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Zusammenfassung

Sowohl die tagliche Drehung der Erde um ihre Achse als auch ihre Umlaufbahn um die
Sonne bestimmt den Tagesablauf aller auf ihr existierenden Lebensformen. Diese Rhyth-
men fuhrten zur Entwicklung von inneren Uhren mit einer Periodendauer von etwa 24
Stunden, um sich an die verandernden Umweltbedingungen anzupassen. Das erste Tier,
in dem solch eine Uhr im Zentralnervensystem identifiziert und lokalisiert werden konnte,
war die Madeira-Schabe, Rhyparobia maderae. Der strukturelle Aufbau dieses circadianen
Schrittmachers, der akzessorischen Medulla (AMe), ahnelt sehr stark dem Aufbau des
Hauptschrittmachers der Saugetiere, dem suprachiasmatischen Nukleus. Darliber hinaus
ist die Schabe ein besonders robustes und langlebiges Insekt, was zu ihrer Etablierung als
circadianen Modellorganismus geflihrt hat. Neben dem Hauptschrittmacher im Zentral-
nervensystem existieren noch zahlreiche weitere Taktgeber in peripheren Nervensyste-
men. Zusammen steuern sie zahlreiche Effektoren wie die Physiologie sowie das Verhal-
ten. Es konnte gezeigt werden, dass nicht nur das Lauf-, sondern auch das Fress- und Paa-
rungsverhalten bei Schaben circadian reguliert wird. Obwohl die molekularen Mechanis-
men, welche diesem circadian olfaktorischen Verhalten zugrunde liegen, weitestgehend
unbekannt sind, ist bekannt, dass sekundare Botenstoffe eine Schlisselrolle bei der Mo-
dulation der olfaktorischen Wahrnehmung, aber auch bei der primaren olfaktorischen
Antwort eine entscheidende Rolle spielen. Diese sollten im Rahmen dieser Doktorarbeit

naher untersucht werden.

Kapitel 3.1 Analyse des Verhaltens von R. maderae und Manduca sexta

Zunachst wurde das Verhalten von R. maderae, aber auch das des Tabakschwarmers M.
sexta unter Laborbedingungen untersucht, unter denen auch die spateren biochemischen
Experimente durchgefiihrt wurden. Mittels eines Videoanalysesystems wurde das Lauf-,
Fress-, Paarungsverhalten mannlicher sowie weiblicher Madeira-Schaben untersucht. Es
konnte gezeigt werden, dass isolierte mannliche sowie weibliche Madeira-Schaben zwei
Aktivitatspeaks im Tagesverlauf aufweisen. Der erste Peak tritt zu Beginn/Mitte der Nacht
auf, der zweite gegen Ende der Nacht. Dariber hinaus konnte eine sehr gute Korrelation

zwischen der Aktivitat weiblicher Schaben und deren Aufenthalt in einer Futterzone beo-



bachtet werden. Hingegen wurde der maximale Aufenthalt in der Pheromonzone gegen
Ende des Tages und zu Beginn der Nacht erfasst. Zur selben Zeit wurde das maximale Ruf-
verhalten mannlicher Schaben in Laborkolonien beobachtet. Diese Resultate zeigen, dass
Pheromonabgabe und -detektion bei R. maderae synchronisiert stattfindet. Im Anschluss
scheint die weibliche Schabe auf Nahrungssuche zu gehen.

Ebenso wurde das Verhalten mannlicher Tabakschwdrmer in Abwesenheit von
weiblichen Tieren in einem Flugraum untersucht. Hierbei konnte aufgrund des dreidimen-
sionalen Bewegungsmusters des Schwarmers keine Videoanalyse durchgefiihrt werden,
sodass das Flug- und Fressverhalten manuell erfasst wurde. Mannliche Tabakschwarmer
zeigten wahrend der gesamten Nacht ein gesteigertes Flugverhalten. Zudem wurden Tie-
re zu Beginn und zum Ende des Flugverhaltens bei der Nahrungsaufnahme beobachtet.
Diese Ergebnisse stehen in Korrelation zu bereits publizierten Daten hinsichtlich der Akti-

vitat des Tabakschwarmers.

Kapitel 3.2 Quantifizierung von sekundadren Botenstoffen in der Antenne von R. made-

rae und M. sexta

In friheren Studien konnte gezeigt werden, dass die Perfusion von cAMP in die Antenne
von M. sexta zu einer tageszeitabhangigen Sensitisierung der olfaktorischen Wahrneh-
mung auf das artspezifische Pheromon Bombykal fiihrt. Hingegen resultierten cGMP-
Perfusionen in einer tageszeitabhangigen Adaptation der olfaktorischen Antwort. Daher
wurde angenommen, dass eine antennale Oszillation zyklischer Nukleotide fiir die tages-
zeitabhangigen Effekte ursachlich sein kénnte. Darliber hinaus wurde hypothesiert, dass
die intrazelluldre Kalziumkonzentration einer tageszeitabhangigen Schwankung unterlie-
gen koénnte, was weitere Signalmolekile in ihrer Aktivitat beeinflusst, wie etwa
Phospholipasen. Diese spielen eine zentrale Rolle bei der primaren olfaktorischen
Signaltransduktionskaskade. Daher wurden im Rahmen der Doktorarbeit die Konzentrati-
onen antennaler zyklischer Nukleotide und IP; mittels enzymgekoppelter antikdrperba-
sierter Nachweisverfahren (ELISA) im Tagesverlauf untersucht.

Sowohl bei der weiblichen Madeira-Schabe als auch beim mannlichen Tabak-
schwarmer, welche beide die Empfanger des artspezifischen Sexuallockstoffs sind, konn-
ten tageszeitabhangige Oszillationen von antennalen cAMP- und IPs-Konzentrationen

nachgewiesen werden. Wahrend die hochste cAMP-Konzentration zur Paarungszeit beo-



bachtet wurde, schienen die detektierten IP3-Peaks mit der generellen Aktivitat der Ver-
suchstiere oder deren Fressverhalten zu korrelieren. Darlber hinaus konnte bei der weib-
lichen Madeira-Schabe gezeigt werden, dass die cAMP- und cGMP-Level antizyklisch oszil-
lieren. Dieser Effekt wurde jedoch nicht bei den Tabakschwarmern beobachtet. Hier ver-
blieben die cGMP-Level auf einem konstant niedrigen Niveau. Da die Tabakschwadrmer, im
Gegensatz zur Madeira-Schabe, isoliert von Kopulationspartnern gehalten wurden, konn-
te die Abwesenheit von Sexuallockstoffen ursachlich fiir den beobachteten Unterschied
sein. Darliber hinaus blieben die cAMP- und IPs-Oszillationen bei R. maderae auch unter
konstanten Umweltbedingungen bestehen, sodass anzunehmen ist, dass diese sekunda-
ren Botenstoffe unter der Kontrolle des circadianen Uhrwerks stehen. Dieser Effekt wur-
de jedoch nicht beim Tabakschwarmer beobachtet. Hier verblieben alle untersuchten
sekundaren Botenstoffe auf einem gleichbleibenden Niveau. Daher ist anzunehmen, dass
sie entweder nicht vom circadianen System gesteuert werden oder sehr schnell

desynchronisieren.

Kapitel 3.3 Effekte des biogenen Amins Octopamin (OA) auf die antennale IP3- und

cAMP-Konzentration

Das biogene Amin OA ist in zahlreichen physiologischen Vorgangen, aber auch im Verhal-
ten von Insekten als Neuromodulator, Neurohormon sowie als Neurotransmitter invol-
viert. Perfusionen von OA in die Antenne der amerikanischen Kiichenschabe Periplaneta
americana als auch in die von M. sexta resultierten in einer sensitisierten
Pheromonwahrnehmung. Dieser Effekt war beim Tabakschwarmer wesentlich effektiver
zur Ruhezeit der Tiere, sodass angenommen wurde, dass tageszeitabhangige Oszillatio-
nen von OA in der Himolymphe die Ursache hierfir sein kénnten. Dariber hinaus konn-
ten die von OA induzierten Effekte zum Teil auch bei cAMP-Perfusionen beobachtet wer-
den. Daher wurde angenommen, dass OA Uber einen G-Protein-gekoppelten Rezeptor
Adenylycyclasen aktiviert.

Aus diesem Grund wurde zundchst beim Tabakschwarmer Uberprift, ob die
antennale OA-Konzentration im Tagesverlauf variiert und welche sekundaren Botenstoffe
in antennalen Lysaten durch OA beeinflusst werden kdnnen. Es konnte gezeigt werden,
dass die antennale OA-Konzentration den Verlauf der antennalen cAMP-, aber nicht den

der IP3-Konzentrationen sehr gut widerspiegelt. Zudem steigerte OA in antennalen



Lysaten den cAMP- und IPs-Level zur Ruhezeit des Tabakschwarmers. Zur Aktivitdtsphase
konnte jedoch nur noch die cAMP-, allerdings nicht die IPs-Konzentartion durch OA ge-
steigert werden, sodass scheinbar unterschiedliche Mechanismen die cAMP- und [Ps-
Level beeinflussen. Darliber hinaus wurde der antennale OA-Rezeptor ndaher charakteri-
siert. Die kinetische Analyse zeigte, dass OA innerhalb von 50 ms einen signifikanten
cAMP-Anstieg bewirkt. Dartber hinaus wurde die mittlere effektive Konzentration (ECsg)
des antennalen OA-Rezeptors untersucht. Der ECsqg Wert betrug 708 nM OA zur Ruhezeit
und 234 nM zur Aktivitatszeit des Tabakschwarmers. Diese Daten sind im Einklang mit
friheren Publikationen bei Invertebraten, in denen gezeigt wurde, dass OA Uber einen a-
adrenergen OA Rezeptor, mit einem ECsg Wert von 10%-10° M, die IP3- und cAMP-Spiegel
hochregulieren kann.

Auch bei R. maderae wurde untersucht, ob antennale Lysate durch OA in ihrer
cAMP- aber auch IP3-Synthese stimuliert werden kénnen. Hier wurde allerdings nur der
cAMP-, nicht jedoch der IP3-Level beeinflusst, sodass die Anwesenheit eines B-adrenergen

OA Rezeptor wahrscheinlich ist, welcher nur Adenylylcyclasen aktiviert.

Kapitel 3.4 Kalzium-bedingte Effekte auf die antennale cAMP-, cGMP- und IPs-

Konzentration

Physiologische Daten legen nahe, dass die intrazelluldaren Kalziumkonzentrationen von
olfaktorischen Rezeptorneuronen (ORNs) in M. sexta im Tagesverlauf oszillieren. Kalzium
moduliert zahlreiche Enzyme wie etwa Adenylylcyclasen, Guanylylcyclasen, aber auch
Phopholipasen und kénnte so den internen Zustand von ORNs liber die Interaktion mit
verschiedenen Signaltransduktionskaskaden orchestrieren. Im Rahmen dieser Arbeit
konnten tageszeitabhangige Kalziumeffekte auf die antennalen cAMP-, cGMP- und IPs-
Level nachgewiesen werden, welche diese Hypothese stiitzen. Sowohl in M. sexta als
auch in R. maderae reduzierte 60 nM freies Kalzium die cAMP-Synthese signifikant zur
Aktivitatsphase, jedoch nicht zur Ruhephase. Sowohl niedrigere als auch hohere Kalzium-
konzentrationen (untersucht: 0 nM-1 uM freies Kalzium) beeinflussten die cAMP-
Konzentration nicht. Ein dhnlicher Effekt konnte auch beim antennalen IPs-Level in M.
sexta zur Aktivitatsphase beobachtet werden. Hier erhohte 140 nM freies Kalzium die IPs-

Konzentration signifikant. Hingegen konnte eine signifikante kalziumabhangige Modulati-
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on der cGMP-Konzentration nur zur Ruhephase des Tabakschwarmers beobachtet wer-
den, zu der 60 nM freies Kalzium die Guanylylcyclasenaktivitdt erhohte.

Daher wird angenommen, dass die intrazelluldare Kalziumkonzentration ein ent-
scheidender Faktor bei der Regulation der olfaktorischen Sensitivitat ist. Ob die Kalzium-
konzentration von dem circadianen System gesteuert wird, wie es bei circadianen
Schrittmacherneuronen des suprachiasmatischen Nukleus der Fall ist, miissen weitere

Untersuchungen zeigen.

Kapitel 3.5 Analyse zyklischer Nukleotide im Hauptschrittmacher von R. maderae

Das Neuropeptid Pigment-dispersing factor (PDF) ist der wichtigste Kopplungsfaktor des
circadianen Systems in Insekten, vergleichbar mit dem vasoaktiven intestinalen
Polypeptid (VIP), dem funktionellen Ortholog des circadianen Systems der Sdugetiere. In
der Fruchtfliege Drosophila melanogster aktiviert das Neuropeptid PDF einen G-protein-
gekoppelten Rezeptor, welcher zu cAMP-Erhéhungen fiihrt. Uberdies steuert PDF die cir-
cadiane Bewegungsaktivitdt in der Abenddammerung und im Morgengrauen. Daher wur-
de zunachst untersucht, ob PDF die cAMP-Level in der AMe der Madeira-Schabe erh6hen
kann. Des Weiteren wurde untersucht, ob cAMP- und PDF-Injektionen zu unterschiedli-
chen circadianen Tageszeiten die circadiane lokomotorische Aktivitdt der Schabe in dhnli-
cher Weise beeinflusst. Darliber hinaus wurde nach circadianen Oszillationen von cAMP,
und seinem funktionellen Gegenspieler, cGMP, in der AMe sowie dem optischen Lobus,
einer wichtigen Eingangs- und Ausgangsregion des circadianen Schrittmachers, gesucht.
Es konnte gezeigt werden, dass PDF die cAMP-, aber nicht die cGMP-
Konzentration erhoht. Darliber hinaus wurden tageszeitabhdngige Oszillationen von
cAMP- und cGMP-Konzentrationen in der AMe beobachtet. Beide sekundaren Botenstof-
fe wiesen signifikant gesteigerte Konzentrationen zur Abenddammerung und im Morgen-
grauen auf. Obwohl diese Oszillationen am ersten Tag unter konstanten Umweltbedin-
gungen (DD1) verschwanden, konnten sie am zweiten Tag unter konstanten Umweltbe-
dingungen (DD2) im cAMP-Level wieder nachgewiesen werden. Im Gegensatz zur AMe
oszillierten die cAMP-Konzentrationen im optischen Lobus nicht unter Licht-Dunkel-
Bedingungen. Allerdings oszillierten sie in DD2 in Phase mit den cAMP-Konzentrationen
der AMe. Dariber hinaus wurde mittels Verhaltens- und Injektionsexperimenten heraus-

gefunden, dass cAMP- und PDF-Injektionen die Phasenlage der circadian Lokomotion sehr
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dhnlich beeinflussen. Beide verzogerten diese, wenn sie gegen Ende des subjektiven Ta-
ges injiziert wurden, und beschleunigten sie, sobald sie gegen Ende der subjektiven Nacht
injiziert wurden. cGMP-Injektionen resultierten in Phasenverzogerungen zu Beginn der
subjektiven Nacht. Daher wird hypothesiert, dass PDF-Freisetzung gegen Ende des subjek-
tiven Tages und zu Beginn der subjektiven Nacht den Hauptschrittmacher, aber auch das

visuelle System mittels cAMP-Erhéhungen beeinflusst.
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Summary

Previous electrophysiological, biochemical, and immunocytochemical experiments indi-
cated an involvement of cAMP, cGMP, and IP3 in olfactory signal transduction cascade of
the hawk moth Manduca sexta. While cGMP adapted pheromone detection daytime-
dependently, cAMP sensitized it partly mimicking octopamine (OA) effects. Consequently,
daytime-dependent second messenger oscillations generated by intracellular calcium-
and hemolymph OA concentration were assumed to adjust the pheromone detection
threshold. Thus, with enzyme-linked immunosorbent assays it was searched in antennae
of M. sexta and Rhyparobia maderae for daytime-dependent rhythms in the concentra-
tions of OA, cAMP, cGMP, and IP3.

Indeed, daytime-dependent changes in the concentration of OA, cAMP, and IP3,
but not of cGMP were detected in the hawk moth antennae. While cAMP- and OA oscilla-
tions closely resembled each other with maxima at the animals mating phase, IP3 concen-
trations correlated with the animals' flight- and/or feeding activity. Also in the antennae
of the Madeira cockroach second messenger concentrations correlated with behavioural
rhythms. Moreover, cAMP- and IP; oscillations were demonstrated to be controlled by
the circadian clock since they persisted under constant conditions (DD). Additionally,
cAMP- and partially IP; concentrations were increased by OA. Contrarily, calcium affected
all investigated second messengers in the hawk moth, but only cAMP levels in the Ma-
deira cockroach. Thus, both cellular calcium- and antennal OA concentrations seemed to
be critical factors for adjusting ORNs sensitivity.

Since cyclic nucleotide oscillations were demonstrated in putative peripheral cir-
cadian pacemakers, it was also investigated whether cAMP- and cGMP oscillations occur
in the central circadian pacemaker of the Madeira cockroach and whether the neuropep-
tide pigment-dispersing factor (PDF), the most important coupling factor of the circadian
system in insects, could drive these rhythms. In fact, PDF increased cAMP concentrations.
Furthermore, bimodal cAMP oscillations were observed under light-dark conditions and
persisted under DD. Thus, PDF release at dusk and dawn is assumed to synchronize the

circadian clock cAMP-dependently.
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Introduction

Both, the daily rotation of the earth around its axis and its elliptical orbit around the sun
determine the temporal order of all existing terrestrial life forms. Next to the 24 h cir-
cadian rhythm of the daily light-dark (LD) cycle, the length of night and day, humidity, and
temperature vary consistently during the course of a year resulting in circannual rhythms.
These geophysical rhythms of different periods favoured the development of internal
clocks. The most prominent internal clock is the circadian (lat. circa = approximately, lat.
dies = day) clock with an endogenous period length (Tau = 1) of approximately 24 h under

constant conditions.

1.1 General properties of circadian clocks

Circadian clocks maintain their endogenous t under constant conditions. They are tem-
perature compensated and keep a constant t within a certain physiological temperature

range. Furthermore, their periods are genetically determined and species-specific

J/ Central clock
y 2

N ‘%
Humoral or

A\
- gas
light / l \ 9

signals

Peripheral
clocks
M m M

%\8 K

driven by
Rhythms driven by central
peripheral clocks clocks

Figure 1. Schematic drawing of the circadian system consisting of a central clock and numerous peripheral cir-
cadian clocks. In addition to the central clock controlling numerous effectors, peripheral clocks drive tissue-specific
rhythms. Both clocks can be synchronized by light and gets feedback input by effectors. Additionally, the peripheral
clocks receive direct input by the central pacemaker (modified after Cermakian and Sassone-Corsi, 2000).
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(Dunlap, 1999; Cermakian and Sassone-Corsi, 2000; Saunders, 2002; Tomioka and
Abdelsalam, 2004; Golombek and Rosenstein, 2010). The circadian clocks control the
temporal order of physiological processes (such as hormone release) and of behaviour
(such as locomotor activity rhythms) via gating of clock outputs or via phase-control of
downstream oscillators (Fig. 1; Corbet, 1960; Pittendrigh, 1960; Aschoff, 1969; Block and
Page, 1978; Cermakian and Sassone-Corsi, 2000). Zeitgebers such as the daily LD cycle
entrain the circadian clock to exactly 24 h via light-dependent phase shifts (Fig. 1; Aschoff,
1954). Light as well as other input signals into the circadian clockwork either accelerate
(phase advance = +A¢ = delta phi in circadian time [CT] hours) or decelerate its phase
(phase delay = -Ad in CT hours) resulting in a stimulus-specific phase response curve (PRC;
Fig. 2). For example, light pulses always slow down the circadian pacemaker at the begin-
ning of the subjective night and advance it at the middle/end of the subjective night, re-
sulting in a biphasic PRC. Contrarily, other inputs such a injections of neuropeptides can
also result in monophasic PRCs either all-delay, or all-advance PRCs. Circadian rhythm
researchers distinguish different time axes such as the time of day, the Zeitgeber time
(ZT), and the CT. The time of day is measured with man-made clocks. The ZT of a 12:12 LD
cycle starts with lights on at ZT 0 (beginning of day). The light cycle extends from ZT 0O to
ZT 12 (the end of day = beginning of night) the dark cycle lasts from ZT

CT 2 Shift:0 h CT 8 Shift: 0 h
+3 |t = = "
A dares CT 20 Shift: +2.0h
+2 1
5 411
c
=
£ 0 3
=
ﬁ CT 14 Shift:-25 h
-g' -14 N f B | ertereccrscciecccecccenecs
=%
-2 = ————
Delay =
-3 : ; ; ; | —
0 4 8 12 16 20 24

Circadian Time (hours)

Figure 2. Generating a phase response curve (PRC) using fictitious running trails of a night active animal with an
endogenous period length <24 h. Light pulses are induced at various circadian times (CTs; rectangle in actograms).
Next, calculated phase shifts are plotted as function of CT. PRC demonstrates no effects of light pulses at the subjec-
tive day, while they induced a phase delay of 2.5 h at the beginning and a phase advance at the end of subjective

night (Refinetti, 2010).
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12 to ZT 24 (end of night=beginning of day). The CT is measured under constant condi-
tions (DD) such as constant darkness and is divided into the subjective day from CT 0 to
CT 12 and the subjective night from CT 12 to CT 24. The circadian day has the length of
the animals' T, with t/24 h as the length of one circadian hour. When animals locomotor
activity rhythms are measured under constant conditions the beginning of locomotor ac-
tivity of a night-active animal is defined as CT 12, while the beginning of locomotor activ-

ity of a day-active animal is defined as CT 0.

1.2 Molecular mechanisms in Drosophila melanogaster

The fruit fly D. melanogaster is the best studied model organism for functional analysis of
molecular mechanisms in circadian pacemaker neurons. The first clock gene period (per)
was identified in the fruit fly in 1971, since eclosion rhythms of population and locomotor
rhythms of individual flies were demonstrated to be disrupted in three per mutants
(Konopka and Benzer, 1971). However, further clock genes like timeless (tim), clock (clk),
and cycle (cyc) were identified about 20 years later (Sehgal et al., 1994; Allada et al.,
1998; Rutila et al., 1998). These clock genes form the basis for a molecular feedback loop,
the per/tim feedback loop (Fig. 3). First, during midday the transcription factors CLOCK
(CLK) and CYCLE (CYC) dimerize and bind to an E-Box motive (CACGTG), which induces the

transcription of per and tim resulting in increased PERIOD (PER) and TIMELESS (TIM)

PER

(CLK | CYC)

E-BOX

Figure 3. Drosophila melanogaster feedback loop. CLOCK (CLK) and CYCLE (CYC) activate E-Box motive of period
(per) and timeless (tim) promoter. PERIOD (PER) and TIMELESS (TIM) accumulate in cytosol, enter the nucleus and
inactivate their own transcription. In addition, CRYPTOCHROME 1 (CRY 1) is activated by blue light and destabilize
TIM, which is sufficient for PER stability. Modified and strongly simplified after Tomioka and Matsumoto (2010).
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concentrations. At the late night, these circadian clock proteins enter the nucleus as
homo- and/or as heterodimers, interact with CLK, and inactivate the E-Box motive. Thus,
PER/TIM inhibit their own transcription in a negative feedback loop and are degraded
until the E-Box can be activated again by CLK/CYC (Hardin, 2005). In addition, the negative
feedback loop is modulated by the blue light sensor CRYPTOCHROME 1 (CRY 1; Stanewsky
et al.,1998; Isikawa et al., 1999). Light activates CRY 1, which binds and, thereby, degrades
TIM, which is sufficient for PER stability, resulting in a delayed feedback (Hardin, 2005).

1.3 The circadian system of D. melanogaster

Through the identification of clock genes, an assignment of clock neurons was possible in
the fruit fly brain. With immunocyctochemistry against clock proteins approximately 150
clock neurons per hemisphere could be identified and were assigned to seven subgroups
(Kaneko and Hall, 2000; Helfrich-Forster, 2003, 2006). Four of them are located laterally,
the small- and large ventro-lateral- (sLN,s, ILN,s), the dorso-lateral- (LNgs), and the poste-
rior-lateral neurons (LPNs). In addition, three other cell groups were identified in the dor-
sal protocerebrum (DNq.3; Fig. 4). Next to clock proteins, pacemaker neurons contain a
variety of different neuropeptides (Peschel and Helfrich-Forster, 2011), such as pigment-

dispersing factor (PDF). While only ten percent of the clock neurons express PDF,

Figure 4. Scheme of Drosophila melanogaster cells expressing PERIOD. Dorso-lateral neurons (LNd), dorsal neurons
1-3 (DN1-3), large ventro-lateral neurons (I-LNv), optic lobe (OL), posterior lateral neurons (LPN), posterior optic
tract (POT), small ventro-lateral neurons (s-LNv). The s-LNvs and I-LNvs express the neuropeptide pigment-dispersing
factor. I-LNvs send their axons to the ipsi- and contralateral OL, sLNvs poject to the dorso-medial region of the pro-
tocerebrum (Tomioka and Matsumoto, 2010).



17

such as sLNys and ILN,s, over 60 percent of them express its receptor (PDFR), such as
ILNys, LNgs and the DNq.3s (Helfrich-Forster, 1995; Hyun et al., 2005; Lear et al., 2005;
Mertens et al., 2005). Interestingly, the brain structure mutant fly disconnected (disco)
which lack LNs, was demonstrated to be arrhythmic (Dushay et al., 1989; Helfrich-Forster,
1998). Also mutant flies lacking PDF or its receptor became arrhythmic in DD (Renn et al.,
1999; Lear et al., 2005; Mertens et al., 2005). Furthermore, PDF was shown to adjusts
cycling amplitude, period, and phase of Drosophilas' clockwork (Yoshii et al., 2009). Thus,
PDF containing cells are pacemaker neurons controlling circadian locomotor activity

(Helfrich-Forster, 1996).

1.4 The circadian system of Rhyparobia maderae

The cockroach R. maderae was the first animal where a circadian pacemaker controlling
circadian locomotor activity was localized. Microlesions located the circadian clock to a
general area of the ventral medulla in the cockroaches' optic lobe (Nishiitsutsuji-Uwo and
Pittendrigh, 1968; Roberts, 1974; Sokolove, 1975). However, the cellular nature of the
circadian clock remained elusive. Later, with immunocytochemistry against the crusta-
cean B-pigment-dispersing hormone (PDH = insect pigment dispersing factor, PDF) neu-
rons were detected (Homberg et al., 1991) which fulfilled all morphological criteria previ-
ously suggested for circadian pacemaker neurons (Fig. 5; Page, 1982). Thus, Homberg et
al., (1991) was the first who suggested that PDF-immunoreactive (-ir) neurons are cir-
cadian pacemaker neurons in insects. Lesion- and transplantation experiments combined
with behavioural assays tested this hypothesis in the cockroach R. maderae and identified
the accessory medulla (AMe) with associated PDF-ir neurons as the circadian pacemaker
system (Stengl and Homberg, 1994; Reischig and Stengl 2003). A total of four PDF-ir cell
groups in the optic lobes were observed in the Madeira cockroach. Two of them were
found in the distal- (dPDFLa) and ventral lamina (vPDFLa) with processes into the lamina,
accessory laminae, medulla, and the first optic chiasm. The other two neuron groups
were located posteriorly (pPDFMe) and anteriorly (aPDFMe) to the medulla. These neu-
rons branched in the AMe, ipsilateral medulla and lamina, midbrain, and also in the con-

tralateral AMe, medulla, and lamina, projecting via anterior and posterior
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Figure 5. Frontal reconstruction of the branching pattern of pigment-dispersing factor (PDF) immunoreactivity in
the Madeira cockroach. Arrowheads point to the PDF-immunreactive medulla neurons which arborize in the acces-
sory medulla (short arrow) and have branchings to the contralateral optic lobe via the anterior (long arrow) and
posterior optic commissures (POC). Lamina (L), medulla (M), scale bar: 200 um (modified after Stengl and Homberg,
2004).

optic commissures (Reischig and Stengl, 2002; Reischig et al., 2004; Wei et al., 2010;
Soehler et al., 2011; Wei and Stengl, 2011). Thus, the morphological data as well as elec-
trophysiological experiments (Loesel and Homberg, 2001) in the Madeira cockroach sug-
gested that PDF-ir neurons are involved in transmitting ipsi- and contralateral light and

phase information to the AMe and that
i they couple both accessory medullae
o] (AMae). This assumption was strength-
ened by further lesion- and AMe trans-

plantation experiments as well as injec-

Phase shift (CT hours)
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tions of PDF which phase shifted the cir-
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Circadian time .
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Figure 6. Splined phase response curves (Schulze et al.,
2013). Comparison of light pulses (orange; Page and
Barrett, 1989) and of injections of Rhyparobia-MIP-1 furth tid q t
(black; Schulze et al., 2013), orcokinin (blue; Hofer and urthér neuropeptides and neurotrans-

Homberg, 2006), and y-aminobutyric acid (red; Petri et . . . . .
al., 2002) . mitter are involved in the circadian sys-

Reischig and Stengl, 2003a). Moreover,
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tem (Fig. 6). In addition, with immunocyctochemistry and matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry numerous neuropeptides and
-transmitters in approximately 250 cells associated with the AMe were identified
(Reischig and Stengl, 1996, 2003b; Soehler et al., 2008; Schulze et al., 2012; Schulze et al.,
2013; Schendzielorz and Stengl, 2014). In injection experiments, several neuropeptides
and -transmitters generated either biphasic PRCs (Fig. 6), such as y-aminobutyric acid
(GABA) and orcokinins (ORCs), or monophasic all delay PRCs such as serotonin, PDF, Rhy-
parobia-myoinhibitory peptide (MIP)-1, allatotropin (AT), and acetylcholine (ACh), with
maximum phase shifts at the beginning of the subjective night. So far, only Rhyparobia-
MIP-2 induced an all advance PRC with its maximum phase shift at the end of subjective
night (Page, 1987; Petri et al.,, 2002; Hofer and Homberg, 2006; Schendzielorz, 2013;
Schulze et al., 2013; Schendzielorz and Stengl, 2014).

1.5 Light entrainment

In the fruit fly D. melanogaster several photoreceptors are involved in transmitting light
information to the circadian pacemaker center. The blue light receptor CRY 1 (Myers et
al., 1996; Stanewsky et al., 1998; Ishikawa et al., 1999), the Hofbauer-Buchner eyelets
(Helfrich-Forster et al., 2002), ocelli, and compound eyes (Hofbauer and Buchner, 1989;
Rieger et al., 2003) are all relaying light information to the circadian clock. In contrast, in
the hemimetabolous cockroaches only the compound eye was shown to entrain the cir-
cadian system (Roberts, 1965). However, the cellular nature of the light entrainment
pathways to the AMe are not known. Immunocytochemical experiments demonstrated
that the AMe is not directly innvervated by histaminergic photoreceptor cells. Thus, indi-
rect photic pathways to the AMe from the lamina, where photoreceptors R1-R6 termi-
nate and from a layer in the medulla, where photopreceptors R7 and R8 arborize were
assumed (Shaw, 1981; Loesel and Homberg, 1999). A candidate for the ipsilateral light
entrainment pathway is the GABAergic distal tract which connects the distal medulla and
probably the lamina with the AMe (Reischig and Stengl, 1996). Furthermore, several light-
responsive median neurons appear to connect the AMe with ipsilateral optic lobe neu-
ropils (Loesel and Homberg, 2001). In addition, contralateral light input could reach the

AMe via ORC-ir neurons which appear to connect contralateral optic lobe neuropils to the
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AMe (Reischig and Stengl, 1996; Loesel and Homberg, 2001). This assumption is sup-
ported by GABA- and ORC injection experiments (Fig. 6), since both induced biphase light-
like PRCs (Petri et al., 2002; Hofer and Homberg, 2006; Schulze et al., 2013). However,
injections of further neuroactive substances such as Rhyparobia-AT, -MIP-1, -MIP-2, and
ACh only resemble light-induced delay or advance parts. Therefore, they are assumed to
be involved in transmitting delay or advance information (Schendzielorz, 2013; Schulze et

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

1.6 Peripheral circadian pacemaker

Next to the central clock that organizes behavioural rhythms, autonomous clocks in sen-
sory neurons as well as different effector organs exist (Fig. 1). They express circadian
clock genes, are directly entrained by light, and/or coupled among each other via mostly
unknown coupling factors to serve synchronized sensory input or respective vegetative
outputs (Giebultowicz, 2001; Tomioka et al., 2012). In the Madeira cockroach, individual
olfactory receptor neurons (ORNs) are peripheral circadian pacemaker neurons since they
sustain rhythmic responsiveness to odours after removal of the "central clocks" located in
the optic lobes (Saifullah and Page, 2009). Moreover, rhythmical clock genes expression
could be detected in antenna of moths (Merlin et al., 2007; Schuckel et al., 2007). Thus,
also ORNs of the hawk moth M. sexta are assumed to be peripheral circadian pacemaker

neurons (Schuckel et al., 2007).

1.7 Olfaction

The olfactory sense is very prominent in the animal kingdom and is essential for foraging,
search for partners, egg deposition, and recognition of predators. Olfactory organs are
the antennae and the pedipalps on the head of insects. They contains numerous sensory
hairs which are innervated by two or more ORNs. The ORNs express sensory neurons
which belong either to the gene family of the IRs (glutamate-like receptors) or to the ol-
factory receptors (ORs) and can be distinguished in generalists, specialised generalists,
and specialists. While generalists can be activated by a wide range of molecules and spe-

cialized generalists by substance classes, specialists, such as pheromone-sensitive ORNs
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respond only to one species-specific pheromone component (Boeckh et al., 1965;

Gesteland, 1971).

1.7.1 Mating behaviour of M. sexta

Female hawk moths attract their specific males with pulsatile release of a characteristic
pheromone blend from a gland in the ninth abdominal segment (Karlson and Butenandt,
1959; Karlson and Lischer, 1959). The pheromone blend of the hawk moth was identified
with mass- as well as proton magnetic resonance spectrometric analysis. It consists of
eleven components at defined ratios (Fig. 7 B): (Z)-9-hexadecenal, (Z)-11-hexadecenal,
(E)-11-hexadecenal, hexadecanal, (E,Z2)-10,12-hexadecadienal, (E,E)-10,12-
hexadecadienal, (E,E,Z)-10,12,14-hexadecatrienal, (E,E,E,)-10,12,14-hexadecatrienal, (2)-
11-octadecenal, (2)-13-octadecenal, octadecanal, and (Z,Z)-11,13-octadecadienal
(Tumlinson et al., 1989). (E,Z)-10,12-hexadecadienal (bombykal [BAL]) was identified as
the main component (26 %). Furthermore, a synthetic blend of all components was tested
in wind tunnel experiments and confirmed their behavioural relevance (Fig. 7 A). It trig-
gered the specific sequence of mating behaviour in male hawk moths: arousal, upwind
flight, approach, hover, hit, and bend abdomen (Tumlinson et al., 1989). Surprisingly, a
two component mixture containing BAL and (E,E,Z)-10,12,14-hexadecatrienal at a specific
ratio was enough to trigger arousal and mating flight in males. Thus, some of the compo-
nents were assumed to be by-products.

Mating behaviour of male and female hawk moths is under circadian control. At
night, female hawk moths start calling behaviour: they evert their pheromone gland and
emit pheromone in a pulsatile fashion. This behaviour is controlled by an endogenous
circadian clock (Fig. 8), since calling is rhythmic in DD with a circadian period of 25.4 h
(Itagaki and Conner, 1988). Moreover, both females' pheromone release and males'
search behaviour are synchronized (Fig. 9). Virgin females express two flight peaks at the
beginning and end of night at ZT 0 and 16 (ZT 0 = light on, ZT 16 = light off), whereas call-
ing behaviour was observed during the night (Fig. 9 A). Virgin males flight activity in the
absence of females began at lights-off at ZT 16 and spanned the entire period of females
calling behaviour (Fig. 9 B). Combining both sexes, maximal mating was observed at the

beginning of females' calling behaviour at ZT 17 (Sasaki and Riddiford, 1984).
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Figure 7. Gas-liquid chromatography of synthetic blend (A) and five female gland equivalents rinsed in hexane of
Manduca sexta. Internal standards are indicated by asterisks. Solvent impurities (1), (Z)-9-hexadecenal (Z9-16:AL; 1),
(2)-11-hexadecenal and (E)-11-hexadecenal (E&Z11-16:AL; 2), (S)-16-hexadecenal (S-16:AL; 3),
hexadecadienal (E10,Z12-16:AL; 4), (E,E)-10,12-hexadecadienal (E10,E12-16:AL; 5), (Z)-11-Octadecenal (Z11-18:AL;
8), (2)-13-octadecenal (Z13-18:AL; 9), (S)-18-octadecenal (S-18:AL; 10), (Z,2)-11,13 octadecadienal (Z11,Z13-18:AL;
11) (Tumlinson et al., 1989).
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Figure 8. Rhythmic calling behaviour of female Manduca sexta under constant conditions (DD). lllustration demon-
strates the first four days under DD indicated by hours after lights off. Period length = 25.4 h (Itagaki and Conner,

1988).
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Figure 9. Timing of virgin female- (A; n=24) and male (B; n=21) flight activity (open bars). Stripped bars indicate
calling of virgin females beginning at Zeitgeber time (ZT) 17 (A; n=21) and maximum mating activity of virgin animals
at ZT 17 (B; n=78) observed in laboratory colonies (modified after Sasaki and Riddiford, 1984).

1.7.2 Mating behaviour of R. maderae

The cockroach R. maderae belongs to the subfamily of Oxyhaloniae and lives in large as-
sociations without stable hierarchies or territorial behaviour. However, aggressive and
competitive behaviour can occur when fighting for rare resources (Bell et al., 1979). In
this subfamily males attract females with pheromone which is synthesized in the sternal
glands on anterior and posterior sternites and consists of hydroxy-3-butan-2-one, (2R,3R)-
butanediol, senecioic acid, and (E)-2-octenoic acid (Fig. 10). A mixture of hydroxy-3-
butan-2-one and senecio acid was sufficient to attract females in Y-maze olfactometer

experiments (Farine et al., 2007). When a female is attracted and in direct proximity, the
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Figure 10. Gas chromatographic analysis of Rhyparobia maderae pheromone. In total, four components were
identified in sternal glands: hydroxy-3-butan-2-one (1), (2R,3R)-butanediol (2), senecioic acid (3), (E)-2-octenoic acid
(4), internal standard (IS; Farine et al., 2007).
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male begins to touch the female with his antenna and raises his wings. Finally, the female
mounts the abdomen of the male and tests his aphrodisiac from his tergites. The aphrodi-
siac resembles the male-specific pheromone. Thereafter, the female decides whether it
will copulate or not (Sreng, 1993). Cockroaches' mating activity is maximal at the end of
the day at ZT 8-10 and the beginning of the night at ZT 12-14 (Fig. 11). It can be initiated

by both, males and females and it remains rhythmic in DD (Rymer et al., 2007).

LD 12:12

Mating Events

Time (CST)

Figure 11. Diurnal mating rhythms of Rhyparobia maderae. The number of observed mating events is demon-
strated on y-axis, the time of day on x-axis (double plot). Hatched bars illustrate scotophase, white bars photophase
(Rymer et al., 2007).

Cockroaches' mating behaviour is gated by a circadian clock located in the optic lobes,
since abolishing of both optic tracts disrupted mating rhythms (Rymer et al., 2007). Since
male and female mating behaviour is initiated, synchronized, and maintained by phero-
mones, it is not surprising that pheromone-sensitive ORNs express circadian rhythms in
pheromone-sensitivity as shown in antennal electroantennogram (EAG) recordings
(Rymer et al., 2007; Saifullah and Page, 2009). Unexpectedly, the maximum in the ethyl

acetate-dependent EAG amplitude was detected at the animals' resting time (Fig. 12).
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Figure 12. Circadian oscillations in number of spikes (A) and electroantennogram (EAG) amplitude (B) in response
to ethyl acetate pulses. Recording was performed under constant conditions prior 12:12 light-dark (LD) changes.
Last dark phase of LD condition is illustrated with black bar (modified after Saifullah and Page, 2009).
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1.7.3 Structure of the hawk moth antenna

Figure 13. Model of the head of Aglais urticae (Lepidop-
tera; modified after Niehaus and Gewecke, 1978). Scape

(Sc), pedicel (Pe), flagellum (FI).

The antenna, the main olfactory organ of
insects, consist of the scape, pedicel, and
flagellum (Fig. 13). In hawk moths, it is
surrounded by a 25 um thick epidermis
and has a total length of 2 cm. The flagel-
lum is much larger as compared to the
first two segments, the scape and pedicel,
and consists of 80 annuli. A large trachea
and a large blood vessel run from the
brain up to the tip of the antenna, basally
on the scale-side of the antenna. Along
the top of the trachea the antennal nerve

projects to the antennal lobe of the brain.

The antennal nerve consists of two bundles which contain the axons of the sensory neu-

rons which innervate sensilla on the two faces of the sensilla-side of the antenna (Fig. 14;

Sanes and Hildebrand, 1976). Most prominent on the sexually dimorphic, keyhole-shaped

Figure 14. Cross-section of Manduca sexta annulus.
Blood vessel (B), cuticle (C), epidermis (E), nerve bundle
(N), scale site (S), short sensilla (SS), trichoid sensilla (TS),
trachea (T; modified after Sanes and Hildebrand, 1976).

male antenna is the V-shaped phalanx of
long, pheromone-sensitive trichoid sen-
silla. In contrast, these long trichoid sen-
silla are missing on the smaller, round
female antenna (Lee and Strausfeld,
1990). Altogether, nine types of sensilla
were identified on the male antenna with
2,222 of them on one annulus (Tab. 1).
Most of them are trichoid sensilla type
one and two. Type one is 70-600 um long
and is innervated by two sensory cells,
whereas type two is only 30-70 um long
and includes up to three sensory cells.

Moreover, numerous pores are located
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on them, required for penetration of odour molecules (Lee and Strausfeld, 1990; Kalinova
et al., 2001). In the hawk moth one of the two ORNSs of the long trichoid sensilla always
detects BAL, while the second most often is tuned to either of the two trienals, (E,E,Z)-

10,12,14-hexadecatrienal and (E,E,E,)-10,12,14-hexadecatrienal (Kalinova et al., 2001).

Table 1. Total number of sensilla on one annulus and their function in Manduca sexta (modified after Lee and
Strausfeld, 1990).

. . Counted Calculated Neurons per
Sensilla types Function

sensilla neurons antenna*
Trichodea | Olfaction 834 1,664 133,120
Trichodea Il Olfaction 736 1,921 153,680
Basiconica | Olfaction 166 390 31,200
Basiconica ll Olfaction 372 833 66,640
. Chemoreception,
Chaetica | . 8 40 3,200
mechanoreception
Chaetica Il Mechanoreception 9 9 720
. Olfaction,
Coeloconica | 22 110 8,800

thermoreception
. Thermoreception,
Coeloconica ll ) 3 9 720
hygroreception

Thermoreception

Styliform complex . 6 18 1,440
hygroreception
Not-identified 66 168 13,440
Total 2,222 5,162 412,960

* Calculation based on 80 annuli.

1.7.4 The antenna of the Madeira cockroach

The antennal flagellum of R. maderae consists of 130 annuli and is twice as long as the
antennal flagellum of the hawk moth. The total number of sensilla per antenna was calcu-
lated to be 33,000 containing 93,790 neuronal cells (Tab. 2; Schafer, 1971). Also in this
cockroach, the largest number of sensilla are responsible for odour perception, as 22,500
sensillae trichodea and 4,000 sensillae basiconicae were calculated. However, shaft
length of trichodea A and B is only up to 8 um long. Additionally, 5,400 sensilla chaetica
type | were counted, which are assumed to be mechanosensors (Schafer, 1971). Thus,

their number on the cockroach antenna is much higher than on hawk moth antennae,
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possibly because cockroaches live together in large colonies, as compared to the solitary

hawk moths (Huber et al., 1990).

Table 2. Calculated total number of antennal sensory neurons in Rhyparobia maderae (modified after Schafer,
1971).

Sensilla types Function Neurons per antenna
Trichodea A Olfaction 45,200
Trichodea B Olfaction 200

Basiconica Olfaction 21,000
Scolopidia Olfaction 40
Chaetica A Chemo-, mechanoreception 110
Chaetica B Mechanoreception 27,000
Coeloconica Olfactory, thermoreception 100
Campaniformia  Thermo- and hygroreception 140
Johnston's organ Thermo- and hygroreception unknown
Total 93,790

1.7.5 Perireceptor events in insect sensilla

After passing the pores of the trichoid sen-
silla the hydrophobic pheromones are car-
ried via pheromone-binding proteins
(PBPs) through the receptor lymph to
reach pheromone receptors on the outer
dendrite (Pelosi et al., 2006; Kaissling,
2013). The PBPs are synthesized and se-
creted into the receptor lymph by acces-
sory cells. These tormogen- and trichogen
cells (Steinbrecht and Gnatzy, 1984;

Steinbrecht, 1998) also form the cuticular

shaft of the sensillum and the receptor

Figure 15. Trichoid sensillum of Manduca sexta consist-
ing of two olfactory receptor neurons (ORNs). Cuticle
(CU), epithelial cells (EC), hemolymph (HL), inner- and
outer dendrite (ID,0D), pores (P), thecogen- (TE), tor-
mogen- (TO), and trichogen- (TR) cells, receptor lymph
(RL; modified after Stengl, 2010).

lymph cavity around the inner dendrite
and soma (Fig. 15; Sanes and Hildebrand,

1976). The accessory cells” membranes
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contain vATPases which generate a transepithelial potential via potassium release (200
mM, up to 40 mV potential, hyperpolarizing the ORN) into the receptor lymph (Thurm
and Wessel, 1979). The ORNs are separated into three different compartments via sep-
tate junctions and enveloping non-neuronal cells. A thecogen cell surrounds the inner
dendrite segment as well as the soma of the ORN, isolating its membranes from the re-
ceptor lymph via septate junctions. The axons of the ORNs are enveloped by glia cells,
shielding them from the hemolymph. Thus, only the outer dendrite is exposed to the high

potassium concentration of the receptor lymph (Keil, 1989).

1.8 Olfactory signal transduction

Binding of an odorant to its receptor activates a signal transduction cascade resulting in
conversion of the chemical- into an electrical signal. Although, signal transduction cas-
cades in insects are the focus of intensive research, the mechanisms are still not com-
pletely understood. Currently, three different hypotheses of insect odour transduction
are discussed. Next to pheromone induced activation of metabotropic mechanisms via of
G-proteins (Stengl, 2010), activation of a sole ionotropic pathway (Sato et al., 2008) or an
integrative pathway (Wicher et al., 2008) is proposed . In D. melanogaster ligand-binding

ORs are 7-transmembrane receptors with intracellular N-terminal. They multimerize with

A ORx ORS83b B ORx  OR83b
Fast short
outside outside
inside %_ﬂis inside
cations cAMP cations

Slow prolonged

Figure 16. Proposed models for signal transduction cascades in insects. Ligand-gated nonselective cation channel
activated by odours without G-protein involvement (A). Both, a fast ionotropic- and a slow, prolonged metabotropic
response to odours (B). Moreover, the location of the cation differs in both models (modified after Nakagawa and
Vosshall, 2009). Adenylyl cyclase (AC), olfactory receptor coreceptor in Drosophila melanogaster (OR83b), variable
olfactory receptor (ORXx).



29

Fast (ionotropic) response

f outside
DAG,
— g’/\g
\\
o*e . * cations - d l
e ® Ca2+ .'. 9//'6 RS cGMP,

L
= direct
activation ?

Slow (metabotropic) response

™

Figure 17. Integrative model of insect olfactory signal transduction proposed by Nakagawa and Vosshall, 2009.
Adenylyl cyclase (AC), calmodulin (CaM), diacyl gycerol (DAG), guanylyl cyclase (GC), variable olfactory receptor
(ORx), olfactory receptor coreceptor (OR83b), phospholipase C (PLC), protein kinase A (PKA), protein kinase C (PKC),
protein kinase G (PKG).

a conserved cation channel called OR-coreceptor (ORCO; Fig. 16). Orco is essential for
localization and maintainment of ORs in the dendritic membranes (Larsson et al., 2004;
Benton et al., 2006; Sato et al., 2008). Coexpressing Drosophila OR22a and ORCO in hu-
man embryonic kidney cells resulted in a slow prolonged cAMP increase, which boosted
open probability of OR/ORCO multimeric ion channels (Fig. 16 B; Wicher et al., 2008).
Additionally, disruption of G4 signalling in Drosophila reduced mutants response to
odours (Kain et al., 2008) as was also observed upon protein kinase C (PKC) inhibition.
Interestingly, five PKC phosphorylation sites were identified in ORCO (Sargsyan et al.,
2011). The phosphorylation of ORCO was necessary for its activation via cCAMP (Sargsyan
et al., 2011). In addition, phosphorylation of ORCO by protein kinase A (PKA) and protein
kinase G (PKG) as well as direct modulation by cAMP and cGMP is proposed in a integra-
tive model by Nakagawa and Vosshall (2009; Fig. 17). Contrarily to studies in the fruit fly,
in the hawk moth no evidence for ionotropic ORCO-based signal transduction cascades
were found (Nolte et al., 2013). As in the fruit fly also in hawk moths ORCO form a leaky
cation channel, which determines spontaneous activity of ORNs (Wicher et al., 2008;
Sargsyan et al., 2011; Nolte et al., 2013; Stengl and Funk, 2013). In the hawk moth ORCO
is suggested to be a pacemaker channel controlling intracellular Ca?* concentration, thus
affecting kinetics and threshold of pheromone detection (Fig. 18; Stengl and Funk, 2013).
Patch clamp experiments from primary cultures of ORNs suggested that pheromone
transduction involves G4-protein activation (Stengl, 2010; Nolte et al., 2013; Stengl and

Funk, 2013). Thus, pheromones stimulate enzymatic degradation of phosphatidylinositol
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Figure 18. Proposed metabotropic cascade in Manduca sexta. Pheromone binding protein (PBP) transmit bombykal
(BAL, hawk moth pheromone) from sensillar pore to olfactory receptor (OR). Olfactory receptor coreceptor (ORCO)
affects kinetic and threshold of pheromone detection. Binding of pheromone to its receptor induces G,-protein
activation resulting in transient increased IP; levels. IP;-dependent Ca* channels are opened rapidly, followed by
ca™'- dependent cation channels. Consequently, elevation in protein kinase C (PKC) activity leads to further cation
influx (modified after Stengl and Funk, 2013).

bisphosphate (PIP;) into equimolar amounts of diacylglycerol (DAG) and inositol trisphos-
phate (IP3) by phospholipase CB (PLCPB; Fig. 18). This is also assumed for cockroaches,
since transient increases in IP3 could be measured after pheromone stimulation in anten-
nal homogenates of cockroaches and moths in less than 100 ms (Boekhoff et al., 1990a;
Boekhoff et al., 1990b; Boekhoff et al., 1993). Moreover, elevation of guanosin triphos-
phate (GTP) concentration boosted this effect, indicative for G-protein activation
(Boekhoff et al., 1990a). Termination of IP5 signalling occurred via protein kinase C (PKC),
since PKC inhibitors abolished transient IP; peaks, most probably via PLCB inactivation
(Boekhoff and Breer, 1992). Patch clamp experiments of primary ORNs from M. sexta
supported involvement of IP; signalling (Stengl, 1993). Stimulation with BAL, the main
pheromone component of the hawk moth, induced opening of three different channel
types. First, an apparently directly or indirectly IPs-depended Ca®* channel opened and
closed within less than 50 milliseconds, followed by Ca2+—dependent cation channels
which closed Ca**-dependently within seconds and finally, PKC-dependent cation influx
occurred which was stable over several minutes. Since the last channels opened very
slowly and in response to high BAL concentrations, they seemed to be involved in adapta-
tion processes (Stengl, 1993, 1994; Krannich, 2008). Moreover, cAMP- and cGMP-
activated nonselective cation currents were identified which seemed to be involved in
olfactory sensitization and adaptation mechanisms, since they affect intracellular Ca**

concentration (Krannich and Stengl, 2008).
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1.8.1 Function of second messengers in olfaction

Since its discovery in the early 1960's as an effector of epinephrine and glucagon, cAMP
became one of the best studied second messenger (Sutherland and Rall, 1960; Sutherland
et al., 1967; Robinson et al., 1968). Ligand-receptor binding mediates extracellular signals
into cells via activation of G-proteins. Next to direct activation of receptor adenylyl cyl-
cases (rAC) by Ggs-proteins, also inhibitory Gy-proteins as well as more complex non di-
rect mechanisms are known (Fig. 19; Taylor, 1990; Sunahara et al., 1996). So far, ten iso-
forms of human adenylyl cyclases (ACs) have been described, whereby AC 1-9 are rACs.

They contain of -NH, and -COOH termini, twelve transmembrane domains and two

)

Figure 19. Regulation patterns of adenylyl cyclase (AC) 1-8. All ACs are activated by G-protein. Additionally, some
ACs are modulated by Gg,- as well as Gy-proteins, ca®, ca*/calmodulin (CaM), protein kinase A (PKA) and protein
kinase C (PKC; Sunahara et al., 1996).
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cytosolic ATP binding structures (Fig. 20; Willoughby and Cooper, 2007). Contrarily, AC 10
is a soluble AC (sAC) which is not responsive to G-proteins but is assumed to be a sensor
for bicarbonate mediating change in pH and/or membrane potential (Chen et al., 2000;
Cooper, 2003). All of them catalyze ATP to cAMP, leading to increased local concentration
of cAMP which affects numerous cellular targets such as PKA, exchange proteins acti-
vated by cAMP (EPAC) or cyclic-nucleotide-gated ion channels (Hanoune and Defer,
2001). Due to their high turnover number ranging up to 100 sec’!, AC activation is a very
potent cellular amplification mechanism (Tang and Hurley, 1998). All rAC isozymes can be
activated by the diterpen forskolin (FSK) which is produced by the Indian Coleus plant,
coleus forskohlii. Thus, forskolin became an extremely valuable and widely reagent used
as a tool for examining AC activity in intact and broken cell preparations (Seamon and
Daly, 1981; Daly, 1984; Insel and Ostrom, 2003). Moreover, the biogenic amine octopa-
mine (OA), closely related to the human norepinephrine, is a potent activator of ACs in
insects (Nathanson and Greengard, 1973; Roeder, 1999) which binds to a- and B-
adrenergic like OA receptors (Farooqui, 2007). Degradation of cAMP to AMP is catalyzed
by phosphodiesterases (PDEs; Beavo, 1995). Until now, eleven PDE isozymes are known.
While three of them are cAMP specific with Michaelis-Menten constant ranging from 0.06
to 4 umol/L (K, substrate concentration at half-maximal enzyme activity), five of them
degrade cAMP and cGMP with similar K. They can be modulated in their activity by nu-
merous molecules/ions involved in signal transduction cascades, as protein kinases, ca*,
Ca2+/calmodulin (CaM) or cyclic nucleotides themselves. Moreover, PDE 5, 6, and 9 are

cGMP-specific (Conti, 2000; Essayan, 2001; Lugnier, 2006). Also this cyclic nucleotide is

™A1 T™M2

U]

H,N

Figure 20. Structure of receptor adenylyl cyclase containing -NH, and -COOH termini, two transmembrane- (TM1,
TM2) and cytosolic domains (C1, C2). Cla (red) and C2a (orange) are highly conserved, catalytic ATP binding do-
mains (Willoughby and Cooper, 2007).
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involved in a variety of physiological responses such as vision and olfaction (Fitzpatrick et
al., 2006). cGMP is synthesized by guanylyl cyclases (GCs), described for the first time in
the 1970's, which can be subdivided into

rGC

soluble- (sGCs) and receptor guanylyl

EED cyclases (rGCs; Kimura and Murad, 1974;

Chrisman et al., 1975). sGCs consist of a

guanylyl cyclase- and heme Fe?* domain

catalytically activated by nitric oxide (NO)

\ i binding (Fig. 21). Contrarily, rGCs are
cCcp
composed of an intracellular-, a trans-
' ‘ membrane- and an extracellular ligand
GC TP aTP
ﬁcGMP «eMp  binding domain activated e.g. by pep-

o« fB tides (Fig. 21; Kuhn, 2003). Local increase

Figure 21. Structure of guanylyl cyclases. Both receptor
guanylyl cyclase (rGC) and soluble guanylyl cyclases (sGC)
contain guanylyl cyclase domain (GC) and contain coiled-
coil domain (CC). Furthermore, sGCs have heme domain
(HD), whereas rGCs have kinase homology domaine
(KHD), transmembrane segment (TM) as well as extracel-
lular domain (ECD; Fitzpatrick et al., 2006). et aI., 2000)_

in cellular cGMP concentration can affect
ion channels, PKG or cyclic nucleotide

levels itself due to effects on PDEs (Lucas

Recent studies focused on the role of both cyclic nucleotides in the olfactory signal trans-
duction cascade of M. sexta. In tip recording experiments perfusion of cAMP into phero-
mone-sensitive trichoid sensilla sensitized ORNs by increasing sensillar potential ampli-
tude (SPA) effective at the animals resting phase, but not at the animals activity phase
(Flecke et al., 2010). Since OA perfusions also increased SPA and additionally action po-
tential frequency (APF) at the same time, it was hypothesized that OA increased cAMP
levels via G-proteins (Flecke and Stengl, 2009). Thereby, the effect on the APF could be
mediated by another second messenger or by different cell targets of OA. Contrarily,
cGMP perfusion reduced APF of ORNs (Flecke et al., 2006). Thus, cGMP is assumed to be
involved in olfactory adaptation processes. This is further supported by biochemical ex-
periments in Antheraea polyphemus and in Bombyx mori. Here, long lasting, adapting
pheromone stimulation could be demonstrated to increase antennal cGMP concentration
(Ziegelberger et al., 1990). Additionally, histochemical amide adenine dinucleotide phos-

phate diaphorase (NADPH diaphorase) staining was demonstrated in the hawk moth an-
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tenna indicative for NO synthase (Stengl and Zintl, 1996). Moreover, adaptive, long-
lasting pheromone stimulation increased NAPDH diaphorase activity in trichoid sensilla
(Stengl and Zintl, 1996) suggesting the presence of sGCs. cGMP immunocyctochemistry
confirmed this assumption since more somata were stained on the sensillar side of the
antenna after NO and/or adapting pheromone stimuli than in control experiments (Stengl
et al., 2001). This is in accordance with DNA sequencing and expression experiments per-
formed by Nighorn and colleagues (1998, 1999). They found GC isoforms similar to
mammalian sGCs called MsGCalphal and MsGCbetal function as NO-sensitive het-
erodimer as well as a novel isoform (MsGCbeta3) which is weakly stimulated by NO and
act as monomer in cells from the kidney of the African Green Monkey (COS-7; Nighorn et
al., 1998; Nighorn et al. 1999). Also a rGC (MsGC-II) which was inhibited by Ca** was de-
tected (Morton and Nighorn, 2003). MsGC-I represents a new GC configuration since it
shares strong similarities to mammalian rGCs, but lacks on extracellular-, transmembrane-

and kinase homology domain and forms active homodimers in cytosol of COS-7 cells.
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1.9 Aims of this study

Previous electrophysiological, biochemical, and immunocytochemical studies demon-
strated an involvement of the second messenger cAMP, cGMP, and IP3 in processes of
olfactory signal transduction. An oscillation of second messengers was assumed as a basis
for daily rhythms in olfactory behaviour. Thus, it was focused in particular on the follow-

ing issues employing biochemical and behavioural methods:

e Do second messengers oscillate daytime-dependently in the antennae of holome-
tabolous hawk moth or hemimetabolous cockroach and do they persist under con-
stant conditions?

e Are there correlations between second messenger concentrations and behavioural
rhythms depending on olfaction?

e (Can these second messengers be influenced by calcium or octopamine?

e Do second messengers oscillate in the central circadian pacemaker of the Madeira
cockroach?

e Could PDF influence these oscillations?

e Do second messenger injections phase shift the central clock of the Madeira cock-

roach?
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Materials and methods

2.1 Keeping conditions

Madeira Cockroaches were kept in laboratory colonies located in 60 x 40 x 40 cm boxes
including cardboard as hiding-places. They were reared under a 12:12 h LD photoperiod,
at 50 % relative humidity, 25 °C room temperature (RT). They were fed with dried dog
food, vegetables, and water ad libitum. ZT 0-12 is the light phase, while ZT 12-24 is the
dark phase. Hawk moths were kept under 17:7 h long-day conditions including one hour
dusk and dawn (light phase = 500 lux; dusk and dawn = 50 lux), at 40 % to 60 % relative
humidity and approximately 27 °C RT. They were raised from eggs and larvae were fed
with an artificial diet (modified after Bell and Joachim, 1976). To avoid olfactory adapta-
tion (Ziegelberger et al., 1990; Boekhoff et al., 1993; Stengl et al., 2001) a few days before
eclosion male pupae were cleaned from pheromone with alcohol and isolated in a flight
cage (19 m3) without females. Adults were fed with Colibri-nectar (Nektar-plus) which
was presented in cups wrapped in artificial, scented-flowers measuring 6.5 cm in diame-
ter (Goyret and Raguso, 2006). The paper-flowers were scented with synthetic odour of
Datura wrightii (modified after Riffel et al. 2009). Life expectancy of adult male hawk

moths was up to two weeks.

2.2 Behavioural experiments

2.2.1 Behavioural analysis of isolated cockroaches with a tracking system

Adult cockroaches were taken from laboratory colonies and isolated in white boxes (35 x
27 x 17 cm, Slugis, lkea, Leiden, Netherlands; Fig. 22) for one week. The animals were able
to move freely. Petroleum jelly on the wall of the boxes prevented the cockroaches’ es-
cape. Three cell culture dishes (35 x 10 mm, Cellstar, Greiner Bio-one, Kremsminster,
Austria) were placed in the boxes and provided water and glucose/casein (2:1) ad libitum,
as well as 1 g of the male pheromone senecio acid in a closed dish with perforated lid (Fig.
22). LD photoperiod and temperature corresponded to conditions of laboratory colonies

the animals were taken from. To detect movements at night, animals were recorded in
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red light (<1 lux). Activity was detected
by a highly sensitive closed circuit televi-
sion (CCTV) colour camera (WV-CP500/G,
Panasonic, Osaka, Japan) for one week
with automatically regulated aperture.
Saturation of the video was set to mini-
mum values, resulting in a black and

white video. Therefore, the difference

between day and night video was

Figure 22. Structure of arena for Rhyparobia maderae.
Female cockroaches were kept in white boxes including strongly reduced and day and night data
dishes with pheromone, water and food. Males were
kept in boxes without pheromone dish. Petroleum jelly could be tracked in one step. The movie
on the wall of the boxes as well as water with surfactant
surround boxes prevented cockroaches' escape. was analysed with following settings in

Ethovision XT 7 software. For trial control settings standard settings were employed. The
following settings were employed for cockroach tracking: video sample rate=6.33 samples
per second; detection method=static subtraction; if the cockroach was darker than back-
ground, dark contrast=44 to 155; subject size=40 to 400; contour erosion=1; dilation=1
(dilate first). Track smoothing profile=14 samples before and after every sample point.
Data profile: Time bin duration=6 minutes. Analysis profile: distance moved and residence
per zone were calculated. Both variables were averaged for eight animals per seven days.
Additionally, data were smoothed with 2" order polynomials (Prism 5.0, GraphPad Soft-

ware, La Jolly, USA).

2.2.2 Behavioural analysis of cockroaches in colonies

Overall movement of cockroaches in colonies could not be recorded reliably with the
tracking system due to the large number of crossing animals and hiding-places, which
induced detection failures. Thus, pheromone guided behaviour was analyzed via direct
observations. The number of males which expressed calling behaviour (raising of wings
up) per box were counted every hour for 15 minutes over a period of 24 h in LD. Counts
were normalized by dividing number of calling males per hour by total number of calling
males per day (100 %). Additionally, adaptation (sensory desensitization) experiments
were performed by comparing two sets of data to determine the effect of excess male

pheromones. The first set contained an equal ratio of males to females in colonies, the
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second contained a large excess of male cockroaches to expose females to adapting con-

centrations of male pheromones.

2.2.3 Behavioural analysis of isolated hawk moths

Flight and feeding activity of isolated adult male hawk moths were detected by visual ob-
servation in flight rooms. The number of flight and feeding events was counted every
hour for 15 minutes over a period of 24 h in LD. Due to varying numbers of moths per
room, a normalization was performed by dividing number of events per 15 minutes by
total number of events per day (100 %). Hovering before a plant and one ejection and
following rejection of the proboscis was defined as one “feeding event”; one flight-start

until landing was defined as one “flight event”.

2.3 Biochemical experiments

2.3.1 Collection of antennal samples

Ten female Madeira cockroaches were taken out of laboratory colonies and temporarily
stored in vessels until they calmed down to avoid stress-induced cAMP increases (Peters,
2010). For DD experiments animals were taken out of laboratory colonies at the end of
night and temporally stored in vessels in DD. Then, they were shock-frozen in liquid nitro-
gen by rapid emptying the vessel into a dewar (Typ 29B, 4 |, Carl Roth, Karlsruhe, Ger-
many). In contrast, antennae of male M. sexta were collected from three animals per
sample by collecting animals carefully by hand and throwing them quickly into liquid ni-
trogen (within three seconds). In general, frozen antennae were ground in a mortar,
transferred into cups, and mixed with homogenization buffer (HB; 20 cockroach anten-
nae/400 pl; 6 hawk moth antennae/650ul). The HB contained 0.05% sodium cholat, 200
mM sodium chloride (NaCl), 2 mM magnesium chloride (MgCl,), 10 mM ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid, 50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), and 1 mM DL-1,4-dithiothreitol (DTT) at pH 7.4.
After mixing three times for 10 seconds samples were centrifuged at 900 g for 5 minutes

at 4 °C and supernatant was used for incubation.
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2.3.2 Collection of AMe and optic lobe tissue

For sample collection cockroaches were taken out of laboratory colonies at either ZT 6,
12, 18, or 24 or isolated at the end of the night in vessels for 6, 12, 18, 24, 30, 36, 42, or
48 hours under DD (DD-preparations with ZT 24 = CT 0). For ZT-preparations, they were
stored temporarily together in vessels to reduce stress and allow the cockroaches to calm
down. For dissecting, cockroaches were cold-anesthetized, decapitated, and the head
capsule was opened. All preparations were performed in insect saline with the following
composition: 128 mM NaCl, 2.7 mM potassium chloride; 2 mM calcium chloride (CaCl,);
1.2 mM sodium bicarbonate; pH 7.25. Trachea and fat body were put aside to expose the
optic lobes. Using an ultrafine scissor, the AMe was separated from the optic lobes and
both were subsequently put in separate iced cups filled with 900 pl HB. Samples con-
tained either 20 AMae or 6 optic lobes per 900 ul HB. All DD-preparations were per-
formed under constant dim red light conditions. After that, samples were crushed in an
ice-cooled ultrasonic bath (Transonic 310, Elma, Germany) for 25 minutes. After mixing
three times for 10 seconds samples were centrifuged at 900 g for 5 minutes at 4 °C and

supernatant was used for incubation.

2.3.3 Incubation and quantification of second messengers

For incubation 50 pl of the homogenate of interest was transferred into 200 pl incubation
buffer (IB) at 37 °C. Protein determination with 5 pul homogenate in duplicate was per-
formed with Bradford assays (Bradford, 1976). The IB contained 0.05 % sodium cholate,
200 mM NaCl, 5 mM MgCl2, 1 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic
acid, 50 mM MOPS, 1mM DTT, 1mM adenosine triphosphate, 4 uM guanosine triphos-
phate, and 220 uM CaCl, at pH 7.4 (modified after Vogl et al., 2000). Additionally, IB con-
tained 1 mM 3-isobutyl-1-methylxanthine (IBMX) in cAMP and cGMP experiments to pre-
vent degradation of cyclic nucleotides. Moreover, further additives like octopamine (OA),
epinastine (EPI), FSK, an phospholipase (PLC) -activator (m-3M3FBS), Rhyparobia-PDF, as
well as CaCl, were added to test their effects on second messenger concentration. The
incubation lasted 10 minutes and was stopped by adding 100 ul of 7 % perchloric acid
solution. This step was followed by mixing the contents and centrifuging at 900 g for 15

minutes at 4 °C. All proteins were denatured by perchloric acid. To neutralise the liquid
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phase 200 pl of each incubation solution was mixed three times for 10 seconds with 50 pl
10 nM ethylenediaminetetraacetic acid solution and 250 pl chloroform/trioctylamine so-
lution (1:1), then centrifuged at 500 g for 5 minutes at 4 °C. For cAMP, cGMP, and IP;
guantifications 50 ul supernatant was taken in triplicate. Commercial immunoassays kits
for determining second messenger concentrations were applied as described in corre-
sponding user manual (TRK500, TRK432, GE Healthcare, Chalfonst St. Giles, Great Britain;
581001, 581021, Cayman, Michigan, USA; CSB-E12636h, Cusabio, Wuhan, P.R. China).
Finally, the amount per well was multiplied by the dilution factor and normalized by cal-
culating a quotient of second messenger concentration by corresponding protein concen-

tration.

2.3.4 Manufacturing of competitive ELISAs

Microtitre plates (Maxisorp, Nunc, Roskilde, Denmark) were coated with 125 pl 15 pg/ml
goat-anti rabbit IgG (Dianova, Hamburg, Germany), dissolved in phosphate buffer (PBS;
100 mM sodium phosphate dibasic dehydrate, 20 mM sodium phosphate monobasic
monohydrate; pH 7.4) at 4 °C overnight on a shaker covered with adhesive foil. After
washing the wells one time with 250 pl washing buffer (WB; 0.05 % Tween® 20 in PBS),
non-specific binding (NSB) was prevented by adding 250 ul blocking buffer (BB; 1 % bo-
vines serum albumin in WB) for one hour at RT. Then, the wells were rinsed three times
with WB. Both, rabbit-anti cAMP and rabbit-anti cGMP antibodies (Genscript, Piscataway,
USA) were diluted at 1:26,666 in BB. Standards of cAMP ranged from 12.5 pmol/50 pl to
390 fmol/50 pl and of cGMP from 1000 fmol/50 pl to 31.25 fmol/50 pl and were dissolved
in PBS. cAMP- and cGMP conjugated to horseradish peroxidase (HRP, Genscript, Piscata-
way, USA) were used at a concentration of 1:6,666 in BB. NSB, maximum binding (B0O) of

tracer, standards and samples were measured as described in Tab. 3.

Table 3. Schematic drawing of ELISA layout.

PBS BB Sample or standard HRP-conjugate Antibody

NSB 50ul 50 pl 50 pl
BO 50 pl 50 ul 50 pl
Standard or sample 50 pl 50 pl 50 pl

Blocking buffer (BB), maximum binding of tracer (B0), non-specific binding (NSB), phosphate buffer system (PBS).
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Incubation was carried out on a shaker covered with adhesive foil over night at 4 °C. Fi-
nally, wells were washed three times with WB and 25 ul of development solution 1 (100
mM citric buffer at pH 5, 0.02 Vol.-% hydrogen peroxide, 0.3 Vol.-% phosphoric acid) and
50 pl of development solution 2 (4¢H,0, 0.1 Vol.-% phosphoric acid, 0.7 Vol.-% of DMSO
containing 420mM 3,3°,5,5‘-Tetramethylbenzidin) were successively added with a repeti-
tive pipette (HandyStep, Brand, Wertheim, Germany) into the wells. After 10 to 30 min-
utes incubation time at RT, reaction was stopped by adding 50 ul 1 M sulphuric acid.
Photometric quantification was performed at 450 nm on a wellplate reader (POLARstar,
BMG Labtech, Ortenberg, Germany, Bos et al., 1981). For calculation of cyclic nucleotide
amount per well, four parametric logistic fit was performed through standards (Fig. 23).

The goodness of fit was never above 0.95.
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Figure 23. Four parametric logistic fit of cCAMP- (A) and cGMP ELISA (B) based on six standards (cGMP: 31.25 -
1000 fmol/well; cAMP: 0.39 - 12.50 pmol/well). The goodness of fit was above 0.99.

2.3.5 Quantification of OA

For sample collections three male hawk moths each were taken out of the flight room at
ZT 1,9, 16, 18, 20, and 23. Then, the animals were quickly shock-frozen in liquid nitrogen,
their antennae were ground in a mortar and transferred into cups. To disrupt enzymatic
reactions nitrogen cooled samples were mixed with 100 pl 7 % perchloric acid followed by
250 pl 10 mM ethylenediaminetetraacetic acid (EDTA) solution. Then, the mixture was
centrifuged at 900 g for 15 minutes at 4 °C. For neutralization 275 ul supernatant was
mixed in 400 pl 10 mM EDTA as well as 400 pl chloroform/trioctylamine solution (1:1) and
centrifuged at 500 g for 5 minutes at 4 °C. OA quantification was performed in triplicate

with a commercially available OA kit (MBS726911, Mybiosource, San Diego, USA).
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2.3.6 Rapid kinetic-assays

To determine whether OA-signalling takes place in the millisecond range rather than in
the range of seconds to minutes, assays for rapid kinetic measurements were developed.
In a self-made setup computer-controlled pressure injection mixed respective incubation
buffers with antennal homogenates. The reaction was stopped with injection of 7 % per-
chloric acid solution after defined delays in the ms range. Pressure injection of reagents
was controlled via magnetic valves. Neutralization, normalization, and second messenger

quantification was performed as described previously (Schendzielorz et al., 2012).

2.3.7 Data analysis

Before data were evaluated statistically, the distributions were analysed by Shapiro Wilk
tests. Since data did not display normal distributions nonparametric tests were applied.
Depending on the experimental structure the Kruskal-Wallis test for unpaired- or Fried-
man test for paired samples followed by Dunn’s multiple comparison post hoc test as well
as Mann-Whitney U-test was employed. Arithmetic means and standard errors of data

were calculated and are stated in the text and figures.

2.4 Injection experiments

2.4.1 Behavioural assay

Analysis was performed in constant darkness at constant temperature (25 °C) in a run-
ning-wheel assay. Experimental animals were fed with sesame sticks and water ad libi-
tum. The free-running period (tau = 1) before and after injection as well as phase shifts
(delta phi = Ad) after injections were calculated as described in Schulze et al. (2013).
Briefly, T was determined by applying Chi-Square periodgram analysis using Actogram)
(Schmid et al., 2011). With a linear regression through the corresponding activity onset,
defined as CT12 and used as phase reference point, the circadian time of each animal was
determined before injection. To evaluate Ad, T was determined the same way after the
injection whereas A corresponds to the difference of linear regression before and after

the experiments at the day of injection.
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2.4.2 Injections

Under constant dim red light conditions at different CTs the cockroaches were removed
from the running-wheels, anesthetized with CO, and fixed in a metal holder. Injections (2
ul) were performed into the hemolymph of the head capsule by using a repetitive pipette
(HandyStep, Brand, Wertheim, Germany; Schulze et al., 2013). The phase response curves
(PRCs) were prepared with 2 x 10™° mol membrane permeable cyclic nucleotides (Sigma,
Germany) or with 2 x 10™** mol Rhyparobia-PDF (NSELINSLLGLPKVLNDAa, Hamasaka et al.,
2005, Iris Biotech), whereas for the dose-dependency curves and calculation of the half
maximal effective dose (ECsg) 2 x 107" mol, 2 x 10 mol, 2 x 10" mol, and 2 x 10*® mol 8-
br-cAMP or 8-br-cGMP were applied. Cyclic nucleotide analoga and Rhyparobia-PDF were

dissolved in insect saline. Control injections contained only insect saline.

2.4.3 Data analysis

Phase shifts caused by cyclic nucleotide analoga-, Rhyparobia-PDF-, and control injections
were statistically evaluated in three hour time bins at CT 1.5, 4.5, 7.5, 10.5, 13.5, 16.5,
19.5, and 22.5 using the Kruskal-Wallis test followed by Dunn’s post hoc test to examine
whether there are CT-dependent effects. Moreover, injections of cyclic nucleotide
analoga and Rhyparobia-PDF were compared with control injections at each CT with
Kruskal-Wallis followed by Dunn’s post hoc test to detect drug-dependent effects. These
tests were also used for the analysis of dose-dependency. The determined phase shifts in
hours circadian time (hct) and period length in hours were presented as mean in the text
and as meanzstandard error in graphs and tables. Graphical illustration was performed
using OriginLab 8 (Northhampton, Massachusetts, USA) and CoreIDRAW Graphics Suite
X5.
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Results

3.1 Behavioural analysis of R. maderae and M. sexta

3.1.1 Locomotor behaviour of isolated male and female cockroaches

Locomotor behaviour of single, isolated male (n=12) and female (n=12) cockroaches in a
12:12 LD photoperiod was investigated. Both genders were inactive during the day and
expressed two activity peaks, one at the beginning/middle of the night (females: ZT 17.2,
12.96%2.89 cm/bin; males: ZT 15.1, 24.35+5.75 cm/bin; Fig. 24) and another at the end of
the night/beginning of the day (females: ZT 23.8, 13.40+2.05 cm/bin; males: ZT 23.3,
22.58+4.35 cm/bin; Fig. 24). Moreover, males demonstrated increased locomotion activ-
ity as compared to female cockroaches (females: 12.89+2.22 m; males: 23.71+5.42 m; Fig.

24).
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Figure 24. Isolated male and female Rhyparobia maderae express two activity peaks at night. Locomotor pattern
of single, isolated female (A; n=12) and male (B; n=12) cockroaches. Polynomial fit of averaged locomotion distance
per six minute time bin (solid lines) including standard error (dotted lines). Analysis was performed with distance
moved function of Ethovision XT 7.0 for six minutes each. Bar indicates light conditions.

3.1.2 Residence in zones

Behaviour of naive female cockroaches (n=8) was analysed to investigate the preference
for either food, water, or the main pheromone component senecio acid (Farine et al.,
2007). Increased residence in the food zone was observed at ZT 17.6 (5.59+4.10 sec/bin).
Moreover, a second peak was observed at ZT 21.9 (6.43%4.66 sec/bin), which declined

progressively until ZT 2.2 (Fig. 25 A). Altogether, females spend 6.34+1.22 minutes in the
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food zone per day, while spending 30.594+23.66 seconds time in the water zone (Fig. 25

A,B). Most time of their day the female cockroaches remained in the senecio acid zone

(9.02+1.37 h) with a maximum at ZT 14.4 (201.80+22.37 sec/bin; Fig. 25 C).
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3.1.3 Calling behaviour
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Figure 25. Isolated female Rhyparobia
maderae (n=8) demonstrated maximal
residence in the food- (A) and the water
zone (B) at middle/end of the night and
maximal residence in the senecio acid
zone (C) at beginning of the night. Poly-
nomial fit of averaged residence in zones
per six minute time bin (solid lines) in-
cluding standard error (dotted lines).
Analysis was performed with distance
moved function of Ethovision XT 7.0. Bar
indicates light conditions.

Male R. maderae were observed directly in laboratory colonies (n=8). Calling behaviour

was mostly exhibited at the end of the day and the beginning of the night when colonies

had about equal ratios of males to females (Fig. 26 A). Two main peaks could be observed

at ZT 10 (8.15+1.91 %) and at ZT 14 (9.5441.23%). Minimum calling activity was observed

at the middle of the day (ZT 5, 1.0940.65 %) and the end of the night (ZT 23, 0.74+0.28 %).

A third, smaller calling peak occurred at ZT 2 (4.38+1.59 %). Reducing the number of fe-

males in colonies changed male calling behaviour (n=3; Fig. 26 B). They started calling at

the end of the night at ZT 24 (5.074£0.75 %) and maintained calling throughout the day

until the middle of the night. Previously observed calling peaks (Fig. 26 A) got lost.



46

A B
T —
3 3 101
> S
o [}
< <
[0 [}
Q Q
()] ()]
£ £
T T
&} /. (&}
0+ T T T T q 0 T T T T r 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Zeitgeber time Zeitgeber time

Figure 26. Massive reduction of female Rhyparobia maderae in colonies abolished previous observed male calling
peaks. Normalized calling behaviour (total calling per day = 100 %) of male cockroaches in laboratory colonies is
presented as polynomial fit of mean (solid line) including standard error (dotted lines). Animals were kept either
under conditions of an equal ratio of males to females (A; n=8) or under a large surplus of males (B; n=3). Bar indi-
cates light conditions.

3.1.4 Locomotion and feeding behaviour of naive male hawk moths

Isolated M. sexta males were observed in the flight room (n=>5; Fig. 27). They were active
between dusk (ZT 16, 2.54+1.31 %) and dawn (ZT 0, 7.03+2.88 %), 89.27+18.4 % of total
activity per day was observed during the night and almost none during the day. More-
over, they showed two activity peaks, first at ZT 18 (16.68+3.50 %) and second, at ZT 23
(13.5142.30 %). In contrast to flight activity, feeding activity was observed more rarely per
day. The highest percentage of feeding events was detected at dusk (ZT 16, 15.00+15.00
%) and dawn (ZT 0, 26.43+12.04 %). Altogether, 41.424+27.04 % of total feeding events
were observed at twilight and 50.00+31.41 % at night.
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Figure 27. Isolated Manduca sexta males demonstrated maximal flight activity during the night (A) and maximal
feeding activity at dusk and dawn (B). Normalized flight- (A) and feeding activity (B) of isolated, male hawk moths
(total events per day=100%; n=5). Polynomial fit of mean (solid line) including standard error (dotted lines). Bar
indicates light conditions.
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3.2 Quantification of second messengers in the antennae of female R.

maderae and male M. sexta

Electrophysiological, biochemical, and immunocytochemical experiments indicated an
involvement of cAMP, cGMP, and IP; in olfactory signal transduction cascade
(Ziegelberger et al., 1990; Stengl, 1993, 1994; Flecke et al., 2006; Dolzer et al., 2008;
Krannich, 2008; Flecke et al., 2010). Since in tip recording experiments perfusion of CAMP
and cGMP into pheromone-sensitive trichoid sensilla affected the olfactory sensitivity to
pheromone differentially at the animals rest- and activity phase (Flecke et al., 2006;
Flecke et al., 2010), it was investigated, whether daily rhythms in second messenger con-
centration occur and whether these rhythms correlate with rhythms in olfactory behav-

iour.

3.2.1 Oscillation of antennal cAMP, cGMP, and IP; levels in LD cycles in R. maderae fe-

males

Female cockroach antennae expressed significant ZT-dependent changes in second mes-
senger concentrations (Kruskal-Wallis test, p<0.01; Fig. 28 A-C; Tab. 4). The lowest cAMP
baseline levels were detected at ZT 2 (n=27) and 5 (n=34). They increased up to a maxi-
mum level at ZT 10 (n=35) and stayed elevated until ZT 20 (n=12), though the level slightly
declined at ZT 14 (n=12). Thus, a significant difference occurred between ZT 10 and ZT 2
as well as ZT 10 and ZT 5 (Dunn’s multiple comparison post hoc test, p<0.01). In contrast
to cAMP levels, cGMP baseline levels were significant increased during night (ZT 14, n=11;
ZT 20, n=9) and at the beginning of the day (ZT 2, n=11), while they were lowest during at
ZT 5 (n=31) and 10 (n=34; Dunn’s multiple comparison post hoc test, p<0.05; Fig. 28 B).
Additionally, antennal IP3 content was measured at three ZT times. Similar to cAMP oscil-
lation, the lowest IP3 contents were measured at the beginning and in the middle of the
day (ZT 2, n=4; ZT 6, n=8) and the highest at the end of the day (ZT 10, n=15), resulting in
a significant difference between ZT 6 and ZT 10 (Dunn’s multiple comparison post hoc

test, p<0.01; Fig. 28 C).
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Figure 28. Zeitgeber time-dependent
cAMP- (A), cGMP- (B) as well as IP; level
(C) oscillations in antennae of female
Rhyparobia maderae. The incubation
buffer contained 10 nM Ca®* (n=1 con-
tained 20 female antennae). Colour of
bars indicates light condition. Asterisks
and straight horizontal lines symbolize
significant differences by the use of
Dunn’s multiple comparison post hoc
test (p<0.05 *, p<0.01 **, p<0.001 ***),

cAMP (pmol/mg) n cGMP (pmol/mg) n IP3 (fmol/mg) n

ZT 2 109.4+11.6 27 18.2+2.0 11 293.8+49.3 4

ZT5/6 104.1+6.4 34 6.2+0.4 31 270.9+42.6 8

ZT 10 143.045.5 35 6.710.6 34 582.9+49.7 15
T 14 123.41£10.1 12 15.2+2.3 11 ---
ZT 20 141.1+15.6 12 19.714.0 9 ---

3.2.2 Quantification of cAMP and cGMP levels under adaptive conditions in R. maderae

females

Keeping females together with a surplus of male cockroaches in colonies changed cyclic

nucleotide levels ZT-dependently. While significant differences in cAMP concentrations

occurred between ZT 5 (n=12) and ZT 10 (n=4; Mann-Whitney U-test, p<0.01; Fig. 29 A),

no significant cGMP oscillation were detected (Kruskal-Wallis test, p<0.001; Fig. 29 B).

Instead, cGMP concentrations were increased during the whole day with maximum
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Figure 29. An increase in the male to female ratio overshadows previously measured Zeitgeber time- (ZT-) de-
pendent rhythms in cGMP concentration in antennae of female Rhyparobia maderae. While the cAMP baseline
level is reduced significantly at ZT 5 as compared to ZT 10 (A; Mann-Whitney test, p<0.01 **), no significant differ-
ences in cGMP baseline levels were detected (B). The incubation buffer contained 10 nM ca® (n=1 contained 20
female antennae). Colour of the bars indicates light condition.

at ZT 10 (n=8), while lowest concentrations were found at night (Fig. 29 B; Tab. 5). Inter-
estingly, cCAMP concentrations at ZT 5 (n=16) were significantly reduced, in female anten-
nae if females were raised with a surplus of males (Mann-Whitney U-test, p<0.001; Fig.
30 A), but not at ZT 10 (Fig. 30 B). Additionally, cGMP concentrations were highly signifi-
cant increased at ZT 5 and ZT 10 (Mann-Whitney U-test, p<0.001; Fig. 31).
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Figure 30. Rhyparobia maderae females raised at about equal male to female ratio (set one) demonstrated in-
creased antennal cAMP level at Zeitgeber time (ZT) 5 compared to antennal cAMP level of females raised with
surplus of males (set two). Different conditions resulted in significant difference in cAMP concentration at ZT 5 (A;
Mann-Whitney test, p<0.001 ***), but not at ZT 10 (B). The incubation buffer contained 10 nM ca®. colour of the
bars indicates light condition (n=1 contained 20 female antennae).
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Figure 31. Rhyparobia maderae females raised at about equal male to female ratio (set one) demonstrated re-
duced antennal cGMP level at Zeitgeber time (ZT) 5 and 10 compared to antennal cGMP level of females raised
with surplus of males (set two). Different conditions resulted in significant difference in cGMP concentrations at ZT
5 (A) and ZT 10 (B; Mann-Whitney test, p<0.001 ***). The incubation buffer contained 10 nM ca®*. Colour of the
bars indicates light condition (n=1 contained 20 female antennae).

Table 5. Quantification of antennal cyclic nucleotides (mean+SE) in Rhyaprobia maderae at Zeitgeber time (ZT) 2, 5,
10, 14, and 20. Females were raised at excess of males in colonies.

cAMP (pmol/mg) n cGMP (pmol/mg) n

T2 - 18.5%5.3

ZT5 42.7+10.0 12 18.6£1.6 16
ZT 10 155.5£29.9 4 24.2+3.7 8
ZT 14 = 13.6£2.0 8
ZT 20 - 14.612.8 8

3.2.3 Oscillation of antennal cAMP, cGMP, and IP; levels in LD cycles in M. sexta males

Next, quantification of second messenger concentrations was performed in antennae of
male hawk moths (Fig. 32; Tab. 6). Significant differences were detected between all ZT
times in cAMP- and IP; baseline levels (Kruskal-Wallis test, p<0.001; Fig. 32 A,C), no ZT-
dependent effect was observed in antennal cGMP contents (Fig. 32 B). At dawn (ZT 1,
n=10) and in the middle of the day (ZT 9, n=21) the lowest cAMP baseline levels were de-
tected, before increasing progressively at ZT 16 (n=10) and ZT 18 (n=10). At ZT 20 (n=34)
the maximum in cAMP concentration was measured followed by a decrease at the end of
the night (ZT 23, n=10). Significant difference occurred between ZT 9 and ZT 16 as well as
between ZT 9 and ZT 20 (Dunn’s multiple comparison post hoc test, p<0.05; Fig. 32 A). On
the contrary, the cGMP baseline levels between ZT 9 (n=20), ZT 16 (n=10), ZT 18 (n=14),
and ZT 20 (n=23) remained constant. At ZT 23 (n=6) and ZT 1 (n=6) the cGMP contents
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slightly, but not significantly differed (Fig. 32 B). As observed for cAMP baseline concen-
trations, also IP; concentrations decreased at twilight and day. The lowest IP; concentra-
tions were detected during the day (ZT 9, n=25), at dawn (ZT 16, n=16), and at dusk (ZT 1,
n=10). The highest antennal IP; content was detected at the beginning of the night (ZT 18,
n=16), before slightly declining (ZT 20, n=33) and increasing again at the end of the night
(ZT 23, n=9). Thus, there was a significant difference between the minimum at ZT 9 and all
groups measured during the night (Dunn’s multiple comparison post hoc test, p<0.05; Fig.
32 C). Moreover, at ZT 16 the baseline level was significantly lower as compared to ZT 18

and ZT 20 (Dunn’s multiple comparison post hoc test, p<0.05; Fig. 32 C).
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Table 6. Quantification of second messengers (meanSE) in Manduca sexta antennae at Zeitgeber time (ZT) 1, 9,16,
18, 20, and 23.

cAMP (pmol/mg) n cGMP (pmol/mg) n IP;(fmol/mg) n

ZT1 66.5+11.1 10 4.612.0 6 389.8479.3 10
ZT9 71.5+6.5 21 7.1+1.0 20 248.2+#11.1 25
ZT 16 84.9+23.1 10 6.5%1.2 10 291.5#39.1 16
ZT 18 113.9+33.4 10 7.3x1.4 14 565.2+779 16
ZT 20 151.5£19.5 34 6.710.7 23  408.0+20.6 33
ZT 23 83.0+21.4 10 7.8+2.3 6 484.3175.6 9

3.2.4 Oscillation of antennal cAMP, cGMP, and IP3 levels in DD in R. maderae females

Female cockroach antennae collected on the first day of DD expressed rhythms in cAMP
baseline levels (Fig. 33 A; Tab. 7). Significant difference between all times tested was
found (Kruskal-Wallis test, p<0.05). As observed in LD highest cAMP levels were detected
at ZT 10 (n=13). Thus, there was a significant difference between CT 10 and CT 20 (n=13;
Dunn’s multiple comparison post hoc test, p<0.05; Fig. 33 A). Moreover, the continuous
decrease in cGMP baseline levels was significant (Kruskal-Wallis test, p<0.001; Fig. 33 B).
The highest cGMP concentration was detected at the beginning of the subjective day (CT
2, n=8), before progressively falling down until CT 20 (n=9, Tab. 7). Therefore, cGMP base-
line level was significantly reduced at CT 10 (n=10), CT 14 (n=10), and CT 20 as compared
to these maximum value at CT 2 (Dunn’s multiple comparison post hoc test, p<0.05; Fig.
33 B). Additionally, a significant difference between CT 5 (n=11) and CT 20 was detected
(Dunn’s multiple comparison post hoc test, p<0.01; Fig. 33 B). Also, IP; baseline concen-
trations oscillated significantly (Kruskal-Wallis test, p<0.05; Fig. 33 C; Tab.7). The mini-
mum in IP3 content, measured at CT 5 (n=10), progressively increased until CT 14 (n=8),
before decreasing at CT 20 (n=7) and CT 2 (n=7). There was a significant difference be-
tween IP; concentrations at CT 5 and CT 14 (Dunn’s multiple comparison post hoc test,

p<0.05; Fig. 33 C).
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Table 7. Quantification of antennal second messengers (meanzSE) in Rhyparobia maderae at circadian time (CT) 2, 5,
10, 14, and 20.

cAMP (pmol/mg) n c¢GMP (pmol/mg) n IP;(fmol/mg) n

CT2 107.2+8.3 13 1.06+0.08 8 335.2+75.7 7
CTS5 111.7+8.3 15 0.79+0.10 11  225.5#35.2 10
CT10 138.3+11.7 13 0.45+0.09 10 387.0164.3 8
CT 14 125.1+11.9 13 0.45+0.06 10 613.5+123.6 8
CT 20 93.9+10.3 13 0.27+0.05 9 271.3449.1 7

3.2.5 Quantification of antennal cAMP, cGMP, and IP; levels in DD in M. sexta males

As done for the cockroach, circadian experiments were also performed with antennal
lysates of male hawk moth antennae. No CT-dependent oscillations of second messengers
were found (Kruskal-Wallis test, p > 0.05; Fig. 34). The means of cAMP baseline concen-
trations varied between 82.8 pmol/mg and 103.8 pmol/mg (Tab. 8). Also, the means of
cGMP concentrations amounted approximately 5.0 pmol/mg for each CT time analysed

(Tab. 8). Small, non significant differences were detected in IP3; baseline concentrations.
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The lowest IP; contents were observed at CT 1 (n=10) and CT 18 (n=10), whereas the

highest IP3 levels were detected at CT 20 (n=10) and CT 23 (n=6). In between, CT 9 (n=6)

and CT 16 (n=6) values were measured at a moderate level (Fig. 34 C; Tab. 8).
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Figure 34. Quantification of antennal
cAMP- (A), cGMP- (B) as well as IP;
levels (C) in Manduca sexta lysates of
males in constant condition. The incuba-
tion buffer contained 10 nM Ca** (n=1
contained 6 male antennae). No signifi-

cant effects could be detected.

Table 8. Quantification of antennal second messengers (meanzSE) in Manduca sexta at circadian time (CT) 1, 9, 16,

18, 20, and 23.

cAMP (pmol/mg) n c¢GMP (pmol/mg) n IP;(fmol/mg) n
CT1 88.5t4.3 10 4.310.5 10 193.4+14.6 10
CT9 82.849.1 14 5.0+£0.5 15 250.7+66.7 6
CT 16 95.5+4.3 10 5.810.4 10 231.4+20.9 6
CT 18 94.04£5.3 10 5.210.4 10 176.4+£22.8 10
CT 20 102.0+11.4 19 4.7+0.3 19 267.1+23.6 10
CT 23 103.8+17.4 2 4.6x0.7 2 283.9165.3 6
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3.3 ZT-dependent effects of OA

OA exerts its effects in insects by binding to a- and B-adrenergic OA receptors which dif-
ferentially activate cAMP and IP5 pathways (Farooqui, 2007). Moreover, OA treatment of
antenna of P. americana as well as M. sexta elevated antennal response to pheromone
(Zhukovskaya and Kapitsky, 2006; Flecke and Stengl, 2009). Thus, it was tested whether

rhythms in antennal cAMP and IP3; concentrations are driven by OA.

3.3.1 Quantification of OA in male M. sexta antenna

Quantification of OA in single male an-

8001 5
tenna at ZT 1, 9, 16, 18, 20, and 23 re-

6004
vealed significant differences (Kruskal-

n=16

Wallis test, p<0.001; Fig. 35). The lowest

OA amount per antenna was detected in

Octopamine (fmol/antenna)

the middle of the animals’ resting phase

at ZT 9 (237.4+10.9 fmol/antenna, n=10), Zeitgeber time

Figure 35. Oscillation of octopamine amount in male
hawk moth antenna (n=1 was averaged over 3 female

(272.9+24.6 fmol/antenna, n=10) and ZT antennae). Colour of the bars indicates light condition.
R ! Asterisks and straight horizontal lines symbolize signifi-

18 (318 2454.5 fmol/antenna n=8) until cant differences (Dunn’s multiple comparison post hoc
T ’ test, p<0.05 *, p<0.001 ***),

it increased continuously at ZT 16

they peaked at ZT 20 (397.4%+30.1
fmol/antenna, n=16). Finally, the antennal
OA amount decreased at the end of the night (ZT 23, 324.0+6.0 fmol/antenna, n=8) and at
dawn (310.448.8 fmol/antenna, n=8). Thus, OA amounts at ZT 9 and ZT 16 were signifi-
cantly lower as compared to the peak level at ZT 20 (Dunn’s multiple comparison post hoc

test, p<0.05; Fig. 35).

3.3.2 Effect of OA on AC activity in female R. maderae antennae

The effect of OA on AC activity in antennal lysates of R. maderae was analyzed at two dif-
ferent ZTs (Fig. 36; Tab. 6). Control experiments without any pharmaceutical were com-
pared to experiments with addition of epinastine (EPI), EPl and OA, OA and forskolin (FSK)
in the animals’ resting phase (ZT 5, Fig. 36 A) and mating phase (ZT 10, Fig. 36 B). At both
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ZT times tested significant differences could be demonstrated between all groups ana-
lyzed (Kruskal-Wallis test, p<0.001; Fig. 36). While the specific OA receptor antagonist EPI
did not affect the cAMP baseline at both ZTs (ZT 5, n=4; ZT 10, n=7), OA significantly in-
creased cAMP levels (ZT 5, n=12; ZT 10, n=27; Dunn’s multiple comparison post hoc test,
p<0.001; Fig. 36). When applying OA and EPI, EPI was able to prevent OA-dependent
cAMP rises. This effect was more effective at ZT 5, than at ZT 10. Finally, FSK was applied
as positive control of AC stimulation. Highly significant increases could be observed at ZT

5 (n=3) and ZT 10 (n=7; Dunn’s multiple comparison post hoc test, p<0.01; Fig. 36).
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Figure 36. Octopamine (OA) increased adenylyl cyclase activity in female Rhyparobia maderae at Zeitgeber time
(2T) 5 (A) and ZT 10 (B). Antennal lysates were treated with control, 40 uM epinastine (EPI), 40 uM EPI and OA, 40
UM OA or 40 uM forskolin (FSK), respectively (n=1 contained 20 female antennae). Colour of the bars indicates light
condition. Asterisks and straight horizontal lines symbolize significant differences (Dunn’s multiple comparison post
hoc test, p<0.01 **, p<0.001 ***),

3.3.3 Effect of OA on AC activity in male M. sexta antennae

The effect of OA on the AC activity in antennal lysates of M. sexta was also analyzed. The
experiments were performed in the hawk moths’ resting (ZT 9, Fig. 37 A; Tab. 6) as well
as activity phase (ZT 20, Fig. 37 B; Tab. 6). Significant differences were observed, when
comparing control, EPI, EPl and OA, OA and FSK applications to antennal lysates (Kruskal-
Wallis test, p<0.001; Fig. 37). While incubation with control, EPI, and EPI and OA buffer
did not affect cAMP levels at ZT 9 (control, n=18; EPI, n=12; EPI+0OA, n=6) as well as at ZT
20 (control, n=18; EPI, n=6; EPI+0OA, n=9), stimulation with OA or FSK increased cAMP lev-
els very effectively at ZT 9 (OA, n=9 ; FSK, n=9) and ZT 20 (OA, n=15 ; FSK, n=15; Fig. 37).

Although cAMP control levels varied daytime-dependently, stimulation with OA and FSK
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resulted in very similar maximal cAMP levels (Tab. 6). These cAMP rises were significant

at both ZTs (Dunn’s multiple comparison post hoc test, p<0.001; Fig. 37).
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Figure 37. Octopamine (OA) increased adenylyl cyclase activity in male Manduca sexta antennae at Zeitgeber time
(ZT) 9 (A) and ZT 20 (B). Antennal lysates were treated with control, 40 uM epinastine (EPI), 40 uM EPI and OA, 40
UM OA or 40 uM forskolin (FSK), respectively (n=1 contained 6 male antennae). Colour of the bars indicates light
condition. Asterisks and straight horizontal lines symbolize significant differences (Dunn’s multiple comparison post

hoc test, p<0.001 ***).

Table 9. Effect of control, epinastine (EPI), octopamine (OA), and forskolin (FSK) buffer on antennal cAMP synthesis
(meanzSE) in Rhyparobia maderae and Manduca sexta at various Zeitgeber times (ZT).

Rhyparobia maderae Manduca sexta
cAMP ZT 5 cAMP ZT 10 cAMP ZT 9 cAMP ZT 20
(pmol/mg) (pmol/mg) " (pmol/mg) (pmol/mg)
Control 104.116.4 34 143.0¢5.5 35 96.3t69 18 131.6x4.5 18
EPI 154.8427.0 4 1439+158 7 90.5+5.6 12 146.6+20.3 6
EPI+OA 113.7£244 4 200.2£35.2 6 93.615.3 6 142.7.6£3.7 9
OA 358.5+29.5 12 276.3¥13.3 27 171.84119 9 176.316.4 15
FSK 3347486 3 261.3¥17.0 7 191.7¥140 9 186.9+t7.9 15
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3.3.4 Analysis of ECsg

To characterise the OA-dependent cAMP rises in more detail, the ECsy was calculated at
both ZT times investigated. Therefore, antennal lysates of male hawk moths were incu-
bated with buffers, which varied in OA concentration, at ZT 9 and ZT 20 (Tab. 10). Control
experiments without OA were performed and used as fixed minimum levels for the ECs
equation. AT ZT 9 the log ECso was -6.15£0.85 M which is 708.0 nM (Fig. 38 A), at ZT 20
the log ECsg was -6.63+0.48 M (234.4 nM, Fig. 38 B). Top values for cAMP levels of ECsg
equations were calculated (ZT 9, 187.8 pmol/mg; ZT 20, 191.2 pmol/mg; Fig. 38).
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Figure 38. Half maximal effective octopamine (OA) dose (ECs,) for OA-dependent antennal cAMP rises at Zeitgeber
time (ZT) 9 (A) and ZT 20 (B). The incubation buffers contained 400 pM to 400 uM OA. The log ECs, was -6.15+0.85
M at ZT 9 and -6.63+0.48 M at ZT 20 (n=71 at ZT 9; n=84 at ZT 20). The goodness of fit was above 0.95.

Table 10. Effects of octopamine (OA) on cAMP synthesis (meanzSE) in Manduca sexta antennae at Zeitgeber
time (ZT) 9 and 20.

Concentration (mol/l) cAMP ZT 9 (pmol/mg) n cAMP ZT 20 (pmol/mg) n

Control 96.316.9 18 131.6+4.5 18
4x10"0A 96.2+8.0 6 127.316.6 4
4x10° OA 114.6+12.8 6 148.1+13.7 13
4x10% OA 128.9+10.7 6 151.6+20.6 6
4x107 OA 130.0+10.1 5 160.1+16.9 5
4x10° OA 145.4+10.8 12 171.3+15.1 17
4x10° OA 169.4+12.4 12 179.845.4 15
4x10* OA 172.6+22.6 6 186.6+12.6 6
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3.3.5 Analysis of reaction speed

To determine whether OA receptors signal
rapidly on a time scale of milliseconds, fast
kinetic methodology (see materials and
method section) was developed to quantify
OA-dependent cAMP concentration rises
(Fig. 39; Tab. 11). After 25 to 500 ms OA-
dependent increases in cAMP concentra-
tions were obtained. Significant rises in
cAMP occurred within 50 ms after OA
stimulation (Dunn’s post hoc test, p<0.05),
and remained elevated for durations of at

least 500 ms (Fig. 39; Tab. 11).
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Figure 39. Octopamine (OA) elevated cAMP levels
within 50 ms at the animals' resting phase (Zeitgeber
time 9). Antennal homogenates were incubated with
control buffer (n=9, grey, dashed) or with 40 uM OA
buffer (n=9, black, dotted) for 25, 50, 200, and 500 ms.
Asterisk symbolizes significant difference between con-
trol and OA group (Dunn’s multiple comparison post hoc
test, p<0.05 *; n=1 contained 6 male antennae).

Table 11. Kinetic of octopamine (OA) induced cAMP increases (mean+SE) in antennal lysates of Manduca sexta.

Incubation time (ms) Control (pmol/mg)

n 40 uM OA (pmol/mg) n

25 87.2+8.9
50 81.8+13.8
200 95.9+11.4
500 95.1+17.4

9 111.6+17.3 9
9 143.6%15.0 9
9 153.7+20.8 9
9 146.5+29.1 9

3.3.6 Effect of OA on antennal IP3 levels in R. maderae females

So far, in both the cockroach as well as the hawk moth it is not known which G-proteins

are activated by OA binding to its receptor. Therefore, it was examined whether OA acti-

vates PLC causes rises in IP3 levels in ELISAs. At both ZTs investigated in the cockroach no

significant OA effects were observed (Kruskal-Wallis test, p > 0.05; Fig. 40; Tab. 12). In the

animals’ resting phase (ZT 5), EPI (n=7), EPI+OA (n=6), and OA (n=8) did not affected IP3

baseline content significantly (Fig. 40 A). The strongest, yet still non-significant effect

could be observed by the use of the m-3M3FBS (n=5). This increase was about 28 percent

compared to control experiments (n=8; Fig. 40 A). On the contrary, in the animals’ activity
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phase (ZT 10), EPI+OA (n=5), OA (n=7), and m-3M3FBS (n=10) did not effected IP3; concen-

tration at all, but EPI alone reduced it about 20 percent (n=7; Fig. 40 B).
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Figure 40. Octopamine (OA) did not affected IP; concentration at Zeitgeber time (ZT) 5 (A) and ZT 10 (B) in female
Rhyparobia maderae antennae. Antennal lysates of Rhyparobia maderae were treated with control, 40 uM epinas-
tine (EPI), 40 uM EPI and OA, 40 uM OA or 40 pM m-3M3FBS (phospholipase C activator), respectively (n=1 con-
tained 20 female antennae). Colour of the bars indicates light condition. No significant effects could be observed.

3.3.7 Effect of OA on antennal IP; content in male M. sexta antennae

Comparably to previous investigations in the cockroach, OA experiments were performed
in the hawk moth. EPI, EPI+0A, OA, and m-3M3FBS effects on IP3 levels were compared
with control groups at ZT 9 (n=25) and ZT 20 (n=33; Fig. 41; Tab. 12). While, pharmaceuti-
cals could not induce any effects at ZT 20 (Fig. 41 A), significant effects were detected at
the animals’ resting phase (Kruskal-Wallis test, p<0.01; Fig. 41 B). Although, the control
IPs level (ZT 9) was the same state as in the presence of EPI (n=10) and EPI+OA (n=9), an
increase over 20 percent could be obtained when OA (n=28) or m-3M3FBS (n=19) were
applied. These effects were significant (Dunn’s multiple comparison post hoc test, p<0.05;

Fig. 41 B).
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Figure 41. Octopamine (OA) increased IP; concentration at Zeitgeber time (ZT) 9 (A) but not at ZT 20 (B) in male
Manduca sexta antennae. Antennal lysates of Manduca sexta were stimulated with control, 40 uM epinastine (EPI),
40 uM EPI and OA, 40 uM OA or 40 uM m-3M3FBS (phospholipase C activator), respectively (n=1 contained 6 male
antennae). Colour of the bars indicates light condition. Asterisks symbolize significant difference between control
and drug group (Dunn’s multiple comparison post hoc test, p<0.05 *).

Table 12. Effects of control-, epinastine- (EPI), octopamine- (OA), and m-3M3FBS (phospolipase C activator) buffer
on antennal IP; concentration (mean#SE) in Rhyparobia maderae and Manduca sexta antennae at various Zeitgeber

times (ZTs).
Rhyparobia maderae Manduca sexta
IP; ZT5 IP; ZT 10 IP;ZT 9 IP; ZT 20
(fmol/mg) (fmol/mg) f (fmol/mg) f (fmol/mg) n
Control 367.3148.9 8 582.9+49.7 15 248.2+11.1 25 408.0+20.6 33
EPI 411.5472.52 7 476.1+87.8 7 245.8%15.4 10 407.4+28.7 7
EPI+OA 438.1+60.1 6 576.9197.8 5 245.7+149 9 416.7+t20.4 8
OA 418.0t45.4 8 591.9+57.1 7 303.8t12.5 28 414.2+18.2 28
m-3M3FBS 470.2192.0 5 613.6x60.6 10 306.0t17.4 19 416.0£20.5 17
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3.4 ZT-dependent effects of calcium concentrations

Since some enzymes as ACs, GCs, and PLCs were demonstrated to be modulated in their
activity by Ca*' (Sunahara et al., 1996; Rebecchi and Pentyala, 2000; Sharma, 2010), the

influence of this cation was investigated in antennae of R. maderae and M. sexta.

3.4.1 Effect of changes in the free Ca®* concentration on AC activity in R. maderae

To test Ca?* dependency of antennal ACs in cockroach antenna, variable free Ca’* concen-
trations were applied and cAMP synthesis was measured (Fig. 42; Tab. 13). No significant
effects were detected at ZT 5 (Fig. 42 A), whereas a significant effect was observed at ZT
10 (Kruskal-Wallis test, p<0.05). An increase in free Ca’* concentration decreased cAMP
contents from 0 nM Ca?* (n=6) to 60 nM Ca** (n=5) before they increased with Ca** levels
higher than 60 nM. Comparing AC activity of Ca** free solution with 60 nM Ca** shared

significant differences (Dunn’s multiple comparison post hoc test, p<0.05; Fig. 42 B).
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Figure 42. Adenylyl cyclase activity was reduced with 60 nM free calcium (Ca2+) concentration at Zeitgeber time
(ZT) 10 (B) but not at ZT 5 (A) in female Rhyparobia maderae antennae (n=1 contained 20 female antennae). Col-
our of the bars indicates light condition. Asterisk symbolizes significant difference between control (0 nM Ca2+) and
60 nM Ca”* at ZT 10 (Dunn’s multiple comparison post hoc test, p<0.05 *).
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3.4.2 Effect of changes in the free Ca®* concentration on AC activity in M. sexta

Next, it was investigated whether Ca”* could also affect AC activity in the hawk moth an-
tennae (Fig. 43; Tab. 13). No Ca’*-dependent effects could be observed at ZT 9 (Fig. 43
A). As previously described in cockroach experiments, an inverse bell shaped Ca*" induced
cAMP reduction was observed in the hawk moths’ activity phase (Kruskal-Wallis test,
p<0.001). Furthermore, this reduction reached its significant minimum with 60 nM ca*

(n=9; Dunn’s multiple comparison post hoc test, p<0.05; Fig. 43 B).
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Figure 43. Adenylyl cyclase activity was reduced with 60 nM free calcium (Ca2+) concentration at Zeitgeber time
(ZT) 20 (B) but not at ZT 9 (A) in male Manduca sexta antennae (n=1 contained 6 male antennae). Colour of the
bars indicates light condition. Asterisk symbolize significant difference between control (0 nM Ca2+) and 60 nM Ca**
at ZT 20 (Dunn’s multiple comparison post hoc test, p<0.05 *).

Table 13. Effects of 0 nM free calcium (Caz+) concentrations on cAMP synthesis (meanzSE) in Rhyparobia maderae
and Manduca sexta antennae at various Zeitgeber times (ZTs).

Rhyparobia maderae Manduca sexta

cAMP ZT 5 cAMP ZT 10 n cAMP ZT 9 cAMP ZT 20 n

(pmol/mg) (pmol/mg) (pmol/mg) (pmol/mg)
0 nM Ca* 107.2+180 4 169.1+228 6 90.3+10.6 19 134.3+11.2 16
10 nM Ca** 104.1+6.4 34 143.0#5.5 35 94.0+8.9 19 132.0+#11.1 17
60 nM Ca®* 102.9+30.8 4 98.43+8.2 5 113.4+13.2 13 82.8+11.2 9
140 nM Ca** 131.7#26.9 11 122.2+10.2 16 103.849.9 13 104.3+10.3 11
300 nM Ca®* 81.47+30.4 4 120.8418,7 6 106.2+13.9 13 110.3%12.7 10
1um ca* 103.9+199 4 156.0£239 6 113.4+7.7 12 166.1+8.2 9
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3.4.3 Effect of changes in the free Ca®* concentration on GC activity in R. maderae

To test whether antennal GCs activity are modulated by Ca?*, incubations of antennal
lysates were performed with variable free Ca®* concentrations. Contrarily to AC activity,
GC activity was not Ca2+—dependent in the cockroach antennae (Fig. 44; Tab. 14). At ZT 5,
the highest cGMP concentrations were induced with 10 nM Ca** (n=31) and 1 pM Ca**
(n=3). Further free Ca** concentrations tested resulted in lower cGMP baseline levels (Fig.
44 A). Also, during the animals' mating phase (ZT 10), no significant effects were recog-
nized. Almost all free Ca®* concentrations tested resulted in a stable cGMP content of

approximately 6.5 pmol/mg (Fig. 44 B).
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Figure 44. Guanylyl cyclase activity was not affected by calcium (Ca2+) at Zeitgeber time (ZT) 5 (A) and ZT 10 (B) in
female Rhyparobia maderae antennae (n=1 contained 20 female antennae). Colour of the bars indicates light
condition. No significant differences were observed.

3.4.4 Effect of changes in the free Ca’* concentration on GC activity in M. sexta

The Ca®* dependence of GCs was tested in antennal tissues of the hawk moth. An increase
in Ca’* only activated GCs significant at the animals' resting phase (Fig. 45; Tab. 14;
Kruskal-Wallis test, p<0.05). While the lowest GC activity was observed without ca*
(n=16), 60 nM Ca** (n=10) induced a maximum in cGMP concentrations at ZT 9 (Dunn’s
multiple comparison post hoc test, p<0.01; Fig. 45 A). At ZT 20 the highest, but not signifi-

cant, GC activity was detected with 60 nM Ca** (n=12; Fig. 45 B).
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Figure 45. Guanylyl cyclase activity was increased with 60 nM free calcium (Caz+) concentration at Zeitgeber time
(ZT) 9 (A) but not at ZT 20 (B) in male Manduca sexta antennae (n=1 contained 6 male antennae). Colour of the

bars indicates light condition. Asterisk symbolizes significant difference between control (0 nM Ca2+) and 60 nM Ca
at ZT 9 (Dunn’s multiple comparison post hoc test, p<0.01 **).

2+

Table 14. Effects of 0 nM and varying free calcium (Ca®*) concentrations on cGMP synthesis (mean+SE) in Rhyparobia
maderae and Manduca sexta antennae at various Zeitgeber times (ZTs).

Rhyparobia maderae Manduca sexta

cGMP ZT 5 cGMP ZT 10 cGMP ZT 9 cGMP ZT 20

(pmol/mg) (pmol/mg) (pmol/mg) (pmol/mg)
0 nM Ca** 4.7+1.6 4 7.0£0.7 6 5.410.6 16 7.6x0.8 18
10 nM Ca** 6.2+0.4 31 6.7+0.6 34 7.1+£1.0 20 6.7+0.7 23
60 nM Ca** 4.3+1.9 4 6.9+1.3 6 9.6+0.9 10 9.5+0.8 12
140 nM Ca* 4.9+0.7 20 7.7£1.0 18 7.1+£1.0 10 7.320.9 13
300 nM Ca** 3.8+1.0 4 6.0+0.5 6 7.4%+1.5 10 8.1+0.8 12
1uM ca® 6.2+1.3 3 7.9+1.5 6 6.51+1.5 9 7.9+1.3 9

3.4.5 Effect of changes in the free Ca’* concentration on IP; levels in R. maderae

Since, next to ACs and GCs, PLCs are known to be Ca’' modulated, the effect of different

Ca’* concentrations on antennal IP; content was analysed in both species. Although a 31

percent rise in IP3 concentration was observed in antennal tissue of the cockroach by in-

creasing Ca’* concentration to 1 uM (n=8) at ZT 5, the effect was not significant (Fig. 46 A;

Tab. 15). At ZT 10 a non significant increase of about 40 percent was found, when com-

paring 0 nM Ca®* (n=4) to 1 pM Ca** (n=3; Fig. 46 B; Tab. 15).
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Figure 46. Antennal IP; concentration was not affected by calcium (Caz+) at Zeitgeber time (ZT) 5 (A) and ZT 10 (B)
in female Rhyparobia maderae antennae (n=1 contained 20 female antennae). Colour of the bars indicates light
condition. No significant effects could be observed.

3.4.6 Effect of changes in the free Ca** concentration on IP; levels in M. sexta

Next, Ca’" effects on IP; concentrations in antennae of the hawk moth were investigated
(Fig. 47 A; Tab. 15). The experimental strategy was modified in these experiments. While
in the previous experiments variable Ca”* buffer were incubated with lysates of different
animals, here each lysate was separated into six parts and all tested free Ca** concentra-
tions were incubated with each sample. Therefore, a direct pairwise comparison was ob-
tained. At the animals' resting time no Ca2+-dependent effects on IPs concentrations could
be detected (Fig. 47 A). However, significant effects could be detected at ZT 20 (Friedman
test, p<0.01; Fig. 47 B). When applying 140 nM Ca®" (n=9) IP; was significant increased
compared to Ca’* free buffer (n=9; Dunn’s multiple comparison post hoc test for paired

samples, p<0.01; Fig. 47 B).
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Figure 47. Antennal IP; concentration was increased by 140 nM free calcium (Ca2+) concentration at Zeitgeber time
(ZT) 20 (B) but not at ZT 9 (A) in male Manduca sexta antennae (n=1 contained 6 male antennae). Colour of the
bars indicates light condition. Asterisk symbolizes significant difference between control (0 nM Ca2+) and 140 nM
Ca*"atzT9 (Dunn’s multiple comparison post hoc test for paired samples, p<0.01 **).

Table 15. Effects of 0 nM and varying free calcium (Ca2+) concentrations on IP; concentrations (meanzSE) in Rhypar-
obia maderae and Manduca sexta antennae at various Zeitgeber times (ZTs).

Rhyparobia maderae Manduca sexta
IP; ZT 5 IP; ZT 10 IP3ZT 9 IP; ZT 20 n
(fmol/mg) (fmol/mg) (fmol/mg) (fmol/mg)

0nMCa** 417.5%53.2 8 526.4459.7 4 252.5+#13.5 10 435.2437.9 9
10 nM Ca®* 367.3+48.9 8 582.9+49.7 15 240.1¥13.9 10 440.4+350 9
60 nM Ca®>* 501.9+49.5 8 723.9+9.5 2 278.2+29.2 10 492.8+51.0 9
140 nM Ca®* 546.5+46.9 8 695.0+27.5 3 276.0+#33.6 10 560.9+58.4 9
300 nM Ca** 485.3+96.3 8 736.7#32.1 3 274.9+21.1 10 515.2458.8 9
1uMm Ca®* 563.2491.8 8 744.9+151.4 3 252.9426.0 10 445.8+442 9
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3.5 Cyclic nucleotides effects in the circadian pacemaker of R. maderae

Cyclic nucleotide oscillations were demonstrated in antennae of M. sexta and R. maderae
which are putative peripheral circadian pacemaker (Schuckel et al., 2007; Saifullah and
Page, 2009). Thus, it was investigated whether cAMP and cGMP oscillations also occur in
the central circadian pacemaker of the Madeira cockroach, the AMe (Reischig and Stengl,
2003a), and whether PDF, the most important coupling factor of the circadian system in

insects (Stengl and Homberg, 1994), could drive these rhythms.

3.5.1 Effect of PDF on cyclic nucleotides

Optic lobe tissue collected in the middle of the night was incubated with 1 uM Rhyparo-
bia-PDF. Incubation with this peptide increased the cAMP baseline level highly significant
(control, 4.7£1.0 nmol/mg, n=13; peptide, 8.3+1.6 nmol/mg, n=13; Mann-Whitney U-test,
p<0.01; Fig. 48 A). Contrarily, no effect on cGMP content was observed (control,

208.5+38.3 pmol/mg, n=15; peptide, 232.9461.9 mol/mg, n=13; Fig. 48 B).
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Figure 48. Effect of Rhyparobia-PDF on cyclic nucleotide content in optic lobe tissue. Asterisks and straight horizon-
tal lines symbolize significant difference by the use of Mann-Whitney U-test (p<0.01 **). The incubation buffer con-
tained 10 nM Ca** (n=1 contained 6 optic lobes).
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3.5.2 Biphasic oscillations of cAMP concentrations in LD and DD2 in the AMe

In LD in the AMe cAMP concentrations oscillated with a minimum at ZT 18 and two
maxima at dusk and dawn (Fig. 49 A; Tab. 16). Significantly lower cAMP levels were
measured at ZT 18 as compared to ZT 12 and ZT 24 (Dunn’s post hoc test, p<0.01). At DD1
cAMP concentrations were elevated as compared to LD and no significant differences
were observed at different CTs (Fig. 49 B; Tab. 16). However, at DD2 a bimodal oscillation
of cAMP became apparent with minima at CT 6 and CT 18 and maxima at CT 12 and CT 24
(Fig. 49 C; Tab. 16). The means of CT 6 and CT 18 significantly differed when compared to
CT 12 and CT 24 (Dunn’s post hoc test, p<0.05).
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3.5.3 Biphasic oscillations of cCAMP concentrations only in DD2 in optic lobe neuropils

Measurements of cAMP levels in optic lobes (without AMae) under LD revealed no signifi-
cant oscillation (Fig. 50 A; Tab. 16), but mean values at ZT 12 and ZT 18 were approxi-
mately half the values measured at ZT 6 and ZT 24. At DD1, cAMP levels strongly in-
creased at all CTs with a significant maximum at CT 18 (Dunn’s post hoc test, p<0.01; Fig.
50 B; Tab. 16). In DD2, cAMP levels oscillated with minima at CT 6 and CT 18 (Fig. 50 C;
Tabh. 16). In DD2 mean cAMP values at CT 6 were significantly lower in comparison to CT

12 and CT 18 as well as to CT 24 (Dunn’s post hoc test, p<0.01).
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3.5.4 Biphasic oscillations of cGMP concentrations only in LD in AMae

Under LD also concentrations of cGMP oscillated in AMae with a significant minimum at
ZT 18 and maxima at dusk and dawn (Fig. 51 A; Tab. 16). Significant differences in cGMP
concentrations were measured between ZT 18 and ZT 12 as well as between ZT 18 and ZT
24 (Dunn’s post hoc test, p<0.05). An almost tripling of cGMP concentrations at DD1 was

detected at all CTs (Fig. 51 B; Tab. 16). During DD2 cGMP concentrations remained con-

stant at a lower level as compared to DD1 (Fig. 51 C; Tab. 16).
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Figure 51. Concentration of cGMP in
accessory medullae of cockroaches kept
in a 12:12 light-dark photoperiod (A),
one day (B), and two days in constant
conditions (C). Asterisks and straight
horizontal lines symbolize significant
differences by the use of Dunn’s multiple
comparison post hoc test (p<0.05 *). The
bar illustrates the light conditions. The
incubation buffer contained 10 nM Ca>*
(n=1 contained 20 accessory medullae).

3.5.5 Monophasic oscillation of cGMP levels in LD and DD1 in optic lobe neuropils

In optic lobe neuropils (without AMae) in LD and DD1 cGMP levels oscillated with a single,
significant maximum at ZT/CT 12 (Dunn’s post hoc test, p<0.05; Fig. 52 A,B; Tab. 16). The

concentration of cGMP at DD2 remained constant at a lower level as compared to the

maximum in DD1 (Fig. 52 C; Tab. 16).
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Figure 52. Concentration of cGMP in
optic lobes of cockroaches kept in a
12:12 light-dark photoperiod (A), one
day (B), and two days in constant condi-
tions (C). Asterisks and straight horizon-
tal lines symbolize significant differences
by the use of Dunn’s multiple compari-
son post hoc test (p<0.05 *). The bar
illustrates the light conditions. The incu-
bation buffer contained 10 nM Ca** (n=1
contained 6 optic lobes).

Table 16. Concentrations of cAMP and cGMP (mean+SE) in accessory medullae and optic lobes at different Zeitgeber
times (ZT) or circadian times (CT) of animals kept in a 12:12 light-dark photoperiod (LD), one day (DD 1), and two
days in constant conditions (DD 2).

Accessory medullae Optic lobes

cAMP cGMP cAMP cGMP
(nmol/mg) (pmol/mg) (nmol/m) (pmol/mg) f
T 6 15.2+2.2 10 154.0+£19.7 10 8.2+1.3 13  251.6%26.5 13
LD ZT 12 21.4+3.3 10 282.51£37.2 10 4.9+1.0 13 441.7+72.8 13
ZT 18 8.3+1.2 12 139.3112.1 12 4.7+1.0 13 208.5£38.3 15
724 17.5£1.5 10 398.8+83.2 10 7.910.8 13 207.1+24.4 12
CTe 29.315.6 6 1017.0+128.8 6 15.9+3.6 15 304.0£70.2 14
DD 1 CT 12 40.2+4.8 9 823.0+94.0 ) 11.3£2.2 15 535.6194.2 15
CT 18 39.5+6.3 7 868.4+112.9 8 24.8+3.2 15 222.1+336 15
CT 24 43.849.3 8 848.5+148.3 7 20.4+2.6 15 229.7#43.2 15
CTe 12.3+t1.6 5 478.4+63.6 5 3.7:0.4 10 219.9+22.2 10
DD 2 CT 12 33.1+4.1 8 577.6155.9 6 15.0£2.0 10 262.6151.1 9
CT 18 17.4+1.2 8 587.7+30.9 7 10.0£1.0 15 287.9+24.1 15
CT 24 30.0£1.4 8 558.7+37.6 7 15.5£2.7 9 285.6+44.7 8
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3.5.6 Cyclic nucleotide concentrations usually increased in DD1

Mean values of cAMP- and cGMP concentrations of all samples tested per day were com-
bined and statistically evaluated (Fig. 53; Tab. 17). In AMae, cAMP- and cGMP levels in-
creased significantly at DD1 as compared to LD (Dunn’s post hoc test, p<0.001; Fig. 53
A,C). At DD2, both cAMP and cGMP levels decreased significantly as compared to DD1
(Dunn’s post hoc test, p<0.05; Fig. 53 A,C) but remained elevated as compared to LD lev-
els (Dunn’s post hoc test, p<0.01; Fig. 53 A,C). In optic lobes (without AMae), mean cAMP
levels increased significantly at DD1 as compared to LD (Dunn’s post hoc test, p<0.001;
Fig. 53 B). DD2 values decreased significantly as compared to DD1, while still remaining
elevated as compared to LD values (Dunn’s post hoc test, p<0.01; Fig. 53 B). The mean

cGMP concentrations in optic lobes remained constant at low levels (Fig. 53 D).
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Figure 53. Transfer from 12:12 light-dark cycle (LD) to constant conditions (DD) influences the cAMP- as well
as the cGMP content of accessory medullae (A,C) and optic lobes (B,D). Measured data sets from each day
were combined for comparison. Asterisks and straight horizontal lines symbolize significant differences by the
use of Dunn’s multiple comparison post hoc test (p<0.05 *, p<0.01 **, p<0.001 ***). The used incubation buffer
contained 10 nM Ca** (n=1 contained 20 accessory medullae or 6 optic lobes, respectively).
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Table 17. Pooled cAMP- and cGMP concentrations (meanzSE) of accessory medullae and optic lobes of animals kept
ina 12:12 light-dark photoperiod (LD), one day (DD 1), and two days in constant conditions (DD 2).

Accessory medullae Optic lobes
cAMP cGMP cAMP cGMP
(nmol/mg) f (pmol/mg) 4 (nmol/m) f (pmol/mg) f
LD 15.2+2.2 42 154.0+£19.7 42 8.2+1.3 52 251.6126.5 55
DD 1 21.443.3 30 282.5437.2 30 4.911.0 60 441.7472.8 59
DD 2 8.3+1.2 29 139.3+12.1 25 4.7+1.0 44 208.5+38.3 42

3.5.7 Injection of 8-br-cAMP induced a biphasic PRC with phase delays at the late sub-

jective day and phase advances at the end of the subjective night

Injections of 8-br-cAMP phase-shifted circadian locomotor activity rhythms measured in
running-wheel assays significantly (Kruskal-Wallis test, p<0.01; Tab. 18). Between CT 7.5 (-
1.52 h¢r), CT 10.5 (-2.18 her), and CT 13.5 (-1.58 h¢r) as compared to CT 22.5 (2.01 h¢y)
significant phase shifts were obtained (Dunn’s post hoc test, p < 0.01). Moreover, CT 10.5
and 13.5 significantly differed from CT 1.5 (1.08 h¢t). While maximal phase delays were
induced at CT 10.5, maximal phase advances occurred at CT 22.5 after 8-br-cAMP injec-
tions (Fig. 54 A). Saline-dependent phase shifts at all CTs did not differ significantly from
each other (Kruskal-Wallis test, p>0.05). Comparing 8-br-cAMP- with saline injections re-
vealed significant differences (Kruskal-Wallis test, p<0.001). At CT 10.5 8-br-cAMP in-
duced significant phase delays and at CT 22.5 significant phase advances (Dunn’s post hoc

test, p<0.05; Fig. 54 A).
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Figure 54. Phase response curves (PRC) of 8-br-cAMP (black line; A4, A,), 8-br-cGMP (dotted line; B4, B,), and PDF
(dashed line; C,, C,) compared with insect saline injections (grey line; A,, B,, C,). Data were presented as scatter
plots and b-spline curves (A,, B, C;) and 3-h merged bins (mean circadian hourstSE; A,, B,, C,). 8-br-cAMP injections
caused significant phase delays at CT 10.5 as well as significant phase advances at CT 22.5 compared to control
injections (Dunn’s post hoc test, p<0.05 *, asterisks; A,). 8-br-cGMP injections resulted in significant phase delays at
CT 10.5 and CT 13.5 compared to control injections (Dunn’s post hoc test, p<0.05 *; B,). Next to significant phase
delays at the end of subjective night published in Petri and Stengl, 1997 (open dots), Rhyparobia-PDF induced signifi-
cant phase advances at CT 22.5 (filled dots; Dunn’s post hoc test, p<0.05 *; C,).
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Figure 55. Running-wheel recordings (A,C) and regression analysis through consecutive activity onsets (B,D) of the
circadian locomotor activity of the cockroach Rhyparobia maderae after injections of 2 x 10™*° mol 8-br-cAMP. A,B:
A phase shift (Ad) of -2.77 circadian hours (he) was induced after an injection at CT 10.5 of day 8 (arrowhead). C,D:
A phase advance of 2.62 hr was observed after injection at CT 22.5 of day 9 (arrowhead). No effects on the period
length (tau = t) of the cockroaches' activity rhythm were observed in both cases (modified after Schendzielorz,
2013).

Table 18. Effects of 2 x 10™ mol 8-br-cAMP, 2 x 10™ mol 8-br-cGMP, 2 x 10™ mol PDF, and saline (control) injec-
tions at different circadian times on the phase of the circadian locomotor activity (Ad; mean+SE) of the cockroach
Rhyparobia maderae.

CT time 8-br-cAMP 8-br-cGMP PDF saline

(hours) A n Ao n Ad n Ad n
00:00-03:00 1.08%+0.33 5 0.97+0.33 10 0.51+0.15" 7 -0.2810.39 6
03:00-06:00 -0.10+0.44 7 -0.79+0.57 8 -0.18+0.32" 4 -0.39+0.32 7
06:00-09:00 -1.52+0.47 8 -0.82+0.37 5 -2.42+0.44*° 12 -0.10+0.32 7
09:00-12:00 -2.18+0.55° 8 -1.85+0.45° 9 -2.40+0.41%° 10 0.19t0.24 6
12:00-15:00 -1.58+0.28 10 -2.97+0.58° 8 -1.24+0.16* 10 -0.17+0.26 7
15:00-18:00 -0.65+0.44 8 -1.65+0.55 5 -0.01+0.28 5 -0.37+0.35 7
18:00-21:00 0.26+0.46 8 -0.6320.45 6 0.48+0.40" 7 -0.52+0.27 11
21:00-00:00 2.01+0.28*° 9 -0.11+0.73 9 2.15+0.36° 8 -0.04+0.39 9

? Significant difference (Dunn’s post hoc test, p<0.05) compared with saline induced phase-shifts.
b Significant difference (Dunn’s post hoc test, p<0.01) compared with saline induced phase-shifts.
* Published data (Petri and Stengl, 1997).
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3.5.8 The 8-br-cAMP-dependent phase shifts at the late subjective day were dose-

dependent

Between CT 9 to 12 dose-dependent phase-shifts were obtained with injections of 2 x 10~

mol, 2 x 10" mol, 2 x 10" mol, and 2 x 10"*° mol 8-br-cAMP (Fig. 56 As; Tab. 19). The 8-
br-cAMP- and saline injections differed significantly (Kruskal-Wallis test, p<0.05). At a
concentration of 2 x 10 mol 8-br-cAMP phase delayed by -0.91 h¢t, while injections of 2
x 10™® mol 8-br-cAMP phase delayed by -0.09 hcr. Phase shifts induced by higher concen-
tration of 8-br-cAMP such as 2 x 10™° mol (-2.18 hcr) and 2 x 10”7 mol (-1.99 h¢t) revealed
significant differences as compared to saline injections (Dunn’s post hoc test, p<0.05, Fig.

54 A,). Moreover, ECsg of 8-br-cAMP was 6.5 x 10™** mol 8-br-cAMP (Fig. 54 A,).
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Figure 56. Injections of 8-br-cAMP into optic lobes of Madeira cockraches dose-dependently phase delayed
locomotor activity rhythms in running-wheel assays (A) between CT 9 and CT 12, comparably to 8-br-cGMP
injections (B) between CT 12 and CT 15. Bars represent the mean phase shifts (in circadian hours + SE). A;: Injec-
tions of saline (n =6), 2 x 10" mol (n=4),2x 10" mol (n=5),2x 10" mol (n=8),and 2 x 107 mol 8-br-cAMP (n=
7). By: Injections of saline (n =7), 2 x 10™ mol (n=3),2x 10™ mol (n=4),2x 10™ mol (n=8), and 2 x 107 mol 8-br-
c¢GMP (n = 6). A,, B,: Calculation of half maximal effective dose (ECsg) for 8-br-cAMP (ECsq = 650 x 10™ mol) as well
as 8-br-cGMP (ECsg = 502 x 10" mol).



78

Table 19. Effects of injections of different amounts of 8-br-cAMP as well as 8-br-cGMP on the phase of the circadian
locomotor activity (Ad; meanzSE) of the cockroach R. maderae.

8-br-cAMP 8-br-cGMP

Ad n Ad n

2x10%  -0.09+0.61 4 -0.30+0.59 3
2x10"  -0.92+0.50 5 -1.43.+0.77 4
8 8

7 6

Dose (mol)

2x10°  -2.18+0.55° -2.97+0.58°
2x107  -1.99+0.33° -2.60+0.46°

® Significant difference (Dunn’s post hoc test, p<0.05) compared with saline induced phase shifts.
b Significant difference (Dunn’s post hoc test, p<0.01) compared with saline induced phase shifts.

3.5.9 Injections of 8-br-cGMP revealed a monophasic all-delay PRC with maximum at

the late subjective day and early subjective night

Significant differences between all CTs were observed after injections of 2 x 10™° mol 8-
br-cGMP (Kruskal-Wallis test, p<0.01; Tab. 18). Phase shifts between CT 1.5 (0.97 h¢r) and
CT 10.5 (-1.85 hct) as well as between CT 1.5 and CT 13.5 (-2.97 h¢r) were highly signifi-
cantly different from each other (Dunn’s post hoc test, p<0.01). Maximal phase delays of -
2.97 hcr were induced at CT 13.5. (Fig. 57). Highly significant differences were detected
between 8-br-cGMP- and saline-injections (Kruskal-Wallis test, p<0.01). At CT 10.5 and

13.5 significant phase delays were induced by 8-br-cGMP (Dunn’s post hoc test, p<0.05;

Fig. 54 B).
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Figure 57. Running-wheel recording (A) and regression analysis through consecutive activity onsets (B) of the
circadian locomotor activity of the cockroach Rhyparobia maderae. After injection of 2 x 10™"° mol 8-br-cGMP at CT
10.5 of day 7 (arrowhead) a phase shift (Ad) of -4.07 circadian hours (hCT) was induced without affecting the period
length (tau = 1). Modified after Schendzielorz, 2013.
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3.5.10 8-br-cGMP injections induced dose-dependent delays at the late subjective

day/early subjective night

Application of 8-br-cGMP at four different doses (2 x 10”7 mol, 2 x 10° mol, 2 x 10 mol,
and 2 x 10 mol) produced dose-dependent phase delays between CT 12 to 15 (Kruskal-
Wallis test, p<0.05; Tab. 19). With 2 x 10™** mol 8-br-cGMP phase delays of -1.43 h¢r were
obtained while injections of 2 x 10™® mol 8-br-cGMP revealed phase delays of -0.30 hcr.
Between 2 x 10™° mol as well as 2 x 10”7 mol 8-br-cGMP- and saline induced phase shifts
highly significant differences were detected (Dunn’s post hoc test, p<0.05; Fig. 56 B,). The
resulting ECsg of 8-br-cGMP was 5.0 x 10" mol 8-br-cGMP (Tab. 19; Fig. 56 B,).

3.5.11 Injection of Rhyparobia-PDF induced a biphasic PRC with phase delay at dusk and

phase advance at dawn

Next to significant phase delays at the end of the subjective day (Petri and Stengl, 1997),
now for the first time also significant phase advances of up to 2.15 hcr were obtained at

CT 22.5 as compared to control injections (Dunn’s post hoc test, p<0.05; Fig. 54 C; Fig. 58;

Tab. 18).
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Figure 58. Running-wheel recording (A) and regression analysis through consecutive activity onsets (B) of the
circadian locomotor activity of the cockroach Rhyparobia maderae. Injections of 2 x 10™ mol Rhyparobia-pigment
dispersing factor at CT 22.5 of day 9 (arrowhead) resulted in a phase shift (Ad) of 2.52 circadian hours (hCT) after the
injections without affecting the period length (tau=t).
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3.5.12 All tested substances did not affect the period length of the circadian locomotor

activity

In all groups examined no significant differences of the period of circadian locomotor ac-
tivity rhythms were detected after injections of 8-br-cAMP, 8-br-cGMP, Rhyparobia-PDF
and saline (Mann-Whitney U-test, p>0.05; Tab. 20). Before 8-br-cAMP injections the av-
erage period length was 23.53 h and after injections 23.54 h. An average period length of
23.50 h was determined before 8-br-cGMP injections and 23.59 h after the injections.
Also, Rhyparobia-PDF did not affect these parameters. The period length was 23.23 h be-
fore and 23.31 h after injection. The Chi-Square periodogram analysis of controls before

saline injections was 23.58 h and 23.65 h after saline injections.

Table 20. Effects of 2 x 10™° mol 8-br-cAMP, 2 x 10™° mol 8-br-cGMP, 2 x 10™ mol Rhyparobia-pigment dispersing
factor (PDF), and saline (control) injections on the period length (t; mean+SE) of the circadian locomotor activity of
the cockroach Rhyparobia maderae.

CT time (hours) 8-br-cAMP 8-br-cGMP PDF saline
Thefore (hOUrs)  23.53+0.05 23.50+0.05 23.23+#0.10" 23.58+0.04
Tafter (hOUrS) 23.54+0.05 23.59+0.05 23.31+0.09" 23.65+0.05

* For calculation results of injections at time bin CT 21:00-00:00 were used.
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Discussion

4.1 Rhythmic behaviour of R. maderae and M. sexta is synchronized by LD

cycles and odours

The cockroach R. maderae expresses locomotion activity at night as a multifunctional be-
haviour depending on numerous external factors such as search for food, mating, or
avoiding predators (Wiedenmann, 1980). Since locomotion behaviour of female cock-
roaches was shown to be more erratic and ovarian cycles are superimposed on it, usually
males were taken for circadian experiments (Roberts, 1960; Wiedenmann and Martin,
1980). However, females as the recipient of the male pheromone were employed for ol-
factory experiments (Sreng, 1993; Saifullah and Page, 2009). In running-wheel assays
male cockroaches demonstrated peak activity directly after light-to-dark transitions (eve-
ning peak = E peak) which progressively decreased at night during 12:12 LD conditions
and remained under DD. Additionally, a much smaller peak at the end of the night (morn-
ing peak = M peak) was described which occurred under prolong photoperiod, constant
red- or day-light conditions (Roberts, 1962; Wiedenmann, 1980). The locomotor pattern
of male cockroaches in Noldus tracking assays with larger arenas for movement exhibited
also two activity peaks under 12:12 LD cycles (Fig. 24 B). Thereby, the M peak at the end
of the night was as large as the E peak at the beginning of the night, most probably due to
continuously applied red light which was necessary for detection. Thus, it appears that
the M peak is favoured (activated) by more light.

Moreover, it was shown that the activity pattern of female and male cockroaches
resembled each other (Fig. 24). Since females were kept in isolation without copulation
partners or predators their activity pattern closely resembled their feeding behaviour
(Fig. 25 A) comparable to the American cockroach P. americana (Lipton and Sutherland,
1970). If not feeding, females were drinking (Fig. 25 B). Interestingly, isolated females
spend most time per day in the pheromone zone (at the end of the day until middle of
the night) in correlation to the maximum in males' calling behaviour in colonies (Fig. 25 C,
Fig. 26 A). Under the assumption that attraction of female cockroaches to male phero-
mone is guided by the sensitivity of their ORNs this would indicated that males' phero-

mone release is synchronized with females' sensitivity for pheromone.
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Similarly to the hemimetabolous Madeira cockroach, the holometabolous hawk
moth M. sexta is a nocturnal species. Both, male hawk moths in the wild and in isolation
expressed maxima in feeding activity at twilight, while increased flight activity was ob-
served throughout the night. Even in the absence of females, increased flight activity was
observed at night when mating flights occurred (Fig. 27 A; Sasaki and Riddiford, 1984).
However, in the wild hawk moth feeding rhythms are phase-shifted for a few hours into
the night apparently due to olfactory and visual cues which synchronize moth behaviour
with nectar production of their food plants (Thom et al., 2004; Goyret and Raguso, 2006;
Goyret et al., 2008; Riffell et al., 2009). The preferred plants for hawk moth feeding are
Datura wrightii which opens trumpet-shaped flowers at dusk, producing most nectar
about 1-2 hours thereafter when maximal feeding by its moth pollinators occurred
(Guerenstein et al., 2004; Riffell et al., 2008) and Nicotina attenuate, which opens flowers
at dusk or dawn (Kessler et al., 2010). After feeding at dusk, at the beginning of the night
male moths start searching for females (Sasaki and Riddiford, 1984). Therefore, male
moths activity rhythms are synchronized with rhythms of antennal pheromone-
sensitivity. In addition, males are synchronized with their species-specific females which
express rhythmic pheromone production in LD and DD (Madden and Chamberlin, 1945;
Sasaki and Riddiford, 1984; Itagaki and Conner, 1988; Flecke et al., 2010). However, it is
still not resolved which circadian clocks and which coupling signals control the rest-
activity rhythms of the hawk moths (Lindgren et al., 1977; Sasaki and Riddiford, 1984).
Furthermore, it remains to be studied which circadian pacemakers and coupling factors
synchronize both sexes and respective pollinator-plant interactions. From studies in the
fruit fly D. melanogaster it is known that many different central and peripheral circadian
pacemakers such as sensory neuron pacemakers coexist which are coupled with each
other and with external Zeitgebers (Plautz et al., 1997). Also in the hawk moth, ORNs ap-
pear to be peripheral circadian pacemakers, since they express the circadian clock gene
period (Schuckel et al., 2007).

The circadian clock work of the ORNs appears to control the ORN's olfactory sensi-
tivity which expressed maxima during the activity phase of the hawk moth (Sasaki and
Riddiford, 1984; Flecke et al., 2010). Previously, in D. melanogaster and R. maderae cir-
cadian rhythms in olfactory sensitivity were observed. In the fruit fly normal antennal

clock gene expression was required for normal circadian rhythms in olfactory responses
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(Krishnan et al., 1999; Tanoue et al., 2004; Zhou et al., 2005). In addition, in cockroaches
circadian rhythms were observed in odour-dependent behaviour such as mating and
feeding (Lipton and Sutherland, 1970; Rymer et al., 2007). However, unexpectedly mating
rhythms were not synchronized with olfactory sensitivity rhythms in the antenna (Page

and Koelling, 2003; Saifullah and Page, 2009).

4.2 Second messenger oscillations in the antenna are coupled with behav-

ioural rhythms

As was shown previously in electrophysiological studies in moths cyclic nucleotide levels
modulate olfactory sensitivity in a ZT-dependent manner (Villet, 1978; Flecke et al., 2006;
Flecke et al., 2010). While cAMP perfusions of pheromone-sensitive trichoid sensilla in
hawk moths sensitized pheromone responses (Flecke et al., 2010), cGMP perfusions
adapted it (Flecke et al., 2006). Correspondingly, adapting odour concentrations increased
cGMP levels in antennal homogenates of different insects (Ziegelberger et al., 1990;
Boekhoff et al., 1993). These antennal cGMP rises took place in pheromone-dependent
ORNs and supporting cells of trichoid sensilla as was shown in immunocytochemical stud-
ies combined with minute-long adapting pheromone stimulation (Stengl et al., 2001).
How cAMP levels are controlled in hawk moth antenna remained elusive, but it was sug-
gested that the stress hormone octopamine signals via cCAMP rises in the antenna (Flecke
and Stengl 2009).

Also IP3 concentration changes appeared to be important for odour detection
since pheromone-dependent ion channels were also activated via IP3 in ORNs of M. sexta
(Stengl, 2010). In addition, ORCO which is necessary for OR insertion in ORN membrane
was suggested to be a pacemaker channel in M. sexta, which controls intracellular ca®
concentration and thereby modulating PLC activity (Rebecchi and Pentyala, 2000; Stengl
and Funk, 2013). Moreover, adapting pheromone concentration seemed to increase PKC
activity which inhibit PLC action (Stengl, 1993, 1994; Krannich, 2008; Stengl, 2010). There-
fore, it was examined whether in antennae of male M. sexta and female R. maderae cyclic
nucleotides and IP; concentrations vary in a ZT-dependent manner.

Indeed, for the first time antennal cyclic nucleotide and IP3 concentrations in in-

sect were shown to differ ZT-dependently in phase with previously observed rhythms of
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odour-dependent behaviour (Fig. 28; Fig. 32; Sasaki and Riddiford, 1984; Decker et al.
2007; Rymer et al. 2007). In the hawk moth cAMP concentration peaked in the middle of
the night correlating with its mating rhythms (Fig. 59; Sasaki and Riddiford, 1984),
whereas IP; levels were increased during the whole night peaking at ZT 18 and ZT 23 as
observed for animals' flight activity in isolation (Fig. 27 A; Fig. 32).

Also, in female cockroaches an increased cAMP concentration was detected at the
animals mating time (Rymer et al., 2007). Moreover, antennal IP;3 concentrations were
also increased at this ZT (Fig. 28). However, since IP3 quantifications were performed with
antennae of female cockroaches taken from laboratory colonies without recording their
activity patterns, a direct correlation between IP3 levels and rhythms in female behaviour

can only be assumed.
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Figure 59. Correlation between antennal cAMP oscillation (A; grey dotted line) and calling behaviour (A; black
solid line; modified after Sasaki and Riddiford, 1984) as well as antennal IP; oscillation (B; grey dotted line) and
flight activity (B; black solid line) in Manduca sexta males. Polynomial fit of averaged values.

In addition, evidence was provided for an inverse correlation between cAMP- and
cGMP concentration changes in antennae from female cockroaches taken directly from
colonies (Fig. 28). Moreover, since cAMP oscillations persisted in DD they were controlled
by a circadian clock (Fig. 33). However, it remains unknown where this clock was located
and how it controlled cAMP levels. Contrarily to cAMP, cGMP concentrations expressed no
circadian rhythm since they progressively decreased in DD (Fig. 33). Under the assump-
tion that only adapting pheromone concentrations cause rises in antennal cGMP levels
(Ziegelberger et al., 1990; Boekhoff et al., 1993; Stengl et al., 2001), the lack of phero-
mone could be responsible for the decline in cGMP concentrations in the isolated females

(in DD experiments females were isolated for 2, 5, 10, 14, and 20 hours from males).
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Correspondingly, in male hawk moths, which were never before in contact with
their species-specific pheromones, antennal cGMP concentrations remained at low base-
line levels in LD cycles and in DD (Fig. 32; Fig. 34). In contrast to cockroaches in M. sexta
neither cAMP- nor IP3 level oscillations were detected in DD. Thus, either these second
messengers are not circadian clock-controlled or, which is more likely, the respective
rhythms desynchronized rapidly in the absence of coupling signal. This assumption is fur-
ther supported by the finding of rhythmic clock gene expression in hawk moth antenna

(Schuckel et al., 2007).

4.2.1 Cyclic nucleotide concentrations in antennae of female Madeira cockroaches de-

pended on male to female ratios

Previously, a puzzling phase difference was found between circadian rhythms in phero-
mone-dependent behaviour and antennal pheromone-sensitivity (Sreng, 1993; Page and
Koelling, 2003; Decker et al., 2007; Farine et al., 2007; Rymer et al., 2007; Saifullah and
Page, 2009). Thus, it was suggested that sensory adaptation due to prolonged phero-
mone-stimulation modulated antennal pheromone detection and masked underlying
phase-coupled circadian rhythms. Indeed, excess males in the cockroach colonies in-
creased the duration of males’ calling behaviour (Fig. 26 B) and affected rhythms in cyclic
nucleotides (Fig. 29). Since cAMP- and cGMP levels were affected in opposite ways ZT-
dependently via excess males in the cockroach colonies this mechanism could be caused
by excessive stimulation of pheromone receptors. Male cockroaches produced sex-
pheromones as well as contact pheromones (Sreng, 1993) and, thus, it is very likely that
the surplus of males compared to the number of females in the insect colonies resulted in
overstimulation of females via adapting male pheromone concentrations. Therefore, it is
likely that adapting pheromone stimuli masked underlying cGMP rhythms in the Madeira

cockroach.

4.3 Oscillation of OA drives rhythms in cAMP and partially IP;

The neuromodulator, neurotransmitter, and neurohormone OA is involved in almost
every physiological and behavioural process in invertebrates (Roeder, 1999, 2005;

Wicher, 2007; Rillich et al., 2011). Moreover, it plays an important role during the daily
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rest activity cycle (Saraswati et al., 2004). In hawk moth antennae OA allowed sensitive
and fast pheromone detection during the moth’s activity phase and was a prerequisite to
pheromone responses during the rest phase (Flecke and Stengl, 2009). Also, in the cock-
roach P. americana OA elevated the spontaneous and pheromone-dependent action po-
tential frequency in antennal sensory neurons (Zhukovskaya and Kapitsky, 2006). Thus, OA
appeared to signal via cAMP concentration rises since OA perfusions of pheromone-
sensitive antenna were partly mimicked by cAMP perfusion (Flecke and Stengl, 2009;
Flecke et al., 2010). However, cAMP did not mimic all effects of OA in moth antennae
which suggested that there is an additional second messenger involved (Flecke and
Stengl, 2009; Flecke et al., 2010). Thus, with ELISAs OA signalling was examined in M.
sexta and R. maderae antennae. Generally, two types of G-protein-dependent OA recep-
tors are known (Roeder, 1999; Balfanz et al., 2005; Farooqui, 2007). The a-adrenergic-like
OA receptor (OctaR) modulates IP3- as well as cAMP levels. In contrast, activation of B-
adrenergic-like OA receptors (OctBR) only affects cAMP levels (Farooqui, 2007). Since a
previous study only found evidence for one putative OA receptor in hawk moths it is pos-
sible that this is the only OA-receptor present (Dacks et al., 2006). Its amino acid se-
guence expressed a high degree of homology to OctaR type OA receptors from the honey
bee Apis mellifera and P. americana (Grohmann et al., 2003; Bischof and Enan, 2004;
Dacks et al., 2006). Since OA increased cAMP and IP3 levels in antennal lysates of the
hawk moth which could be blocked by the OA recpeptor antagonist epinastine (EPI) (Fig.
37; Fig. 41), the data of this study support the presence of OctaR type in hawk moth an-
tennae. Unexpectedly, antennal OA- and cAMP- but not IP; baseline oscillations closely
resembled each other peaking both at the animals calling phase (Fig. 9; Fig. 32; Fig. 35;
Fig. 41). Therefore, there must be additional factors responsible for IP3 concentration
rises, which correlated with starts of flight. Interestingly, also the transepithelial potential
of ORNs changed during hawk moth's flight activity (Dolzer et al., 2001). This effect could
be mimicked by OA perfusions (Dolzer et al., 2001). Thus, different mechanisms depend-
ing on OA release are assumed. Possibly, centrifugal OA neurons contacting the sensory
cell layer of the antenna were activated during flight and then directly modulated anten-
nal sensory neurons, and/or odours detected during flight were responsible for the corre-

lation of IP; level changes with flight activity. Whereas daily rhythms of OA in the hemo-
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lymph could modulate mostly cAMP levels. Contrarily, OA increased only cAMP concen-
tration in R. maderae antennae indicative for OctPBR types (Fig. 36; Fig. 40).

While most of the known OA receptors were expressed in mammalian cell lines
and showed an ECs in the low micromolar range (von Nickisch-Rosenegk et al., 1996;
Grohmann et al., 2003; Bischof and Enan, 2004; Ohtani et al., 2006), only D. melanogaster
DmOA2 showed a higher affinity with an ECso at 3 x 10-8 M (Balfanz et al., 2005). Thus,
ECso values of 708.0 nM and 234.4 nM in M. sexta (Fig. 38) are consistent with previous

studies in other insects.

4.3.1 Hemolymph born- and centrifugal OA

In accordance with the hypotheses above, ZT-dependent changes of OA levels occur in the
hemolymph of M. sexta (Lehman, 1990), with maximal OA concentrations during the
night when moths mate (Sasaki and Riddiford, 1984; Itagaki and Conner, 1988). Also, an-
tennal OA amounts varied ZT-dependently closely resembling cAMP level oscillations (Fig.
32; Fig. 35). Thus, OA seems to be responsible for rhythms in baseline levels of cCAMP in
the antenna of the hawk moth. However, a distinction between hemolymph-born and
neuronally derived OA concentrations could not be obtained in the experiments of this
study. In the brain of M. sexta widespread OA-immunoreactivity was observed (Dacks et
al., 2005), but so far it was not known whether octopaminergic fibers projected out into
the antenna to the moth’s ORNs. Also In the brain of the honeybee two octopaminergic
fibers called VUMmx3 and VUMmd3 innervate the antennal nerves but it remained un-
known whether they project into the antenna (Schroter et al., 2007). In M. sexta immon-
cytochemical studies against the OA precursor tyramine showed that two tyraminergic
centrifugal neurons project into the antenna which appeared to directly contact the sen-
sory neurons (Stolte, 2010). Furthermore, electrophysiological studies indicated that both
OA and TA bind to the same receptors in the antenna. Since tyramine perfusions in
trichoid sensilla of M. sexta partly mimicked OA actions (Flecke and Stengl, 2009). It is
likely that these tyraminergic centrifugal neurons are also synthesizing OA. Additionally, it
could be demonstrated that antennal OA receptor could also relay fast signalling on a
time scale of ms (Fig. 39).

Based on these findings two main sources of OA are predicted which regulate

cAMP- and [Ps-levels in the antenna: hemolymph-derived OA controlled by central cir-
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cadian pacemaker cells might set baseline levels of second messengers which regulate the
sensitivity of the antennal sensory neurons during the rest activity cycle. In addition to
the circadian control of the antenna, two octopaminergic centrifugal neurons are sug-
gested to release OA during flight activity thereby allowing for mechanisms of active sens-
ing (Wachowiak, 2011). In addition to behaviour-dependent modulation of antennal sen-
sitivity these centrifugal neurons might modulate antennal sensory neurons during learn-
ing and in response to acute stimuli (Peters, 2010; Behrends and Scheiner, 2012; Kim et

al., 2013).

4.4 Calcium affects second messenger levels ZT-dependently

Physiological data suggested a daily rhythm in Ca**-baseline levels in M. sexta ORNs with
a maximum at the rest phase which adapted transient pheromone-dependent ion chan-
nels (Stengl, 1994, 2010). This hypothesis is supported by ample evidence that Ca”* con-
centration changes affect numerous cellular targets such as ACs, GCs, and PLCs, thereby
orchestrating the internal state of ORNs (Sunahara et al., 1996; Rebecchi and Pentyala,
2000; Sharma, 2010; Stengl, 2010). Indeed, ZT-dependent effects of calcium on antennal
IP3-, cAMP-, and cGMP concentration in the hawk moth antenna were found suggesting
several cross talks between second messenger cascades (Fig. 43; Fig. 45; Fig. 47). Respec-
tive Ca2+—dependent cross talk also occurred in the antenna of the Madeira cockroach,
indicative for conserved mechanisms during evolution (Fig. 42; Fig. 44; Fig. 46). In both,
cockroach and hawk moth antennae 60 nM Ca?* reduced AC activity during the time
when animals mating were maximal, but was ineffective during their time of rest (Fig. 42,
Fig. 43). Since higher or lower Ca’* concentrations did not affect cAMP synthesis this type
of Ca2+—dependent regulation of AC activity is reminiscent of AC 5 regulation (Yoshimura
and Cooper, 1992; Kawabe et al., 1994; Newton, 1997). Initially an increase in Ca®* inhib-
ited AC activity, followed by PKC activation by higher Ca®* concentrations which led to
phosphorylation and thereby activation of ACs. The presence of other ACs as AC 1, 2, 3, 4,
7, and 8 is unlikely because their activity can only be increased by ca* (Fig. 19). A similar
bell-shaped Ca’*-dependence appears to regulate IPs-production, since only 140 nM Ca**
increased IP3; concentrations significantly (Fig. 47). Generally, all isoforms of PLCs require

Ca’* for activation. Since PLCB function as effector of G-protein-coupled receptors, these
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PLC was assumed to be activated by pheromones in the hawk moth and cockroach
(Boekhoff et al., 1990a; Boekhoff et al., 1990b; Boekhoff et al., 1993; Stengl, 2010). Thus,
PLCB could be activated by 140 nM Ca® resulting in increased IP3 synthesis, further in-
crease in Ca’" might activate PKC, leading to a feedback mechanism (Newton, 1997;
Rebecchi and Pentyala, 2000; Strassheim and Williams, 2000; Stengl, 2010). Contrarily to
cAMP-, antennal cGMP concentration was increased by 60 nM Ca** at the resting phase of
the hawk moth (Fig. 45). This is in accordance with a negative feedback mechanism ob-
served in retinal rod cells (Koch and Stryer, 1988). Guanylyl cyclase activating proteins
(GCAPs) activated GCs at low concentration of Ca®" (50nM). Further increase in Ca®" con-
centration (200 nM) inhibited GCAP activity (Koch and Stryer, 1988; Dizhoor et al., 1995;
Laura et al., 1996).

Thus, cellular Ca** concentration is assumed to be a critical factor for adjusting
ORNSs sensitivity. Whether Ca®* concentration of ORNs are indeed under circadian control
as known for circadian pacemaker neurons of the suprachiasmatic nucleus remains to be
examined. The vertebrate primary circadian pacemaker demonstrated Ca®* oscillations in
correlation with the rhythmic light-dark cycle (Colwell, 2000; Ikeda et al., 2003). For the
hawk moth as well as for other insects it was shown that ORNs are circadian pacemaker
neurons which express circadian clock genes such as per (Tanoue et al., 2004; Merlin et
al., 2007; Schuckel et al., 2007). Whether circadian clock proteins regulate circadian
changes in intracellular Ca** baseline levels, which underlie circadian changes in olfactory
sensitivity, remains to be examined in both the hawk moth and the cockroach (Stengl,

2010).

4.5 Signal transduction

In insects odour transduction is still under debate since there are contradicting findings
even in the same species. One hypothesis suggests that ORs together with the conserved
ion channel ORCO underlie an ionotropic signal transduction cascade (Sato et al., 2008).
Alternatively, either a sole metabotropic or a mixed ionotropic and metabotropic odour
transduction cascade was suggested (Wicher et al., 2008; Nakagawa and Vosshall, 2009;
Stengl, 2010; Nolte et al., 2013; Stengl and Funk, 2013). In the hawk moth M. sexta so far,

no evidence for an ORCO-based ionotropic signal transduction cascade was found (Nolte
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et al., 2013). ORCO was suggested to be a pacemaker channel controlling spontaneous
activity and, thereby, threshold and temporal resolution of pheromone detection (Stengl
and Funk, 2013). In moths, pheromone-receptors appear to couple to PLCPB, increasing IP3
levels resulting in Ca** channel opening (Breer et al., 1990; Boekhoff et al., 1993; Stengl,
1994, 2010). So far, pheromone-dependent rises of cCAMP were not observed in moth
antennae, but adapting pheromone concentrations caused slow, sustained rises in cGMP
levels which correlated with processes of odour-dependent adaptation (Ziegelberger et
al., 1990; Boekhoff et al., 1993; Stengl et al., 2001). The observation of maximal IP3 base-
line levels before and after OA maxima (Fig. 32; Fig. 35), while moths were feeding or
flying (Fig. 27) is consistent with an IPs-dependent odour transduction cascade in M.
sexta. Co-application of OA during moth pheromone detection appears to increase the
sensitivity and temporal resolution of pheromone detection (Pophof, 2000; Grosmaitre et
al., 2001; Flecke and Stengl, 2009; Stengl, 2010). Elevations of cAMP might further boost
sensitivity and temporal resolution of the pheromone transduction cascade of the hawk
moth via activation of cAMP-dependent transient Ca** channels (Krannich and Stengl,
2008; Flecke et al., 2010). Alternatively or concurrently, OA-dependent second messenger
changes might affect opening probability of the pacemaker channel ORCO, since OA-
receptor antagonists deleted spontaneous activity of ORNs (Flecke and Stengl, 2009). Fu-
ture experiments will distinguish between these different hypotheses of OA actions for
odour detection and will examine whether octopaminergic centrifugal neurons are impli-
cated in stress-signal-dependent control of odour sensitivity and/or in reward-dependent

learning at the periphery.

4.6 Bimodal oscillations of cyclic nucleotide concentrations in the circadian

system of the Madeira cockroach R. maderae

With ELISAs it was examined whether the neuropeptide PDF, the major circadian coupling
factor in the fruit fly as well as in the Madeira cockroach (Helfrich-Forster and Homberg,
1993; Stengl and Homberg, 1994; Helfrich-Forster et al., 1998), signals via cAMP eleva-
tions in the AMe, the cockroaches' circadian clock, and in the optic lobes as the clock's

prominent input and output region (Reischig and Stengl, 2003b). Rhythmic maxima in
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cyclic nucleotide levels were presumed to be indicative of maxima in neurotransmitter- or
neuropeptide release of the circadian pacemaker network.

Consistent with findings in the fruit fly (Shafer et al., 2008; Duvall and Taghert,
2012, 2013) application of Rhyparobia-PDF increased cAMP- but not cGMP-levels (Fig.
48). Reminiscent for the mammalian circadian clock the AMe expressed maxima in cAMP-
and cGMP concentrations at ZT 12 (dusk) and ZT 24 (dawn) (Fig. 49; Fig. 51; Prosser and
Gillette, 1991), suggestive of light-dependent neuropeptide release via two synchronized
populations of circadian pacemaker circuits, the E- and M-oscillators, coupled at 12 hours
phase difference. The rhythms were lost at DD1 apparently due to disrupted homeostasis
between inputs and endogenous rhythms (Fig. 49). Since cAMP levels significantly in-
creased at DD1 and DD2 as compared to LD in both tissues investigated, light appeared to
suppress AC activity (Fig. 53). At DD2, a bimodal oscillation in cAMP concentration with
peaks at dusk and dawn returned both in the AMe and in other optic lobe neuropils, re-
sembling the rhythm observed in the AMe in LD conditions (Fig. 49; Fig. 50). The presence
of two coupled endogenous circadian oscillator networks could account for this finding.
Most likely these oscillator networks are located in the AMe, the circadian pacemaker
which controls circadian locomotor activity (Stengl and Homberg, 1994; Reischig and
Stengl, 2003a). However, it cannot be excluded that additional oscillators located in other
areas of the brain, are also involved in the generation of these rhythms (Helfrich-Forster,
2009).

In LD maxima of cGMP concentrations were found in the optic lobes at dusk ap-
parently depending on photic stimuli (Fig. 52). In DD1 and to a lesser extend also in DD2
cGMP levels were constant and elevated as expected for mostly inhibitory photic input
into the clock (Eskin et al., 1984). In optic lobes neuropils a cGMP peak at dusk dampened
out at DD2 indicating that it resulted from photic input and not from endogenous clocks
(Fig. 52). We hypothesize that cGMP concentration changes in the clock are mostly con-
trolled via photic inputs delaying locomotor activity rhythms at dusk (Fig. 54 B). In con-
trast cAMP levels appeared to be light- and clock-controlled signals which might be medi-

ated via light-dependent PDF release at dusk and dawn (Fig. 54 A,C).
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4.6.1 PDF-neurons serve different functions in the circadian clock

In the Madeira cockroach about 12 PDF-immunoreactive neurons are located anterior to
the AMe (aPDFMes) and about 3-6 large cells are located more posteriorly (pPDFMes). In
addition, two larger PDF-ir cell groups are located dorsally and ventrally to the lamina
(PDFLas) in the optic lobes (Petri et al., 1995; Reischig and Stengl, 2003b). Mostly the 12
aPDFMes were intensely investigated. The largest aPDFMe appears to connect all targets
of PDF cells in the brain and optic lobes via the anterior and posterior optic commissure
as possible circadian coupling pathway (Reischig et al., 2004; Soehler et al., 2011; Wei et
al., submitted). Together with 3 medium sized aPDFMe which colocalize PDF-, orcokinin-,
and FMRFamide-immunoreactivity it directly connects both AMae with each other (Hofer
and Homberg, 2006; Soehler et al., 2011). Since they are affected distinctly by short and
long photoperiods the different PDF-dependent input pathways into the clock are as-
sumed to specifically synchronize different groups of pacemakers of the bilaterally sym-
metric pacemaker centers in response to light (Wei and Stengl, 2011). In addition, they
are also assumed to gate outputs of the clock to locomotor control centers via ensemble
formation (Schneider and Stengl, 2005). Furthermore, since PDFMes and PDFLas connect
the AMe with the medulla and lamina the optic lobes appear to be both input and output
regions of the circadian clock. Therefore, PDF appears to be the major coupling factor of
the circadian clock in the Madeira cockroach which is expected to be released in a cir-

cadian rhythm comparably to PDF in D. melanogaster (Helfrich-Forster 2014).

4.6.2 PDF signals via AC activation

Experiments in D. melanogaster demonstrated PDF-dependent rises in intracellular cAMP
levels in most circadian pacemaker neurons via activation of different ACs and an increase
of intracellular calcium in a subset of clock neurons (Shafer et al., 2008; Duvall and
Taghert, 2012, 2013; Seluzicki et al., 2014). Also in the Madeira cockroach calcium imag-
ing experiments showed that PDF can modulate intracellular calcium levels of circadian
pacemaker neurons mostly via activation of AC (Wei et al., submitted). Since incubation of
optic lobe tissue with Rhyparobia-PDF resulted in an elevation of cAMP, these findings
provide further evidence for PDF-dependent AC activation most likely via Gqs (Fig. 48). In

accordance, the PDF-receptor of D. melanogaster is a class |l G-protein-coupled receptor
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which activates AC (Hyun et al., 2005; Lear et al., 2005). Furthermore, in both the Madeira
cockroach and the fruit fly a Gos independent signaling pathway is assumed. This is further
supported by the resemblance of the PDF-receptor with the VPAC-2 receptor of vasoac-
tive intestinal peptide (VIP) which couples to both AC and PLCB (Meyer-Spasche and
Piggins, 2004; Dickson and Finlayson, 2009; An et al., 2011; Agrawal et al., 2013; Wei et
al., submitted).

However, since cAMP- and cGMP elevations do not change in synchrony with the
same phase neither in the AMe nor in other optic lobe neuropils under DD it is likely that
cGMP levels depend on additional excitatory photic inputs (Fig. 51; Fig. 52). Accordingly,
accumulation of cGMP concentrations were obtained after exposure to light in the eyes
of the mollusk Aplysia (Eskin et al., 1984). It was assumed that light-dependent excitatory
neurotransmitters such as acetylcholine or other neuropeptides and -transmitters result
in activation of guanylyl cyclases (Prosser et al., 1989). Therefore, receptor-type guanylyl
cyclases or intracellular calcium levels might be affected, which activated calcium-
sensitive nitric oxide synthase resulting in increased nitric oxide sensitive guanylyl cyclase
activity. A candidate for such a neuropeptide is Rhyparobia-MIP-1 since injections re-
sulted in an all delay PRC resembling the cGMP-dependent PRC (Schulze et al., 2013). To
test whether acetylcholine affects the circadian locomotor activity in cGMP-dependent

manner, injection experiments need to be performed.

4.6.3 PDF appears to be released by morning and evening oscillators in the circadian

pacemaker center of the Madeira cockroach

The M and E dual oscillator model is a very useful concept (Aschoff, 1966; Pittendrigh and
Daan, 1976) which can explain adaptations to different photoperiods as well as internal
desynchronization into two free-running activity components with long or short period
(Grima et al., 2004; Stoleru et al., 2004; Inagaki et al., 2007; Naito et al., 2008; Helfrich-
Forster, 2009). The M-oscillator couples to dawn and is advanced (accelerated) by light
resulting in a shorter period, while the E-oscillator with a longer period is delayed (decel-
erated) by light and synchronizes to dusk. While in the fruit fly the M-oscillator, but not
the E-oscillator is assumed to consist of PDF-releasing neurons of the AMe (Yoshii et al.,
2009; Peschel and Helfrich-Forster, 2011), in the cockroach the cellular and molecular

natures of M- and E-oscillators are not known. However, as two maxima of cAMP concen-
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trations were observed, dual oscillator circuits also might be present in the Madeira cock-
roach (Fig. 49). Thus, the first cAMP peak at CT 12 seems to be associated with an E- and
the second peak at CT 24 with a M-oscillator circuit. In agreement with the assumption of
two oscillator circuits controlling PDF release is our finding of the resemblance of the
cAMP-dependent PRC and the Rhyparobia-PDF-dependent PRC (Fig. 54 A,C; Petri and
Stengl, 1997). Thus, we hypothesize that circadian pacemaker neurons, which form
phase-coupled ensembles (Schneider and Stengl, 2005), are either recruited as M- or E-
oscillators via PDF as the major coupling factor which is released via photic inputs at dusk
and dawn. It needs to be examined further whether additional neuropeptides and neuro-
transmitters are involved also.

Consistent with the assumption of light-controlled PDF-neurons, photoperiod-
dependent changes in the number of medium-sized and posterior PDFMes was observed
(Wei and Stengl, 2011). Thus, light appears to affect the expression of PDF in the
aPDFMes, making them ideal candidates for adjustment to annual changes in photo-
periods (Wei and Stengl, 2011). Furthermore, in agreement with this hypothesis light con-
trols cyclic nucleotide concentrations, decreasing them in LD. Possibly, the strong inhibi-
tory input into the AMe during the day is a light-dependent gain control mechanism pre-
venting light-dependent overstimulation. A good candidate for light-dependent inhibition
is the neurotransmitter GABA. The GABAergic distal tract connects the AMe to the ipsilat-
eral medulla and lamina and could function as either entrainment pathway (Petri et al.,
2002) or as gain control mechanism keeping light-dependent circuits in their response
range. Furthermore, metabotropic GABA receptors (GABAB) couple to G; proteins which
reduce AC activity (Hamasaka et al., 2005b).

Whether the same or different PDFMes can be inhibited and/or excited by light, depend-
ing on the internal state of the cells and depending on additional environmental signals is
not known but is likely. Thus, it is not surprising that we found evidence that PDF can
both be excitatory or inhibitory for AMe pacemakers (Wei et al., submitted). Current ex-
periments examine whether input-dependent activation of circadian pacemaker neurons
results in phase advances and short periods and whether inhibitions result in delays and

longer periods in the circadian clock of the Madeira cockroach.
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Abbreviations

AC

ACh
Ame
aPDFMe
APF

AT

BO

BAL

BB

CaCl,
CaM
cAMP
cGMP
clk

CLK
COS-7 cells
CRY 1
CT

cyc
CcYc
DAG
DD
disco
DN
dPDFLa
DTT

E

EAG

ECso
EDTA
EPAC
EPI
FSK
GABA
GABAB
GC
GTP
HB
HRP

IBMX

adenylyl cyclase

acetylcholine

accessory medulla

PDF neurons located anteriorly to the medulla
action potential frequency

allatotropin

maximum binding

bombykal

blocking buffer

calcium chloride

calmodulin

cyclic adenosine monophosphate

cyclic guanosine monophosphate

clock

CLOCK

cells from the kidney of the African Green Monkey
CRYPTOCHROME 1

circadiane time

cycle

CYCLE

diacylglycerol

constant conditions

disconnected

dorsal neurons

PDF neurons located in the distal lamina
DL-1,4-dithiothreitol

evening

antennal electroantennogram

half maximal effective dose
ethylenediaminetetraacetic acid
exchange proteins activated by cAMP
epinastine

forskolin

y-aminobutyric acid
metabotropic GABA receptors
guanylyl cyclase

guanosin triphosphate
homogenization buffer
horseradish peroxidase
incubation buffer

3-isobutyl-1-methylxanthine



LD
ILN,s
LNgs
LPNs
M
m-3M3FBS
MgCl,
MIP
MOPS
NaCl
NADPH diaphorase
NO
NSB
OA
OR
ORC
ORCO
ORN
PBP
PBS
PDE
PDF
PDFR
PDH
per
PER
PIP2
PKA
PKC
PKG
PLC
PLCB
pPDFMe
PRC
rAC
rGC
RT
sAC
sGC
sLN,s
SPA

inositol trisphosphate
immunoreactive
glutamate-like receptor

substrate concentration at half-maximal enzyme activity

light-dark

large ventro-lateral neurons
dorso-lateral neurons
posterior-lateral neurons

morning

PLC activator

magnesium chloride

myoinhibitory peptide
3-(N-morpholino)propanesulfonic acid

sodium chloride

amide adenine dinucleotide phosphate diaphorase

nitric oxide

non-specific binding
octopamine

olfactory receptor

orcokinin

OR-coreceptor

olfactory receptor neuron
pheromone-binding protein
phosphate buffer
phosphodiesterase
pigment-dispersing factor

PDF receptor
B-pigment-dispersing hormone
period

PERIOD

phosphatidylinositol bisphosphate
protein kinase A

protein kinase C

protein kinase G
phospholipase

phospholipase CB

PDF neurons located posteriorly to the medulla
phase response curve

receptor adenylyl cyclase
receptor guanylyl cyclase

room temperature

soluble adenylyl cyclase
soluble guanylyl cyclase

small ventro-lateral neurons

sensillar potential amplitude
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T
tim
TIM
VIP
vPDFLa
WB

T

period length

timeless

TIMELESS

vasoactive intestinal peptide

PDF neurons located in the ventral lamina
washing buffer

Zeitgeber time
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