an 

important factor for locomotor activity (Figs. 4.7-4.9; 4.10-4.12; 4.26-4.28; 4.30-4.32) 

(Mote and Goldsmith, 1970; Kelly and Mote, 1990; Henze et al., 2012; Zhukovskaya 

et al., 2017). 

Future experiments of intracellular recordings will study those light-sensitive AME 

neurons. Additional recordings are required to achieve higher n numbers and also 

increasing dawn like ramps have to be applied. Then, next to PDF staining, also triple 

labeling against GABA-, MIP- and AT- or ORC-immunostaining will be performed to 

resolve the question whether these VNEs, VMNEs, and MNEs could be involved in 
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light entrainment pathways at different ZTs. 

10.1.4 Low white and green light sensitivity in AME neurons  

As shown via intracellular recordings (Figs. 4.1-4.12), also loose patch-clamp 

recordings revealed low-light sensitivity of AME neurons at both applied ramps of 

decreasing wavelengths, as it was described before in P. americana apposition-type 

compound eyes (Figs. 7.1-7.10; Mote and Black, 1981; Honkanen et al., 2014). 

Interestingly, light responses were achieved throughout the day (Figs. 7.1-7.10). 

Light sensitivities of circadian oscillators were found in vertebrates and insects alike 

(Mote and Black, 1981; Shibata et al., 1984; Meijer et al., 1998; Loesel and 

Homberg, 1999; 2001; Colwell, 2001; Pennartz et al., 2001; Wang et al., 2008; 

Sheeba et al., 2008b; Vosko et al., 2015; Ni et al., 2017). Drosophila studies 

displayed that the molecular oscillator drives rhythmic electrical excitability of clock 

neurons, and recently discovered the light-input factor Quasimodo (Qsm), which 

regulates this variation, presumably via a Na+, K+, Cl- cotransporter (NKCC) and the  

Shaw K+ channel (dKv3.1) (Buhl et al., 2016). Furthermore, it has been found that the 

genes qsm, Shaw, and NKCC interact in rhythmicity in constant illumination (LL) via 

down-regulation or overexpression of the membrane proteins encoded via these 

genes (Buhl et al., 2016). The large LNvs, which are responsible for arousal and light 

input of circadian oscillators (Parisky et al., 2008a; Shang et al., 2008; Sheeba et al., 

2008a; Folge et al., 2011; 2015; Yoshii et al., 2008) are Cry- as well as PDF positive, 

expressing qsm, Shaw, and NKCC (Hodge and Stanewsky, 2008; Kula-Eversole et 

al., 2010). In addition, previous studies displayed that increased UV light intensity led 

to electrophysiological monotonical responses in D. melanogaster (Baik et al., 2017). 

Moreover, it was shown that the CRY/HK signaling pathway mediates UV light 

avoidance behavior in adult male Drosophila, especially during the midday when fruit 
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flies tend to take a “siesta” rest and was suggested to underlie circadian control (Baik 

et al., 2017). Also vertebrates SCN neurons show light sensitivities, including 

glutamate release in RHT terminals and the neuropeptide PACAP (Hannibal et al., 

2008), with the result of photic stimulation being increased in firing rate of SCN 

neurons (Shibata et al., 1984; Meijer et al., 1998). Light-induced changes in electrical 

activity were exhibited in 32 % and 38% of SCN neurons in rats and hamsters (Groos 

and Mason, 1980; Aggelopoulos and Meissl, 2000). Moreover, they reacted as well to 

low intensities (0.1 lux in rats and 1 lux in hamsters) (Meijer at al., 1986). Previous 

studies have been shown that green-sensitive photoreceptors mainly regulate 

locomotor activity in the nocturnal P. americana, and that dim UV light can trigger 

behavioral immobility, whereas both wavelengths induce stress-like reactions at high 

intensities (Zhukovskaya et al., 2017). Light reactions are dependent on its 

intensities, wavelengths (Kelly and Mote, 1990) and are principally based on light 

input through the compound eyes (Okada and Toh, 1998). Electrophysiology of 

Periplaneta compound eyes gave two classes of photoreceptors with spectral 

sensitivity peaks in the UV and green at 365 and 507 (Mote and Goldsmith, 1970) 

with a uniform distribution of the two types across the eye (Butler, 1971). In the 

cricket, Gryllus bimaculatus, four opsins characterized as UV, Blue, Green A, and 

Green B (Henze et al., 2012), whereas in the cockroach retina of Periplaneta three 

opsins (pGO1, PGO2 and pUVO) have been found (French et al., 2015). In addition, 

it was shown that cockroaches avoid illuminated areas (Kelly and Mote, 1990) and 

that the green light receptor is involved in light entrainment of the circadian running 

activity in P. americana (Mote and Black, 1981). Honkanen et al. (2014) further 

showed that in cockroach motion detection, large temporal and spatial pooling takes 

place throughout the eye under dim conditions, reminiscent of the behavior of the 

dark active cockroach. Thus, these results further indicate that low green light 
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intensities possibly act as important dark pulse light entrainment factor, as described 

in P. americana (Mote and Black, 1981). It is likely that green light and white light 

stimuli could take part in two parallel circuits in the AME, one responsible for rest and 

the other for activity in the nocturnal cockroach. In addition, in out of all six tested UV 

light stimuli responses of AME neurons were detected (Figs. 7.10; S5; S7; S10). 

This suggests that AME neurons will probably also react to polarization light, as 

shown by (Loesel and Homberg, 2001). Whether polarized light plays a role in 

behavioral outputs of the nocturnal cockroach has to be further investigated in future 

experiments. Thus, also UV light could take part in light entrainment, possibly via the 

4th layer of the ME, since the recorded VMNE arborized in that layer and responded 

strongly to UV light (Figs. 4.21 N-P).  Whether UV light could be involved to control 

rest and activity as it was suggested for D. melanogaster (Baik et al., 2017) or 

whether dim UV light intensities trigger behavioral immobility as it was displayed in 

Periplaneta (Zhukovskaya et al., 2017), has to be examined. Future analyzes, using 

MUA recordings of freely moving cockroaches will further investigate how they 

behave to different intensities and broadband wavelengths during day and night and 

whether their behavior correlates with the applied stimuli during different Zeitgeber 

times (ZTs), displaying rest and activity.  

10.2 PDF signaling in PDF-ir neurons and other AME neurons 

10.2.1 The largest aPDFME could be a controller regulating the phase of all PDF 

dependent clock circuits  

PDF pacemaker neurons are suggested to represent the most important coupling 

factor between both AMEs and less is known about their physiological properties in 

the Madeira cockroach (Wei et al., 2014). To analyze the neuropeptides/ 

neurotransmitter receptors, PDF-, GABA-, and ACh-responses of AME neurons in 
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primary cell cultures were examined using Ca2+ imaging experiments combined with 

rhodamine-dextran backfills from the contralateral AME (supported by the Deutsche 

Forschungsgemeinschaft (DFG) with grant STE 531/18-3 to M.S). Anti-PDF 

immunocytochemistry was performed to evaluate whether PDF-expressing neurons 

of the AME possess autoreceptors. ”Thus, significantly more contralaterally projecting 

than ipsilaterally remaining AME neurons are PDF- and GABA-sensitive. In contrast 

to Wei et al., (2014), who identified only 5% PDF-sensitive AME neurons in primary 

cell cultures of the unlabeled AME, labeling with contralateral backfills significantly 

increased the probability to identify PDF-sensitive neurons. In addition, for the first 

time it was possible to distinguish the different aPDFMEs“ (Gestrich et al., 2018). 

What is the function of the largest aPDFME that is not PDF-sensitive (Fig. 5.4-5.6; 

5.8) but appears to morphologically contact all PDF-dependent target neuropils in the 

midbrain and optic lobe (Wei et al., 2010; Gestrich et al., 2018)? ”Its unusual 

morphology and physiology would allow for an overall phase-control of all PDF-

dependent ensembles, controlled via other stimuli than PDF. In accordance, Page 

(1978, 1982, 1984) has previously predicted that circadian clock outputs to locomotor 

control areas are independent of pathways controlling the phase of clock circuits. In 

Drosophila, at least some of the PDF-ir I-LNvs do not express PDF autoreceptors 

(Shafer et al., 2008), and 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 only partly resembles the 

branching patterns of the l-LNvs of the fruit fly, because it projects via both the POC 

and AOC. Only its POC projections arborize in the posterior optic tubercles that are 

closely connected to the protocerebral bridge of the central complex. Its AOC 

projections appear to contact mushroom body outputs in the superior medial 
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protocerebrum (Fig. 1.2) and neurosecretory control centers in the superior lateral 

protocerebrum (Fig. 1.2) (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“ (Gestrich et al., 2018). All intracellular 

recordings performed during the rest phase didn't response to applied ramps of white 

light (Figs. 5.1; 5.3; 5.5; 5.6; 5.7). They exhibited regular or irregular bursts and one 

intracellular recorded neuron showed ramifications in the ME (Fig. 5.2). Of all our 

experiments the largest aPDFME was recorded once (Fig. 5.4). “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-Foerster, 1998; 2014). Both, the largest aPDFME in the Madeira cockroach 

and the l-LNvs in D. melanogaster are very regularly, spontaneously bursting 

neurons, at least during the day (Fig. 5.4-5.6; Gao et al., 2008; Sheeba et al., 2008b; 

Muraro and Ceriani, 2015). It remains to be determined whether in the cockroach the 

largest aPDFME switches its bursting mode to a more tonic activity pattern during the 

night, as has been suggested for fruit fly l-LNvs (Muraro and Ceriani, 

2015)” (Gestrich et al., 2018). In contrast to the large LNv (Parisky et al., 2008a; 

Shang et al., 2008; Sheeba et al., 2008a; b; Folge et al., 2011; 2015; Yoshii et al., 

2008), the aPDFME didn't respond to applied ramps of light or higher intensities. This 

is consistent with findings of Loesel and Homberg (2001), which expected that PDF-ir 

aborizations differs from those of light sensitive AMEs. Nevertheless, we cannot rule 

out the possibility that the largest aPDFME respond to light illumination at other 
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Zeitgebers. Furthermore, also the other three large PDF-ir neurons could resemble 

light sensitivity in the cockroach clock. “Thus, the largest aPDFME appears to be 

unique among the PDF-ir neurons since it generated most regular spontaneous Ca2+ 

transients, did not express PDF autoreceptors and was light insensitive during rest 

(Figs. 5.4-5.6; 5.8). 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. Future 

studies will investigate whether the activity pattern of the largest aPDFME in the 

Madeira cockroach cycles not only with an ultradian but also with a circadian period. 

Possibly, its spontaneous circadian activity is phase-controlled via both GABA- and 

ACh-dependent innervations, since 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-Foerster, 1998, 

2014)“ (Gestrich et al., 2018). Furthermore, it has to be examined whether PDF-ir 

neurons release PDF after light-dependent activation as it was suggested in 

electrophysiological recordings of the I-LNvs (Muraro and Ceriani, 2015). 

10.2.2 “PDF release forms 2 antagonistic ensembles with opposite activity via 
either PDF-dependent inhibition or excitation  

In contrast to the neurotransmitters, which are abundantly distributed and involved in 

practically all behaviors, neuropeptides are typically expressed in small clusters of 

neurons and influence a limited, specific physiological/behavioral context (Naessel 
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and Winther, 2010). Analyzing peptide functions is a critical step in understanding the 

circadian clock system, since circadian clock neurons are especially abundant of co-

localized neuropeptides. Most is known about PDF, the most important insect 

circadian coupling factor. PDF signaling and PDF functions are reminiscent of the 

mammalian circadian coupling signal vasoactive intestinal polypeptide (VIP; Aton et 

al., 2005, Vosko et al., 2007). In Drosophila PDF controls circadian locomotor activity 

rhythms and adapts rest-activity cycles to long-day photoperiods via ZT-dependent 

phase shifts (reviews: Helfrich Foerster, 2014; Taghert and Nitabach, 2012). Here, we 

focused on the contralaterally projecting clock cells and found that 44% of 

rhodamine-labelled contralaterally projecting clock outputs responded to PDF, 89% to 

GABA, and 95% to ACh (Figs. 5.9; 5.10; Table 5.1). Among the ipsilaterally 

remaining AME clock cells 10% were PDF-sensitive, while 59% responded to GABA 

and 92% to ACh (Figs. 5.9; 5.11; Table 5.1). The unexpected finding that opposite 

PDF-sensitivity correlated with the morphology of the PDF-sensitive cells indicated 

that there are at least two PDF-dependent ensembles with different functions cycling 

in anti-phase (Fig. 10.1). Also in the Madeira cockroach, PDF controls circadian rest/

activity rhythms, possibly via PDF-dependent phase-synchronization, resulting in 

PDF-dependent ensemble formation (Stengl and Homberg, 1994; Reischig and 

Stengl, 2003a; Schneider and Stengl, 2005; Stengl et al., 2015). Our current study 

hints at 2 PDF-dependent ensembles in anti-phase. During PDF release, 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. Thus, even a transient 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. 10.1)” (Gestrich et al., 2018). 
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10.3 Long-term recording reveals neuronal activity pattern of AME neurons 

10.3.1 AME neurons displaying irregular repetitive neuronal activity pattern 

during the day emerging a prominent evening peak around dusk in the Madeira 

cockroach 

Previous studies in vertebrates as well as in D. melanogaster have predicted that VIP 

and PDF signaling is essential for synchronization of the circadian oscillator to the 

environment (Piggins et al., 1995; Liang et al., 2017). To examine how this 24-h 

neural activity pattern is organized and regulated, we tested many of the known 

interactions between pacemakers in the cockroach clock and placed extracellular 

loose-patch clamp electrodes in the AME pacemaker center. Different working 

concentrations of PDF were applied. To characterize first AME properties in general, 

we used first 24 - 48 hour recordings and examined PDF treatment as well, finding 

an irregular repetitive activity pattern during the day which peaked around evening in 

80% of all our in vivo recordings. Thus I decided to test PDF application at ZTs during 

rest and activity.  

In the fruit fly D. melanogaster and the cockroach R. maderae, the PDF-ir neuronal 

network is the most crucial component of the pacemaker network which drives strong 

circadian rhythms of locomotor activity in synchrony with the external light-dark cycle 

(review: Helfrich-Foerster, 2014; Stengl and Arendt, 2016). Drosophila shows 

bimodal locomotor activity rhythms with an activity peak in the morning associated 

with light-on and an activity peak in the evening associated with light-off (Helfrich-

Foerster, 2009). Moreover, neurons of the E- and M-oscillator circuits have been 

identified in the fruit fly (Grima et al., 2004; Stoleru et al., 2004; Yoshii et al., 2009). 

The fruit fly PDF-ir neurons are part of the M-oscillator circuit controlling the morning 

peak and delaying the evening peak of locomotor activity (review: Helfrich-Foerster, 
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2014). Other, none-PDF-ir neurons belong to the E-oscillator circuit (review: Helfrich-

Foerster, 2014). Furthermore, in vivo imaging revealed sequential Ca2+ activity 

phases of five major Drosophila circadian pacemaker groups, mirroring flies 

locomotor activity (Liang et al., 2016; 2017). In vertebrates the neuropeptide VIP is 

responsible for driving robust circadian rhythms in SCN neurons (Harmar et al., 2002; 

Colwell et al., 2003; review: Vosko et al., 2007). Moreover, in vivo recordings of the 

SCN electrical properties revealed that the SCN waveform pattern differed between 

long and short photoperiod, which correlates with behavioral adaptations 

(VanderLeest et al., 2007; review: Ramkisoensing and Meijer, 2015). Long and short 

photoperiods were reflecting that the on- and offset of behavioral activity occur at the 

mid-point threshold in declining and rising slopes of electrical activity in the SCN 

(VanderLeest et al., 2007; review: Ramkisoensing and Meijer, 2015). The cockroach 

R. maderae shows evidence for two circuits as well. ELISA studies figured out that 

circadian clock neurons expressed maxima in cAMP- and cGMP concentrations at 

dusk and dawn (Schendzielorz et al., 2014), reminiscent for the mammalian circadian 

pacemaker center (Prosser and Gillette, 1991), indicating light-dependent 

neuropeptide release via two synchronized subnetworks of circadian oscillator 

circuits, the E- and M-oscillators, coupled at 12 hours phase difference. Moreover, at 

dusk and dawn maxima in locomotor activity occurred in Madeira cockroaches, 

recorded in Noldus tracking systems (Schendzielorz, 2014). In addition, a short- and 

a long-period locomotor activity rhythm appeared after lesions of the optic stalk, 

apparently controlled via two independent neuronal circuits (Stengl and Homberg, 

1994; Reischig and Stengl, 2003b). Furthermore, PDF injections as well as cAMP 

injections delayed locomotor activity rhythms at dusk and advanced at dawn (Petri 

and Stengl, 1997; Schendzielorz et al., 2014). Here, we identified via loose patch-

clamp long-term recordings that the AME emerged a prominent evening (80%)- and a 
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slight morning (20%) electrical activity peak, possibly setting rest and activity rhythms 

during dawn and dusk in the cockroach clock (Figs. 6.1-6.6; 6.9; Table 6.1). 

Furthermore, AME neurons displayed an irregular repetitive activity pattern occurring 

during the day (Fig. 6.3). Although it is unknown which AME neurons are responsible 

for driving such activity patterns, our recordings correlate of morning (M)- and 

evening (E)-oscillators suggested previously to control bimodal activity patterns in 

vertebrates and insects alike (Pittendrigh and Daan, 1976; Helfrich-Foerster 2001, 

2009, 2014; Meijer and Schwartz, 2003; Liang et al., 2016; 2017). Thus, we 

concluded that PDF is possibly released by the circadian oscillator at dusk and dawn, 

controlled via two daytime-dependently gated light-sensitive input pathways.  

10.3.2 PDF causes long-lasting changes appearing as bursting patterns in AME 

neurons 

Neuropeptides play a crucial role in the timing of physiology and behavior to 

geophysical 24-hour light-dark cycles (Naessel and Winther, 2010). Among them, 

PDF, the insect homolog of the decapods pigment-dispersing hormone, is best 

characterized and is suggested to be an important input/output signal of the circadian 

clock. PDF signaling and PDF functions are reminiscent of the mammalian circadian 

coupling signal vasoactive intestinal polypeptide (VIP; Aton et al., 2005, Vosko et al., 

2007). VIP treatment altered the firing rate of a subpopulation of SCN neurons, 

displaying that most neurons were inhibited in firing rate, but some SCN cells were 

activated likewise (Reed et al., 2002; Vosko et al., 2015). Furthermore, VIP treatment 

showed long-lasting activity changes in a subpopulation of SCN neurons (Kudo et al., 

2013), suggesting that VIP can modulate neurons over a longer time span. In 

Drosophila PDF controlled circadian locomotor activity rhythms and adapted rest-

activity cycles to long-day photoperiods (reviews: Helfrich Foerster, 2014; Taghert 
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and Nitabach, 2012). The LNv, s-LNv and l-LNv neurons (except 5th s-LNv) 

expressed PDF under the control of clock genes (Park et al., 2000). Apart from l-LNv 

neurons, apparently all clock neurons contained the G-protein-coupled PDF receptor 

(Shafer et al., 2008). Duvall and Taghert (2012) showed the PDF-signaling in M, and 

E cells differed. While the PDF-signaling in the M cells coupled preferentially to single 

adenylate cyclase (AC3), the PDF-signal activated other AC(s) in E cells. The 

regulatory function of PDF for the E cells was confirmed by Cusumano et al. (2009). 

Furthermore, it is known that l-LNvs are spontaneous, regularly bursting neurons 

during the day, switching to a bursting mode and a more tonic activity pattern during 

the night (Muraro and Ceriani, 2015). Also in the Madeira cockroach, PDF controls 

circadian rest/activity rhythms, possibly via PDF-dependent ensemble formation 

(Stengl and Homberg, 1994; Reischig and Stengl, 2003a; Schneider and Stengl, 

2005; Stengl et al., 2016). PDF injections shifted circadian locomotor activity rhythms 

and resulted in a biphasic phase-response curve (PRC), showing prominent phase 

delays at the late subjective day, and a small phase advance at the end of the 

subjective night. Thus, hinting that PDF possibly could take part in the photic input 

pathway to the clock (Petri and Stengl, 1997; Schendzielorz and Stengl, 2014). 

Previous Ca2+ imaging and patch clamp experiments with AME primary cell cultures 

displayed that PDF could increase intracellular Ca2+ levels of AME neurons via an 

adenylyl cyclase (AC)- dependent and an AC-independent pathway. One pathway 

was blocked by K+ currents which depolarized the cells. In addition, PDF could also 

decrease intracellular Ca2+ levels, probably via inhibition of inward sodium currents, 

which would hyperpolarize and inactivate the cells (Wei et al., 2014). I found that 

AME neurons were inhibited as well as excited in vivo (Figs. 6.7; 6.8; 6.10; Table 

6.2; 6.3; S2-4). This is consistent with findings in vertebrates (Reed et al., 2002; 

Vosko et al., 2015). In our preliminary in vivo recordings bursting patterns were 
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found, which lasted for hours and delayed the evening peak (Fig. 6.9-6.14; Table 

6.3). These findings are reminiscent with mammals (Kudo et al., 2013) as well as 

with Drosophila (Liang et al., 2017); although in Drosophila the long-lasting activity 

appeared as suppression. 

These data suggested that PDF could activate two networks and leads so possibly to 

sleep during the day while emerging an evening peak, is generating locomotor 

activity during the night. The PDF-release recruits PDF-sensitive neuronal oscillator 

circuits (= PDF-dependent ensembles) via phase-locking pre- and postsynaptic 

neurons (Schneider and Stengl, 2005, 2006, 2007; Wei and Stengl, 2012). 

10.4 GABA could be involved in inputs and outputs of the circadian clock 

10.4.1 GABA and 5-HT could gate circadian clock inputs and outputs  

“Our morphological and physiological findings suggest that GABA and 5-HT play 

important roles in photic- and non-photic input pathways that phase shift the clock. In 

addition, all tracts described before could also carry GABA- and 5-HT-ir clock output 

pathways from the clock back to these input areas in LA and medial ME, serving as 

gates for these inputs. Finally, GABA and 5-HT are also suited to serve as gates for 

other clock outputs to midbrain targets. Previous electrophysiological studies with 

excised AMEs found that most of the AME neurons, next to expressing circadian 

action potential frequencies, fire very regularly with ultradian frequencies in the 

gamma frequency range known from the attentive vertebrate cortex (Schneider and 

Stengl, 2005, 2007). Ensembles of phase-coupled clock neurons that fired at the 

same phase and with the same ultradian frequency were desynchronized with 

application of GABAA receptor antagonists. Even in the presence of synaptic 

interactions application of gap junction antagonists could desynchronize cockroach 
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clock neurons (Schneider and Stengl, 2006). Thus, gap junctions between AME clock 

neurons appear to be a prerequisite to keep clock neurons firing at the same 

frequency, but at different phases. Then, GABAergic interneurons as well as PDF 

release synchronized clock neurons forming ensembles of phase-coupled neurons 

that fire at the same time with the same frequency (Schneider and Stengl, 2005). We 

hypothesized that this neuropeptide- or GABA-dependent ensemble formation is a 

prerequisite to activate (gate) specific AME clock outputs at defined ZTs (reviews: 

Stengl et al., 2015; Stengl and Arendt, 2016). Here I confirmed with in vivo recordings 

that GABA-dependent ensemble formation (Fig. 9.3; Table 9.1) also takes place in 

the intact circadian clock circuit and is not only observed in the excised AME clock in 

vitro. In addition to GABA, for the first time it was shown that also 5-HT orchestrates 

ensemble formation (Fig. 9.7). It remains to be studied whether and how GABA and 

5-HT (Figs. 9.3; 9.7; Table 9.1) couple clock cells during ensemble formation via 

phase-dependent inhibitions and activations of electrical activity. Another scenario 

would resemble the role of 5-HT in the mammalian circadian clock, the SCN. The 

SCN receives 5-HT projections from the median and dorsal raphe nuclei and light 

entrainment from the glutamatergic RHT. In addition, the SCN is innervated by 

GABAergic input from the intergeniculate leaflet (IGL) via the geniculohypothalamic 

tract (GHT) (Pickard, 1982; Meyer-Bernstein and Morin, 1996; Yamakawa and Antle, 

2010; review: Meijer and Schwartz, 2003). The 5-HT-signaling in the SCN is 

assumed to modulate the response of the circadian pacemaker center to photic and 

non-photic inputs and controls the phase of clock outputs, also via feedback from 

locomotor control centers (Morin and Allen, 2006; Ciarleglio et al., 2011). Accordingly, 

serotonergic terminals branch in the retino-recipient field of the ventral SCN, where 

VIP-ir neurons branch (Moore and Klein, 1974; François-Bellan et al., 1992). Some 

of these serotonergic terminals presynaptically inhibit RHT input via 5-HT1B receptors 
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(Pickard et al., 1996; Manrique et al., 1999) thus, decreasing electrical activity, while 

others inhibit GABA-ir terminals via 5-HT1B receptors (Bramley et al., 2005). Data in 

mammals, furthermore, suggest that histamine-signaling plays a major role in photic 

entrainment (Jacobs et al., 2000). In the Madeira cockroach 5-HT-ir branches overlap 

with PDF-, histamine-, and GABA-ir fibers in the proximal LA and in the region of the 

AME that appears to process photic inputs. However, we do not know whether 5-HT 

serves similar functions in the cockroach circadian system, as in the mammalian 

clock.“ (Giese et al., 2018). Future experiments will test whether 5-HT serves similar 

functions in the cockroach circadian system, as in the mammalian clock. However, 

evidence is shown that PDFLAs serve as possibly light entrainment pathways to the 

cockroach circadian clock (Figs. 4.13; 4.33). 

10.4.2 GABA could mediate photic- and non-photic entrainment 

“While only the AFF connected the AME to LA neuropils, several tracts connected it 

to the ME. The newly described GABA-ir MLF tract (4th layer of the ME; Korek, 2016) 

connected the AME with the MLFs of the ME, where PDFMEs and many other 

neuropeptidergic neurons arborize. In contrast, ventral neurons such as the PDFMEs 

that colocalize PDF, FMRFamide and ORC (Reischig and Stengl, 2003b) and medial 

neurons, such as the most prominent GABA-ir neuron next to the AME (Petri et al., 

2002), project via the AFF not only to the LA, but also connect the AME to the MLFs. 

In contrast, the GABA-ir DT interconnected only AME with ME, but not with the LA 

(Fig. 9.9). The strongly GABA-, weaker 5-HT- ir MLFs of the ME, where all 

neuropeptide-immunoreactivities found in the clock were also detected, is very 

strongly interconnected with the AME“ (Giese et al., 2018). “In the cockroach AME, 

as in the mammalian SCN, GABA-ir innervation is abundant and is present in local 

clock neurons as well as in in- and output pathways (Van den Pol and Tsujimoto, 
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1985; Moore and Speh, 1993; Petri et al., 1995, 2002)“ (Gestrich et al., 2018). In the 

mammalian SCN, GABA is the major synaptic input (Moore and Speh, 1993; Wagner 

et al., 1997; De Jeu and Pennartz, 2002), mediating fast inhibitory synaptic 

transmission through GABAA receptors, serving different functions (Strecker et al., 

1997; Liu and Reppert, 2000; Shinohara et al., 2000; Michel and Colwell, 2001) “The 

strong GABA-mediated connections between the cockroach clock and the MLFs are 

reminiscent of the GABAergic GHT that connects the SCN to the IGL (review: Albers 

et al., 2017). Both, the mammalian IGL of the lateral geniculate nucleus and the 

cockroach MLFS of the ME are second order optic neuropils that are closely 

connected to the circadian clock. Both receive photic input from the eye and both 

receive prominent input from 5-HT-ir, GABA-ir, and neuropeptidergic projections. The 

serotonergic projections from the raphe nucleus mediate also non-photic inputs to the 

IGL (Moore and Klein, 1974; Shioiri et al., 1991; Morin, 1999; Takemura et al., 2008; 

review: Bridge, 2011). Similar to our findings of 5-HT-effects on the intact cockroach 

clock in vivo and 5-HT-effects in the circadian system of the cricket (Saifullah and 

Tomioka, 2002), 5-HT also modulated rhythmic firing in the SCN clock (Prosser et al., 

1990; Jiang et al., 2000). Therefore, we hypothesized that photic and non-photic 

phase information is exchanged between the cockroach clock and the MLFs of the 

ME“ (Giese et al., 2018). Currently, the GABA receptors and Cl- current of specific 

AME neurons are analyzed with pharmacological experiments to further characterize 

GABA-signaling in the cockroach clock (Giese, 2018). 

10.5 How does PDF regulate the circadian network? 

10.5.1 PDF takes part as a gating factor in light input pathways 

Previous studies show evidence that PDF and VIP are evolved in light inputs 

(Hughes et al., 2004; Dragich et al., 2010; Gamble et al., 2011; Vosko et al., 2015; 
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Liang et al., 2017) However, less is known how PDF and VIP function in light-

sensitive circadian pacemaker neurons. Currently, Drosophila studies show that 

neuropeptides PDF and short neuropeptide F (sNPF) are involved in setting morning 

activity phases. Moreover, light and PDF from morning cells (s-LNv) together delay 

the phase of the evening (LNd) group by approximately 12 hours (Liang et al., 2017). 

In addition, Drosophila clock neurons are more depolarized and fire more during the 

daytime, and circadian changes in the expression of clock-controlled genes such as 

ion channels and transporters are likely to play a part (Mizrak et al., 2012; Ruben et 

al., 2012). Prior data indicate further that in vertebrates VIP plays a critical role in 

light regulation in the circadian system (Hughes et al. 2004; Vosko et al. 2007; 

Dragich et al., 2010). SCN neurons usually were silent during the night but reacted to 

photic stimulation transduced by melanopsin-expressing retinal ganglion cells 

(mRGCs) that generated action potentials up to 20 Hz (Berson et al., 2002; Irwin and 

Allen 2007; Meijer et al., 1998; Tu et al., 2005; Warren et al., 2003). In the cockroach 

R. maderae it was previously shown that exposure to long- or short photoperiods, or 

days of different lengths changed the number of PDF-expressing neurons (Wei and 

Stengl, 2011). Therefore, light differentially regulates PDF-synthesis in anterior PDF-

ir ME neurons up-regulating PDF expression. With extracellular loose patch-clamp 

recordings I could analyze that light-sensitive neurons in the AME responded to light 

at any time and asked further whether there could exist two parallel light-entrainment 

pathways into the clock, an excitatory and an inhibitory, which are both gated via 

PDF. Since PDF application leaded to a bursting pattern with an increased evening 

peak (Fig. 6.9-6.14; Table 6.3) and the fact that there exist light-sensitive neurons 

which could be inhibited (Figs. 7.19-7.22; 7.27; Table 7.1) or activated via PDF 

(Figs. 7.23-7.31; S5-S6; Table 7.1), suggesting that PDF functions in both directions, 

possibly driving two circuits in the AME and could act as an important gating factor. 
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This would correlate with previous studies of vertebrates, which found long-term 

increases in excitability in SCN neurons driven by GRP (Gamble et al. 2011) and VIP 

(Kudo et al., 2013; Vosko et al., 2015), suggesting to play likewise a critical role in 

determining the response of SCN neurons to light. Moreover, prior work in mollusks 

and mammals indicates that the electrical activity of circadian pacemaker neurons 

determines how these cells responded to photic stimulation (McMahon and Block, 

1987; Irwin and Allen, 2007; Colwell, 2011; Kudo et al., 2013). Interestingly, AME 

neurons tended to change their reaction pattern. While they first resembled 

inhibitions, later they displayed activations (Figs. S14-S15) or vice versa (Figs. 

7.23-7.26; S12-S13). In addition, light and PDF sensitive AME neurons displayed 

field potentials (e.g., Figs. 7.32; S5-S6; S17). Positive field potentials could resemble 

an inhibition of synchronized neurons. Thus, here also the GABA-ir tract could take 

place to release GABA and therefore lead to an inhibition of numerous neurons 

(Brusius, 2009). Moreover, one recorded light sensitive broadband AME neuron (S7-

S11) displayed another reaction, since after PDF activation it decreased its 

amplitude, but exhibited light responses to all applied wavelengths and also to 1 Lux 

white light stimulus. This additional figure out that PDF functions in both directions 

and possibly modulates light-sensitive neurons in different ways. These results 

demonstrate that PDF acts possibly as long-term modulator, now synchronizing AME 

neurons over hours and influencing light responses (Fig. 7.32; 7.33; S5-S6; Table 

7.1). It remains determined whether those interactions lead to phase shifts in 

behavioral responses, thus changing now locomotion during rest and activity.   

10.5.2 PDF dependent bursts of AME neurons are involved in coupling 

pathways between bilaterally symmetric circadian oscillators  

Circadian oscillator cells are orchestrated to form a cellular network for the timing of 

                                                                                                                             10 Discussion !  258



physiological processes and behavior. In vertebrates VIP synchronizes within the 

SCN circuit individual cell-autonomous oscillators (Webb et al., 2009; Welsh et al., 

2010; Maywood et al., 2011; review: Ramkisoensing and Meijer, 2015), and could 

possibly during changing in firing rate take part of the mechanism by which this 

coupling occurs. Previous studies of dispersed neurons and brain slices from wild-

type and Cry double knockout mice analyzed the links between single cell rhythmicity 

as well as intercellular coupling and found that weak coupled damped oscillators can 

be easier synchronized and expressed wide entrainment ranges in contrast to robust 

coupled oscillators (Ananthasubramaniam et al., 2014; Tokuda et al., 2015). 

Furthermore, via network modeling oscillator properties of dispersed cells were 

quantified and it has been shown that the variation of oscillator strength, coupling 

strength, and coupling delay reproduced experimentally observed features (Tokuda 

et al., 2015). The considerable coupling strength increased the synchronization 

index. In addition, the phase of coupling showed a very strong effect on 

synchronization, as displayed in Ananthasubramaniam et al. (2014). In the cockroach 

R. maderae coupling between both oscillators is anatomical well characterized. Anti-

PDF immunocytochemistry combined with backfills revealed four PDF-ir ventral 

neurons (VNEs) among the MC I (Reischig and Stengl, 2002; Reischig et al., 2004; 

Soehler et al., 2011). Moreover, one of them is the largest PDF-ir anterior neuron 

which appears to connect all PDF-ir termination areas in the midbrain and optic lobe 

via the AOC and POC to both AMEs as a possibly coupling pathway (Wei et al., 

2010). In addition, we categorized PDF responses according to the projection pattern 

of the AME neurons as described above (Gestrich et al., 2018; Figs. 5.9, 5.10, 5.11, 

11.1). Thus, PDF release in the AME regulates different functional circuits which 

might keep a stable phase difference via antagonistic PDF-actions as also reported 

for the fruit fly (Liang et al., 2016; Gestrich et al., 2018). Here, I report PDF-
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dependent excitatory connections recruited a PDF-dependent ensemble of clock 

inputs via bursts (Figs. 7.32; 7.33) of one or both AMEs (Figs. 8.1-8.12; S16-S17). 

Those phenomena were also detected in in situ studies (Funk, 2015), preliminary 

studies in vivo (Brusius, 2009) and under circadian times in vivo (Baz, 2015; Heim, 

2015). PDF action was most effective during ZT 3-10, where only weak field 

potentials occurred (Figs. 7.32; 7.33; 8.1-8.12; S16-S17). This might correlate with 

the AME activity pattern throughout the day (Figs. Figs. 6.1-6.6; 6.9; Table 6.1), 

seemingly PDF action was most effective during ZT 3-4 before an irregular repetitive 

activity occurred in AME neurons (Fig. 6.3). Moreover, here also coupling strength 

and time of coupling (phase) could play a role in synchronizing of both AMEs as 

described in vertebrates (Ananthasubramaniam et al., 2014). Nevertheless, since 

PDF interacted in both directions and its action rather depended on the 

electrodeposition (n=4) instead of the ZT, this might further support our hypothesis of 

two labeled lines, since contralateral AME neurons were inhibited whereas ipsilateral 

AME neurons were activated (Gestrich et al., 2018). However, whether cultured 

neurons change their response to PDF ZT dependently is unknown. Since both 

AMEs generated bursts after PDF treatment and the fact that they responded to all 

ramps of white and green light (Figs. 8.1-8.12; S16-S17), this rule out that PDF 

possibly functions as a gating factor for light entrainment. These results demonstrate 

that PDF likely acts as a long-term modulator, now synchronizing both AMEs over 

hours and influencing light responses (Fig.  8.2 A-L). 

Nevertheless, extracellular loose patch-clamp recordings have its limitations, 

therefore, future calcium imaging studies in vivo combined with whole cell patch-

clamp studies of PDF labeled neurons will examine, which PDF neurons are light 

sensitive and how they can interact together. Thus, PDF-dependent ensemble 

formation could gate clock outputs via phase-synchronization and could be 
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responsible for light-dependent advances of locomotor activity at dawn and light-

dependent delays at dusk (Petri and Stengl, 1997; Schneider and Stengl, 2005; 

Schulze et al., 2013; Schendzielorz and Stengl, 2014; Schendzielorz et al., 2014; 

Arendt et al., 2016; review: Stengl and Arendt, 2016; Gestrich et al., 2018). 

10.5.3 “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. It has been shown 

previously, however, 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. We hypothesize, 

however, 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. We suggest 

that this PDF-dependent ipsilaterally remaining ensemble is sleep-promoting for the 

night-active Madeira cockroach (Stengl and Arendt, 2016). In turn, during the day 

PDF-release by the ipsilateral ensemble will inhibit the contralateral projecting PDF-

sensitive neurons, such as three of the medium-sized aPDFMEs identified before 

(Soehler et al., 2011). Page (1978, 1984) has shown 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 
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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 

light levels decline at the end of the day, correlating with locomotor activity onset of 

the Madeira cockroach (Fig. 10.1). Current enzyme-linked immunosorbent assays 

(ELISAs) test our hypothesis that PDF release is high during the day and low during 

the night (unpublished). 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-Foerster, 

2014)“ (Gestrich et al., 2018). Furthermore, the PDFLAs could represent light 

entrainment pathways that project via the anterior fiber fan from LA neuropils to the 

AME as it was shown chapter 4 (Figs. 4.13; 4.33). In contrast to the high GABA-

sensitive and most inhibited AME neurons, fewer GABA responsive neurons with low 

sensitivity and more excitatory responses were found in dLA and vLA cells (Giese, 

2018). Thus, the spontaneously active PDF-expressing circadian clock neurons are 

hypothetical thought to regulate/gate light entrainment in LA neuropils GABA -

dependently and play also a role in GABA-dependent gating of outputs via ensemble 

formation in the AME (Schneider and Stengl, 2005;  Wei and Stengl, 2012; Stengl 
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Fig. 10.1: “Our new hypothesis explains the unexpected finding of cell-type-specific 
antagonistic PDF sensitivity of PDF-releasing circadian clock neurons (aPDFMEs = black) of 
the Madeira cockroach. The largest aPDFME (on top; black with oscillator) expresses regular 
endogenous circadian action potential rhythms. It is suggested to keep all PDF-sensitive ensembles 

that are either activated or inhibited via PDF at stable antiphase-relation. The largest aPDFME itself 
can be phase-shifted GABA- and Ach- dependently, possibly via indirect light input to keep a stable 
phase to the light–dark cycle. During the day, PDF expression and release are upregulated light-

dependently in ipsilateral small aPDFMEs that activate each other via positive feed-forward (left side). 
They recruit an ensemble of ipsilateral PDF- sensitive neurons that are sleep-promoting during the 
day. During the day, the small ipsilateral aPDFMEs inhibit (middle) contralaterally projecting medium-

sized aPDFMEs that drive an activity-promoting ensemble (right side). The contralateral medium-sized 
aPdFMEs express inhibitory PDF autoreceptors and inhibit its respective counterparts in the bilaterally 
symmetric circadian clocks. At dusk, when light levels decline, the contralateral medium-sized 

aPDFMEs become disinhibited and are activated in darkness. They are locomotor activity promoting in 
the night-active Madeira cockroach” (Gestrich et al., 2018). Text and figure are published in Gestrich et 
al., 2018. 

and Arendt, 2016; Giese et al., 2018). 
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11 Outlook 

The results obtained from this study implicate an important role for PDF as modulator 

of light responses and gating factor in the circadian network of R. maderae. Although 

the results figure out newly insights in PDF signaling, some aspects are still 

unknown. In addition, its still unknown whether PDF-ir cells are light sensitive and if 

PDF-ir neurons change their bursting pattern during the night to a more tonic mode, 

as it was shown in D. melanogaster (Muraro et al., 2015). To challenge this question, 

loose patch-clamp recordings together with calcium imaging in vivo studies of 

backfilled contralateral AME neurons should be performed for at least 24 hours. 

Therefore, the network properties of contralateral projecting neurons, with respect to 

light, PDF, GABA or 5-HT treatment could be further studied and also the possibility 

to achieve PDF cells would be increased. A combination of PDF and GABA treatment 

with respect to light could give further insights into the network properties and how 

they function with each other. Since intracellular recordings have its difficulties, also 

whole-cell clamp recordings (Fig. 11) could be performed after 24 hours to label  

Fig. 11: First whole cell patch-clamp recording 

trials of accessory medulla (AME) neurons. 

Collagenase/dispase was used to get access to 

AME cells. Via backfills the possibility is increased 

to find contralateral PDF-ir cells. Then, also in vivo 

dawn and dusk light stimuli of contralateral cells 

can be further investigated. In addition, a 

combination of GABA and PDF would reveal how 

ensemble formation works in the AME network. 

those neurons and perform later immunochemistry against PDF and also other 

neuropeptides and transmitters such as MIP, ORC, corazonin, AT and GABA which 

were suggested to take part in the light entrainment. Furthermore, whole-cell patch 

                                                                                                                                                             11 Outlook !264



clamp recordings could answer the question which ion channels are involved to drive 

oscillations in vivo, since in vitro studies have been shown that HCN-channels are 

responsible to drive robust oscillations (Wei et al., 2014) and whether different 

receptors are expressed throughout the day, to test the hypothesis of two labeled 

lines in more detail. Furthermore, also different dawn and dusk light stimuli could be 

tested throughout the day of the backfilled AME neurons. Nevertheless, nor patch 

clamp recordings neither calcium imaging experiments will answer how the tested 

stimuli influence the behavioral level. Long-term extracellular recordings of freely 

moving cockroaches will further analyze the morning and evening peak activity with 

correlation to the neuronal electrical activity patterns in the AME. Moreover, also the 

impact of PDF, GABA and light could be further analyzed. 
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12 Appendix 

Fig S1 A-C displays an example of a regular firing AME neuron at ZT 22, which was 

achieved during experiments of intracellular recordings during my thesis and lasted 

about one hour. The duration of an action potential was 2 ms, thus clearly exceeding 

a regular action potential duration (Fig. S1 G-I). This neuron didn't react to any tested 

light stimuli but was dose dependent depolarized via applied 300, 200 and 100 pA 

current stimuli, as seen in expansion in (Fig. S1 D-F). Here, membrane potential as 

well as MF and ISF changed.  

Supplemental Figs. S2-S17 show additional examples of recorded cockroaches as 

shown in Chapter 6-8. 

Supplemental Figs. S18.1; S18.2 display one intracellular recorded fiber of an 

antennal lobe neuron projected towards the LOVT and exhibited oscillations during 

ZT 21, suggesting that the AME possibly relays phase information to the antennal 

lobe neuron. Thus, this neuron might be receiving Zeitgeber time dependent 

information about olfactory stimuli such as pheromones or food. 

                                                                                                                                                           12 Appendix !  266



                                                                                                                                            

!  
                                                                                                                                                           12 Appendix !  267



                                                                                                                                            

Fig. S1: Intracellular recording of one AME neuron at ZT 22 generated spontaneous, regular 
action potentials. (A) One hour recording trace displays a membrane potential of -58 mV showing 60 
mV high action potentials (B) Mean action potential frequency (MF) plot. (C) The corresponding 
instantaneous frequency (1/interevent-intervals, ISF) plot shows a narrow band around 50 Hz 

indicating regular activity before stimulated with current. (D-F) Magnification of the detail in the 
recording trace (G-I), illustrating the regular firing pattern of the neuron, shown by the (MF) (H) as well 
as the ISF plot (I). Time scales 2 min in (A-C), 500 ms in (D-F) and 100 ms in (G-I). 
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Fig. S2 : PDF inhibited and exhibited oscillations in AME neurons at Zeitgeber time (ZT) 9. 
Original extracellular loose patch-clamp recording trace (A, D, G) showing action potentials. The 
arrows mark the application of 500 nM or 1µM PDF and the enlargement display the positions of the 
details, magnified in (D-F). After 500 nM PDF application the spiking rate decreased (A, D). The mean 

action potential frequency (MF) (B, E) plot illustrates the PDF-dependent inhibition and shows a period 
of oscillations starting after 1 µM PDF application. (C, F) The instantaneous frequency (1/
intereventintervals, ISF) plot indicates that the PDF-dependent inhibition and oscillations were 

accompanied by new ensemble formations: After PDF application three narrow ISF bands developed, 
indicating firing with similar interevent-intervals. (G-I) Control application 0,1 µl Ringer at the beginning 
of the recording (not shown in A-C) displayed no activity changes. (G-I) Details of the recording trace 

are shown in (G). Time scales 2 s in (A-C) and 200 ms in (D-I). 
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Fig. S3: PDF inhibited AME neurons at Zeitgeber time (ZT) 18. Original extracellular loose patch-

clamp recording trace (A) shows action potentials before PDF treatment. The arrows mark the 
application of Ringer control or 500 nM PDF application and the enlargements display the positions of 
the details, magnified in (D-F and G-I). After 500 nM PDF application AME neurons were inhibited (B) 
The mean action potential frequency (MF) plot illustrates the PDF-dependent inhibition after 500 nM 
PDF application. (C) The instantaneous frequency (1/intereventintervals, ISF) plot indicates the PDF-
dependent inhibition: after PDF application the crowdie ISF was inhibited. (D-F) Control application of 

Ringer at the beginning of the recording displayed no activity changes. (G-I) Details of the recording 
trace, showing less activity after PDF application (G). Time scales 2 s in (A-C) and 200 ms in (D-I). 
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Fig. S4: Latency and duration after 500 nM and 1 µM PDF treatment in accessory medulla 
(AME) neurons. AME neurons displayed shorter latencies after 1 µM PDF application and longer 
durations in contrast to 500 nM concentrations in both inhibitions (500 nM=23% n=20 and 1 µM=28% 
n=24 of 17 cockroaches) or activations (500 nM=33% n=28 and 1 µM=36% n=31 of 19 cockroaches). 

15% showed long-lasting burst activity patterns (500 nM n=4 and 1 µM n=16 of 16 cockroaches). 
Pearson correlation plots revealing latency and duration of both inhibition and activation tend to 
increase together after PDF application (r=0.8265; 0.8247; 0.6335; 0.9139) (Graphpad prism 6). 

!  

Fig. S5: Circadian clock neurons increased their responses to white, green and UV light after 
PDF application at projected Zeitgeber time (p ZT) 8. Continuously decreasing intensity ramps of 

white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Steps of 50 Lux UV 
and 1500 Lux white light stimuli were applied (A) Original loose patch-clamp recording trace displays 
field potentials as well as multi-unit activity (MUA) (B) Application of 0.1 µl 1 µM PDF resulted first in a 

slight increasing spiking rate. The regular activity pattern changed to oscillations after PDF treatment. 
Moreover, PDF sensitive AME neurons exhibited higher sensitivity to ramps of white and green light as 
well as 50 Lux UV illumination. During steps of 50 Lux UV and 1500 Lux white light stimuli, AME 

neurons were activated after PDF treatment. (C) Mean action potential frequency (MF) and (D) 
instantaneous frequency (1/interevent-intervals, ISF) plots further illustrate the emerged oscillations of 
electrical activity after 1 µM application. Details were seen in expanded time scales of Fig. S6 (a1-3–
d1-3). Time scales 5 min in (A - D). 
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Fig. S6: The expanded time scale of Fig. S5 shows the increased response to white and green 
light after PDF application at projected Zeitgeber time (p ZT) 8. Continuously decreasing intensity 
ramps of white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light 
responses were compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original 

recording trace (a1, a2, a3) shows increased field potentials, amplitudes of multi-unit activity (MUA) (b1, 
b2, b3) and spiking rates to decreasing ramps of white light after 500 nM and 1 µM PDF application as 
displayed by the mean action potential frequency (MF) (c1, c2, c3) and the instantaneous frequency (1/

interevent-intervals, ISF) plots (d1, d2, d3). Time scales 2 s in (a1-3–d1-3). 
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Fig. S7: Circadian clock neurons slightly decreased their responses to white, green and UV 
light after PDF application at projected Zeitgeber time (p ZT) 20. Continuously decreasing 
intensity ramps of white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
Steps of 50 Lux UV light or 500 Lux white light stimuli were applied (A) Original loose patch-clamp 

recording trace displays multi-unit activity (MUA). Application of 0.1 µl 500 nM and 1 µM PDF resulted 
first in an increased spiking rate. Interestingly, PDF sensitive AME neurons exhibited lower sensitivity 
to ramps of white and green light as well as 50 Lux UV illumination. During constant 500 Lux white 

light exposure AME neurons were activated after PDF application. (B) Mean action potential frequency 
(MF) and (C) instantaneous frequency (1/interevent-intervals, ISF) plots. Details were shown in 
expanded time scales of (D-F), (G-I), Fig. S8 (a1-3–c1-3), S9 (d1-3–f1-3), S10 (g1-3–i1-3) and S11 (M-O). 
White bars indicate breaks of recording. Time scales 5 s in (A - C) and 2 s in (D-I). 
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Fig. S8: The expanded time scale of Fig. S7 shows the decreased response to ramps of white 
light after PDF application at projected Zeitgeber time (p ZT) 20. Continuously decreasing 
intensity ramps of white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. 
Light responses were compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original 

recording trace (a1, a2, a3) shows the decreased amplitude and spiking rate of multi-unit activity (MUA) 
to decreasing ramps of white light after 500 nM PDF and 1 µM PDF application as displayed by the 
mean action potential frequency (MF) (b1, b2, b3) and the instantaneous frequency (1/interevent-

intervals, ISF) plots (c1, c2, c3). Time scales 2 s in (a1-3–c1-3). 
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Fig. S9: The expanded time scale of Fig. S7 shows the decreased response to green light after 
PDF application at projected Zeitgeber time (p ZT) 20. Continuously decreasing intensity ramps of 
green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (d1, d2, 
d3) shows decreased amplitude and spiking rate of multi-unit activity (MUA) to decreasing ramps of 
green light stimuli after 500 nM PDF and 1 µM PDF application as displayed by the mean action 
potential frequency (MF) (e1, e2, e3) and the instantaneous frequency (1/interevent-intervals, ISF) plots 

(f1, f2, f3). Time scales 2 s in (d1-3–f1-3). 
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Fig. S10: The expanded time scale of Fig. S7 shows the decreased response to UV light after 
PDF application at projected Zeitgeber time (p ZT) 20. Steps of 50 Lux UV light stimuli (14, 6, 2 
seconds, each stimulus) were applied. Light responses were compared before, after 0.1 µl 500 nM 
and after 1 µM PDF treatment. Original recording trace (g1, g2, g3) shows the slightly decreased 

amplitude and spiking rate of multi-unit activity (MUA) to UV light stimulus after 500 nM PDF and 1 µM 
PDF application as displayed by the mean action potential frequency (MF) (h1, h2, h3) and the 
instantaneous frequency (1/interevent-intervals, ISF) plots (i1, i2, i3). Time scales 2 s in (g1-3–i1-3). 

!  

Fig. S11: The expanded time scale of Fig. S7 shows that PDF sensitive AME neurons still 
exhibited light responses to low light intensities and were activated at 500 Lux illumination 
after PDF application at projected Zeitgeber time (p ZT) 20. After a step of white light (500 Lux), 
several protocols were employed of 1 Lux repeated steps. Light responses were compared before, 

after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (J) shows increased 
amplitude and spiking rate of multi-unit activity (MUA) to repeated 1 Lux illumination after 500 nM PDF 
and 1 µM PDF application as displayed by the mean action potential frequency (MF) (K) and the 

instantaneous frequency (1/interevent-intervals, ISF) plots (L). (M-O) During constant 500 Lux white 
light exposure AME neurons exhibited an increasing spiking rate after 1 µM PDF application. In 
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contrast to PDF application without any light illumination (about 80 Hz, Fig. S7 H), neurons exhibited a 

change of about 20 Hz in response to PDF (N). Time scales 2 s in (J-O). 

Fig. S12: Circadian clock neurons decreased their responses to white and green light after PDF 
application at projected Zeitgeber time (p ZT) 12. (A) Original loose patch-clamp recording trace 
displays single-unit activity (SUA) of PDF-sensitive clock neurons. Application of 0.1 µl 500 nM (D-F) 
first activated and then inhibited AME neurons. After 500 nM PDF application, AME neurons still 
exhibited inhibitory sensitivity to decreasing ramps of white and green light (55-25-5-2-55-25-5-2 Lux, 
2s each stimulus). (B) Mean action potential frequency (MF) and (C) instantaneous frequency (1/

interevent-intervals, ISF) further illustrate inhibitions and emerged slight oscillations of electrical 
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activity after 500 nM application. Details see at expanded time scale of Fig. S13 (a1-3–c1-3) below. 

Time scales 2 s in (A - I). 

!
Fig. S13: The expanded time scale of Fig. S12 shows decreased responses to white light after 
PDF application at projected Zeitgeber time (p ZT) 12. Continuously decreasing intensity ramps of 
white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Inhibitory light 
responses were compared before and after 0.1 µl 500 nM PDF treatment. Original recording trace (a1, 

a2, a3) shows decreased amplitude and spiking rate of single-unit activity (SUA) to decreasing ramps 
of white light after 500 nM PDF application as displayed by the mean action potential frequency (MF) 
(b1, b2, b3) and the instantaneous frequency (1/interevent-intervals, ISF) plots (c1, c2, c3). Time scales 

2 s in (a1-3–c1-3). 

                                                                                                                                                           12 Appendix !  286



                                                                                                                                            

!  
                                                                                                                                                           12 Appendix !  287



                                                                                                                                            

Fig. S14: PDF inhibits and activates the contralateral accessory medulla (AME) in double 
recordings. (A, D, G, J) Original 24 h recordings of activity patterns occurred in contralateral AME 
neurons under every 10 s continuously decreasing intensity ramps of white or green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Contralateral AME neurons showed after 

500 nM PDF applications inhibitions. After the second 1 µM PDF treatment, activation occurred in the 
contralateral AME (B, E, H, K). Mean action potential frequency (MF) and (C, F, I, L) instantaneous 
frequency (1/interevent-intervals, ISF) plots are displaying inhibitions and activations of electrical 

activity after 500 nM and 1 µM application. Control = control application of Ringer solution. Here, no 
long-lasting activity change was seen. Furthermore, contralateral AME neurons displayed after 
projected ZT 22 no more light sensitivity, which appeared back at around projected ZT 4. Details were 

shown in expanded time scale of Fig. S15 (A-F). Black and white bars show day and night. Time scale 
is displayed in Zeitgeber time (ZT). 

!  
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Fig. S15: Expanded time scale of Fig. S14 shows the decreased response to white and green 
light after PDF application at Zeitgeber time (p ZT) 7. Continuously decreasing intensity ramps of 
white or green light (55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were 
compared before, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording trace (D) 
shows decreased amplitude and spiking rate of multi-unit activity (MUA) to ramps of white and green 
light after 500 nM PDF application as displayed by the mean action potential frequency (MF) (E) and 
the instantaneous frequency (1/interevent-intervals, ISF) plots (F). After 1 µM PDF treatment the 

electrical activity of the contralateral AME changed to activations. Here, the ipsilateral AME (A-C) 
showed neither responses to light nor to PDF application. Controls exhibited no neuronal activity 
changes. Time scales 5 min in (A-F). 

!
Fig. S16: In another extracellular loose patch-clamp recording both accessory medullae 
(AMEs) neurons displayed activation after PDF treatment at ZT 6. Original recording traces (A, C) 
shows increased spiking activity in both AMEs after 1 µM PDF treatment (B; E) Mean action potential 
frequency (MF) and (C; F) instantaneous frequency (1/interevent-intervals, ISF) plots are displaying 

transient bursts of electrical activity after 1 µM application resulted in both AMEs. Control = control 
application of Ringer solution. Time scales 5 s in (A-F). 
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Fig. S17: In another extracellular loose patch-clamp recording both accessory medullae 
(AMEs) neurons shows increased responses to white and green light after PDF application at 
projected Zeitgeber time (p ZT) 10. Continuously decreasing intensity ramps of white or green light 
(55-25-5-2-55-25-5-2 Lux, 2 s each stimulus) were applied. Light responses were compared with 

Ringer controls, after 0.1 µl 500 nM and after 1 µM PDF treatment. Original recording traces of 
ipsilateral (A1, A2, A3) and contralateral (D1, D2, D3) AME neurons show increased field potentials and 
spiking rate of multi-unit activity (MUA) to decreasing ramps of white and green light after 500 nM and 

1 µM PDF application as displayed by the mean action potential frequency (MF) (B1, B2, B3 and E1, E2, 
E3) and the instantaneous frequency (1/interevent-intervals, ISF) plots (C1, C2, C3 and F1, F2, F3). Time 
scales 2 s in (A1-3–C1-3 and D1-3–F1-3 ). 
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S18 

18.1 Results 

18.1.1 Other neurons which processed towards the AME 

In a fewer experiments (n=5 of 5 cockroaches), intracellular recordings were 

performed in the lobula valley tract. One fiber of an antennal neuron was recorded 

  

                                                                                                                                                           12 Appendix !  292



                                                                                                                                            

Fig. S18.1: Frontal reconstruction of one intracellularly recorded fiber in the lobula valley tract 
(LOVT) of an antennal neuron. (A) Confocal laser images show PDF immunoreactivity (cyan). (B) 
The intracellularly recorded and iontophoretically neurobiotin labeled antennal lobe neuron (magenta; 
double arrowhead) arborized in the antennal lobe and projected towards the LOVT and midbrain 

regions where it crossed the posterior optic commissure (POC). Overlay is shown in (C). (D) 
Reconstructed neuropils (grey) and neuron (magenta). Lamina (LA), 3D reconstruction was performed 
with AMIRA. Scale bars = 100 µm in (A – D). 

"  

Fig. S18.2: During the night at ZT 21 this antennal lobe neuron generated oscillations. Original 

intracellular recording (E), showed an increasing and decreasing spiking rate of the antennal lobe 
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neuron displayed by the mean action potential frequency (MF) (F) and the instantaneous frequency (1/

interevent-intervals, ISF) plots (G). Details were shown in (H-J) at expanded time scales. Time scales 
2 s in (E-G) and 100 ms in (H-J).   

which showed branched processes into the midbrain, projected to the lobula and 

ended in close vicinity to the AME. Furthermore, it crossed the POC and displayed 

ramifications in the antennal lobe (Fig.18.1). Interestingly, the antennal lobe neuron 

generated oscillations during ZT 21 (Fig. 18.2). This is reflected by the ISF and the 

MF which represents the decreasing and increasing spiking rate.   

Summary: In summary, antennal lobe neurons drive oscillations and process 

towards the LOVT and midbrain targets. 
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13 Abbreviations

[Ca2+]i intracellular calcium concentration  

µV  microvolt

5-HT serotonin

AC  adenylate cyclase

AFF anterior fiber fan 

AFP anterior fiber plexus

ALA accessory lamina

ALAE accessory laminae 

AT allatotropin

AME accessory medulla

AMEs  accessory medullae

aMNE triple-labeled GABA-, MIP-, and allatotropin-ir median neuron

ANEs anterior neurons

AOC  anterior optic commissure

aPDFME anterior PDF-releasing circadian clock neurons

cAMP  cyclic adenosine monophosphate

CBL lower division of the central body 

CBU   upper division of the central body
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cGMP  cyclic guanosine monophosphate

CLK   clock

cMNE triple-labeled GABA-, MIP-, and corazonin-ir median neuron

CREB  cAMP response element binding protein

CRY  cryptochrome

CT circadian time

DCV  dense core vesicle

dPDFLA PDF-ir neurons in the dorsal lamina

DFVNEs distal group of frontoventral neurons 

DNs  dorsal neurons

DT distal tract

E-oscillator  evening oscillator

Fura-2-AM Fura-2 acetoxymethyl ester 

GABA γ-aminobutyric acid

GaR  goat anti rabbit

GHT geniculohypothalamic tract

GME glass microelectrode 

GRP gastrin releasing peptide

HB Hofbauer-Buchner 
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