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Erklarung: Eigene Beitrage, vertffentlichte und zurVerdéffentlichung
vorgesehene Teile der Arbeit

Laut Promotionsordnung der Philipps-Universitat Mag vom 29.11.1989 (idF. vom 12.04.2000)
mussen bei den Teilen der Dissertation, die auegeamer Forschungsarbeit entstanden sind, die
individuellen Leistungen des Doktoranden deutlittygranzbar sein. Diese Beitrage werden im

Folgenden néaher erlautert:

Kapitel I: Localization of leucomyosuppressin in the brain amdadian clock of the
cockroach_eucophaea maderae

* Ausarbeitung, Durchfiihrung und Auswertung folgenBleperimente durch die Autorin:
Immuncytochemische Farbungen mit dem Antiserum g&gemyosuppressin im Gehirn
der Schabeleucophaea maderaeFertigstellung und Auswertung der in meiner
Diplomarbeit begonnenen Injektionen mit Leucomygsepsin und Hamolymphringer.
Die MALDI-TOF massenspektrometrischen Untersuchunged die Auswertung dieser
Ergebnisse wurden von Dr. Susanne Neupert und ProfRReinhard Predel, Universitat
Jena, durchgefuhrt.

* Verfassen der Vertffentlichung in Zusammenarbeit #rof. Dr. Monika Stengl,
Prof. Dr. Reinhard Predel und Dr. Susanne Neupert.

* Verotffentlichung: Sohler et al. (2007) Cell Tisfes 328:443-452.
Das vorliegende Kapitel entspricht der Verofferliog.

Kapitel II: Examination of the role of FMRFamideated peptides in the circadian
clock of the cockroacheucophaea maderae

* Ausarbeitung, Durchfiihrung und Auswertung der imaytochemischen Farbungen und
der Injektionen mit FMRFamid und Pea-FMRFamid-7 ctiurdie Autorin. Die
Hamolymphringerinjektionen aus Kapitel | wurden faue diesem Kapitel zur Kontrolle
herangezogen. Aul3erdem wurden hier noch zusatzligk&tionen durch die Autorin
durchgefuhrt, um die Fallzahlen zu erhéhen. Die NDAMIOF und ESI-Q-TOF
massenspektrometrischen Untersuchungen und die ektisvg dieser Ergebnisse wurden
von Dr. Susanne Neupert und Prof. Dr. Reinhard é¥yé&thiversitat Jena, durchgefihrt.

» Verfassen der Vertffentlichung in Zusammenarbeit rof. Dr. Monika Stengl,
Prof. Dr. Reinhard Predel und Dr. Susanne Neupert.

» Verotffentlichung: Soehler et al. (2008) Cell Tisfes 332:257-2609.
Das vorliegende Kapitel entspricht der Verofferliog.



Erklarung

Kapitel Ill: Circadian pacemaker coupling by mueptidergic neurons in the
cockroach_eucophaea maderae

e Ausarbeitung und Durchfihrung der immuncytochengsch Experimente in
Zusammenarbeit mit Dr. Thomas Reischig. Auswertudgr Experimente in
Zusammenarbeit mit Dr. Thomas Reischig, Universséttingen.

* Verfassen einer Veroffentlichung in Zusammenarb@itt Dr. Thomas Reischig,
Universitat Gottingen, und Prof. Dr. Monika Sterigie Arbeit soll in Kirze bei Cell and
Tissue Research zur Veréffentlichung eingereichitese.

Das vorliegende Kapitel entspricht der demnéachstugeichenden Version.

Kapitel 1V: Both anterior and posterior optic commissures trahscoupling
information between the pacemakerd.eticophaea maderae

* Ausarbeitung, Durchfihrung und Auswertung aller &xpente durch die Autorin.

Weiterhin ist die Verfasserin Co-Autorin der folglem Veréffentlichung:

* Wicher D, Agricola HJ, Séhler S, Gundel M, Heinem&H, Wollweber L, Stengl M,
Derst C. (2006) Differential receptor activation bgckroach adipokinetic hormones
produces differential effects on ion currents, oeaf activity, and locomotion.
J Neurophysiol 95:2314-2325.

Die Abfassung der Dissertation in englischer Spgaghrde vom Dekan des Fachbereichs Biologie
am 10.06.08 genehmigt.



Zusammenfassung

Alle Lebewesen unterliegen biologischen Rhythmerh.dbiologischen Phanomenen, die sich in
regelmaligen Zeitabstanden wie einem Tag, Monat ddbar wiederholen. Tagesperiodische
Rhythmen (24 h), die sich durch Adaptation an deg-Nacht-Zyklus auf der Erde entwickelt
haben, werden als circadiane Rhythmen bezeichneta(e ungefahr, dies = Tag). Viele
biochemische und physiologische Prozesse sowieezeln Verhaltensweisen eines Organismus
sind circadianen Rhythmen unterworfen. Erzeugt eemiese circadianen Rhythmen durch innere
Uhren. Dabei handelt es sich um tagesperiodisciviagende Oszillatoren, die durch externe
.Zeitgeber“-Signale wie den Licht-Dunkel-Wechseleriperaturanderungen, aber auch soziale
Kontakte mit der Umwelt synchronisiert werden. lticdt dabei der wichtigste Zeitgeber.

In vielen Organismen konnte die innere Uhr berkitslisiert werden. So befindet sich die
innere  Uhr der Saugetiere, der suprachiasmatischecleds (SCN), oberhalb der
Sehnervenkreuzung im Hypothalamus. Bei Insekteimdbeff sie sich in den optischen Loben. Bei
der Schabéeucophaea maderd@nnte bereits in den 60er und 70er Jahren derd®it inneren
Uhr durch Lasionsexperimente auf die optischen hakiagegrenzt werden. Weitere Experimente
identifizierten die akzessorische Medulla, ein ks Neuropil an der ventromedianen Seite der
Medulla, als circadianes Schrittmacherzentrum d#aBe. Ebenso wie das Schrittmacherzentrum
der Vertebraten enthalt die akzessorische Meduife eufRergewohnlich hohe Dichte an
peptidergen Neuronen. Bisherige Ergebnisse zeigtass sowohl Peptide als auch klassische
Neurotransmitter bei der Aufrechterhaltung, Stengrund Synchronisation der inneren Uhren der
Schabe eine bedeutende Rolle spielen. Die Ideetifing der verschiedenen Neuropeptide und die
Aufklarung der Rolle, die diese Neuropeptide bei 8teuerung und Kopplung der inneren Uhr
spielen, leisten daher einen wichtigen Beitrag Zutklarung der Funktion des Uhrwerks in der
akzessorischen Medulla der Schaleecophaea maderae.

Die vorliegende Dissertation hatte vor allem zuial Herauszufinden, welches Peptid aus der
Familie der FMRFamid-ahnlichen Peptide (FaRPs) en akzessorischen Medulla der Schabe
Leucophaea maderaekalisiert ist und welche Funktion dieses in dameren Uhr wahrnimmt.
Zusatzlich sollte die Frage beantwortet werden,eob Mitglied der FaRPs eine Rolle bei der
Kopplung der bilateralsymmetrischen Uhren spielt.

Vorhergehende immuncytochemische Untersuchungdtenhaereits ca. 30 FMRFamid-
immunreaktive Neurone in der Nahe der akzessonsdfedulla lokalisiert. Jedoch konnte mit
diesem Antiserum keine weitere Differenzierung kiéglieder der FaRPs vorgenommen werden,

da das Antiserum das fir die Mitglieder charaktestbe RFamid-Ende detektiert und somit alle
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Zusammenfassung

Mitglieder der Familie erkennt. Es wurde darum zlnsé mit Antikdrpern gegen FMRFamid (zur
Verfigung gestellt von Dr. Eve Marder, Massachgs&tSA), Perisulfakinin (XGHMRFamid, zur
Verfigung gestellt von Dr. Hans Agricola, Jena, B3enland), Head peptide (XLRLRFamid, zur
Verfigung gestellt von Dr. Hans Agricola, Jena, Behland) und Dromyosuppressin
(XHVFLRFamid, zur Verfugung gestellt von Dr. RutmanNichols, Michigan, USA)
Immuncytochemie an Gehirnschnitten vhaucophaea maderadurchgefuhrt. Diese Versuche
lieBen aber lediglich eine eindeutige Identifiziegueines Dromyosuppressin-immunreaktiven
Neurons zu, da der Antikbrper gegen die N-termiradguenz TDVDHV gerichtet war. Alle
anderen Antikorper lieferten lediglich Hinweise alals Vorkommen der entsprechenden Peptide in
der akzessorischen Medulla. Darum wurden zusatzhMALDI-TOF (Matrix-unterstutzte
Laserdesorptions-/lonisations-Massenspektromdix@erimente durchgefthrt. Mittels MALDI-
TOF konnte indirekt Gber eine Massenbestimmung\takommen verschiedener Mitglieder der
FaRPs in der akzessorischen Medulla nachgewiesetewe

Neben der Fragestellung nach der Lokalisation cheglener Mitglieder der FaRPs in der
akzessorischen Medulla sollte auch der Frage nastend Funktion in der inneren Uhr
nachgegangen werden. Zu diesem Zweck wurden madenlicim Dauerdunkel im Laufrad
gehaltenen Schaben zu verschiedenen circadianetenZeierschiedene Mitglieder dieser
Peptidfamilie in die Nahe der akzessorischen Meduiijiziert. AnschlieRend wurden die
Phasenlage und Periodenlange des circadianen Llhafiens vor und nach der Injektion
verglichen. Phasenverschiebungen in Abhangigkeitder circadianen Zeit zu der injiziert wurde,
wurden dann in einer Phasen-Antwort-Kurve dargkstel

Das dritte Projekt befasste sich mit der moglicBeteiligung von FMRFamid-immunreaktiven
Neuronen an der Kopplung der bilateralsymmetrischgchrittmacher der Schabe. Zur
Beantwortung dieser Fragestellung wurde entwederdszenzmarkiertes Dextran in eine der
beiden akzessorischen Medullen injiziert und daki®@eanschlieBend mit FMRFamid-Antiserum
immuncytochemisch markiert. Dextran wird von derufd@en aufgenommen und nur innerhalb
eines Neurons weitertransportiert. Zuséatzlich wardgackfills durchgefihrt, indem eine mit
Neurobiotin gefullte Kapillare Uber den optischetil §estiulpt wurde. Der optische Stil wurde
vorher mit einem Schnitt durchtrennt. AnschlieRendde das Gehirn mit anti-FMRFamid- oder
anti-Orcokinin-Antiserum immuncytochemisch angefaika auf3erdem PDH- (pigment-dispersing
hormone; ein erstmalig aus Crustaceen isoliertasrdpeptid, das in Insekten PDF = pigment-
dispersing factor genannt wird) immunreaktive Neweraals Schrittmacherneurone identifiziert
worden waren, wurden die Backfills zusatzlich miDARImmuncytochemie kombiniert. In

vorhergehenden Experimenten wurden durch Dextrakiionen in eine akzessorische Medulla



Zusammenfassung

drei Zellgruppen (MCI-III) identifiziert, die offesichtlich beide akzessorischen Medullae tUber die
anteriore und posteriore optische Kommissur (AO@ BOC) miteinander verbinden (Reischig et
al. 2004). Es zeigte sich, dass drei der etwa 1Bl-PDmunreaktiven Neurone pro Hemisphare
beide akzessorischen Medullen direkt miteinandetbimden. Diese Untergruppe der PDH-
immunreaktiven Neurone ist daher sehr wahrschéirdinn circadianen Kopplungsweg beteiligt.
Die in diesem Projekt durchgefihrten Farbungen temrzeigen, dass mindestens vier PDF-
immunreaktive Neurone offensichtlich beide akzessben Medullae miteinander verbinden. Die
zur akzessorischen Medulla gehérenden Neuronen emurdnhand ihrer GréfRe, Lage,
morphologischen Unterschieden und Farbeintensit&echs Gruppen eingeordnet (Reischig and
Stengl 2003b). Die vier PDF-immunreaktiven Kopplsimgurone konnten der Gruppe der
ventralen Neurone zugeordnet werden. Drei der wtralen Neurone enthalten dabei sowonhl
PDF als auch Orcokinin und FMRFamid. Das vierte idelenthalt dagegen nur PDF. AulRerdem
zeigten die Experimente, dass offensichtlich auelirhine aus der Gruppe der medianen Neurone
beide akzessorischen Medullae miteinander verbinden

Da die beiden akzessorischen Medullae Uber dieriané und die posteriore Kommissur
miteinander verbunden sind, sollte im vierten Kelpiter Frage nachgegangen werden, ob beide
Kommissuren unterschiedliche Informationen UbeeMtt Dazu wurde mannlichen, sich im
Laufrad befindenden Schaben, nachdem sie einenestakktivitatsrhythmus gezeigt hatten, die
anteriore  Kommissur, posteriore Kommissur oder dastralhirn durchtrennt. AnschlieRend
wurden die Auswirkungen, die diese verschiedenergriife auf das Laufverhalten ausubten,
ausgewertet. Die bisher durchgefiihrten Versuchgterei dass die Durchtrennung der anterioren
oder posterioren optischen Kommissur keine sigaiften Unterschiede in Periodenlange,
Phasenlage und Rhythmik nach sich zog. Die Durshtreg des Zentralhirns fiihrte bei fast allen

Tieren zur Ausbildung einer Daueraktivitat.

Die Inhalte der einzelnen Kapitel der Arbeit werdi@nFolgenden naher zusammengefasst:

Kapitel I: Lokalisierung von Leucomyosuppressin imGehirn und der inneren

Uhr der SchabelLeucophaea maderae

Neuropeptide sind die vielfaltigste Klasse von clseimen Botenstoffen in Invertebraten und
Vertebraten. Sie fungieren entweder als Hormone aldeNeurotransmitter und Neuromediatoren.

Viele dieser bioaktiven Peptide kénnen, basiereunfl ilarer genetischen Verwandtschaft oder
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Zusammenfassung

ahnlichen Struktur, in Gruppen zusammengefasst eme(Greenberg und Price 1983). Eine der
grofdten Gruppen umfasst die Mitglieder der FaRRsH&d et al. 2001, Orchard und Lange 2006,
Predel 2006). FaRPs kommen sowohl im Zentralnepstes als auch im peripheren
Nervensystem vor und erfiillen eine ganze Reihersetieedlicher Aufgaben (Orchard et al. 2001,
Orchard und Lange 2006, Predel 2006). Die Mitglieder FaRPs lassen sich in finf Gruppen
einteilen. Eine Gruppe umfasst die Myotropine, eligweder einen stimulatorischen oder einen
inhibitorischen Einflu@ auf die Darmmuskulatur habeDie Peptide der Untergruppe der
Myosuppressine haben alle die Aminosauresequenz XEHAFLRF-NH,

(- an den mit X bezeichneten Positionen befinden @ nach Peptid unterschiedliche Aminosauren -)
und wirken inhibitorisch auf die Darmmuskulatur.ucemyosuppressin (LMS, pQDVDHVFLRF-
NH,) wurde als erstes Peptid dieser Familie aus deal&t eucophaea maderasoliert (Holman

et al. 1986). Spater durchgefiihrte immuncytochemeisd=arbungen lokalisierten LMS-
immunreaktive Zellen im Zentralhirn der Schdlsicophaea maderg®leola et al. 1991). Bei der
SchabeDiploptera punctatawurde mittels in-situ Hybridisierung LMS-mRNA auah der Nahe
der akzessorischen Medulla lokalisiert (Fusé etl@88). Das von Meola et al. (1991) benutzte
Antiserum detektierte auch den RFamid C-Terminus. éine spezifische Detektion von LMS zu
gewahrleisten, wurde das Antiserum daher vorherARRFamid-Peptid préaadsorbiert. Das uns
zur Verfigung stehende Antiserum war gegen dierhMiteale Sequenz von Dromyosuppressin
(dem Myosuppressin ausrosophila melanogastgrgerichtet und wurde bereits erfolgreich zur
Detektion Dromyosuppressin-immunreaktiver Neurome Drosophila melanogasteeingesetzt
(McCormick und Nichols 1993, Nichols et al. 1997Rie N-terminale Sequenz von
Dromyosuppressin unterscheidet sich nur in eineindséure vom N-Terminus des LMS und
darum war die Wahrscheinlichkeit sehr hoch, dasseti Antikérper spezifisch LMS detektiert.
Die Verwendung dieses bisher bei der Schabe naitit getesteten Antikdrpers rechtfertigte eine
Wiederholung der immuncytochemischen Experimenta Weola et al. (1991). Tatséachlich
konnten mit diesem Antikoérper ein bis drei LMS-immneiaktive Neurone in der Nahe der
akzessorischen Medulla nachgewiesen werden. Did&d8-immunreaktiven Neurone konnten
anhand der von Reischig und Stengl (2003b) vordgagehen Klassifizierung der mit der
akzessorischen Medulla assoziierten Neuronengrupien Gruppe der ventralen Neurone
zugeordnet werden. Zusatzlich durchgefihrte MALQHA Experimente an ausgestanzten
akzessorischen Medullae bestétigten das Vorhanmhewse LMS in der akzessorischen Medulla.
Die bereits in meiner Diplomarbeit durchgefiihrtajektionsexperimente von LMS in die Nahe der
akzessorischen Medulla zeigten jedoch, dass LMBekeEinfluss auf die circadiane Laufaktivitat
der Schaben hat. Die Funktion von LMS in der inndgér der Schabe bleibt ungeklart.



Zusammenfassung

Kapitel II: Untersuchung der Rolle von FMRFamid-&hnlichen Peptiden in der

inneren Uhr der Schabeleucophaea maderae

Zur weiteren Unterscheidung der ca. 30 FMRFamid-imreaktiven Neurone in der Nahe der
akzessorischen Medulla wurde mit Antiseren gegerRFaiid (zur Verfligung gestellt von Dr.
Eve Marder, Massachusetts, USA), Perisulfakinin KRGRFamid, zur Verfigung gestellt von Dr.
Hans Agricola, Jena, Deutschland) und short Neuntoigp& (XLRLRFamid, zur Verfiigung gestellt
von Dr. Hans Agricola, Jena, Deutschland) Immundysmnie an Gehirnschnitten vaeucophaea
maderaedurchgefihrt. Die Auswertung der immuncytochemescExperimente ergab die Anzahl
von ca. 24 FMRFamid-immunreaktiven Neuronen in Néhe der akzessorischen Medulla. Es
wurden also etwas weniger FMRFamid-immunreaktiveirbiee in der Nahe der akzessorischen
Medulla detektiert als in der Studie von Petri &t (4995, ca. 30 FMRFamid-immunreaktive
Neurone). Die FMRFamid-immunreaktiven Neurone kennaufgrund ihrer Grol3e, Lage und
Farbeintensitat in die sechs zur akzessorischenuldedehdrenden Neuronengruppen eingeteilt
werden. FMRFamid-immunreaktive Neurone wurden im dentralen, distal frontoventralen,
medianen und ventro-posterioren Neuronengruppe ndefu Frihere Experimente lieferten
Hinweise darauf, dass die Gruppe der distalen draaritralen Neurone hauptsachlich aus lokalen
Interneuronen besteht, die Gruppe der ventralemdweuenthélt dagegen Projektionsneurone, von
denen einige an der Kopplung der beiden innerertJbeteiligt sind. Die Gruppen der medianen
und der ventro-posterioren Neurone wurden bishehmocht genauer charakterisiert. Zusatzlich
wurden noch FMRFamid-immunreaktive Neurone antermur akzessorischen Medulla
identifiziert. Diese konnten keiner der bestehen@euppen zugeordnet werden und wurden darum
der bislang unbeschriebenen Gruppe der anteriomanmdde zugeordnet. Die Einteilung in diese
Gruppen lieferte also erste Hinweise auf eine Rddle FMRFamid-immunreaktiven Neurone bei
der Kopplung der bilateralen Schrittmacher. Ansdbdind sollte mit den Perisulfakinin- und den
short Neuropeptid F-Antiseren eine genauere Cheanialdrung der FaRPs in der akzessorischen
Medulla vorgenommen werden. Mit dem anti-short MNeeptid F-Antiserum konnten
immunreaktive Neurone in der ventralen und in deedoren Neuronengruppe detektiert werden.
Hingegen detektierte das Perisulfakinin-Antiserugink immunreaktiven Neurone in der Nahe der
akzessorischen Medulla. Durch die auch in diesemjelr angewendete Methode der
Massenspektrometrie konnte ein Peptid mit der M484&,9 Da detektiert werden. Diese Masse
entspricht der von short Neuropeptid F &eyiplaneta americanaMittels MALDI-TOF wurde
also ein weiterer starker Hinweis auf das Vorkommen short Neuropeptid F in der

akzessorischen Medulla vareucophaea maderasrbracht. Perisulfakinin konnte mittels MALDI-
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TOF nicht nachgewiesen werden. Jedoch konnte einitense Peptid mit der
Teilaminosauresequenz AVRDNFIRFamid aus der FaméieFaRPs nachgewiesen werden.

Zur Klarung der Funktion der FaRPs in der akzessioen Medulla wurden FMRFamid und
Pea-FMRFamid-7 (DRSDNFIRF-NH2) in die Nahe der akpbeischen Medulla injiziert. Die
Injektionen von FMRFamid resultierten in signifikan Phasenverzogerungen zu den circadianen
Zeiten (CT) 8 und 18. Die Pea-FMRFamid-7 Injektiondthrten zu signifikanten
Phasenverzogerungen zu CT 4. Zusammengefasst zbgge Studie also, dass verschiedene
Mitglieder aus der Familie der FaRPs in der innddém von Leucophaea maderaeorkommen.
AulRerdem zeigten die Injektionsexperimente, das®PiSaeine Rolle bei der circadianen
Regulation der lokomotorischen Aktivitat der Schapelen.

Kapitel Ill: Kopplung der circadianen Schrittmacher der Schabd_.eucophaea

maderaedurch multi-peptiderge Neurone

Lasions- und Transplantationsexperimente idengifien die akzessorische Medulla mit ihren
assoziierten pigment-dispersing hormone (PDH)-immaktiven Neuronen als das
Schrittmacherzentrum der Schdbeucophaea maderg@lishiitsutsuji-Uwo und Pittendrigh 1968,
Roberts 1974, Sokolove 1975, Page 1978, Colwell @ahe 1990). Die ca. 16 PDH-
immunreaktiven Neurone verzweigen sowohl in dereakarischen Medulla als auch im optischen
Lobus und im Zentralhirn (Petri et al. 1995). Daggesetzte anfi-PDH-Antiserum richtete sich
gegen das synthetisch hergesteltea pugilator -PDH und wurde aus Kaninchen gewonnen
(Dircksen et al. 1987) und in vielen Insektenspezar Identifizierung PDH-ahnlicher Peptide
eingesetzt. Diese PDH-ahnlichen Peptide aus Insekterden dann pigment-dispersing factor
(PDF) genannt.

Mit Hilfe von Dextran-Injektionen in eine akzesisghe Medulla und Immuncytochemie konnte
gezeigt werden, dass mindestens drei der PDH-impaktiven Neurone beide
bilateralsymmetrischen akzessorischen Medullaekdinsiteinander verbinden (Reischig et al.
2004). Es konnte jedoch nicht geklart werden, obhaandere peptiderge Neurone wie z. B.
FMRFamid- oder Ash-Orcokinin-immunreaktive Neurone an der Kopplungr deeiden
Schrittmacher beteiligt sind. Deshalb wurden in sdie Studie Neurobiotin-Backfills mit
Doppelfarbungen mit PDF- und FMRFamid-Antiseren bBB®F- und Ast-Orcokinin-Antiseren
kombiniert. Da der benutzte Antikérper gegen BassophilaPDF aus Mausen gewonnen wurde,

wird hier die Bezeichnung PDF-Antikérper benutztndu die mit diesem Antikérper
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immuncytochemisch markierten Neurone werden als -PidRunreaktive Neurone bezeichnet.
Frihere Studien konnten schon drei Gruppen katawal projizierender Neurone identifizieren
(Reischig et al. 2004). Eine dieser Gruppen entllit kontralateral projizierenden PDF-
immunreaktiven Neurone der akzessorischen Media. in unserer Studie durchgefiihrten
Experimente detektierten ebenfalls die drei berdisschriebenen Gruppen kontralateral
projizierender Neurone. Zusatzlich enthullten Sieeevierte Gruppe kontralateral projizierender
Neurone. AulRerdem konnte gezeigt werden, dass st vier PDF-immunreaktive Neurone
zur kontralateralen Seite projizieren. Drei dem\RDF-immunreaktiven Neurone koexpremieren
FMRFamid- und Orcokinin-Immunreaktivitdt und vertem beide Schrittmacher wahrscheinlich
Uber die anteriore optische Kommissur. Das viereurn enthalt nur PDF und scheint beide
akzessorischen Medullae lber die anteriore uncepost optische Kommissur zu verbinden. Die
Auswertung der Doppelfarbungen gegen PDF und FMRéFdiaw. PDF und AsH-Orcokinin
zeigten, dass alle mittelgrof3en und die meisteimédeder zur akzessorischen Medulla gehdrenden
PDF-immunreaktiven Neurone zusatzlich FMRFamid @ndokinin enthalten. Interessanterweise
wurden Kolokalisationen von FMRFamid und PDF nurwanigen Neuriten gefunden. Einige
davon waren in der akzessorischen Medulla lokatisRDF- und Orcokinin-Kolokalisation wurde
nicht in den Neuriten gefunden. Die Neurite, in @efPDF und FMRFamid kolokalisiert waren,
zeigten nie eine zusatzliche NeurobiotinfarboungneEimdgliche Erklarung hierfir ware
differenzielle Peptidsortierung. Differenzielle Rdportierung kdnnte dazu fuhren, dass bestimmte
Peptide nur in spezifischen Terminalen der AxoreRI2F-immunreaktiven Schrittmacherneurone
ausgeschuttet werden und dann als ,Timing“-Signdie die Synchronisation der

Schrittmacherneurone wirken.

Kapitel [V: Anteriore und posteriore optische Kommissur Ubertragen

Kopplungsinformation zwischen den Schrittmachern va Leucophaea maderae

Leucophaea maderaeeigt nur dann einen stabilen Rhythmus, wenn daepalsymmetrischen
Schrittmacher gekoppelt sind. Wie vorherige Experite zeigten, verlauft die Kopplung tber die
anteriore und die posteriore optische Kommissurigdhey und Stengl 2002). Mittels
Durchtrennungen dieser Kommissuren sollte der Fragehgegangen werden, ob beide
Kommissuren gleichermalRen an der Kopplung der fhetacher beteiligt sind, oder ob
unterschiedliche Informationen Uber die jeweiligémmmissuren Ubertragen werden. Zu diesem

Zweck wurden die anteriore optische Kommissur, misteriore optische Kommissur oder das
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komplette Zentralhirn durchtrennt. Kombiniert wundd#iese Operationen mit Verhaltensversuchen
zur Messung der lokomotorischen Aktivitdt der SarabNach Etablierung eines stabilen
Aktivitatsrhythmus im Laufrad im Dauerdunkel wurdeie Tiere den erwéhnten Operationen
unterzogen und die Auswirkungen auf das Laufveehadtusgewertet.

Durch die bisher durchgefiihrten Versuche konnten Kénterschied in den Ubertragenen
Informationen tber die jeweiligen Kommissuren nashigsen werden. Vergleiche von Rhythmik,
Phasenlage und Periodenlange vor Durchtrennungmterioren oder der posterioren optischen
Kommissur mit der Rhythmik, Phasenlage und Perildohge nach der Durchtrennung der
jeweiligen Kommissuren zeigten keine statistisadnigikanten Veranderungen im Laufverhalten
der Schaben. Um endgiltige Aussagen treffen zu édnmuissen noch weitere Experimente
durchgefuhrt werden. Die Durchtrennung des komgreHRentralhirns flhrte bei fast allen Tieren
zunachst zur signifikanten Steigerung der Aktigtiuer. Eine Erklarung ware, dass aufgrund der
Operation eine Verbindung der Schrittmacherneuraue Neuronen im Thorax, die die
Laufaktivitat steuern, unterbrochen wurde. Der hemde Einfluss der Schrittmacher wurde somit
ausgeschaltet, was zu einer Daueraktivitat dereTighrte. Nach einigen Wochen kam es dann
wahrscheinlich zur Regeneration einiger FaserndamsSchrittmachern und die Verbindung von
Schrittmachern zu den thorakalen Neuonen, die dik®nhotorische Aktivitat steuern, wurde
wiederhergestellt. Dies manifestierte sich danreimem rhythmischen Laufverhalten der Tiere.
Auch hier missen noch weitere Experimente durcligefiterden, um eine endgultige Aussage

treffen zu kdnnen.
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Circadian rhythms

Life on earth is shaped by multiple geophysicaltlihs. One of the most influential is the
succession of day and night. Animals and plantptedato these temporal rhythms and developed
internal timekeepers (so called circadian clocka} anticipate the daily cycling of environmental
conditions. Thus, circadian clocks provide orgamssmith information about the current time. The
synchronization of the circadian clock with the eomment €éntrainment happens via
“Zeitgebers” such as light. Many physiological abéhavioral activities are influenced by
circadian rhythms. A well known circadian rhythmtree change of body temperature, which
increases before waking up and decreases befdirggfakleep. Other important processes of our
body also change in a daily manner. However, ntt tihre molecular, cellular and physiological
activities of a single organism depend on clockserEon the level of populations internal clocks
are very important to guarantee successful sogiaractions between species (Engelmann 2004).
The successful pollination of plants by insects, dgample, depends on internal clocks in both
partners. Plants open and close their flowers amadimmze their nectar production daytime-
dependently and bees need to visit the plantseatght time of day (Engelmann 2004). These few
examples demonstrate the importance of the rigmiriy” for the organisms and biological clocks
assure that things happen at the right time.

First incidences that endogenous clocks regulsedaily processes have already been noticed
by the French naturalist Jean J. de Mairan (17428)observed daily leaf movements of a mimosa
for several days under constant darkness withotérexl rhythmic cues. However, scientific
research on biological clocks occurred not untié 80" century. Thereby was an essential
observation that daily rhythms like leaf movemeatsplants, eclosion rhythms of insects or
activity rhythms persist even under constant emvitental conditions when the possibility to
entrain on external time cues is missing. The petength €) of thesefreerunning rhythms,
however, remains stable with about 24 hours. Targod length which lasts about one day is called
circadian day.One circadian day can be divided into 24 circadiaars of about one hour length,
with one circadian hour being defined as the dwvisof the internal period lengtht)(by 24.
Generally, nocturnal animals like cockroaches ekerrunningrhythms with a period length
shorter than 24 hours, whereas diurnal speciesflig® perform rhythms that last longer than 24
hours (Pittendrigh 1960). Animals which live undight-dark cycles have to synchronize their

circadian oscillators with the environmental rhythn€Consequently, they aentrainedby the
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Zeitgeberzei(ZT) and start their activity phase every day gbragimately the same time. The
most important external Zeitgebers are the lightk@and temperature cycles (Aschoff 1960). The
resetting of pacemaker occurs ugarase shifts

To study the physiological properties of the clatks a common practice to analyze the
influences of different stimuli on amounts and dim@ns of phase shifts in the locomotor activity of
animals under constant conditions (e. g. constamkness, DD). Circadian-driven locomotor
activity rhythms are often the most obvious actiohenternal clocks and can be easily recorded.
Therefore, much knowledge about circadian cloclperties was achieved by observing round-the
clock locomotor activity over longer time perio@sg. for at least several days. Different methods
were applied to record the locomotor activity, e. mnning-wheel (Fig. 1a), tilting cage, and
photo-electric assays. Typically, results are preskinactogramgqFigs. 1b-e)ln the actogram of
Fig. 1b, vertical bars plotted side-by-side repnédecomotor activity. The influence of a certain
stimulus at a certain time causes either no eff@ats 1c), slows down (phase-delaying, Fig. 1d)
or accelerates (phase-advancing, Fig. 1le) the pacandepending on the specific phase at which
the stimulus is applied. The effects of differetinsili on the phase of the pacemaker at different
circadian times can be summarized in a so calledg@hesponse curve (PRC, plural PRCs, Fig. 1f).

A PRC permits to assign the amplitude and direabiba phase shift to a specific circadian time.
The time difference [h] between the onset of thigvilg before the stimulus and the onset of the
activity after the stimulus is called phase angfeedence ). If the onset of the activity after a
stimulus is earlier than that before the stimuhis is calledohase advancand a later onset of the
activity is calledphase delayThe PRCs can be arranged in biphasic (Fig. 1d)manophasic
(Fig. 1h) curves, whereby the monophasic curves lmdurther subdivided in all delay or all
advance curves. All delay curves (Fig. 1h) emergenfexperiments where all stimuli cause so-
called phase delays and all advance curves aresiiét of only phase advances after the stimuli.

By the 1960s, it was clear that a circadian clecgresent in all eukaryotes and localizing the
clock in complex systems became a prime targeirchdian research. Distinct, dedicated circadian
centers (pacemakers) were localized in insectgh@roptic lobes), molluscs (in the eye), birds (in
the pineal gland) and mammals (in the suprachidasmatleus of the hypothalamus). Particularly
insects suit well for the research on circadiarck$obecause they are robust, their brains are often
easy accessible and many insects show a robuati@rcrhythm of locomotor activity. Indeed the
cockroachLeucophaea maderawas the first animal where a circadian pacemakmidc be
assigned to a particular brain regi@ishiitsutsuji-Uwo and Pittendrigh 1968, Fig. 2pater on,
surgical and electrolytic lesions and transplaatagxperiments narrowed down the clock location

to an area in the ventral part of the optic lobéveen the medulla and lobula (Roberts 1974,
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Fig. 1 a-h Schematic outline of an experimental strategytudysthe influence of neuropeptides on the circadiack

in cockroachesa A cockroach (ed arrow) is placed in a running-wheel and the circadiacoinotor activity is
monitored; red arrowhead reed relay to record rotations of the running-ethgellow arrow: connection to the
computer,green arrow:water supplyb Activity phases of the cockroach are showrbksck barsin the actogram.
During the first ten days the animal is kept in212 h light-dark cyclel(D, light phase of Zeitgebertime 0-12 and
dark phase of Zeitgebertime 12-24, representedigiirdhebar above the activity baysThe following eight days the
animal is kept in constant darkne&) pictured with agrey boy. It exerts a circadian rhythm shorter than 24-k.
Cockroaches in DD receive injections with a neuptigle at different circadian times. Dependent oa itijection
times € CT 6,d CT 15,e CT 21), the animals react with either no phask &), a phase delayl], or a phase advance
(e). f Overview of the resulting phase shifts is giverthiy phase response curiRRQ. In the PRC the resulting phase
shifts are plotted against the circadian timdiphasic PRCs obtained after treating the cockreaawith light blue
line, Page and Barret 1989), orcokinbigck line Hofer and Homberg 2006a)aminobutyric acid (GABAred ling
Petri et al. 2002) and allatotropidatted ling Petri et al. 2002)h Monophasic PRC obtained after injection of
pigment-dispersing hormonBDH closed squares, control injections open circfesm Petri and Stengl 1997).
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Fig. 2 Dorsal view ofLeucophaea maderae
(from www.angelfire.com/oh2/Roaches/).

Sokolove 1975, Page 1978, 1982). The data of PE@f2( 1983) confirmed that the oscillator is
situated in the optic lobes and also showed thatamal output mechanisms must convey signals
from the pacemaker to specific output structurethenbrain. Furthermore, the research on clocks
in the different species revealed astonishing saintiés. All clocks are anatomically and
functionally connected with the optic system allogvisynchronization with the environmental
light-dark cycles. The identified clocks all possesultiple output pathways that control diverse
endocrine, autonomic and behavioral functions. &Heglings are summarized in a general model
for the organization of an internal clock (Fig. 3his model includes an endogenous oscillator
(pacemaker), which generates a self sustaineddeacahythm. Synchronization of the oscillator
with the environmental time occurs upon entrainmeathways and the transfer of time
information from the pacemaker to other organs mcapon effector pathways.

While the cockroacheucophaea maderd®as played a major role in research on the anasdmic
and physiological properties of the pacemaker, fhetfly Drosophila melanogasteis an
important organism for studying the molecular medtras of the circadian clock. Identification
and isolation of the clock gene period (per, Koreogind Benzer 1971) from@rosophila and

subsequent analysis of its expression led to tiserfiolecular model of a circadian oscillator — an

circadian oscillator Fig. 3 General model of an
internal clock with a circadian
oscillator (pacemaker) that
/\/\/ generates a circadian rhythm,
input pathways that syn-

| - chronize the pacemaker with

input o

n output > environmental rhythms like

| the change of day and night,

Zeitgeber metabolism and output pathways that
(light, temperature) behavior transmit the pacemaker

information to the effector
organs (modified from Berndt
et al. 2005).
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autoregulatory negative feedback loop of transioipand translation (Hall 2003). Until now, it is
known that both activity and eclosion rhythmsDybsophilaare controlled by two transcriptional
feedback loops and posttranscriptional regulati@tanewsky 2003, Hardin 2004, 2005). One of
them is the period/timeless loop, in which transion is activated by the two transcription factors
CLOCK and CYCLE and repressed by PERIOD-TIMELESBe ©ther is the clock loop in which
transcription by CLOCK-CYCLE is suppressed and getlby PERIOD-TIMELESS (Glossop et
al. 1999). However, since the cockrodotucophaea maderais a favoured organism to study
neurophysiological properties of circadian clocksduse of its large brain which can be easily
manipulated and its clear circadian activity paitese used this organism for our experiments.
Thus in the following, the pacemakerleducophaea maderaeill be described in detail.

The accessory medulla is the clock of the cockroatleucophaea maderae

The optic lobes of an insect comprise a set ofettw@nsecutive, retinotopic neuropils (Fig 4a).
Retinotopic mapping means that the neurons of e tobe neuropils form a 2D representation
of the spatial distribution of the ommatidia. Theermost of these neuropils, the lamina, receives
direct inputs from photoreceptors in the compouyel. &he lamina and the medulla, and in turn
the medulla and the lobula, the innermost neuramié linked by chiasmata. At the frontal
medioventral edge of the medulla, a small neurofih a conspicuous pear-shaped appearance
could be localized and was named accessory me@Ma, plural AMae).

The AMe of the cockroacheucophaea maderaas proposed as a clock locus (Fig. 4a;
Homberg et al. 1991) because of several transpiantand lesion experiments (Nishiitsutsuji-
Uwo and Pittendrigh 1968, Roberts 1974, Sokolovés1®age 1978, Colwell and Page 1990). The
first experiments to locate the pacemaker of thekmach Leucophaea maderaavere
accomplished by Nishiitsutsuji-Uwo and Pittendr{@®968). With lesion experiments they showed
that the pacemaker that generates circadian loaynaativity is positioned in the optic lobes.
Subsequent microlesion experiments in the optie lobited the position of the clock to an area
between lobula and medulla (Roberts 1974, Sokol®#b, Page 1978). Later, Page (1982, 1983)
showed that cockroaches without optic lobes redtoneadian rhythmicity of locomotor activity
in case they received whole optic lobes from otoekroaches.

Immunocytochemical studies with an antiserum &gaithe crustacean peptide pigment-
dispersing hormone (PDH, the substance causing BDHunoreactivity in insects is termed

15



Introduction

b a N / Tract4 & 7 ., ol

Fig. 4a Three dimensional reconstruction of the cockrobchin (modified after Reischig and Stengl 2002).
antennal lobeAMe accessory medullaOTu anterior optic tubercld}-L beta lobeCa Calyx, CB central bodyLa
lamina,LAL lateral accessory lobep lobula, Me medulla,P pedunclePB protocerebral bridgeh A combination of
the reconstruction of tract 4 and 7 closely resesithe arborization pattern of the PDH-immunoreaatieuronsAMe
accessory medulldAOC anterior optic commissuréoVT lobula valley tractPOC posterior optic commissur§LP
and SMP superior lateral and median protocerebrih@ | cells project through the fan shaped anterior rldijeer
system to the lamina and through the LoVT in theCPand in the AOCMC Il cells project in middle layers of the
medulla and throught the LoVT in the POC (from Rkig and Stengl 2002Bars200 pm.

pigment-dispersing factor, PDF, Rao 2001) revealedut 16 immunoreactive neurons near the
AMe with arborizations in this neuropil (Fig. 4bphhberg et al. 1991, Reischig and Stengl 1996).
The immunoreactive neurons near the AMe were terfABdF-immunoreactive (ir) medulla
neurons (PDFMes). They could be further divided ithe anterior (about 12 neurons) and
posterior (about 4 neurons) PDFMes. The anterioFN®&s are located at the ventro-proximal
medulla (Fig. 4b). These PDFMes were discussedaasnpaker neurons in orthopteroid insects,
because they are located in the region where thenpaker was suggested to reside by lesion
experiments. Additionally, anterior PDFMes showedespread axonal projections in the central
brain where they might transmit pacemaker infororato descending neurons. Subpopulations of
the anterior PDFMes appeared to connect both tyies and are suggested to couple the bilateral

pacemakers (Fig. 4b). Furthermore, the PDFMes hawveal ramifications over the distal surface
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of the medulla to the lamina. There, PDFMes areught to be involved in the circadian

modulation of the visual system (Pyza and Meinexgeim 1997). Indeed, by ectopic transplantation
of fully differentiated AMe tissue grafts to optmbeless cockroaches, Reischig and Stengl (2003a)
provided the evidence that the AMe with its asgedianeurons is the pacemaker center for

locomotor activity.

The structure of the accessory medulla of the cockachlLeucophaea maderae

The AMe of the cockroactheucophaea maderas a distinct, non-retinotopically organized
neuropil, which consists of a core of nodular antérnodular neuropil that is surrounded with
coarse neuropil (Reischig and Stengl 1996). It mddeabout 90 um over its longitudinal axis
(Fig. 5a). The main input pathway into the AMehe distal tract, which emerges in the medulla
and ends in the noduli of the AMe. The lobula vwalieact is the main input/output pathway that
projects from the internodular and shell neuropthe AMe to the midbrain and contralateral optic
lobe (Reischig and Stengl 2003b). The segregatidneoAMe in the nodular and loose neuropil is
due to the differential distribution of larger outgibers and fine dendrites. Additionally, nerve
terminals with different types of dense core vesdIDCV, plural DCVs) were located in different
subcompartments of the AMe (Reischig and Stengl6)L9BCVs are typical storage sites and
intracellular transport vehicles for peptides irurmns (reviewed by Nassel 2002). The nodular
neuropil mainly contains terminals with DCVs withstuctured granular content, which are often
clustered together (Reischig and Stengl 1996). internodular and shell neuropil mainly hosts
terminals with unstructured DCVs (Reischig and §kai996). Probably, nodular and internodular
neuropil fulfill different functions in the circaaim clockwork. The ipsilateral photic input is
transmitted across the distal tract and mainly emdise nodular neuropil, whereas the contralateral
photic input mainly enters the internodular neure the anterior and shell neuropil (Petri et al.
2002; Reischig and Stengl 2003b). In addition, éhesmpartments seem to constitute output
regions, and the information of the pacemaker miangugh the lobula valley tract to midbrain
targets (Reischig and Stengl 2003b).

Anteriorly, ventrally and medially to the AMe labout 250 AMe associated neurons, which
can be assigned to six different groups by morgdiodd criteria (Fig. 5b; Reischig and Stengl
1996, 2003b). These morphological criteria are tierochromatin contents of the nuclei,
cytoplasm staining intensity and the sizes of thelei and the somata. Most frontally, the distal
and medial frontoventral neurons (DFVNes and MFVNa® situated. Apparently, these two

17



Introduction

VNe MFVNe VMNe

Fig. 5 a Paraffin section of the right accessory medukac{rcled immunostained with an antiserum against
FMRFamide. Main immunoreactivity is located in tilternodular neuropil. The noduli are only sparsielyaded.
Bar 50 um.b The accessory medulla and its associated sompgiow 3D modelAMe accessory medull@T distal
tract, DFVNe and MFVNe distal and medial frontoventral neurons)MNe and VPNe ventro-median and ventro-
posterior neurondyINe andVNemedial and ventral neurons (from Reischig and @t2803b).Bar 50 pm.

groups mainly host local neurons of the AMe and utiadIn the group of the DFVNes e. g. mas-
allatotropin- and leukokinin-ir neurons are locatédiditionally, four PDH-ir neurons can be
grouped to the DFVNes. The medial neurons (MNegjesent the largest group. This group is
build of functionally and morphologically heterogems neurons. Many-aminobutyric acid
(GABA)-ir neurons belong to this group. More veliyréao the MNe and separated by a glial sheath
lay the ventral neurons (VNes). It could be shohat some VNes couple both AMae (Reischig et
al. 2004). In this group, eight of the twelve aitePDFMes are located. The group of the ventro-
posterior neurons (VPNes) is heterogeneous likegtioeip of the MNes (Reischig and Stengl
2003b). The last group is named ventro-medial meu®MNes). This group also hosts neurons
which connect both AMae. Additionally, in the VMNgroup light and polarization sensitive
neurons are situated (Loesel and Homberg 2001).pbiséerior PDFMe neurons (pPDFMe) are
located posterior to the AMe and associated wiih ieuropil as well (Petri et al. 1995, Reischig
and Stengl 1996, 2003b).

Comparison of Leucophaeaand Drosophilaclock neurons

Since the fruitflyDrosophila melanogastes also a very important organism for the reseanth
circadian rhythms, it seems meaningful to compde AMe and its associated neurons of
Leucophaea maderawith that of Drosophila melanogasteiDrosophila melanogastehnosts six

groups of clock neurons: three dorsal groups, which named the dorsal neurons 1-3 {DN
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ocelli

H-B tract

medulla \ :
lamina H-B eyelet \\\\\\

Fig. 6 Clock gene expressing neurons and their projeetieas in th®rosophilabrain. The pacemaker 8frosophila

is composed of the dorsal neurons 1ID3{ - middle blug DN, - light blug DN; - dark blug and the lateral neurons
(LNg - orange I-LN, - dark red s-LN, with PDF -light red ands-LN, without PDF -violet). Furthermore, three clock
gene expressing neurons are located posteriti,(lateral, posterior neurongreer). Apart from the I-LN, all clock
gene expressing neurons send their axons intodrealdprotocerebrum. The AMe is innervated by psees of the
DN;, DNs, s-LN, (including the & PDF negative one) and I-LNThe light input pathways from photoreceptor cells
R1-6, and R7/8 of the compound eye and from the Fafbauer-BucherH-B) eyelet cells are shown iyellow
(from Helfrich-Forster et al. 2007).

DN,, DNs, Fig. 6), and three ventral groups, which are rchite dorso-lateral neurons (LN
Fig. 6) and the large and small ventro-lateral aesr(ILN,s and sLNs, Fig. 6). Whereas all six
groups seem to be involved in producing normal bemhal rhythms, the lateral neurons (LNs)
appear to be the most important pacemaker neukwer(et al. 1992, Frisch et al. 1994, Helfrich-
Forster 1998). LW appear to be most important for the generatiotirochdian rhythms (Helfrich-
Forster 1998). Additionally, only the LNexpress PDF (except one sl.the PDF-negative's
SLN,, Kaneko et al. 1997) and these neurons seem tospomd to the PDFMe df. maderae
(Helfrich-Forster 1995). The four PDF-positive skNire important for the rhythmic behavior
under constant conditions (Helfrich-Forster 199&nR et al. 1999, Blanchardon et al. 2001,
Nitabach et al. 2002, Grima et al. 2004). Studmrelseucophaea maderagiggested that at least a
subgroup of the PDFMe is responsible for transngtthe circadian information to midbrain areas
and, therefore, the PDFMe appear to be importanteferting circadian locomotor activity
(Homberg at al. 1991, Stengl and Homberg 1994,i Retal. 1995). Regarding the projection
patterns of the clock neuronsmosophilarevealed that all clock genes expressing neurscspe
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the ILN,s send their axons into the dorsal protocerebrune. gltN,s and ILN,s, LNgs and some of
the DNs have additional projections towards the Affelfrich-Forster et al. 2007). The ILN
further connect both AMae via fibers in the posteoptic tract and send a network of fibers onto
the surface of the medulla (Helfrich-Forster 1991g. 6). Similar PDF-depending coupling
pathways were proposed fbeucophaea madera@etri and Stengl 1997, Reischig et al. 2004).
Possibly, ILNs of Drosophila correspond to the VNes dakucophaea maderaavhich send their
neurites amongst others via the posterior opticro@sure to the contralateral AMe and form a
network of fibers on the surface of the medullai$Reg and Stengl 2002). Additionally, like the
VNes, the ILNs appear to be associated with the visual system to&lefore, may transmit
information to the AMae and to the eyes (Helfrigbrster et al. 2007Besides the ILN, the LNs
are discussed to exchange photic information betwlee two brain hemispherdddlfrich-Forster

et al. 2007. Additionally, apparently only the LiNget input from the contralateral AMe, whereas
the ILNys receive their input only from the ipsilateral AMeglelfrich-Forster et al. 2007 In
summary, the ILN and LN;s appear to be morphologically well suited for thensfer of output
signals to downstream neurons. Therefore, theg@mgparable to the PDFMe neurons of the VNe
group, which were also discussed to fulfill thisdtion (Reischig and Stengl 2003b).

Whereas the AMe oleucophaea maderabas a pear-shaped appearance, the AMe of
Drosophila melanogastas composed of a central part and a ventral ekimgarea. Furthermore
the AMe of Drosophila melanogastelacks the bipartite organization into a core anghall
(Helfrich-Forster et al. 20Q7 All clock neurons which send fibers to the AMenmarily restrict
their arborizations to the central part of the AMeJy dendrites from the IL)§ extend into the
ventral elongation area of the AME€lIfrich-Forster et al. 2007Thus, there might be a functional
difference both between the two parts of the AMd among the different clock neurons. The
same is discussed for the AMeladucophaea maderawhich is segregated into a core and a shell
neuropil and both regions appeared to be involvedlifferent functions (Reischig and Stengl
2003b).

The coupling of the bilaterally organized circadian pacemakers of the
cockroachLeucophaea maderae

Rhythmicity in behavior and physiology is regulatdsy neuronal networks in which
synchronization or coupling is required to prodaoberent output signals. Coupling occurs among

individual clock cells within a pacemaker, amongdtionally distinct subregions within the
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pacemaker, between central and peripheral pacemaker between the pacemakers themselves.
First evidence for coupling of the pacemakers veamd by lesion experiments of one of the two
pacemakers of the cockroach (Page et al. 1977, P3). Surgical isolation or complete excision
of one optic lobe increased the free-running penbthe rhythm indicating that the pacemakers
interact (Page et al. 1977, Page 1978). This als@sponds to the finding that one eye is sufficien
to entrain both the ipsilateral and contralatenaticolobe pacemakers (Page et al. 1977). In the
cockroachLeucophaea madera¢he PDFMe are involved in pacemaker coupling.sét@g and
Stengl (2002) identified with horseradish peroxeldsackfills as well as with dextran and
horseradish peroxidase injections into one AMe sesemmissures that connected both optic
lobes. Two of these coupled both AMae via the amteand posterior optic commissure (AOC,
POC). These two tracts resembled the arborizatdtem of the PDFMe neurons (Fig. 4b). Thus,
PDFMe neurons fulfill morphological properties afettt coupling neurons. Injections of PDH into
the medulla of the cockroatteucophaea maderaesulted in a monophasic phase response curve
with phase delays during the late subjective dagr(Rnd Stengl 1997). This phase response curve
differed considerably from the phase response cobtained with light pulses, suggesting that
PDF is not part of the light entrainment pathwalge Tata also indicated a role of the PDFMe in
coupling and output pathways. Accordingly, tracenjeg¢tions combined with PDH
immunocytochemistry revealed that up to three PDIEblgple both AMae (Reischig et al 2004).
Computer simulations demonstrated that additign&ll PDF, which caused phase delays in
locomotor activity, another phase-advancing fadwrnecessary to explain all experimental
findings on mutual pacemaker coupling lirucophaea madera@etri and Stengl 2001). Since
tracing studies showed that anterior AMe neuronsamof clusters named MCI (4 neurons of the
VNes) and MCII (35 VMNes) connect both AMae (Reigchkt al. 2004), and only four of these
AMe neurons produce PDF, additional neuropeptidedikely to be involved in the coupling of
both AMae. By immunocytochemistry, ten neuropegideuld be localized in AMe associated
neurons (Petri et al.1995, Nassel et al. 1991, 1900, Hofer and Homberg 2006a, Sohler et al.
2007, 2008). One of these neuropeptides is oraokenmember of the highly conserved crustacean
myotropic neuropeptide family. This neuropeptidaldde localized in the somata of the DFVNes,
the MNes, the VNes and the VMNes (Hofer and Homi#6g6a). Furthermore, orcokinin was
shown to be involved in the coupling of the AMaeoféet and Homberg 2006a). The tracer
injections and orcokinin immunocytochemistry by eloAnd Homberg (2006a) revealed about four
orcokinin-ir neurons that connected both AMe; thoééhem belonged to the VMNe and one to the
VNe. Another candidate for the participation in tt@upling is a member of the family of the

FMRFamide-related peptides (FaRPs). FaRPs represdatge group of neuropeptides with
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diverse physiological effects on different targegams (see chapter FaRPs and their possible role in
the circadian system). Next to the AMe about 24 FHdRide-ir somata are located, which could
be assigned to the somata of four of the AMe aasettineuron groups. These are the DFVNes, the
MNes, the VPNes and the VNes (Soehler et al. 200RFamide was found in the VNes, which
are known to be involved in the coupling of both Adi(Soehler et al. 2008). Furthermore, up to
six neurons showed a colocalization with PDH (Pettial. 1995). Thus, members of the FaRPs are
potential candidates for circadian coupling. SiR6#RFamide-ir was detected in both the anterior
and posterior optic commissure (Petri et al. 1%dehler et al. 2008) coupling probably depends
on both PDF and FaRPs. This hypothesis was testedebrobiotin backfills combined with
FMRFamide- and PDF-immunocytochemistry (Chaptgr Ili

The roles of neuroactive substances in the accesgonedulla

Immunocytochemical studies revealed that neurosscéted with the AMe express a variety of
neuropeptides in an exceptional high concentragiirden and Homberg 1995, Petri et al. 1995,
2002, Reischig and Stengl 1996, Nassel et al. 2686€r and Homberg 2006a, Sohler et al. 2007,
2008). Nine different neuropeptides were so fareded in the AMe by means of
immunocytochemical techniques: allatostatin, attagn, baratin, corazonin, FaRPs,
gastrin/cholecystokinin, leucokinin, orcokinin aR®F (Petri et al. 1995; Nassel et al. 1991, 1992,
2000, Hofer and Homberg 2006b, Sohler et al. 2@0D8). Furthermore, the neurotransmitters
GABA, histamine, and serotonin were located in #Me (Petri et al. 1995, 2002; Loesel and
Homberg 1999). The function of all these neuromigstiand transmitters and their role in rhythm
generation, entrainment, coupling of the pacemalard/or transmission of phase information to
downstream effectors in the circadian system gdigrunknown. Most is known about the role of
PDH (Dircksen et al. 1987). PDH is an octadecadepirst found in crustaceans where it causes
pigment dispersion (Rao and Riehm 1989). Seveudiest on insects revealed a prominent role of
PDF in the circadian clock (Petri and Stengl 19R&nn et al. 1999, Park et al. 2000). In the fruit
fly Drosophila melanogasterit was shown that PDF acts as an output factothef main
pacemaker neurons that comprise the circadian dBenn et al. 1999, Park et al. 2000). In
Leucophaea maderaa, dual role for PDF as output and coupling signas$ \wroposed. Injections
of PDH into the optic lobes of cockroaches monidone a running-wheel assay resulted in a
monophasic PRC with a maximum phase delay at teeslzbjective day (Petri and Stengl 1997).
As the resulting PRC differed from that obtainedhwight pulses, it was assumed that PDF is not
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involved in transmitting light information, but her functions as output signal of the two
pacemakers. Later, dextran tracing studies andlddabeling of commissural neurons with PDH
antiserum revealed three PDH-ir neurons that interect both AMae (Petri 1998, Reischig and
Stengl 2002). Injections of allatotropin and GABWA the vicinity of the AMe both resulted in
PRCs comparable to that obtained with 6 h lightsgsl This finding suggested that both
substances are involved in light entrainment (RagkBarret 1989, Petri et al. 2002). Furthermore,
GABA- and Mas-allatotropin immunoreactivity was migifound in the noduli of the AMe (Petri
et al. 1995, 2002). Since neurons with excitategponses to light stimuli also innervate the noduli
it was proposed that the noduli process light imfation (Loesel and Homberg 2001). The same is
true for orcokinin. Injections of orcokinin nearettAMe resulted in a PRC similar to the PRC
obtained with light pulses (Hofer and Homberg 2Q08&us, the orcokinin-ir neurons may play a
role in the light entrainment of the circadian &owgia the contralateral compound eye.
Immunostaining and injection experiments with semgt suggested that serotonin is not involved
in light entrainment (Page 1987, Petri et al. 1998ithin the AMe serotonin immunoreactivity is
concentrated in the coarse neuropil and appeamshibthe noduli (Petri et al. 1995). This fits with
the results from injection experiments with seratoithe obtained PRC is different from the light-
dependent PRC (Page 1987). However, other pharogical experiments in crickets suggested an
involvement of serotonin in light entrainment (S#dh and Tomioka 2002, Yuan et al. 2005).
Since serotonin-ir neurons could be assigned tal ioterneurons that correspond to the DFVNes
and/or MFVNes of_.eucophaea maderathey may transmit light information from visuaputs to
the pacemaker neurons (Wurden and Homberg 1998, dteal. 1995, Homberg and Wirden
1997). The role of the remaining neuropeptides aeteimmunocytochemically in the AMe is
unclear, because physiological data are missingtil Urow the four neuropeptides PDF,
allatotropin, serotonin and orcokinin and the nearsmitter GABA were injected near the AMe.
While the injections of allatotropin, orcokinin a&ABA resulted in biphasic PRCs which were
comparable to the PRC obtained with light pulsestr{Fet al. 2002, Hofer and Homberg 2006a,
Fig. 1g), the PDF and serotonin injections resuitedll delay PRCs (Fig. 1h, Page 1987). Since
computer models of coupled PER/TIM feedback looukcated two antagonistic acting coupling
forces to achieve the experimentally observed dogpiroperties (Petri and Stengl 2001), at least
one other neuropeptide has to be involved in tinetfan of the circadian clock. Injections of this
so far unidentified neuropeptide should then resulan all advance PRC. Thus, another phase
advance-causing factor must exist to achieve despayiod length of about 24 h. This factor might

be a member of the FaRPs.
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FaRPs and their possible roles in the circadian stam

As described above, peptides appear to play importdes in clock function and, therefore, the
identification of the peptides of the AMe and rduea their function is important for the
understanding of the circadian system. Immunocwnotbal studies revealed additionally to PDH-
ir neurons about 30 FMRFamide-ir neurons associatigd the AMe (Petri et al. 1995). The
FMRFamide antiserum used in this study detectedRff@mide C-terminus which is shared by all
members of the FaRP family and, therefore, did distinguish between single members of the
FaRPs. FaRPs are phylogenetically diverse, buttstially similar peptides. Members of this
group generally share the C-terminal RFamide wihiégr N-terminal extensions vary in structure
and length (Orchard et al. 2001, Nassel 2002, Paai6). FaRPs belong to the most extensively
studied neuropeptides of invertebrates, and a lwedlinformation is available regarding structure,
localization in the nervous system and physioldgeféects (Orchard et al. 2001, Nassel 2002,
Predel 2006). The FaRP family can be divided inubfamilies including the N-terminally
extended FMRFamides (among them the extended FIRIEajn myosuppressins (extended
FLRFamides), sulfakinins (extended HMRFamides wédh sulfated tyrosine residue) and
neuropeptides F (short neuropeptides F, sNPFsndeteRLRFamides, and long NPFs, INPFs).
Three members of the FaRPs were so far identiftedhe cockroach_.eucophaea maderae
leucomyosuppressin (pQDVDHVFLRFamide, Holman et1&I86) and leucosulfakinin | and 1l
(EQFEDY(SO3H)GHMRFamide, Nachman et al. 1986a,Ao)nember of the sNPFs subgroup
was identified in the cockroacBeriplaneta americanand named head peptide (Veenstra and
Lambrou 1995). Since FaRPs were detected in the AMiae cockroach.eucophaea maderae
(Petri et al. 1995), this dissertation is aimedéb insights into the role of different membersiod
FaRP family in the circadian clock. Therefore, tfitlse distribution of FMRFamide-, LMS-like-,
sNPF- and perisulfakinin-ir neurons in the six idigtishable soma groups of the AMe was
examined with different antisera. The anti-FMRFai@ntiserum identified about 100
immunoreactive neurons in the optic lobes roughtgreged in four clusters. Two of these clusters
were associated with the lamina, a group of weakened neurons was scattered dorsally between
medulla and lobula, and one cluster was locatedcadi to the AMe. Other neuropils of the optic
lobes revealed FMRFamide immunoreactivity as witle lamina showed strong staining at the
proximal face and faint staining at the distal fatee medulla showed immunoreactivity in the
characteristic fiber fan along the anterior surfadéch connects the AMe to the medulla and
lamina additionally some medial layers showed imanaactivity.

24



Introduction

About 13 of the about 24 (23.7 + 9.8 SD) AMe asatmd FMRFamide-ir neurons detected in our
study (Soehler et al. 2008) could be assigned éoviNes, about nine to the DFVNes, and about
two could be assigned to the VPNes and the MNegerdively. Two immunoreactive neurons
were located anterior to the neurons of the sixasgmups, and hence named anterior neurons
(ANes). The AMe itself expressed strong FMRFamigenunoreactivity in the anterior neuropil
and in the coarse neuropil around the noduli. Extep to three noduli which showed strong
staining, the noduli themselves were only sparsebyt homogenously invaded by
FMRFamide-ir fibers.

Since LMS was found in the brain béucophaea maderaand LMS is a well studied member
of the FaRPs, it was examined whether some of BFamide-ir neurons could also synthesize
LMS. Besides the fact that Meola et al. (1991) dad find LMS immunoreactivity in the optic
lobes of the cockroacheucophaea madera¢he employment of a new antiserum against the six
aminoacids of the N-terminus of dromyosuppressiM$) the myosuppressin dbrosophila
melanogaster justified a reevaluation of the findings. The DM#htiserum allowed a clear
distinction of myosuppressins from other FaRPs (bto@ick and Nichols 1993). Furthermore,
studies in other insect species including the cmedin Diploptera punctatadetected LMS in the
optic lobes (McCormick and Nichols 1993, Donly et1®96, Nichols et al. 1997, Fuse et al. 1998,
Richer et al. 2000). By using this antiserum, alktowg LMS-like-ir neurons associated with the
AMe could be detected in our study. One could lsggagd to the ANes and one to the VNes. The
AMe itself primarily showed LMS-like immunoreactiyiin the loose and internodular neuropil.
Only one nodulus showed LMS-like immunoreactivithe medulla also expressed LMS-like
immunoreactivity in the characteristic fiber fandan one medial layer. The Pea-sNPF antiserum
located about two immunoreactive neurons in theigmaf the VNes and about one in the group of
the ANes. Inside the AMe the internodular neuragilwell as some antero-ventral noduli showed
strong immunoreactivity. With the perisulfakininteserum no immunoreactive neurons could be
detected in the optic lobes.

The results obtained with immunocytochemical téqpives could partially be confirmed with a
spectroscopic method named Matrix Assisted Lasesofption/lonisation-Time of Flight
(MALDI-TOF). By using this method, we confirmed tleistence of LMS and obtained strong
indications for Pea-sNPF present in the AMe. Addisilly, another peptide with high sequence
similarity to the Pea-FMRFa-7 (DRSDNFIRFamide,tfyrsdentified in the cockroacReriplaneta
americana,Predel et al. 2004) could be identified in the AllfeL. maderae Since a peptide
homolog of the Pea-FMRFamide-7 could be identifiredhe thoracic perisympathetic organs of

Leucophaea maderag seems likely that this peptide is presenhim AMe as well.
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To examine a possible circadian function of ddéfégrmembers of the FaRPs, the tetrapeptide
FMRFamide and Pea-FMRFa-7 were injected into thmiy of the AMe. The injections revealed
that these peptides were involved in the circadiantrol of the locomotor activity. Injections of
100 fmolFMRFamide resulted in significant phase delaysvatdircadian times (CT 8 and CT 18)
and injections of 150 fmol Pea-FMRFa-7 resulteé isignificant phase delay at CT 4. Thus, the
results obtained with immunocytochemistry, masscspmetry and bioassays indicate a role of
several FaRPs in the circadian system of this caair. These studies are described in Chapter |
and II.

Since the staining with different antisera of autmeurons implies a role of FaRPs in the
coupling of both pacemakers, Chapter Ill and IV @rcerned with detailed colocalization studies
and corresponding behavioral assays. Backfills foora optic stalk were performed and combined
with immunolabeling with anti-PDF and either anktRFamide or anti-AsH-orcokinin. These
studies revealed that at least four VNes connettt Bdae. One of these VNes belongs to the
large PDFMes the others belong to the medium-dP4@EMes. All of the contralaterally projecting
medium-sized PDFMe appeared to contain FMRFamidmkmin, and PDF. The large PDFMe
probably contains only PDF. With the behavioralagssit should be clarified whether the two
commissures that connect both AMae, i.e. the AOCR@C, carry the same information from one
AMe to the other. Therefore, the AOC, the POC erdhntral brain were cut and it was examined
if these transections had different effects onltle®motor activity. Comparison of rhythm, phase
and period before the transections of the antanadrposterior optic commissures respectively with
rhythm, phase and period after the transectiongdteskin no significant changes. Transection of

the central brain resulted in most cases in a peemtdocomotor activity.

Abbreviations

AMe(ae) accessory medulla(e)

ANe(s) anterior neuron(s)

AOC anterior optic commissure

CT circadian time

DCV(s) dense core vesicle(s)

DD constant darkness

DFVNes distal frontoventral neurons
DMS dromyosuppressin

DN(s) dorsal neuron(s)

FaRPs FMRFamide-related peptides
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GABA y-aminobutyric acid

-ir immunoreactive

ILN,o/SLNg large/small ventro-lateral neurons
LMS leucomyosuppressin

LNgs dorso-lateral neurons
MALDI-TOF Matrix Assisted Laser Desorption/lonisati-Time Of Flight
MFVNes medial frontoventral neurons
MNes medial neurons

PDF pigment-dispersing factor
PDFMe PDF-ir medulla neurons
PDH pigment-dispersing hormone
PER PERIOD

POC posterior optic commissure
PRC(s) phase response curve(s)
S/INPF(s) short/long neuropeptide(s) F
TIM TIMELESS

VMNes ventro-median neurons
VNes ventral neurons

VPNes ventro-posterior neurons

ZT Zeitgeberzeit
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Abstract The myosuppressins (X1DVX2HX3FLRFa- Keywords FMRFamides - Circadian rhythm -
mide), which reduce the frequency of insect musole-  Accessory medulla - Neuropeptide function -
tractions, constitute a subgroup of the FMRFamélated MALDI-TOF mass spectrometry -

peptides. In the cockroadleucophaea maderage have Cockroachl eucophaea madergénsecta)
examined whether leucomyosuppressin (pQDVDHVFLRFa-

mide) is present in the accessory medulla, vie.cticadian
clock, which governs circadian locomotor activibythms.
Antisera that specifically recognize leucomyosugpie
stain one to three neurons near the accessory haedul ] . ) ] .
MALDI-TOF mass spectrometry has confirmed the presNeuropeptides are widespread signaling moleculeben
ence of leucomyosuppressin in the isolated accgssop€rvous system, but only little is known aboutrtisgeecific
medulla. Injections of 1.15 pmol leucomyosuppre#sia functllons apd mechanisms of actions in informapoo-

the vicinity of the accessory medulla at variousadian ~¢€Ssing (Nasset000, 2002)The family of the FMRFa-
times have revealed no statistically significafeéet on the Mide-related peptides (FaRPs) are especially alptiaatai
phase of circadian locomotor activity rhythms. Tres Occur in diverse groups (Nas@€l00;Orchard et al2001).
consistent with the morphology of the myosuppressinThey share the common C-terminal structure of -Rﬁam _
immunoreactive neurons, which restrict their aations and are subgrouped into the extended FLRFamides (in
to the circadian clock and other optic lobe neusofihus, cluding the myosuppressins), the extended HMRFasnide
leucomyosuppressin might play a role in the ciraadi (Sulfakinins), the extended FMRFamides, and therebed
system other than in the control of locomotor aggivn RFamides (including the head peptides; Nax<#2;
rhythms. Orchard et al2001).Despite their sequence similarity, the
FaRPs irDrosophila melanogasteare expressed by dif-
ferent precursor genes, indicating their differevalution-

ary origin and possibly their different functiorisi¢hols

Introduction

S. Sohler - M. Stengb() _ 2003;Vanden Broeck001).

Bﬁﬁ?ﬁ?iﬁggi‘%ﬁﬁrﬁﬂga‘ Physiology, Immunocytochemical studies with an antibody agaimest
35032 Marburg, Germany : C-terminal sequence of F_MRFamlde have |den_t|f|g(ba|p
e-mail: stengl@staff.uni-marburg.de of about 35 immunoreactive neurons in the optie lobthe
cockroach_eucophaea madera@dicating the presence of
FaRPs but without identifying the specific neurojxp

subgroups (Petri et @.995).The FMRFamide-immunore-

S. Neupert - R. Predel
Department of General Zoology and Animal PhysioJogy
Friedrich Schiller University,

07743 Jena, Germany active (FMRFamide-ir) neurons are associated with t

. accessory medulla (AMe; plural: AMae), a small rogilr
R. Nichols . . .
Department of Biological Chemistry, at the anterior edge of the medulla (Reischig atesh@®
University of Michigan Medical School, 2003b).Lesion and transplantation studies have demonstrat
Ann Arbor MI 48109-0606, USA ed that the AMe, with its associated 250 neurorsged in
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six cell clusters, is the circadian clock in thelkecoach brain the perineurium above the AMe was opened with éride
(Reischig and Stengl 2003b; Stengl and Homberg 1994omy scissors. Fine glass pipettes were prepaiad fr
The circadian pacemaker center controls circadizanhotor  borosilicate glass capillaries (Harvard, UK; indermeter:
activity rhythms via pigment-dispersing factor®dF-ir) 1.17 mm) with an edged tip opening of ca. 16@ The
processes in the superior lateral protocerebrunisdflg and capillary was connected to flexible tubing to appbgative
Stengl 2003a; Stengl and Homberg 1994). Some stthepressure by mouth suction. The tip was placed en th
PDF-ir neurons colocalize FMRFamide-immunoreagtjvit surface of the optic lobe above the AMe. The larabf
but the members of the FaRPs that they might contathe AMe (diameter: ~100m) was easily recognized by
remain unknown (Petri et al. 1995). external markers (Petri and Stengl 1997). ThetmslAMe
The myosuppressins were the first FaRPs identifiedlas placed directly onto a stainless steel saniate for
from head extracts of the cockrodatucophaea maderae MALDI-TOF mass spectrometry and allowed to drycatimn
(Holman et al. 1986). They are myoinhibitory pepid temperature. All samples were washed with a drogabér
known to be expressed in the brain and in the lGus€¢ for several seconds, air- dried once again, andredwvith
et al. 1998; Holman et al. 1986; Kaminski et al020 approximately 20 nk-cyano-4-hydroxycinnamic acid solu-
Predel et al. 2001; Richer et al. 2000). Neversléhe tion dissolved in 80:20 methanol:water (v:v).
function of leucomyosuppressin (LMS; pQDVDHVFLRFa-
mide) in the central nervous system itself remaimgear.  MALDI-TOF mass spectrometry
An antiserum generated against the N-terminal amino
acids ofD. melanogastemyosuppressin, which are sharedVlass spectra were obtained in the positive ion noode
by the myosuppressin bf maderadsee below) but which Voyager Pro-DE biospectrometry workstation (Applied
distinguishes myosuppressins from other FaRPs (kiaiClo  Biosystems, Framingham, USA) equipped with a pulsed
and Nichols 1993) has been employed to searchMi@-ir  nitrogen laser emitting at 337 nm. The excised AMaes
neurons among the FMRF-ir neurons in the circadiaanalyzed in reflectron mode by using a delayedaetin
system ofL. maderae The immunocytochemical demon- time of 150 ns, a 75% grid voltage, a 0.06%-0.1%leu
stration of LMS in AMe neurons indicates a possible of  wire voltage, and an accelerating voltage of 20 lk&ser
LMS in the circadian system. MALDI-TOF mass spec-strength was adjusted to provide an optimal sigmabise
trometry of the isolated AMae has confirmed thespnee ratio. External mass spectrum calibration was fiest-
of native LMS in the circadian clock, indicatingeth formed by using synthetic cockroach peptides (Beakp
specificity of the LMS-antisera. Injection stud@snbined nins 2/5; SPPFAPRLa/GGGGSGETSGMWFGPRLa).
with running-wheel assays and immunocytochemisieh
shown that LMS does not affect circadian locomotofmmunocytochemistry
activity rhythms daytime-dependently. This is cetesit
with the morphology of the LMS-ir cells, which dotn Brains were dissected and fixed for 4 h in a fodehyde/
share the branching pattern of PDF-ir neurons &t apicric acid solution (aqueous Bouirsolution modified
local optic lobe interneurons. after Hollande as described by Romeis 1989), washed
clear water, dehydrated in an ethanol series, aretdded
in paraffin (Paraplast plus; Sigma, Germany). $énatal
sections (1@um thick) were cut as ribbons, mounted on

Materials and methods microscope slides, deparaffinized with xylene, estuy-
drated through graded ethanols. LMS was detecteiby
Animals a sensitive three-step peroxidase technique acaptdi

Sternberger (1979) and Reischig and Stengl (1996).
Adult male cockroaches€ucophaea maderpevere taken polyclonal antibody used was generated against TBYD
from laboratory colonies. They were reared undg?:42 h  the N-terminal extension of dromyosuppressin (DMS),
light-dark (LD) photoperiod with lights on at 6 pat,about which distinguishes myosuppressin peptides fromH=aR
60% relative humidity and a temperature of 26°Ce Th(Nichols et al. 1997). LMS (pQDVDHVFLRFamide) and
animals were fed with dried dog food, potatoes,wattr DMS (TDVDHVFLRFamide) differ by only one amino
ad libitum acid at the N-terminus. The concentrations of thi-a

myosuppressin antisera used were 1:50, 1:80, dd.1:
Sample preparation for MALDI-TOF mass spectrometryDetection of peroxidase was carried out with 3 8-

nobenzidine/HO, as chromogen. To visualize non-immu-
The cockroaches were anesthetized with ice water fooreactive tissues, the sections were counterst@in®
several seconds and decapitated. Brains were tdidsand methylene blue. Antibody controls consisted ofuess
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incubated in the absence of myosuppressin antigigna Results

normal rabbit serum, or with antigen-inactivatetisemum

in which the antisera had been preincubated withdltnl To examine whether LMS was present in the circadian

LMS peptide, a procedure that removed all staining.  pacemaker center of the cockroach, MALDI-TOF mass
spectrometry was employed on excised AMae. In iaddlit

Behavioral experiments to test whether LMS occurred in any of the appretety
35 FMRFamide-ir neurons, such as the colocalized-iPD
Operations and injections cells near the AMe, anti-DMS antisera were used on

paraffin sections of the cockroach brain. Injectidr MS
The operations and injections of the cockroache weinto the vicinity of the AMe combined with runningheel
accomplished as in Petri and Ste(97).We first tested assays was used to examine whether LMS, like Pfiaiefsa
a dose of 0.0115 fmol LMS, because this was the$bw circadian locomotor activity rhythms of the cockeba
dose to cause significant phase shifts in Petri Stedg|
(1997).In our first injection series, this dose resultetio  Mass spectrometric analysis of excised AMae
significant phase shifts, and thus we used higbszsd Since
the peptide is apparently released into the henyatywe A MALDI-TOF mass spectrometric analysis (mass raofge
assumed that it might be present in higher coratinis as 900-2500 Da) of single excised AMae from adult
compared to PDF, which appeared to be releaselliyfata cockroaches revealed the occurrence of LMS ([M+éf]+
the terminals of the PDF cells. Thus, we used prbbl 1257.64 Dan=20; Fig.1).
LMS in 2 nl hemolymph-Ringer (HLR) with 10% blueofib
dye (McCormick, Baltimore, MD) for the phase resg®n Immunocytochemistry
curve, as indicated. LMS (pQDVDHVFLRFamide,
MW=1257.61) was obtained from Peninsula Laboragorie After identification of LMS in excised AMae, immuoy
Control injections consisted of 10% blue food dy¢lLR  tochemistry was employed to determine the humber an

without LMS (negative controls). type of neurons containing LMS in the AMe. A pobycal
antiserum raised against TDVDHYV, viz., the N-terafin
Behavioral assays and data analysis amino acids of DMS (the myosuppressinDofmelano-

gaste)), was used on paraffin-embedded sections of cock-
Recording of locomotor activity and the subsequentoach brain (McCormick and Nichal993).The six amino
analysis of data was described previously (Reischigcids used as the antigen distinguish myosuppressin
and StengP003a).Data were evaluated from 38 of the 57
injected animals. The remaining 19 animals weréuebked
from further analysis because they showed littkving 1. 2E+4 *
after injection, exhibited strong changes in thegta of 1274.66
periodicity, or died within 1 week after operatignhigh
percentage of injected animals could not be evatiat
because of a breakdown in the monitoring compBtasise
shifts were determined as time differences betwhen
regression lines, before and after injection, @xti@ed to
the day after treatment as described in Petri aadgb
(1997).

The behavioural data were merged into 3-h time-inte
vals, and the means and standard deviations (SIB§ we
calculated for each bin. Changes of phases anodsdri a
given interval were considered to be significanifferent
from zero if the calculated 95% confidence inter(@l) 900 1220 1540 1860 2180 2500
of the respective time interval did not contain Hadue
zero. The phase and period changes were statigtical Mass/Charge
analyzed by a two-tailed Studemttest. Significance was Fig;j 1"MAfLDI-TI%F mezjss Spﬁctront}?try from a sifnlgle accegsor

ieti i eaulla or a male. maderaesnows the presence or leucomyosup-
tSalljggr%f;?ar?grn?fr?gsgg?tjv\?;rzjyssfsstevx'?;e(gggcgqi%\)lvgg%s'n (LMS) with a mass of [M+H]+ of 1257.64 Rateriskmass

. f LMS, which contains a pyroglutamyl, a posttratisihal modifi-
Excel XP (Microsoft). The phase response curve wastion and the cyclization of an N-terminal glutarai

prOduced with Excel. (QDVDHVFLRF-NH2), with an [M+H]+ of 1274.66 Da).

LMS
1257 64

al Intensity

ign
987.47

1795.86
| 205400

S
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peptides from other FaRPs. Omission of primarysardi  and motor center (Fig. 3g), all glomeruli of theeamal
from the procedure abolished immunoreactivity3), as lobes were stained via a few LMS-lir interneuroBs £
did preabsortion of the diluted antibody withii® LMS 1.1, n=6; Fig. 3a). Prominent LMS-lir arborizations
(not shown;n=3). LMS-like immunoreactivity was occurred in the superior lateral and medial protoeim
detected in about 154 somata in the central briaitheo and in the inferior lateral protocerebrum (Fig..3a)the
cockroach (Fig. 2). LMS-like immunoreactive (LM®}i ventrolateral protocerebrum, only faint stainingswecog-
somata of various sizes could be observed in ttexian  nizable. Both the anterior and the posterior opbimmis-
lateral, and posterior cell cortex of the midbrdinthe sure showed immunoreactivity (Fig. 3c,d), with osigall
anterior cell cortex, approximately four large nens fibers in the anterior optic commissure.
(about 30-40 pum in diameter) were found with undis- Various neuropils in the optic lobe were innervabgd
cerned arborizations. One third of all stained oesiwvere  sparse LMS-lir fibers apparently originating froewfim-
concentrated in or next to the pars intercerebfdfist 11, munoreactive cell bodies next to the AMe (Figs.I3Hb).
n=7; Fig. 3a—f). Approximately 12 large neurons (@bo Immunoreactive fibers that connected the laminathad
30-40 um in diameter) in the pars intercerebrajsessed AMe projected over the distal surface of the medila
strong myosuppressin-like immunoreactivity. Axomsahd fan-shaped manner (Fig. 3i—k). Furthermore, immeaor
from the pars intercerebralis connected this bradgiion tive fibers were observed in one of the proximabuoi
with the ventral nerve cord and the retrocerelmadgex layers before the serpentine layer (Fig. 4b, langew-
via the NCC1 median bundle (Fig. 3e). Prominerihistg  heads). All six evaluated preparations showed &t e
was also visible in the tritocerebrum. LMS-lir anterior neuron with its soma anterior e tobula
All major neuropils except the mushroom bodies sttbw and, near the AMe, one ventral neuron (ViE5) or two
myosuppressin-like immunoreactivity (Fig. 3a). Tmper VNes (i=1) expressed LMS-like immunoreactivity in the
unit of the central body expressed locally reséict left optic lobe (the nomenclature for anatomicémation
staining, whereas the lower unit and the protoagieb is used according to the longitudinal axis of thirel). In
bridge were free of staining (Fig. 3a). Moreovev)&-lir  the right optic lobe, no VNesi£1), one VNe (=4), or
staining was seen in the anterior lip of the cdrioaly three VNes f=1) were immunoreactive (Fig. 4b). Al-
(Fig. 3f) and in commissural fibers posterior af tentral though we could not discern whether the anteriaraoves
body (Fig. 3b). The lateral accessory lobes (imgnatrt also arborized in the AMe, the LMS-Ilir processeshef
projection areas of the neurons of the central podywNes arborized mostly in the loose and internodular
expressed weak LMS-like immunoreactivity (Fig. 3a). neuropils of the AMe (Fig. 4b, insert) and enteoedy
addition to weak staining in the antennal mechamsmsy  one ventral nodulus (Fig. 4b, insert). The higlestsity of

PI
. 4 : . " La
. 0 “l-. ¥ " ’o . =
ViR %J“!" \ . » Me
. . : Lo %,
” . % e MB _ 2 AMe
VNe CcB AQTu
. L]
Al g’ . g
¥ ‘.. L 7 At-.

Fig. 2 LMS-like-immunoreactive (LMS-lir) cell bodies ratsiructed somata are included. Only one immunoreactive emzon (YNe

from one brain of a male cockroadh (naderag Surface recon- was found in the optic lobes near the accessorylfaddL antennal
struction of contours of brain structures and prami neuropils were lobe, AMe accessory medullAOTuanterior optic tubercl&;B central
generously provided by T. Reischig. Only strongtyriunostained body,Lalamina,Lo lobula,MB mushroom bodyyle medullaPI pars
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Fig. 3 ak LMS-lir cells in the
brain ofL. maderaeFrontal .
sections labeled with anti-DMS
and detected with the peroxi-
dase-antiperoxidase technique.
a Overview of the left hemi- |
sphere of the central brain with »
immunostaining in the antennal
lobe @AL), central body €B), |
lateral accessory lobelAL),
superior medial llack arrow-
head, and superior lateraS{P
protocerebrum. No immunore- [
activity was found in the calyces
(Ca) and peduncleR) of the
mushroom bodyt(L p-lobe).

b LMS-lir in commissural fibers
(arrow) posterior of the central
body.c,d The anterior optic
commissured, arrow) and
posterior optic commissure

(d, arrow) show immunostain-
ing (SMPsuperior median pro-
tocerebrumyMP ventro-median
protocerebrum)e Four large
neurons of about 40 um diame-
ter @rrowhead$ and a group of
three smaller neurons of about
20 pm émall black arrovy show
strong LMS-like immunostaining
in the pars intercerebralis. Im-
munoreactive fibers of the medi- ™
an bundle are visibldafge gray
arrow). f Anterior lip of the o
central body showing prominent &2 § N 5!
staining arrow). |
g Faint staining was visible in the
antennal mechanosensory and
motor centerAMMC,
arrowhead. h In the optic lobe
(Lalamina,Me medulla), LMS-
like immunoreactivity was
observed in the accessory
laminae &rrowhead. ik Series
of three consecutive sections
showing sparse immunoreactive
fibers @rrowheads projecting in
an anterior fan over the face of
the medullale) toward the
lamina (a). Bars100 pm.

LMS-lir fibers did not occur in the AMe but rathierthe  peptide was injected in constant darkness at variou
anterior fiber network covering the AMe frontallig. 4b).  circadian times (CTs) into the vicinity of the AMsee
Materials and methods). In running-wheel assayssiple
Effects of LMS injections on the phase of the rhyth time shifts in the onset of locomotor activity afiee LMS
of circadian locomotor activity injections were evaluated. As judged from the 9584 C
LMS did not cause significant phase shifts at aifyt&sted
By injections combined with running-wheel assays, w(every 3 h from a CT of 0:00-24:00:=38; Table 1,
examined whether LMS acts as an input signal ingo t Fig. 6). Control injectionsr{=45) of 10% blue dye food in
circadian clock, which affects locomotor rhythm&eT HLR induced no significant phase changes, excapa fo
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Fig. 4 aThree dimensional model of the right accessoryutteeAMe)

with adjacent soma groups and incoming distal {(i2€}. The neuron the internodular region of the AMéngert, white arrowheaqd
marked in green represents the location of the UM®&euron  additionally, immunoreactivity occurs in one vigiblentral nodulus
(DFVNedistal group of frontoventral neurondFFVNe medial group  (insert, black arrowhegd Immunoreactive processes also invade one
of frontoventral neurondyiINe medial neuronsyMNe ventro-medial medulla layer proximal to the serpentine laylarde arrowheagl.

neuronsVNeventral neuronsyPNeventro-posterior neuronsdpar
50 um.b Paraffin section of the right optic lobe with oo S-lir
VNe neuron gray arrow) next to the AMe (encircled). LMS-lir

Moreover, immunoreactive fibers project toward thamina and
arborize in the accessory lamingeay arrowheads Bar 100 pm.

small phase delay at a CT of 09:02:00 (Tablel). Both  (difference in period lengths before and afterdtige:

the maximal phase advance (3.3 h) and the maximakp 0.00+0.16 h, CI=[-0.06; 0.05h=38) nor by control in-
delay (4.8 h) of the LMS injections occurred at a CT ofections (0.01+0.15 h, CI=[-0.02; 0.08};34). The mean
09:00 (Fig5). At this time, we found the highest variability of the period before LMS injection was 23.60+0.62 (

in the phase shifts. LMS-induced phase shifts wete 38) and that of the period after LMS injection \28s58+
statistically different from HLR control injectioiiBig. 6). 0.27. The means of the period before and after HLR
injection were 23.63+0.18%34) and 23.60+0.2h€34),
respectively. Lengthening and shortening of théodsr
appeared similarly frequent and were independetiteof
time of injection. The strongest lengthening of pleeod

No significant changes were found in the free-rngni was 0.26 h, and the strongest shortening was 032 &
periods at any CT after the injection of LMS or HIBh  positive control, 150 fmol PDF was injected at a@@T
average, the mean period before the injection o6ldvi 09:00 (=3) and caused significant phase delays (not
HLR (23.61+0.26 hn=72) was altered neither by LMS shown), as reported previously in Petri and StEi@gi7).

Effects of LMS injections on the period of the
rhythmof circadian locomotor activity

Table 1 Phase shifts (in circadian hours) resulting fropadtions of  (CT circadian time). No statistically significant déffences are
1.15 pmol leucomyosuppras (LMS) and from control injections observed following LMS injection.
(HLR hemolymph-Ringer) at various times during theadian cycle

CT (h) Phase shifts (meanzSD) 95% CI (lower to upper limit) Number
LMS HLR LMS HLR LMS HLR

00:06-03:00 0.20+2.08 0.31+0.50 -4.98 to 5.37 -0.32t0 0.94 3 5
03:06-06:00 -1.13+1.33 -0.42+0.84 -4.42 t0 2.16 -1.31to 0.46 3 6
06:06-09:00 -1.56+1.69 -0.14+0.52 -4.25t0 1.13 -0.97 to 0.69 4 4
09:06-12:00 -1.24+2.55 -0.46+0.07 -3.37 t0 0.89 -0.75to0 -0.18 8 6
12:006-15:00 -0.64+1.38 -0.64+0.89 -2.35t0 1.07 -1.74 t0 0.46 5 5
15:0¢-18:0( 0.87+1.74 0.02+0.60 -1.29to 3.04 -0.53t0 0.58 5 7
18:00-21:00 0.01+1.89 0.21+0.85 -2.34t0 2.35 -1.14 to 1.56 5 4
21:00-24:00 -1.03+2.65 -0.05+0.86 -4.33 10 2.26 -0.77 to 0.67 5 8

#Phase shift significantly different from zero adged by the 95% confidence interval)
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Fig. 5 Scatter plot of phase

shifts dependent on LMS 4

(filled squareyand hemolymph- ~ — - .

Ringer (HLR;open squargsat 2 34

various circadian times. 8 ' =

Injections of 1.15 pmol LMS in & 21 1

2 nl HLR with 10% blue food c "

dye (=38) caused maximal O 7 - :

phase delays and phase T OI _ - 1 .

advances at a CT of 09:00 O ' =

(-4.8 and 3.3 circadian hours). O 1 L] L] - a . m

At this time, considerable vari- 75 = o

ance occurred in the time shifts — 1 ]

Control injections of 2 nl HLR & ~ i .

with 10% blue food dyenE45) £ e - L "

caused only small phase shifts % L

The largest phase delay cause g _44

by a control injection occurred 5

at a CT of 12:00 (2.1 circadian £ _51 - =

hours), and the maximal phast

advance was found at a CT o -6 T T T T T T T T

18:00 (1 circadian hour). 00:00 03:00 0600 09:00 12:00 15:00 18:00 21:00 24:00
Circadian time (h)

Discussion cockroach. Injections of LMS into the vicinity ¢fet AMe

have demonstrated that this peptide is not involmdte
In this study, we have examined the presence andidnal control of circadian locomotor activity rhythms.
role of the neuropeptide LMS in the AMe, the ciliead
pacemaker center of the cockrodchmaderae With  Specificity of the antibody
MALDI-TOF mass spectrometry, we have shown that
LMS is present in isolated AMae. In addition, imrmun LMS shares the RFamide C-terminus with severalrothe
staining with an antiserum raised against a myassgin  families of FaRPs in the cockroathmaderagNassel
has revealed the presence of one to three immuwtiv@a 2000; Nichols et al. 1997; Orchard et al. 2001 erEfore,
VNes that innervate the circadian pacemaker cefitete  immunostaining with polyclonal antibodies cannatdity

Fig. 6 Phase response curves 3
obtained in response to the
injection of 1.15 pmol LMS and
control injections. Data were
merged into 3-h bins. LMS-
dependent phase shiftalgck
square$ and phase shifts
obtained from control injections
(open squarésare plotted.

Phase shift (circadian hours)

-3

00:00 03:.00 06:00 09:00 12:00 1500 18:00 21:00 24:.00
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distinguish between the different FaRPs, becaust afio  interneurons of the antennal lobe. Because gamrir@am
the available antisera recognize the RFamide Citeisn  butyric acid (GABA) has been shown to be the pgati
Thus, to determine whether LMS is present in prggiven ~ neurotransmitter of local interneurons of the améfobe
circadian pacemaker neurons innervating the AMe, wgHomberg and Muller 1999), LMS probably acts asa c
have employed an antiserum generated against ifpeeun transmitter with GABA, as shown for other peptittesther
N-terminus of DMS (TDVDHV; McCormick and Nichols insect antennal lobe neurons (Homberg and Mulleg19
1993) to avoid cross reactivity with other FaRHec&  Double-labeling experiments will test this hypotkes
DMS and LMS differ only in one amino acid at the N-  Most of the stained neurons have been found ipahe
terminus, and since the antigen used does notingh&  intercerebralis, which is involved in controllingrimone
common C-terminal RFamide, the DMS-specific antjpbod release from the retrocerebral complex and in hiargo
probably specifically recognizes LMS, but not otheRPs.  descending neurons to locomotor control neuropilhe
Characterization of the antiserum supports thiglosion.  thorax. Our results are comparable with the nunadber
Because our controls have not revealed any specifitMS-ir neurons observed in the pars intercerebrailis
staining, and since the DMS antisera only recogrfiger  Diploptera punctateby Donly et al. (1996) and Fuse et al.
cells compared with a previously employed FMRFamide(1998) who have found, by in situ hybridization, BM
antiserum (Petri et al. 1995), the observed imnmtaimisg ~ expression in 15-20 cells and, with an anti-FMR &I
probably represents LMS. This assumption has beeantibody, approximately 30 immunoreactive neuronthé
confirmed by MALDI-TOF mass spectrometry, which has pars intercerebralis. Meola et al. (1991) have asedMS
revealed that LMS is present in isolated AMae, desp antiserum preabsorbed for 24 h with FMRFamide ave h
the failure of previous immunocytochemical studieih also shown a comparable number of neurons in the pa
LMS-specific polyclonal antisera to detect specific intercerebralis of the cockroathmaderae

staining in the optic lobes of the cockroach (Meela

al. 1991). However, staining of the optic lobes of Myosuppressin-lir neurons in AMe

D. melanogasterhas been observed with the DMS

antiserum (McCormick and Nichols 1993). The AMe is innervated by neurons that can be grdupe
into six anatomically distinguishable clusters (Ha;

Myosuppressin-like immunoreactivity in the brain Reischig and Stengl 2003b). Most of the neurortbese

of the cockroach. maderae groups belong to one of four categories of neuddribe

AMe. They are either photic input elements, lootdrneur-

Staining has been observed in nearly all neurgpitte  ons, output neurons, or heterolateral coupling Hibmberg
cockroach brain, except for the mushroom bodidi, e et al. 2003b), and their processes appear to be
DMS antiserum (McCormick and Nichols 1993) indiegti  differentially distributed within the AMe. Whered#se
that LMS is abundant in the brain and might belvedin ~ GABAergic distal tract, which apparently bringsHhtg
many different functions. Because LMS-like immunore information from the medulla into the AMe, arborze
activity is present in the central body and in fdieral  almost exclusively in the noduli, PDF-ir outputstbé
accessory lobes, which are important projectioasapgthe  circadian pacemaker branch in the internodularsed
central body, LMS might be involved in navigatiama region of the AMe (Reischig and Stengl 2003b). Vditin
motor coordination (Homberg et al. 2003a; Homb&@42  myosuppressin antiserum, we have obtained staimitige
Strauss 2002). Since LMS injections into the AMe, anterior group of neurons of the AMe and in theugrof
however, have not revealed daytime-dependent isgnif the VNes. Until now, nothing has been known abbat t
phase shifts in circadian locomotor rhythms, itie iia function and arborization pattern of the anterieanons,
motor coordination does not appear to involveiitadian  and thus, this group is not described in the schefne
control, at least not under the paradigm used here.  Reischig and Stengl (2003b). The anterior neuroightm

Almost all glomeruli of the antennal lobe are inter also project to the AMe, but this remains to bengirad.
connected by a few LMS-lir local interneurons. Eheslls  The group of the VNes contains at least three msuttoat
are located in the vicinity of the LMS-ir cells dabed by ~ connect both AMae via the anterior and posteridicop
Meola et al. (1991), cells that seem to lose tin@inuno-  commissures (Reischig et al. 2004). Since myosspjore
reactivity if the antiserum is preabsorbed with ARdiRide  like immunoreactivity has not been observed inlohela
(Meola et al. 1991), indicating that they do nont@dn  valley tract, which contains all cells projectingrh the
LMS, but another FaRP. The LMS-lir neurons thathaee  optic lobe to the midbrain, the LMS-lir VNes ardikely
found near the antennal lobe thus differ from théSkir ~ to leave the optic lobe. This assumption is condidm
cells described by Meola et al. (1991), becauséotineer  further by the lack of LMS-lir fibers in the postaroptic
cells are located more posteriorly and appear ttodes  tubercle, a projection area of the AMe, and a ptesanput

42



LMS in the circadian clock and brain bf maderae

pathway into the protocerebral bridge of the cdntrahe circadian pacemaker bf maderaeremains to be

complex. Therefore, the LMS-lir neurons appearedooal
neurons of the optic lobe. The distribution of LM6-
fibers in the AMe itself is largely restricted teetanterior
shell and internodular neuropil, which are the pnestive
input and output regions of the AMe to midbraintees
and to the ipsi- and contralateral optic lobe neiiso
(Reischig and Stengl 2002). However, arborizatiares
also present in at least one ventral nodulus. Becthe
LMS-lir VNes inL. maderaearborize in the AMe, send
fibres via the characteristic fan-shaped antedypet fibre
system over the face of the ipsilateral medulldht®
ipsilateral accessory laminae, and invade a prdXager
of the medulla, they appear to be local internesiroh

specific optic lobe neuropils previously shown ® b

connected to the circadian clock in the AMe (Loessl

Homberg 2001; Reischig and Stengl 2003b). Their-mor

phology closely resembles the branching patteroczi
neurons of the optic lobe in the work of Loesel Biothberg
(2001; their Fig. 1c, optic lobe neuron 2 [OL2] rens).
The intracellularly recorded OL2 neuron is activaby
different light intensities (Loesel and Homberg 20Qike

the LMS-lir neuron, the OL2 neuron connects the AMe

with a proximal layer of the medulla and has sparse

cesses near the proximal edge of the lamina with co

spicuous arborizations in the accessory laminagudgged
from its branching pattern and its responses ta,lidnis
neuron type probably receives input in the meduiid has
output regions in the accessory laminae and AMegeb

and Homberg 2001). Our assumption that the LMS-|

neurons contain LMS is further confirmed by our ML

established in other physiological assays.
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Abstract The accessory medulla, the circadian clock of thdetected in the accessory medulla. Injections dRF&nide
cockroachLeucophaea maderags abundant in neuro- and Pea-FMRFa-7 (DRSDNFIRF-MHnNto the vicinity of
peptides. Among these neuropeptides are the FMRIEami the accessory medulla caused time-dependent ghifisess
related peptides (FaRPs), which generally share thecomotor activity rhythms at circadian times 8, 48d 4.
C-terminal RFamide. As a first step toward undeditag  Thus, our data suggest a role for the differentFFa R
the functional role of FaRPs in the circadian clotkhe the control of circadian locomotor activity rhythrms
cockroach, immunocytochemistry with antisera againd.. maderae

various FaRPs, MALDI-TOF mass spectrometry, aretin;

tions of two FaRPs combined with running-wheel gssa Keywords FMRFamides Circadian rhythm

were performed. Prominent FMRFamide-like immuno-Accessory medullaNeuropeptide function

reactivity was found in maximally four soma cluster MALDI-TOF MS - Cockroach]eucophaea maderae
associated with the accessory medulla and in neosopils  (Insecta)

of the protocerebrum. By MALDI-TOF mass spectrometr

various extended FMRFamides of the cockrdachaderae

were partially identified in thoracic perisympatbeairgans, Introduction

structures known to accumulate extended FMRFaniides

insects. By mass match, several of these peptidesalso In the cockroacheucophaea madera&esion and trans-
plantation experiments have located the circadiacke
which controls locomotor activity rhythms, to thecessory
medulla (AMe; plural: AMae) of the optic lobes (&ieand
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Homberg 1994; Reischig and Stengl 2003a). The ~250
AMe-associated neurons form six anatomically distish-
able groups according to soma size and locatiois¢Rig

and Stengl 2003b). The AMe neurons appear to be
abundant in various neuropeptides and, thus, céurtber
distinguished by a variety of peptide antiserarfrtal.
1995; Hofer and Homberg 2006b). Among these neurons
are pigment-dispersing factor (PDF)-like-immunot&ac
(PDF-ir) neurons, which control circadian locomotor
activity rhythms in this cockroach (Stengl and Hamtp
1994; Reischig and Stengl 2003a). Injections of Hidé

the vicinity of the AMe result in time-dependentagle
delays at circadian time 9 (CT 9; Petri and Std@§l7).
Computer modeling experiments have suggestedathat;
than PDF, at least one other peptide must be ieebin
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maintaining circadian rhythms via phase advancesi(P partial sequences similar to extended FMRFamides of
and Stengl 2001). Approximately 35 neurons adjateent P. americana One of these peptides, which has been
the AMe have previously been shown to be FMRFarnide-identified in the tPSOs df. maderae shows a high
(Petri et al. 1995). However, whether and in whahner sequence similarity to Pea-FMRFa-7, which has bsed
they belong to the various soma groups of AMe neuiro in our bioassays. A number of the extended FMRFesrod
remains unknown (Reischig and Stengl 2003b). litiadd Leucophaea maderdms also been found, by mass match,
which of the members of the FMRFamide-related depti in the AMe. Thus, our results obtained with immuytoe
(FaRPs) are recognized by the antibody and whatheof chemistry, mass spectrometry, and bioassays iedicedle
them might phase-shift circadian locomotor activityof several FaRPs in the circadian system of thikroach.
rhythms are unsolved problems.

The FaRPs are widely distributed throughout thérakbn
and peripheral nervous system of insects and aodved  Materials and methods
in the regulation of a multitude of physiologicatisities
(Orchard et al. 2001; Nichols 2003; Orchard andgean Animals
2006; Predel 2006). Members of this group geneshifyre
the C-terminal RFamide and are recognized witlbadiies  Adult male cockroaches€ucophaea maderpgvere taken
against FMRFamide. They include N-terminally exthd from laboratory colonies. They were reared undi2: a2 h
FMRFamides, myosuppressin (extended FLRFamideljght-dark (LD) photoperiod at about 60% relativantidity
sulfakinins (extended HMRFamides with a sulfatedand a temperature of 26°C. The animals were fdudwitd
tyrosine residue), short neuropeptides F (sNPRended dog food, potatoes, and watt libitum
RLRFamides), and long neuropeptides F (INPFs). &hes
RFamides are encoded on different genes, are sgpr@s Immunocytochemistry for paraffin sections
different neurons, and have specific receptors @4eand
Taghert 2001; Predel 2006; Nassel and Homberg 200Brains were dissected and fixed for 4 h in a fodehyde/
Hauser et al. 2006). Several FaRPs have beenfidériti  picric acid solution (aqueous Bouin’s solution nfiedi after
various cockroaches. They include a single myosgspr  Hollande; Romeis 1989), washed in clear water, dieigd
(L. maderae Holman et al. 1986Diploptera punctata in an ethanol series, and embedded in paraffira(tast
Donly et al. 1996; Fuse et al. 19%&riplaneta americana  plus, Sigma, Germany). Serial frontal 10-um-thiektions
Predel et al. 2001), two sulfakinirls (naderaeNachman were cut as ribbons, mounted on microscope slides,
et al. 1986P. americanaVeenstra 1989), a single sNPFdeparaffinized with xylene, and rehydrated thrograded
(head peptide,P. americana Veenstra and Lambrou ethanols. The brain sections were stained withsardi
1995), and 24 forms of the extended FMRFamide geragainst FMRFamide (diluted 1:3,000; no. 671; fromBE
(P. americana Predel et al. 2004). Marder, Brandeis University, Waltham, Mass.; Maeteal.

In this study, we focus on the role of FaRPs in th&987), sNPF (diluted 1:20,000; from Dr. H. Agricola
circadian clock of the cockroach. Thus, the distitn of  University of Jena), and PSK (diluted 1:100,000380;
FMRFamide-ir, sSNPF-ir, and perisulfakinin (PSK)-ir from Dr. H. Agricola, University of Jena; Agricoknd
neurons in the six distinguishable soma groupkeftMe  Brauning 1995).
and in the protocerebrum, in projection areas ofAldurons, Immunoreactive cells were detected by using a themsi
has been examined with various antibodies and cardpa three-step peroxidase technique (Sternberger Fa58hig
with that of the previously published dromyosuppiesr and Stengl 1996). To visualize all neuropils, thetions
(DMS-ir) neurons of the AMe. About 24 FMRFamide-irwere counterstained in 1% methylene blue. In cdntro
neurons in various soma groups of the AMe expressxperiments, preincubation of the relevant prinmeamtj-
FMRFamide immunoreactivity. Four of these immunoserum with 8.4x10* M FMRFamide peptide or I& M
reactive neurons can be further distinguished siitRF and sNPF or omission of the primary antibody removedd al
DMS antibodies (Sohler et al. 2007). The PSK antise  staining. To obtain an overview of the number adtion
however, recognizes none of the neurons in theityadf  of FaRPs near the AMe, our data were compared with
the AMe. To determine whether different FaRPs affeqreviously published data concerning DMS-ir sonmegar
circadian locomotor activity rhythms, the two aabdle the AMe (Sohler et al. 2007).

FaRPs, viz., the tetrapeptide FMRFamide and PealeMR

7 (DRSDNFIRFamide), have been injected in running©peration and injection for behavioral experiments
wheel assays. Mass spectrometric screening of dlwora

perisympathetic organs (tPSOs), which are majerass  Operations and injections were performed underedhlight
sites of extended FMRFamides in insects, have tegea and accomplished as described in Séhler et al7)2P6ptide
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injections comprised 100 fmol FMRFamide (Bacheminjector (World Precision Instruments, Berlin, Gamy).
Bubendorf, Switzerland) or 150 fmol Pea-FMRF-7Each preparation was air-dried again and covertédpure
(DRSDNFIRFamide) in 2 nl hemolymph-Ringer (Kaisglin water for a few seconds; the water was removecthylase
and Thorson 1980) with 10% blue food dye (McCormickpaper (Fine Science Tools, Heidelberg, Germany).
Baltimore, Md.). These concentrations corresponded
effective doses of pigment-dispersing hormone ghdro MALDI-TOF mass spectrometry
peptides in previous experiments (Petri and St28gr;
Petri et al. 2002; Hofer and Homberg 2006a). CdntrdMass spectra were acquired in positive ion mode on
injections consisted of 10% blue food dye in hemmgifp-  Voyager-DE STR mass spectrometer (Applied Biosystem
Ringer. The recording of the locomotor activity aiting Framingham, USA) equipped with a pulsed nitrogsera
of the data was described previously (Reischig @tedigl emitting at 337 nm. The excised AMae were analyzed
2003a). Data were evaluated from 148 of the 24%iafl reflectron mode by using a delayed extraction tohe
animals (FMRFamiden=53; Pea-FMRFa-7n=42; 150 ns, 75% grid voltage, 0.06%1% guide wire voltage,
controls:n=53). The remaining 97 animals were exclude@nd an accelerating voltage of 20 kV. Laser sttemgts
from further analysis because they showed litiwigcafter  adjusted to provide an optimal signal to noiseoratin
the injection, had strong changes in period lengthdied external mass spectrum calibration was first peréat by
within 1 week after the operation. Phase shiftsewverusing synthetic cockroach peptides (Pea-pyrokiitas
determined as time differences between the regrebses SPPFAPRLa/GGGGSGETSGMWFGPRLa).
before and after injection, extrapolated to the dfigr
treatment (Petri and Stengl 1997). The behaviatal dere Sample preparation for ESI-TOF mass spectrometry
merged, for the FMRFamide injections, into 2-h time
intervals. For the Pea-FMRFa-7 injections, the daege Aqueous extracts of the tPSOs were sonicated artd-ce
merged, from CT Ql2, into 2-h time intervals and, from fuged, and the supernatant was loaded onto amtactiand
CT 1224, into 3-h time intervals. The means and standaehuilibrated home-made microcolumn (purificatiopikzy
deviations (SD) were calculated for each bin. Ckeargf for electrospray spectrometry).
phases and periods in a given interval were carside be
significantly different from zero if the calculat&b% ESI-Q-TOF mass spectrometry
confidence interval of the respective time intemdial not
contain the value zero. The phase and period chamgee Nanoelectrospray mass spectra were acquired in the
statistically analyzed by a two-tailed Studdrtisst. Outlier positive-ion mode by using the API Qstar Pulsarplisul
data were eliminated after execution of two outlests Biosystems, Applera Deutschland, Darmstadt, Gerpnany
(Nalimov 1963; Grubbs and Beck 1972). Significawees fitted with a Protana (Odense, Denmark) nanoelsptay
taken ad?<0.05. Statistical analyses were performed witlsource. Typically 95000 V was applied as an ionspray
Superior Performing Software Systems (SPSS 128) aroltage. Samples were purified by using a homerspae
Excel XP (Microsoft). The phase response curvesewecolumn. Approximately 22 mm Luna C18 material
produced with Excel. (10 um; Phenomenex, Aschaffenburg, Germany) was
loaded into a 2-cm capillary column with a needte t
Sample preparation for MALDI-TOF mass spectrometniiquids were passed through the column by securing
the capillary column to a purification needle halde
Cockroaches were anesthetized with ice water fofProxeon Biosystems, Odense, Denmark) and by eentri
several seconds and decapitated. Brains were thssec fugation. After the column was equilibrated in 5%
and the perineurium in the vicinity of the AMe wasformic acid, the samples were loaded and rinsed wit
opened with ultra-fine scissors. Without enzymatre 5% formic acid. Peptides were eluted from the calum
ment, pieces of the AMe were removed step by syep lwith solutions of 10%/20%/30% acetonitrile (5% faecm
using an uncoated glass capillary (Hilgenberg, fdls acid) and collected into a metal-coated nanoelsptay
Germany) and transferred to a stainless steel sampdapillary. The purified samples were then loadetbon
plate for MALDI-TOF mass spectrometry. Subsequentlythe source and analyzed. After determination ofrtifie
any adhering insect saline (7.5 g/l NaCl, 0.2 gilK (mass to charge ratio) of the peptides in mass-spec
0.2 g/l CaCl, 0.1 g/l NaHC@Q, pH 7.2) was removed from trometry (MS) mode, a collision energy (typicall§-1
the sample plate by using the same capillary. Agpro 40 V) was applied. The m/z of interest was seleated
mately 20 nl matrix solutionu{cyano-4-hydroxycinnamic fragmented with the instrument in “enhance all” raod
acid dissolved in methanol/water) was injected dhto MS/MS data were typically acquired over 5 min and
dried tissue over a period of about 5 s via a niggwol manually analyzed.
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Results

Immunoreactive somata in the central brain
of the cockroach

The FMRFamide antiserum stained many cells in thmb
and the optic lobes, whereas all other employeidenat
recognized only subpopulations of the anti-FMRFasiid
cells (Fig. 1). In the central brain bfmaderagabout 1100

widely dispersed in the cell cortex (Fig. 1a). Thest
anterior cell cortex of the pars intercerebraliatamed
several large neurons under which 165 further msungere
located (Fig. 1a). Stained neurons were also obderear
the calyces, near the antennal lobes, and in vaother
areas of the superior lateral and inferior lateratocerebral
cell cortex (Fig. 1a). Antisera against SNPF dettstNPF-
like immunoreactivity in about 93 neurons throughiie

FMRFamide-ir somata were counted, all of which werecentral brain (Fig. 1b). Most of the neurons werated in
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Fig. 1 FaRP-ir cell bodies in three-dimensional modela afale
cockroach.. maderagAL antennal lobeAMeaccessory medulla,
AOTuanterior optic tuberclé&;B central bodyl.alamina,Lo lobula,
MB mushroom bodyMe medulla,Pl pars intercerebrali¥/Neventral
neuron). Surface reconstruction of contours ofrbsaiuctures and
prominent neuropils was generously provided byTDReischig
(University of Géttingen, Germany; Reischig andngte2002).
Faintly stained somata were exclude@MRFamide-ir cell bodies.
Reconstruction of stained central brain cells \wa® fone brain and of
stained cell bodies in the optic lobes was frontterdorain. Several
FMRFa-ir cell bodies were found near the accessedgulla AMe). b
About 93 sNPF-ir cell bodies were found in the k@drain and in
the optic lobes of the cockroach. Most were locatetie anterior
neuropil of the pars intercerebralis. Near the ABMPF-ir cell bodies

that could be grouped to the anterior or the iamtiarons were seen.

c About 29 PSK-ir cell bodies were found in the cartrain. Most
were located in the pars intercerebralis. No PSkeurrons were
observed in the optic lobBars200 pm.
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the most superficial cell cortex of the anteriomgpa
intercerebralis. Additionally, SNPF-ir neurons wéyand
in the pars lateralis, near the antennal lobdyaratea of the
optic stalk, near the calyces, and near the antenno
mechanosensory center (Fig. 1b). The fewest newere
stained with the anti-PSK antiserum. PSK-like imimwun
reactivity was located in about 29 neurons in thetial
brain (Fig. 1c). Most of these neurons were locatdte
most anterior cell cortex of the pars intercerabrahd in
more posterior parts of the pars intercerebrali (E€). In
the posterior part of the protocerebrum, two bitatg
symmetric lateral neurons were observed in fodhefive
evaluated preparations (Fig. 1c).

Immunoreactivity in the optic lobes

The anti-FMRFamide antiserum used in this studptide
fied nearly 100 FMRFamide-ir neurons per optic lobe
(Fig. 1a). Four main FMRFamide-ir soma groups cdeld
distinguished in addition to some scattered somata
(Fig. 1a). One group was located adjacent to theeAM
(Figs. 2a, b; 3c, d), one anterior to the AMe (Big), and
two groups were associated with the lamina (Fig. 1a
Weaker-stained neurons (22 +544 lobes) were scattered
dorsally between the medulla and lobula (Fig. 2abte
arrow). Tangential neurons (27+7.4, meant+%54
lobes) near the ventral tip of the medulla invatlesl
medulla and contributed to its staining. The AMseasated
neurons (23.7+9.8=8 lobes) could be assigned to four of
the six neuronal groups of the circadian pacemaker
(Reischig and Stengl 2003b; Fig. 2b). About 13 $32.
2.8) of the FMRFamide-ir neurons associated wigh/thle
belonged to the ventral neurons (VNes), and ab¢aits
7.5) neurons were found in the group of the distal
frontoventral neurons (DFVNes; Figs. 2b, 3c). About
FMRFamide-ir neurons each belonged to the median
(MNes; 2.3+1.3) and ventroposterior (VPNes; 2.4¥1.6
neurons (Figs. 2b, 3c, d). At least two neuronSx1.0)
could not be assigned to any of the six AMe groapd
were named anterior neurons (ANes) since they were
located at the most anterior surface of the celteco
associated with the AMe (Fig. 3b). The AMe exprésse
dense FMRFamide immunoreactivity concentrated én th
anterior neuropil and in the coarse neuropil arotisl



FaRPs in the circadian clock and brairLofmaderae

Fig. 2 Optic lobe, together with AMe neurons, immunosdimwith
antisera against FMRFamide) @nd sNPFd). a FMRFamide
immunostaining in the right optic lobe. The anterieuropil of the
accessory medullaAMe) with associated soma groupsrow)

expressed strong immunoreactivity. Additionally,akly stained
neurons were scattered dorsally between the meaidldobula
(double arrow. In the medulla Nle), a median layerc{osed
arrowhead and fibers of the fiber famgen arrowheadsconnecting

the medulla and laminad) were stained. The lamina expressed

stronger immunoreactivity proximally than distattyParaffin section
of the right optic lobe showing three sNPF-ir VNasow). In the

AMe, one nodulusafrowhead and the internodular neuropil were
stainedBars100 pmub, d, eThree dimensional (3D) models of the
right accessory medullaie with adjacent soma groups (generously

provided by Dr. T. Reischig, University of GottingeGermany;
Reischig and Stengl 2003b). The cell bodies markealor represent
the general location of the FMRFamide-ir neurdnsand of the

SNPF-ir neurongd). e Summary of the number of neurons in the six

distinguishable soma groups of the AMe stained tighvarious
antisera. Additionally to the FMRFamide and sNPEroes, one
dromyosuppressin-ir neuron (Sohler et al. 2008)amed irgreen
(DFVNedistal group of frontoventral neuroMdFVNemedial group
of frontoventral neurong/Ne medial neuronsyMNeventro-medial
neuronsVNeventral neuronsyPNeventro-posterior neuronars
50 pm.

noduli (Fig. 3c). Most of the noduli of the AMe veer

invaded only sparsely but homogeneously by immunq6
reactive fibers (Fig. 3d), but two to three nodidpressed (@

strong staining. Moreover, all other neuropilshaf bptic
lobe were invaded by FMRFamide-ir fibers. In thailza,

stronger staining at the proximal face could beimlis
guished from fainter staining at the distal facg.(Ea). In

the medulla, several medial layers showed FMRFamide
immunoreactivity, additionally to the characteddiber fan
along the anterior surface of the medulla (Fig.Petri

et al.1995).The FMRFamide-ir fiber fan connected the
AMe to the medulla and lamina (Fig. 2a) and was
predominantly varicose in appearance.

With the Pea-sNPF antiserum, about two sNPF-ir VNes
(1.67+1.51) and about 1 ANe (1.17+1.21) were olesrv
(Figs. 2c, d, 3a, e). The AMe contained strong siNPF
staining in the internodular neuropil and also émg

/ y

¥

AMe_

Fig. 3 FaRP-ir cells in various cells groups associatéd the
AMae. a sNPF immunoreactivity in one anterior neuramo(). b
FMRFamide immunostaining in five anterior neurafdMRFamide-
ir VNes @rrow), DFVNes (louble arrowhead and MNes grrow-
head were visible next to the AMelélineated in rel The anterior
neuropil of the AMe expressed strong immunore&gtidit least two
noduli were strongly stainedgen arrowhead d FMRFamide-ir
VPNes arrow) and sparse staining in apparently all nodulhef t
Me were observedt The three sNPF-ir VNesrtow) restricted
heir staining to the internodular neuropil andotee nodulus
rrowhead of the AMe (lelineated in refd f With the PSK antibody,
no staining in the AMedglineated in reflor in neurons adjacent to
the AMe was obtainedars100 pm &, b), 50 um ¢-f).
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antero-ventral noduli (Figs. 2c, 3e). In the mealuiéint
SNPF-ir staining in the anterior fiber-fan and ster

0.39 h; Fig. 4a; Table 1). The strongest phase razb/a
was observed after injection of FMRFamide at CT 6

immunostaining in a middle layer of the medulla ver (3.46 h; Fig. 4a). However, again, the other vahlsained

detected. The lamina expressed immunoreactivithet
proximal face. Additionally, there was stainingthre
lamina-organ. In some preparations, two groupsaified
cells were found ventrally and dorsally of the laeni

No PSK-ir neurons were detected in the vicinityhaf
AMe in six of the ten evaluated lobes (Fig. 3f)tthmnee
lobes, one neuron in each case was observed tidt lw®

after injections at this CT were different, and fimally
resulting average phase shift was close to zer@TALS,
one injection resulted in a phase advance thatdcbel
identified as outlier according to the Nalimov t@éalimov
1963). This value was excluded from further analysi
Injections of 150 fmol Pea-FMRFa-7 resulted in gign
icant phase delays at two circadian times (CT 4@hd,

grouped to the VNes (Reischig and Stengl 2003b¥ig. 4d, Table 2) as judged by the 95% confidence

However, only one of these neurons was clearlytifitzh

intervals. Comparison of the phase shifts of Pe&RF&7

as being above background staining, because it wagections with those of the control injections {&&nts

observed in two consecutive Lifit-thick sections. In two

t-test) resulted in significant differences at CTHe phase

of the lobes with faintly stained VNes, one to thre delays at CT 4 were significantly different fromgse

immunoreactive neurons anterior to the lobula feuad.

shifts at CT 2, 15, 18, and 21. Maximal phase delay

The AMe itself did not show PSK immunoreactivity occurred after injection at CT 45(4 h). The highest phase

(Fig. 3f). Among the other neuropils in the optibé,

advance occurred after injection at CT 15 (1.3Ridp; 4b).

stained fibers were observed only in the medulla in Control injections with carrier solution alone (10$tie

middle layer, but not in the fan-shaped surfacestdming
was visible in the lamina.

Effects of FMRFamide, Pea-FMRFa-7, and hemolymph-

Ringer injections on the phase of circadian locamot
activity rhythm

In the locomotor activity assays, the tetrapefslRFamide

food dye in hemolymph-Ringer; Kaissling and Thorson
1980) did not cause significant phase shifts at@ig
(Table 1).

Effects of FMRFamide, Pea-FMRF-7, and hemolymph-
Ringer injections on the period of the circadian
locomotor rhythm

and Pea-FMRFa-7 (DRSDNFIRFamide) were injected intbhere were no significant changes in the free-mgni

male cockroaches under constant darkness (DD)ebksfey
were set back into running-wheels under DD. Pea-FMR
was chosen as an available, abundant, and phyisiallgg

periods at any CT before and after injection of FfdRiide.
The mean period (£SD) before the injection of FMRIek
was 23.59+0.24 h (CI [0.002; 0.08}52), and the mean

active extended FMRFamide from the American coaltroa period after the injection of the peptide was 23624 h.
P. americangPredel et al. 2004). FMRFamide andOf the 52 evaluated periods, we observed lengtheaiin

Pea-FMRFa-7 were injected at different circadiames.

the period with a maximum of 0.31 n£32) and

Locomotor activities of the free-running cockroashe shortening of the period with a maximum of 0.36 h

were recorded before and after the injection, arssiple
time shifts in the onset of the locomotor actiwtgre
evaluated.

Injections of 100 fmol FMRFamide resulted in signif
cant phase delays at two CTs (CT 8 and CT 184Ej)as
judged by the 95% confidence intervals. The resglti
phase delays at these two time points were alsufisig
cantly different from the control injectionB<0.05; two

(n=19). The 40 Pea-FMRFa-7 injections also did agse
significant changes in the free-running period. fitean
period (£SD) before the Pea-FMRFa-7 was 23.57+0.22
(Cl [-0.06; 0.01],n=40), and after the Pea-FMRFa-7
injection was 23.60+0.23 h. We observed lengtheoing
the period with a maximum of 0.29 mn£20) and
shortening with a maximum of 0.19 h=20).
Hemolymph-Ringer injections did not significantly

tailedt-test, Table 1). In addition, the FMRFamidechange the free-running period at any CT beforeadied

injections at CT 18 differed significantly from FNFBmide

injections at CT 4, 57, 10, 14, 20, 22, and 24. The

FMRFamide injections at CT 8 differed significarfigm

FMRFamide injections at CT 4+-B 10, 14, 20, 22, and 24.

the injection (=46).

Dose dependency of phase shifts induced by FMRFamid
and Pea-FMRF-7

The maximal phase delay that was observed in the

experiment occurred after injection at CT 127 h), but
this value differed strongly from the other valaégained
after injections at this CT (Fig. 4a). At CT 18ydb
injections resulted in significant phase delays {3+

52

The FMRFamide-dependent phase delays at CT 18 were
not positively correlated with the dose of FMRFaeid
injections. Whereas injections of“finol peptide caused
significant phase delays, injections of #@mol caused
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Fig. 4 Scatter plots, phase response curves, and dgseAses injections and into 2-h (00:602:00) and 3-h bins (12:000:00) for
relationship obtained after injection of FMRFamisidPea-FMRFa 7 the Pea-FMRFa-7 injectionStarsindicate FMRFamide- or Pea-
(DRSDNFIRFamide)a Scatter plot of FMRFamide-dependditied FMRFa-7-dependent phase shifts that were sigriificdifferent <
triangleg and hemolymph-Ringer-dependenpén squargsphase  0.05) from control injections at the same circadiare. e Dose-
shifts at various circadian times. Injections coisgnt 100 fmol  dependency of FMRFamide-induced phase shifts 483 Barsshow
FMRFamide in 2 nl hemolymph-Ringer with 10% bluedalye phase shifts resulting from injections of hemolyrigihger (=4),
(n=53). Control injections comprised 2 nl hemolymghg®r with ~ 10°° fmol FMRFamide 1t=4), 102 fmol FMRFamide i=5), and
10% blue food dyenE53) and were identical & b. b Scatter plot 100 fmol FMRFamidenE3). Starsindicate FMRFamide-dependent
of Pea-FMRFa-7-dependeritlléd triangle9 and hemolymph- phase shifts that were significantly different froontrol injections
Ringer-dependenbfpen squargsphase shifts at various circadian (P<0.05).f Dose-dependency of Pea-FMRFa-7-induced phasg shift
times. Injections comprised 150 fmol Pea-FMRFa-Z m hemo- at CT 4.Barsshow phase shifts resulting from injections of
lymph-Ringer with 10% blue food dye<42).c, d Phase response hemolymph-Ringerr€5), 1 .5x 10° fmol Pea-FMRFa-7nE3),
curves obtained in response to the injection offir@) FMRFamide  1.5x1072 fmol Pea-FMRFa-7nE4), and 150 fmol Pea-FMRFa-7
(c, mean+SDplack squares control injectionsd d, mean+SD, (n=6). Starsindicate Pea-FMRFa-7-dependent phase shifts trat w
open squargsand injection of 150 fmol Pea-FMRFael (nean+SD, significantly different from control injection$€0.05).

black squares Data were merged into 2-h bins for the FMRFamide

phase advances (1.14+0.57 h), which were significan zero nor from control injections (0.27+0.64 h; -©I[5;
different from zero (CI[0.43; 1.85h=5) and from control 1.29],n=4, data not shown).
injections (Studerg t-test). Phase shifts induced by The Pea-FMRFa-7-dependent phase shifts at CT 4 were
injections of 10° fmol FMRFamide were neither signifi- positively correlated with the dose of Pea-FMRFaj&c-
cantly different from zero nor from control injeetis tions (Fig. 4f). The phase delays decreased withedsing
(0.11+1.0 h; CH1.48; 1.70],n=4; Fig. 4e). amounts of the injected peptide. The injections of
Injections of 102 fmol FMRFamide at CT 8-9 caused 1.5x102 fmol and of 1.5x10° fmol Pea-FMRF-7 caused
phase shifts that were neither significantly difgrfrom  phase shifts-0.69+1.54 and1.47+1.95, respectively)
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Table 1 Phase shifts (in circadian hours) resulting frajadtions of 100 fmol FMRFamide and from contra@rtiolymph-Ringer) injections at
various times of the circadian cycleT(circadian time) with statistically significant tBfences at CT 8 and 18I(confidence interval).

CT (h) Phase shifts (mean+SD) 95% CI (lower to upper limit) Number
FMRFamide Hemolymph-Ringer FMRFamide Hemolymph-Ringer FMRFamide Hemolymph-Ringer

00:00 -0.24+0.84 -0.42+0.95 -1.58t0 1.11 -1.591t00.76 4 5
02:00 -0.64+1.35 -0.25+1.24 -4.00t0 2.73 -2.22t01.73 3 4
04:00 0.04+1.18 -0.45+1.12 -1.79t0 1.86 -1.83to 0.94 4 5
05:00-07:00  0.04+1.9% 0.20+0.95 -1.97 t0 2.04 -2.15t0 2.55 6 3
08:00-09:00 -1.99+1.06° -0.40+1.00 -2.76 t01.22 -1.32t0 0.52 9 7
10:00 -0.60+1.1f -0.95+0.28 -2.36t0 1.16 -0.801t0 0.61 4 3
12:00 -1.15+1.70 -0.86+1.01 -3.86to 1.55 -2.121t0 0.39 4 5
14:00 -0.20£1.20  -0.22+0.73 -2.11t0 1.71 -1.39t0 0.94 4 4
16:00 -1.91+1.62 -0.06+0.81 -3.921t0 0.10 -2.06t01.94 5 3
18:00 -2.73+0.39° 0.16+0.41 -3.69 t01.77 -0.50 to 0.82 3 4
20:00 0.40+0.23 -0.15+0.60 -0.15t0 0.95 -1.091to 0.80 3 4
22:00 -0.67+0.78  0.36+1.35 -1.86t0 0.52 -1.06t0 1.77 4 6

#Phase shifts significantly different from hemolymRmger injectionsP<0.05; two-tailed-test)
PPhase shifts significantly different from zero adged by the 95% CI (sééaterials and methods)
“Phase delay at CT 8 and 18 significantly diffefeotn FMRFamide-dependent phase shifts at otheadian times P<0.05; two-tailed

t-test)

neither significantly different from zero nor sificantly
different from hemolymph-Ringer injections.

elucidation. To test the assumption that the mpsstsea
contained signals of hitherto unknown species-gigeci

extended FMRFamides, the peptide complement of the
Mass spectrometric analysis of extended FMRFaniides tPSOs of.. maderaavere examined (Fig. 5a). These organs
excised AMae are known to accumulate large amounts of extended
FMRFamides in the cockroaéh americangPredel et al.
2004).A first screening of the respective peptides from
tPSOs by means of tandem mass spectrometry confirme
that these peptides were extended FMRFamides;ta@ep
ion signals of unknown substances; in additiofnéorhore  with a monoisotopic mass of 1,136.6 Da [(M+H)+]
prominent mass signal of leucomyosuppressin (LMBje®  (Fig. 5b) could be identified as AVRDNFIRFamide (S.
et al.2007).The intensity of the ion signals obtained fromNeupert and R. Predel, unpublished). A compari§onass
preparations of the AMe was not sufficient for smoge  spectra from tPSOs with those obtained from prépassof

Mass spectra taken from preparations of a comfpaldie did
not reveal clear peptide signals. Thus, the AMeseaarated
into different pieces, and some of these prepastyelded

Table 2 Phase shifts (in circadian hours) resulting frajadtions of 150 fmol Pea-FMRF-7 and from contt@rfiolymph-Ringer) injections at
various times of the circadian cycléT circadian time) with statistically significant tfences at CT 40{ confidence interval).

CT (h) Phase shifts (mean+SD) 95% CI (lower to upper limit) Number
Pea-FMRFa-7 Hemolymph-Ringer Pea-FMRFa-7 Hemolymph-Ringer Pea-FMRFa-7 Hemolymph-Ringer

00:00 -0.63+1.05 0.42+0.95 -3.251t0 1.98 -1.59t0 0.76 7 5
02:00 -0.19+0.52 0.25+1.24 -0.67 to 0.29 -2.22t0 1.73 7 4
04:.00 -3.10+1.7%° 0.45+1.12 -4.89 to1.30° -1.83t0 0.94 6 5
06:00 -1.75+1.04 0.20+0.95 -4.34 t0 0.83 -2.15to0 2.55 3 3
08:00 -1.46+0.91 0.40+1.00 -2.90 t00.02 -1.32t0 0.52 4 7
10:00 -1.00+1.93 0.95+0.28 -5.78 t0 3.79 -0.80 to 0.61 3 3
12.00 -0.72+1.70 0.86+1.01 -3.42t0 1.98 -2.121t0 0.39 4 5
1500 -0.08+1.12 0.22+0.73 -1.46 to 1.32 -1.39t0 0.94 5 4
18:00 -0.38+1.24 0.16+0.41 -2.351t0 1.59 -0.50 to 0.82 4 4
21:00 -0.52+0.22 0.15+0.60 -1.07 to 0.03 -1.09 to 0.80 3 4

*Phase shifts significantly different from hemolyrRmger injectionsR<0.05; two-tailed-test)
®Phase shifts significantly different from zero adged by the 95% CI (sddaterials and methods)
“Phase delay significantly different from DRSDNFIRfee-dependent phase shifts at other circadiarstifffe<0.05; two-tailed-test)
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the AMe revealed the occurrence of identical masdasth

tissues (Fig. 5a,b). Additionally, we detected ptide with

a mass of 1,315.9 Da (Fighc) identical with the
thoracic PSO theoretical mass of Pea-sNPF.

1060.61

Discussion

1033.5V
110

This study examined the distribution and functidn o
various FaRPs in the AMe, the circadian clock alirig
circadian locomotor activity rhythms, in the cockebL.
maderae Anti-FMRFamide immunocytochemistry
a AL (| L revealed neurons in four (VNe, DFVNe, MNe, VPNe) of
900 1120 1340 1560 l178[] 2000 the six cell groups associated with the AMe. Addidlly,
cells in the group of ANes were immunostained. ahi
sNPF antibody and the anti-DMS antibody recognized
aMe ANes and VNes. With the PSK antibody, no immuno-
reactive neurons near the AMe were detectable.|Resu
following injections of FMRFamide and Pea-FMRFaxDi
the vicinity of the AMe suggested that various merslof
the FaRPs were involved in the control of circadian
locomotor activity rhythms. This hypothesis wasfitored
by MALDI-TOF and ESI-Q-TOF mass spectrometry, which
identified FaRP candidates in the cockrohchaderae

1405.63
1614 94

™ 903 49
1316.72
133163

22781

1274.63

3663 AVRDNFIRFa

1181.63

11

Signal Intensity

162769 VTSE4

Specificity of the antisera

900 1120 1340 1560 1780 2000 Interpretation of peptide expression patterns aleskby
626.6 immunocytochemistry is critically dependent on $ipec-

T ificity of the antisera used. As previously repdrtte anti-
sNPF aMe FMRFamide antibodies most likely recognize mosillonf
131592 the different members of FaRPs in various cockroach
species (Orchard et al. 2001; Nassel and Homberg
2006; Predel 2006). IDiploptera punctatafor example,
1970:34 the FMRFamide antiserum detects, in addition te fiv
high-performance liquid-chromatographic fractiotise
LMS-containing fraction. Therefore, the anti-FMRFRden
antiserum probably recognizes most FaRRs maderae
(Fuse et al. 1998). This assumption is confirmedaby
comparison of anti-DMS immunoreactivity with anti-

900 1140 1340 1560 1780 2000 FMRFamide immunoreactivity obtained with two diéat
mass/charge anti-FMRFamide antibodies (Petri et al. 1995; Stélel.
2007). The DMS-ir neurons appear to be a subpapulet
Fig. 5 a, bComparison of mass spectra from preparationsioigge the FMRFamide-ir neurons in maderage whereas the
thoracic perisympathetic orgaR$Q and from the accessory medulla staining patterns obtained with the various FMRFemi

(aMe) of Leucophaea maderaghe tPSO spectrum appears to contai : f i diffes
several extended FMRFamides (see Predel et alf@d®@4mericann "antibodies do not appear to be significantly r'The

most of which were also seen in the akde)(Enlargedn b Spectrum  different numbers of FMRFa_mide'ir neurons deteam
of one aMe with FMRFamide candidates showmeih Arrows ~ to the AMe seem to be attributable to differencethe

indicate the peptide at [M+M]1,136.63, which was identified as dilutions of the various anti-FMRFamide antiseradis
AVRDNFIRFamide (S. Neupert and R. Predel, unpuetishAddi- (Petri et al. 1995)

tionally, the blocked form [M+H] 1,257.63 and the unblocked form . . .
[M+H]™: 1,274.63 of leucomyosuppresdivg could be detected in The specificity of the PSK antiserum has been cteaized

the accessory medullaMALDI-TOF mass spectrometry showing the by Agricola and Braunig (1995) who tested the antis
presence of SNPF with a mass of [M+H]+ of 1,315@2 with a competitive and non-competitive enzyme-lichke

993.69 [M+Nal
1337.91
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immunosorbent assay and found no cross-reactiots wiFaRP immunoreactivity in the circadian system
other FaRPs at the dilutions used for immunocyto-
chemistry. Additionally, immunocytochemical expegimts  As previously shown by Petri et al. (1995) withiffedent
on Drosophila melanogastethe only insect species for anti-FMRFamide antibody, the distribution of FaR®s
which the differential localization of the FMRFarmeg] highly prominent in the circadian system of thekroach.
LMS, and sulfakinins has been determined, have shovwsince, in the earlier work, the different soma greu
that the PSK antiserum is specific for sulfakinf®en used associated with the circadian clock were not knatla,
at concentrations of 1:10,000 or lower (Veenstralet assignment of the immunostaining to different fiorl
1995). Furthermore, East et al. (1997) have shdwan t circuits of the circadian clock was not possibleré] we
neurons stained with drosulfakinin antiserum acated have shown that not only local interneurons of Alvde,
only in the pars intercerebralis and in four paif€ell  but also output cells are immunostained, because th
bodies in the posterior surface of the brain. Theselts, FMRFamide-ir neurons are located in the group ef th
which were obtained from the cockrodehamericanaare DFVNes (about nine somata), VNes (about 13 somata),
comparable with our results obtained frammaderaeand  VPNes (about two somata), MNes (about two somaitel),
strengthen our assumption concerning the spegib€ithe  ANes (about two somata), next to the AMe. The DF¥Ne
antiserum used. are assumed to be local interneurons of the AMeorgn
The specificity of the Pea-sNPF antiserum has bedhe ~29 DFVNes are three to five small, weakly HDF-
demonstrated by preincubation of the antiserum witimedulla cells (PDFMes), four to six orcokinin-irunens,
10~ M sNPF, which results in complete loss of theand about ten allatotropin-ir neurons (Reischig Stehgl
staining. Because controls do not reveal any sjecif1996, 2003b; Hofer and Homberg 2006a, b). Both the
staining, and since the antiserum used only rezegri  orcokinin-ir and allatotropin-ir cells project intbe noduli
few cells compared with the FMRFamide antiserura, thof the AMe. The noduli are involved in light-infoation
observed immunostaining probably represents sNRE. T processing, since they are densely innervatedhea t
assumption has been confirmed by MALDI-TOF masgamma-amino-butyric acid (GABA)-ergic distal tract,
spectrometry, which has revealed the presencePF3sh which relays light input from the medulla to the &M
isolated AMae, whereas leucosulfakinin is not deec (Petri et al. 1995, 2002; Reischig and Stengl 12962,
However, we cannot exclude that some of the ctdls a 2003b). Furthermore, all substances tested thakesp

contain other structurally related peptides. immunoreactivity in the noduli, such as allatotmopi
GABA, and orcokinin, produce light-like biphasicgse
FaRP immunoreactivity in the central brain response curves (PRCs) when tested in running-wheel

assays (Petri et al. 2002; Hofer and Homberg 200618
The widespread distribution of FMRFamide immuno-/Nes are output neurons of the AMe and projectious
reactivity in the central brain of the cockrodchmaderae targets in the central brain: the superior medieoiqgp
indicates a prominent role of this large peptidaifain  cerebrum, the superior lateral protocerebrum, rifesior
regulating neuronal and physiological activitiestlre lateral protocerebrum, and the ventrolateral pesttarum.
cockroach. In addition to possible roles as neudutase  Among the ~24 VVNes are one DMS-ir, three to sigdaand
tors, a neurohormonal role of FaRPd.immaderads three to five median PDFMes, three to four allaigitn-ir
suggested from the presence of immunoreactive soimat neurons and GABA-ir neurons, and 16 orcokinin-itsce
the pars intercerebralis and stained fibers piogtdward (Reischig and Stengl 2002, 2003b; Petri et al. 26fafer
the retrocerebral complex. This assumption is ao@ance and Homberg 2006a, b; Séhler et al. 2007). Four VNe
with reports of FaRPs in neurosecretory cells drad t cells directly connect both bilaterally symmetridlae,
retrocerebral complex in other insects (Meola e1991; apparently as a coupling pathway (Reischig et@042.
Donly et al. 1996; East et al. 1997; Fuse et &818lassel Three of these cells are PDF-ir, namely the laigENte
2000, 2002). Furthermore, FaRPs have been defadisel and two medium PDFMe cells. Because up to six ef th
hemolymph from where they can reach all organs anell2 PDF-ir PDFMe cells colocalize FMRFamide immuno-
tissues of physiological interest (Elia et al. 199395). reactivity, some of the coupling cells might als® b
The finding of FMRFamide-ir , PSK-ir, and sNPFibdrs FMRFamide-ir. As one to four sNPF-ir cells and one
in the superior median, superior lateral, infeléderal, and DMS-ir cell occur among the VNes, they most propabl
ventrolateral protocerebrum suggests that the PSiRd represent a subgroup of the FMRFamide-ir VNes. It
sNPF-ir fibers are subgroups of the FMRFamidebers. remains to be tested whether coupling VNes costsdiPF
PDF-ir fibers have also been observed in the sanm LMS. Since no sNPF immunoreactivity, but DMS
locations. Thus, in these regions, PDF and FaRpeaapd immunoreactivity, has been found in the anteriod an
to be colocalized (Petri et al. 1995). posterior commissures, which connect both AMasgéms
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more likely that LMS acts as a coupling factor. trat The FMRFamide-dependent PRCs with significant
colocalization studies will test this hypothesigelet al. phase delays at CT 8 and 18 most likely ariseeasetult
(2006) have found NPF in the dorsal lateral ciraadi of the binding of FMRFamide to different FaRP réoep
pacemaker neurons (LNdof theDrosophilabrain.  This is further supported by the finding that itjec of
Therefore, NPF has been suggested to be involved 1@ 2 fmol FMRFamide at CT 18 causes phase advances.
chronobiological functions. NPF might act as a weur Thus, we hypothesize that the FMRFamide-depend@t P
modulatory substance within a subset of LiMdolved in  represents an overlay of monophasic PRCs, withaat |
the late-day component of locomotor activity (Lé@le one FaRP acting at CT 8 and at least two acti@yat8.
2006). This is the first evidence for the role d?Nas an To differentiate the PRC obtained from FMRFamide
output factor that might participate in certainexdp of injections further, we have injected Pea-FMRFahisT
clock-controlled reproductive behavior. BecauseSNP  peptide has been chosen because Predel et al) (204
the cockroach is also located in output neuromsait play  shown that many FaRPs ending with FIRFamide extsi
a similar role as NPF in the fly. Future injectiangeri- tPSOs of. americanaamong them the highly prominent
ments will test this hypothesis. Since both DM&Sibhler Pea-FMRFa-7. Because our mass spectrometric anafysi
et al 2007) and sNPF-ir neurons branch in the mathely the tPSOs of. maderaenhas revealed the occurrence of
could be involved in light-processing tasks. Amtimg~36  FaRPs ending with FIRFamide, Pea-FMRFa-7 probably
VPNes, two are FMRFamide-ir , and four are orcakini  cross-reacts with an FIRFamide-receptor of a cbjadptide
(Hofer and Homberg 2006a, b). The function and &rbo in L. maderagPea FMRF-7 has been employed, since it
zation pattern of these cells is not known. Atflda® closely resembles the partly sequenced Lem-FMRIR.
FMRFamide-cells belong to the MNes. THe6 MNes hypothesis has been confirmed by the Pea-FMRFa-7-
represent a heterogeneous group of neurons thateagly  dependent monophasic all-delay PRC with a significa
fullfil different functions. Among them are two akinin-ir ~ phase delay at CT 4. Thus, an extended FIRFanotalmy
and two to four Mas-allatotropin-ir neurons (Reigcéind  acts at CT 4. In contrast to the light-like biplcaBRCs
Stengl 2003b; Hofer and Homberg 2006b). A subset afbtained via injection of orcokinin, Mas-allatotiopand
neurons of the group of the MNes possibly contdbub GABA, the FMRFamide- and Pea-FMRFa-7-dependent
the distal tract (Homberg et al. 2003). PRCs suggest that FaRPs are involved in a circadian
function different from light. However, the FMRFada:
Functional role of the FaRPs in the circadian syiste dependent phase delays at CT 18 could be part tftit-
entrainment pathway, because they overlap witl-tigie
Because FMRFamide-ir neurons densely innervate tHRRCs. Thus, some FaRPs possibly located in DFVIiigg m
internodular and part of the nodular neuropil & &Me, relay light-dependent phase delays during the edglyt
members of the FaRPs probably play a variety &srol  from the contralateral eye.
the circadian system. To determine at what circatiliaes Schneider and Stengl (2007) have postulated tladdspe
members of this large superfamily of peptides mijfact of changes in the electrical activity of AMe neuson
circadian locomotor activity rhythms, we have itgetthe  occurring at the early day, the late day/early inigid the
most conserved FaRP sequence, viz., the tetrageptichiddle of the night are correlated with a vast amamf
FMRFamide. This C-terminal structure of the lastrf@-  peptide release. Interestingly, the activity peskidution
terminal amino acids is most conserved between thaf AMe neurons correlates well with the maxima lohge
different animal species and is expected to cresstiwith  responses obtained after the injections of PDF @& T
diverse FaRP-receptors, whereas the N-terminahgrtess GABA (CT 13-15, CT 19), and serotonin (CFI3). With
vary considerably and relay receptor specificityrtker-  injections of FMRFamide, we have obtained maximal
more, methionine in position 2 is mostly toleraat t phase shifts at CT 8 and 18 and with Pea-FMRF&=mT at
substitutions, and isoleucine and methionine armmam 4. Therefore, peptides of this family could be casible
acids that are both nonpolar and hydrophobic (€h&l. for the maximum of activity changes during theeddy,
1994). This suggests that the tetrapeptide FMRFamidwhen no other substances affect locomotor activity
although not found in the cockroafPh americanacan rhythms.
bind to several different FaRP receptors. Furtheemo
Cazzamali and Grimmelikhuijzen (2002) have shovat th Concluding remarks
the DrosophilaFMRFamide receptor even binds the
tetrapeptide FMRFamide without any N-terminal extenWe assume that several members of the FaRPs asnipre
sions, and that the binding affinity for this peptis higher in the AMe. Apparently, they play different rolesron-
than for SDNFMRFamide, suggesting that some N-t&imi photic and possibly also as photic inputs to theaciian
extensions reduce binding affinity. system and modulate circadian locomotor activifghims
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at, at least, three different circadian times. feutloning of
the FaRP-genes In maderaecombined with single-cell

mass spectrometric analysis and various physichbgic

assays are necessary for the further characterizatithis
large peptide superfamily.
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Abstract In the cockroach Leucophaea PDF-neuron showed no further peptide
maderae, lesion and transplantation studiesolocalization. Although two third of all PDF-
located its bilaterally symmetric circadianexpressing medulla neurons were additionally
pacemakers necessary for driving circadiaRMRFamide- and orcokinin-immunoreactive,
locomotor activity rhythms to the accessorygolocalization of PDF- and FMRFamide
medulla of the optic lobes. The accessorinmunoreactivity was observed in only few
medulla is composed of a network oftermination sites of PDF-expressing medulla
peptidergic neurons, among them the pigmenteurons, and colocalization of PDF and
dispersing factor (PDF) expressing circadianrcokinin  immunoreactivity = was  never
pacemaker cells. Ih. maderaeat least three of observed in terminals or optic commissures. We
the PDF-expressing neurons directly connetherefore suggest that circadian pacemaker
both accessory medullae, apparently as aandidates employ axonal peptide-sorting to
circadian coupling pathway. Here, the PDFphase control physiological processes at
expressing circadian coupling pathways werspecific times of the day.

examined for peptide colocalization with tracer

experiments combined with double-labeKeywords Circadian rhythm - Accessory
immunohistochemistry employing antiseranedulla - Orcokinin - Pigment-dispersing
against PDF, FMRFamide, and A3n hormone - FMRFamide -

orcokinin. We found a fourth group of Cockroachleucophaea maderdénsecta)
contralaterally projecting medulla neurons

additionally to the previously known three

groups, thus probably adding a new level dintroduction

complexity to the pacemaker synchronization

pathways. One group contained up to fouMuch research on structural, functional, and
contralaterally  projecting PDF-expressingmolecular properties of endogenous circadian
medulla neurons. Of them, three medium-sizedocks has been performed on insects. Thus, the
PDF-neurons co-expressed FMRFamide-, arfast circadian pacemaker controlling behavioral
Asn*-orcokinin immunoreactivity. In contrast, activity patterns was detected in the optic lobes
the fourth and largest contralaterally projectingf the cockroach Leucophaea maderae
(Nishiitsutsuji-Uwo and Pittendrigh 1968,
Roberts 1974, Sokolove 1975, Page 1982).

S.Soehler M. Stengl . . Lesion and transplantation studies located the
Department of Natural Sciences, Animal Physiology, ) ) .
University of Kassel, circadian pacemaker to the anterior,
geg'zfll%g-ﬂeﬁ-slt%sse 40, ventromedial border of the medulla of the optic
- assel, German . .
Y lobes, which is named accessory medulla
T. Reischig(><)
Johann Friedrich Blumenbach Institute of Zoologg an (AMe’ plyral_ AMae) (Stengl and Hc_meerg
Anthropology, Neurobiology, 1994, Reischig and Stengl 2003a, reviewed by
Georg August University of Gottingen, Homberg et al. 2003). The AMe is formed by a
eriiner str. , .
D-37073 Géttingen, Germany set of about 250 neurons with somata close to
e-mail: treisch@gwdg.de the AMe, most of which can be classified into
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several groups recognizable by morphologice
and immunohistochemical characters (Reischi

and Stengl 2003b, see Materials and Methods a ]
Among these is a distinct set of neurons, whic
expresses the neuropeptide pigment-dispersii OQ..
factor (PDF), the PDF-expressing medull: OO@ @ Q

| g0 9 Q@
neurons (PDFMe, Fig 1a).

In Drosophila melanogastehomologous PDF- a
expressing neurons (the ventral group of th
lateral neurons, L{N) were shown to be
circadian pacemakers indispensable for mait
taining circadian locomotor rhythms under
constant conditions (reviewed by Helfrich-
Forster 2005). Also in cockroaches and othe
insects the homologous PDFMe are circadia
pacemaker candidates (Stengl and Hombey
1994, Slngaravel et al. 2003, ReISChlg ?‘ngig. la Scheme of the accessory medulde) with its

Stengl 2003a, Wen and Lee 2008). Besidggsociated anterior pigment-dispersing hormone (PDH
their role as circadian pacemakers, the PDfmmunoreactive (ir) neuronsaPDFMe. These 12

expressing neurons are assumed to provi@d@DFMe could be grouped into two soma groups. The 4

circadian timing signals as outputs from beade'ﬂ“la” a?dtx"ef:‘j‘_('i’ I"?mutnoreé;dilve Somat%ﬁegre%
H F H -pelong 1o e distal frontoventral neurom3- an
terminals arborizing in large areas of the Optlg'le 4 middle and more intensively staineseflium grey

lobes and central protocerebrum. Moreover, .4 a large and most intensively stainethrk grey
was shown irL. maderaeandD. melanogaster somata belong to the group of the ventral neurbingy
that fibers of a subgroup of the PDF-expressinthe group of the VNe host 3 contralateral projegtin
neurons of one optic lobe enter the contralater&;?cl){;%rt‘; ('tr(‘)d'tﬁzti%nglg;teg‘lelo&ois; %Omx:';‘:r:asoer:‘a
OptI_C Iqbe and also the c_ontra_l_ateral AM haJn the%thers. Coordinates:distal, do Borsal. Scﬁ%me
(Reischig et al. 2004, Helfrich-Forster et alggopted from Reischig et al. 2008. Scheme of the
2007). These observations suggest that contigesumptive pathways of the contralaterally profect
laterally projecting PDFMe provide the neuronaPDH-ir medulla cells (PDFMe). The prominent large
pathway for mutual pacemaker coupling thagPDFMe @ark grey appears to connect both AMae via

‘g . _the posterior optic commissurB@C) and both posterior
was proposed by sophisticated behawor%l)lptic tubercles ROTW. The remaining cPDFMelight

experiments of Page et al. lin made_rae(Page grey) project via the anterior optic commissurQOQC)

et al. 1977, Page 1978, 1983a). This hypothesig&h arborizations in the anterior and proximal stipr

is further supported by PDF injections into théateral protocerebra S{P), the superior median
vicinity of the AMe ofL. maderaeat different protocerebragMP), and, to a lesser extend, the inferior

. . . . eral protocerebrall(P). The PDH-ir fibers of the
daytimes, which resulted in a monophasic phaéaéntrolateral protocerebr¥I(P) do not seem to belong to

response curve (PRC) (Petri and Steng 199%\(& contralateral AMe. Scheme provided by Dr. T.
These experiments demonstrated that PDkeischig (from Reischig et al. 2004).

phase delays locomotor activity onset only at

the late day. Computer modeling based oneurons (VNe) of the AMe. Three of these
experimental observations predicted that phaseentralateral VNe neurons were shown to be
delaying as well as phase-advancing neuromDF-immunoreactive (ir) (Fig. 1b) (Reischig et
constitute mutual pacemaker coupling tal. 2004). In addition, Hofer and Homberg
explain experimental results observed so f42006a) demonstrated that one of these four
(Petri and Stengl 2001). Thus, a search faontralaterally projecting VNe neurons was
circadian coupling pathways, which used tracercokinin-ir. However, it remained unknown
injections into the contralateral AMe combinedvhether orcokinin immunoreactivity was
with anti-PDF immunolabeling, identified up tocolocalized with PDF immunoreactivity in the
four contralaterally projecting neurons at theroup of the four contralaterally projecting VNe
location of the anterior PDFMe among the ventrgHofer and Homberg 2006b).
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Other neuromodulator candidates involved in a temperature of 26°C. Animals were fed with
bilateral pacemaker coupling pathway aréried dog food, potatoes and wagat libitum
members of the FMRFamide-related peptidesdications of position (left, right, etc.) are
(FaRPs). The FaRPs share the RFamide @hways referred to the animal’s body axis.
terminus and are involved in the regulation of a
multitude of physiological activities (PredelNeuron classification
2006, Orchard and Lange 2006). Since studies
with antibodies against FMRFamides revealeBrontally, medially, and ventrally to the AMe
colocalization of PDF with FMRFamide extends a group of about 250 neurons of which
immunoreactivity in up to six PDFMe, FaRPanost appear to contribute to the AMe.
could be involved in the circadian couplingAccording to size, position, morphological
pathway (Petri et al. 1995). This hypothesis washaracters, and immunostaining properties these
supported by the finding of FMRFamideneurons can be classified into at least six main
immunoreactivity in both the anterior andgroups (Reischig and Stengl 1996, 2003b).
posterior optic commissures, which connecthese are the distal and medial frontoventral
both AMae. Finally, injection experimentsneurons (DFVNe and MFVNe, respectively),
combined with locomotor activity assaysthe medial and ventral neurons (MNe and
showed that different FaRPs affect locomotoYNe), the ventromedial neurons (VMNe), and
activity rhythms at distinct circadian timesthe ventroposterior neurons (VPNe) of the
(Soehler et al. 2008). Thus, these anatomicAMe. The PDFMe are separated into an
and physiological data suggested thanterior and a posterior group (anterior PDFMe
involvement of FaRPs in circadian pacemakend posterior PDFMe, respectively). The
coupling of the cockroach. maderae anterior PDFMe further consist of three
Here, the circadian coupling pathways wersubgroups, which can be distinguished by size
further investigated with tracer injections intoand intensity of anti-PDF immunolabeling: the
one AMe combined with immunolabeling withintensively labeled large anterior PDFMe, the
anti-FMRFamide and backfills from one opticsmaller and generally less intensively labeled
stalk, combined with immunolabeling with anti-medium-sized anterior PDFMe, and the rather
PDF together with either anti-FMRFamide oirfaintly labeled small anterior PDFMe.
anti-Asn>-orcokinin. We found better and moreAccording to the criteria of the six morpholo-
consistent tracer labeling with neurobiotingical groups, large and medium-sized anterior
backfills compared to dextran injections, thu#DFMe belong to the VNe, while the small
leading to a larger number of neuronsnterior PDFMe belong to the DFVNe.
apparently involved in pacemaker couplingFurthermore, three groups of medulla neurons
Furthermore, we demonstrated that neurons thatojecting to the contralateral optic lobe were
contain at least three different neuropeptide®und in previous works and were termed
connect both AMae with sparse colocalizatiomontralaterally projecting medulla neurons (MC
of neuropeptides in their axonal terminals. In-lll), of which at least two (MC | and MC II)
addition, further details of the neuroarchitecturéefinitely project to the contralateral AMe
of this circadian pacemaker neuropil wergReischig et al. 2004). MC | are the contra-
elucidated. laterally projecting anterior PDFMe and a non-
PDF-ir VNe, MC Il is identical with the VMNe.
MC Il is located in a posterior position similar
Materials and Methods but not identical to the posterior PDFMe.

Animals Primary antisera
Adult male cockroached éucophaea maderae The monoclonal antBrosophilaPDF antibody
were taken from laboratory colonies. They werevas generated by Dr. Justin Blau (New York

reared under 12:12 hours light-dark (LD)University, USA) and purchased at
photoperiod at about 60% relative humidity an@evelopmental Studies Hybridoma Bank
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(DSHB) at the University of lowa, USA.
B-Lymphocytes were raised in cell culture, ant >

pure supernatant was used for immunostainir 3 &\—‘

Neurobiotin

at a working dilution of 1:5. The argi-PDH >
antiserum (#3B3) was a gift from Heinrich J),

Dircksen, Stockholm, and was raised in rabbit
against synthetic Uca pugilator p-PDH W
(Dircksen et al. 1987) This antiserum was

widely used to detect PDF expressing neurorfsd. 2 Scheme of the cockroach brain with proposed
irect coupling pathways connecting both accessory

n t mar,:.y I Inseth fp?CledS b ar|1|d drecetntl%edullae. For the neurobiotin backfills one optallswas
systematically characterize y Honda €t ag; and the neurobiotin filled suction pipette vetipped

(2006), while PDF was isolated In maderae over the cut optic stalk (from Reischig and Ste2@f2).

by Hamasaka et al. (2005). The grDH

antiserum was used at a working dilution of

1:15,000 to perform specificity control of thewith the fluorescent dye rhodamine, 3,000 MW,
monoclonal antProsophilaPDF antibody in lysine fixable, Molecular Probes Inc., USA
L. maderae For this, double-labeling wasO0.1 pg/pl in hemolymph-ringer; Kaissling and
performed with the anfrosophilaPDF Thorson 1980) was injected into the left AMe.
antibody and the anfi-PDH antiserum. After the injection the head capsule was closed
Procedures, buffers, and incubation times wergith wax. The animals were kept overnight in a
the same as described below. The antibodibsx to allow intracellular transport of the dye.
were detected with goat anti-mouse Cy2 and

goat anti-rabbit Alexa 633. Both antibodieBackfill with neurobiotin

labeled identical structures with the above

mentioned working dilutions (data not shown)The neurobiotin backfills were accomplished as
The anti-FMRFamide antiserum (# 671) was eeported by Reischig and Stengl (2002, Fig. 2).
gift from Dr. E. Marder, Massachusetts, USAAnimals were anesthetized with ¢@nd fixed
(Marder et al. 1987), and was raised in rabbiig a mounting device with their back down, thus
against the C-terminal amino acid sequencenabling a direct view onto the frontal side of
FMRFamide. Hence, the antiserum is supposé¢de head. The whole operation was performed
to detect all members of the large FaRP familyvhile maintaining anesthetization by means of
We used the antiserum at a working dilution ofontinuous aerating of the animal with £@
1:4,000. The anti-orcokinin antiserum (kind giftsmall window was cut into the head capsule to
from Heinrich Dircksen) was raised in rabbiteexpose the left optic lobe. The application
against the tridecapeptide Admrcokinin of pipette was filled with 1-2 ul of solution of 5%
the crayfishOrconectes limosysand was used neurobiotin in distilled water. The left optic
at a working dilution of 1:1,000. The specificitystalk was cut and the application pipette with a
of the Asrf>-orcokinin antiserum on cockroachtip opening of 300-400 pum was slipped over the
brain sections was demonstrated by Hofer et atump of the optic stalk. The pipette was then
(2005), who identified orcokinin-related fixed with modeling clay and the operation field
peptides in Schistocerca gregaria and was closed with Vaseline. The animals were
L. maderaewhich were recognized by the anti-stored overnight in a box at 4°C to allow
Asn**-orcokinin antiserum. intracellular transport of the dye.

Injection of dextran Immunocytochemistry  for backfilled and
injected animals

The operations and injections of the

cockroaches were accomplished as described blie next day after the operation, the brains

Reischig and Stengl (2002). About 5 nl 10%vere removed from the head capsules and fixed

rhodamine-dextran solution (dextran conjugatefbr four hours in 4% paraformaldehyde/

66



Circadian pacemaker coupling by multi-peptiderganmons

7.5% saturated picric acid in sodium phospha
buffer (PB, 0.1 M, pH 7,4) at room temperature
The fixed brains were embedded in gelatir
albumin (4.8% gelatin and 12% ovalbumin ir
demineralized water) and postfixed overnight i
4% paraformaldehyde in PB in the refrigerator
Then, the brains were sectioned with a vibratin
blade microtome (Leica, Nussloch, Germany
in frontohorizontal slices at 50-60 pm
thickness. The sections were washed with Tri
buffered saline (TBS: 0.1 M Tris-HCL/
0.3 M NacCl, pH 7.4) containing 0.1% Triton X-
100 (TrX) three times for 10 minutes, anc
preincubated in TBS with 0.5% TrX and 5%
normal goat serum (NGS, DAKO, Hamburg,
Germany) for one hour.. Two antisera Wer%ig. 3 Scheme of a semi brain of the cockroach to
applied simultaneously: either monoclonal antigemonstrate the scanning sites of the confocat ks

PDF with anti-FMRFamide or monoclonal anti-images presented in Fig. 5, 6, 7,and 8. The scheme
PDF with anti-orcokinin (segfimary antisera show'_s the PI_DH-ir neuron system con.tralateralllyrte t

for dilutions) in TBS containing 0.5% TrX and g‘?)céf'"ed optic lobe.AOC a”teé'orzgg“c commissure,
1% NGS. The sections were incubated in the- - POSterior optic commissurgar 200 um.

antisera cocktails for 3-4 days in the

refrigerator and then washed in TBS containinylost scans were performed using a Leica HC
0.5% TrX for 3 times for about 40 minutes.PL apochromate 20x/0.7 dry lens, but also a
After that, the sections were incubated with &CX PL apochromate 40x/1.25 oil immersion
solution containing FITC-conjugated streptavidinens was used for high resolution scans of
(1:100) for detection of the neurobiotin, Cy2-neuronal fibers. To exclude crosstalk artifacts
conjugated goat anti mouse antiserum (1:30@)l three channels were scanned sequentially,
for detection of anti-PDF, and Alexa 633-and the detection ranges were separated as far
conjugated goat anti rabbit antiserum (1:30s possible (FITC: excitation with 488 nm line of
for detection of anti-FMRFamide and anti-argon laser, detection between 455 and 530 nm,
orcokinin, respectively (all probes fromCy3: excitation with 543 nm line of helium/
Dianova, Hamburg, Germany). The substanceson laser, detection between 490 and 610 nm,
were diluted in TBS containing 0.5% TrX andAlexa 633: excitation with 633 nm line of helium/
1% NGS for 2 h. The sections were themeon laser, detection between 680 and 800 nm).
thoroughly rinsed with PB and cleared withAll specimen with recognizable backfill staining
Glycerol/PB 1:1 for at least 30 minutes. Finally(n = 25) were scanned. There, we scanned at
the sections were mounted on microscope slidesast every section where the right AMe, the
in anatomical order, and coverslipped iranterior and posterior PDFMe, and backfilled

Glycerol/PB 1:1. neurons of the AMe were present (Fig. 3,
z-distance of single optical sections 2 um). In
Evaluation and visualization some specimen, central termination areas of

PDF-ir neurons and PDF-ir commissures were
The preparations were examined with a Leicadditionally scanned with the 40x optic and a z-
confocal laser scanning microscope TCS SR2solution of 0.5-1 um (Fig. 3). Data evaluation
equipped with an acusto-optical beam splittawas done on a graphics computer workstation.
for separation of excitation and emission lightFor neuron counting, every soma was identified
and with a variable detection filtering systenindividually through and between image stacks
(spectrophotometer) for arbitrary selection ofo prevent counting artifacts resulting from the
spectral intervals of emission light.pure evaluation of neuron profiles.
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Fig. 4 Confocal laser scan images obtained from vibrateewtions of the accessory meduldvg). Neurobiotin is
shown in greena Neurobiotin filled neurons of the groups of the && MC |, large arrow) and MNe € MC |V,
small arrow) are visibleb In the group of the VMNe neurons MC I, arrow) all neurons are filled with neurobiotin.
¢ One neurobiotin filled neuron in the group of tresterior neurons=(MC lll, arrow) is visible.Bars50 pm.

Results projecting medium-sized PDFMe were found
that were additionally immunoreactive against
To identify all neurons coupling both AMaeboth the anti-FMRFamide and anti-orcokinin
and to clarify, if, next to PDF, the peptidesantisera.
orcokinin and FMRFamide are involved in the
coupling of both AMae, neurobiotin backfills Anti-FMRFamide antiserum and anti-orcokinin
from one optic stalk were performed.antiserum labeled small and medium-sized
Additionally, injections of dextran into one PDFMe
AMe and comparison of the contralaterally
projecting neurons with previous studiedmmunocytochemical labelings in the AMe of
(Reischig and Stengl 2002, Reischig et athe cockroach  with antisera against
2004) should differentiate the AMae couplingFMRFamide and orcokinin were described
neurons from neurons that couple both optipreviously, and also colocalization with anti-
lobes but not the AMae. The backfillPDF staining was reported (Petri et al. 1995,
experiments were combined with immunoHofer and Homberg 2006b, Soehler et al.
histochemistry with antisera either against PDB008). Here, additional results make a
and FMRFamide (n = 11), or against PDF antkevaluation of the previously published
orcokinin (n = 14). Labeled neuronal somata dhbeling patterns necessary. A new monoclonal
the AMe contralaterally to the backfilled sideanti-PDF antibody (Cyran et al. 2005) was
corresponding fiber projections in theemployed for the first time in the cockroach. To
contralateral optic lobe and central brain, adetermine whether this monoclonal antibody,
well as commissural fibers were detectedaised in mice again®rosophilaPDF, labeled
with confocal laser scanning microscopythe same structures as the well-known anti-
Additionally, one AMe in 72 animals wasUcafp-PDH antiserum of Dircksen et al.
injected with rhodamine dextran and staine@987), double labeling experiments with both
with anti-FMRFamide antiserum. The neuroantisera were employed. The staining pattern
biotin backfills generally revealed crisper andbtained with both antisera completely
more reproducible labeling compared to similaoverlapped (data not shown). Within the
experiments employing rhodamine dextran imanterior PDFMe, the organization in strongly
former works (Reischig and Stengl 2002Jabeled large, weaker labeled medium-sized,
Reischig et al. 2004), and in the injectiorand even weaker labeled small PDFMe was
experiments of this work. In total, moregenerally apparent. However, thgrosophila
backfilled neurons were counted, and a neanti-PDF antibody revealed higher background
group of backfilled neurons emerged that waand weaker specific labeling. Thus, a high
not visible with rhodamine dextran backfills orconcentration of antibody solution was required
injections (Fig 4). Also, contralaterallyand a longer incubation time of at least two
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days for satisfying tissue penetration. Th@ossesses six anterior large PDFMe, some of
difference in labeling intensity between largavhich can be shifted posteriorly by a
and medium-sized anterior PDFMe appearedevelopmental process (see discussion). In fiber
larger than with the anfl-PDH antiserum, thus projections, co-localization of PDF and
facilitating discrimination between theseFMRFamide immunoreactivity was found only
groups, but hampering the discriminationn three areas of the brain, namely in the AMe
between medium-sized and small anteriofFig. 5G.3), in a dorsal part of the superior
PDFMe (for cell counts see table 1). Doubldateral protocerebrum (dSLP, Fig..68 and in
labelings with anti-FMRFamide and anti-the posterior optic tubercle (POTu, Fig..Qp
DrosophilaPDF revealed colocalizing Contrary to previous studies (Reischig and
immunoreactivities in a subgroup of theStengl 1996, 2003a) on the AMe, PDF-ir fibers
PDFMe, which was far more consistent than iwith varicosities were present in addition to the
the work of Petri et al. (1995). Invariably, allshell neuropil (including the anterior neuropil)
small and all medium-sized anterior PDFMealso in the nodular neuropil. The PDF-ir
showed additionally FMRFamide immuno-varicosities of the nodular neuropil exhibited
reactivity, while the large PDFMe never didfar lower labeling intensity and were generally
(Fig. 5a.3). Consequently a clear distinctionmore irregularly shaped than the strongly
between the PDFMe subgroups was possiblebeled PDF-ir varicosities of shell and
Evaluating the posterior PDFMe revealed thahternodular neuropil (Fig. %g). Only the
all small posterior PDFMe were additionallyweakly labeled nodular PDF-ir projections
FMRFamide-ir, while large posterior PDFMeshowed additional FMRFamide immuno-
were not (Fig 5hs), except one case. Cellreactivity. Additionally, the AMe was densely
counting (table 1) revealed an interesting resulinvaded by FMRFamide-ir fibers without
The sum of non-FMRFamide-ir anterior andadditional PDF immunoreactivity. In the dSLP
non-FMRFamide posterior PDFMe nearlyonly PDF/FMRFamide-ir fibers occurred and
always resulted in a total of six neurons. Imo fibers with PDF-immunoreactivity alone.
cases where no non-FMRFamide-ir PDFM&lany fibers with FMRFamide immuno-
were found among the posterior PDFMe, six afeactivity alone could also be detected in the
them were found among the anterior PDFMaSLP. The origin of these fibers was unclear.
Therefore, we assume that maderaeactually The POTu host PDF/FMRFa-ir fibers, fibers

Table 1 Mean numbers of anterior and posterior PDFMe

large anterior medium-sized small anterior large posterior small posterior
PDFMe anterior PDFMe PDFMe PDFMe PDFMe

Total of all experiments o 1 6. 05 3641.0:24 39+1818 17+27  24+13 22

(n=25)
PDF + FMRFamid =, .99 30+09:10 44+13:10 014039 18+15 9
immunoreactivity i = 11)
3 . .
PDF + Asti® -orcokinin g, .44 41+11:10 25+06% 0+0:13 0.1+0.3: 13

immunoreactivity i = 14)

The table displays the total quantities of neurmmata in the five PDFMe subgroups over all backfiiberiments, and
with colocalizing FMRFamide and orcokinin immunacteaity, respectively. Quantities are given as nsearstandard
deviation; the numbers after the semicolons refh@tnumber of evaluated animailg.(Where then is lower than the
total amount of animals, the count was not undertiattue to missing sections or, in most cases, al@at staining

intensity that did not allow unambiguous identifioa.

Y In only one case one large posterior PDFMe was FM®de-ir.

2 n only one case one small posterior PDFMe wasFRFamide-ir. In four cases, 1-2 small FMRFamiddmata

were additionally found amongst the PDFMe that werePDF-ir.

% Low n due to difficulties in labeling procedure (seettex

* In only one case one small posterior PDFMe waskanin-ir.
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PDF-/FMRFamide-ir FMRFamide-ir

Fig. 5 a-c Confocal laser scan images obtained from vibrategwions of the accessory meduleMg. PDF-ir is
shown in blue and FMRFamide-ir is shown in red. Thespective overlay images in the left column show
colocalization.a; 4 Neurons of the smallopen arrowhea)] medium-sized qlosed arrowheadand large aPDFMe
(arrow) are visible.b; 3 Of the posterior neurons (= MC llgrrow) near the lobula valley tract the small PDFMe
neurons showed PDF- and FMRFamideeipén arrowheawhereas the large showed only PDF-ir stainicigsed
arrowhead. ¢, 3 Fibers with colocalized immunoreactivities arahlis in the AMe arrowhead$. Bars50 pm.

which express only PDF immunoreactivity, andncluding non-PDF-ir and PDF-ir neurons. Cell
fibers with only FMRFamide immunoreactivity. counts generally corresponded to the previous
Like in the dSLP the origin of the FMRFamide-work of Soehler et al. (2008) (table 2). In the
ir fibers was unclear. As was shown previouslyyNe more non-PDF-ir FMRFamide-ir neurons
FMRFamide immunoreactivity was also foundhan PDF/FMRFamide-ir colabeled neurons
in other neuron groups of the AMe next to thevere found. Double labelings with anti-A€n
small and medium-sized PDFMe, namely thercokinin and antBrosophilaPDF revealed
MNe, the VPNe, the DFVNe including non-results which showed similarities to the anti-
PDF-ir and PDF-ir neurons and the VNeMRFamide labelings (Fig. 7). Generally, in the
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Neurobiotin Neurobiotin FMRFamide-ir
PDF-/FMRFamide-ir

A

b, b, et
: \4 \'%
C, e
Y \
' \% \4
d,
Fig. 6 Confocal laser scan images of typical projectiopaa of the PDFMe in the central brain after bdckfi
neurobiotin in the left optic stalk. Neurobiotingeown in green, PDF-ir is shown in blue and FMRIganir is shown
in red. The respective overlay images in the lefumn show colocalizatiora;.4 In the region of the dorsal superior
lateral protocerebrumSLP no triple labeled fibers was detectable. At thstad rim of the SLP fibers hosting
neurobiotin and PDF were locaterlased arrowhead Additionally at the dorsal part of the SLP, fibavhich show
colocalization of PDF and FMRFamide were visiblpdio arrowhead); 4 In the area of the posterior optic tubercle
(POTu dotted ling, a fiber which showed colocalization of PDF arelimobiotin was visible dpen arrowheap
Additionally, there were varicosities with coloaation of PDF and FMRFamidel¢sed arrowhead c;, Only in a
fiber of the superior median protocerebru8MP triple labeling of neurobiotin, PDF and FMRFamidas visible
(arrowhead, whereas the FMRFamide-ir was only very wedk, In the anterior optic commissurarfowhead,
fibers only double-labeled with neurobiotin and P®é&re visible. The FMRFamide-ir fiberd,f were situated behind
the neurobiotin and PDF colocalized fibegs, In the area of the posterior optic commissure, yrfdvers cross the
midline of the central brain. However, no colocatiZibers of neurobiotin, PDF and FMRFamide wesgblé in the

posterior optic commissur@gen arrowhea A fiber beneath the posterior optic commissurevged triple labeling
of neurobiotin, PDF and FMRFamideldse arrowhead Bars50 pm.

anti-orcokinin  labelings, the backgroundpreparations this resulted in ambiguous
staining was relatively high. In somelabeling. This mainly affected the DFVNe and
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PDF-ir/Orcokinin-ir i Orcokinin-ir

Neurobiotin Neurobiotin i Orcokinin-ir
PDF-ir/Orcokinin-ir
2 N A

Fig. 7 Confocal laser scan images obtained from vibrateewtions of the accessory medulldvig). PDF-ir is shown
in blue and orcokinin-ir is shown in red. The redpe overlay images in the left column show colzedion.

a;.4 Neurons of the smalbpen arrowheal] medium-sizeddlosed arrowheadand large aPDFMeafrow) are visible.
b3 Of the posterior neurons (= MC llarrow) near the lobula valley tract the small ones shib®BF- and only in
one case additionally orcokinin-ir whereas the daghowed only PDF-ir stainingofen arrowheafd c;.; Most

orcokinin-ir fibers were not found in the anteridyut in the distal shell neuropil between AMe anéduila
(c3,arrowhead. In no case colocalization was observed in PDibéar terminals in the AMeafrowhead$. d, 4 In the

region of the dorsal superior lateral protocereb{@bP no colocalization was observed in PDF-ir fibemtmals.

Neurobiotin labelled fibers were visible and alsookinin-ir fibers were abundant in these aredgsed arrowhead

Bars50 pm.
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VNe, where orcokinin-ir labeling was generallyin other parts of the brain corresponded to the
of lower intensity, with the lowest in the descriptions of Hofer et al. (2005). Other neuron
DFVNe. Therefore, only preparations with agroups of the AMe with orcokinin immuno-
least three visible orcokinin-ir DFVNe werereactivity were the MNe, the VPNe, and the
considered for cell counting. As in the antiVMNe (table 2), and corresponded in position,
FMRFamide immunolabelings, the largeand largely also in numbers, to the findings of
anterior PDFMe where completely devoid oHofer and Homberg (2006b). Within the VNe and
any additional orcokinin-ir labeling (Fig ¥g the DFVNe non-PDF-ir and PDF-ir neurons were
(see table 1 for numbers). The medium-sizeorcokinin-ir (compare tables 1 and 2). Total
anterior PDFMe were always additionallynumbers of orcokinin-ir VNe and DFVNe in this
orcokinin-ir. In the small PDFMe this wasstudy were either lower (VNe) or higher (DFVNe)
often, but not always the case. Within the smatlompared to the numbers of Hofer and Homberg
posterior PDFMe, only in one preparation arR006b (there: VNe 16, DFVNe 6 neurons).
orcokinin-ir neuron was found. Large posterior

PDFMe never were orcokinin-ir, thusTracer backfills and injections identify neurons
delivering further support that they in fact arevith projections in the contralateral AMe

large anterior PDFMe (Fig. 7b. Regarding the

fiber projections in no case PDF/orcokininin this study, 11 backfills from one cut optic
colocalization was observed in the AMe (Figstalk with neurobiotin combined with anti-PDF
7¢.3), the dSLP (Fig 74s), and the POTu; and anti-FMRFamide antisera, and 14 backfills
(data not shown). However, orcokinin-ir fiberswith anti-PDF and anti-orcokinin antisera were
were abundant in these areas. Within the AMesuccessfully performed. The backfills revealed
varicose orcokinin-ir fibers were concentrategimilar results as shown by Reischig et al.
in the shell neuropil. Contrarily to PDF-ir (2004) with rhodamine-dextran as tracer.
fibers, most orcokinin-ir fibers were not foundHowever, the neurobiotin labeling was crisper,
in the anterior, but in the distal shell neuropiland the medium and maximal numbers of
which is the transition zone between AMe andounted neurons among the PDFMe was higher.
medulla (Fig. 7¢). Also in the core neuropil In addition, backfilled neurons appeared in the
orcokinin-ir fibers were present, mainly in theMNe group of the AMe, which were not
internodular neuropil and posterior parts of thebserved before (Fig. 4a). Due to the proposed
nodular neuropil. Diffuse orcokinin relevance of PDFMe for mutual pacemaker
immunoreactivity was present throughout theynchronization, the evaluations concentrated on
nodular neuropil. Orcokinin-ir fiber distribution these neurons. For calculation of the mean

Table 2 Mean numbers of somata in AMe neuron groups labglgdanti-FMRFamide and anti-ASkorcokinin in
the backfill experiments

VNe' DFVNe MNe VPNe VMNe
'(:nM:Rme'd"r 106+22;12 89+41;11  43:05;4 2.8+1.0;4 0+£0;11
gg"ﬁ?'”"r 78+1.1;10° 106+3.7;10° 24+08;7 39167 33057

Numbers are given * standard deviation; the numbéftes the semicolons report the number of evatlat@mals.
Only one AMe per animal was evaluated, since theratateral optic lobe was cut prior immunocytocistrg. Only
for the VNe and DFVNe groups all animals were extdd.

! For nomenclature of neuron groups see Materials\ethods.

2 Including the medium-sized PDF, which were all Fiéfnide- or orcokinin-ir.

% Including the small PDFMe, which were all FMRFagvid.

* Including those members of the small PDFMe thaevezcokinin-ir.

® Counted only in preparations were at least threekinin-ir DFVNe were visible.
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Neurobiotin Neurobiotin FMRFamide-ir
PDF-/FMRFamide-ir

Fig. 8 Confocal laser scan images obtained from vibrateewions of the accessory meduldvg). Neurobiotin is
shown in green, PDF-ir is shown in blue and FMRF#esii is shown in red. The respective overlay insaigethe left
column show colocalizatiom,; 4 Neurons of the medium-sized and large aPDFMe igible. Of the three neurobiotin
filled neurons, two could be grouped to the medsined aPDFMegrrows). The other neurobiotin filled neuron,
located most closely to the central brain, couldyt®iped to the large aPDFMar(owhead. This neuron hosts only
neurobiotin and PDMBars50 pm.

numbers of backfilled neurons in a giverwere not immunolabeled at all (table 3, in one
neuronal group or subgroup, only thosease these were 4 neurons, in another case these
preparations were considered which containedere 2, and in four cases 1 neuron). As in
at least one labeled neuron per group (sgeevious studies (Reischig and Stengl 2002,
discussion). The large and medium-size®eischig et al. 2004), backfilled and contra-
PDFMe were identified according to the presendaterally projecting VNe were assigned to the
or absence of additional immunoreactivity (segroup | of medulla cells projecting to the
above). The mean number of neurobiotineontralateral optic lobe (MC ). The MC I
labeled PDFMe over 24 experiments was 2.9 @Fig. 4 b) and MC Il (Fig. 4c) neurons could be
1.0 (mean = SD, maximal counts 4 neurons iabserved in every experiment. MC Il neurons
six cases). Of these, maximally 1 neuron, whicborresponded to the VMNe group of the AMe,
was visible in 20 experiments, belonged to thevhile MC IIl neurons were mostly situated in
large PDFMe, and this was generally the largestose vicinity to the posterior PDFMe. Since
and most proximal PDF-ir neuron (Fig. 4a). Irthese neurons were also consistently labeled
one case, this neuron was located among thegth rhodamine-dextran in previous
posterior PDFMe. All other neurobiotin-labeledexperiments (Reischig and Stengl 2002), their
PDFMe belonged to the medium-sized PDFMeyumbers were not further evaluated here.
with a mean number of 2.0 + 0.7 (mean £ SDAmong  the  contralaterally  projecting

n = 20, max. counts: 3 neurons in five cases). MC II/VMNe were about 3 orcokinin-ir
four experiments PDFMe were not discriminatedeurons (table 2), as were described by Hofer
into large and medium-sized due to lowand Homberg (2006a, b). Remarkably, the
orcokinin  immunoreactivity ~ with  high neurobiotin labeling intensity of MC Il and Il
background. When the experiments with antisomata was nearly always higher than that of
FMRFamide and anti-orcokinin were evaluatedAC | neurons. With the neurobiotin backfills
separately (Figs. 8, 9), the distribution ofrom optic lobe stumps, a new group of labeled
backfilled neurons in large and medium-sizedeurons emerged that was never observed in the
PDFMe was similar in both experimental serieshodamine-dextran backfills (Reischig and
(table 3). This implies that despite of one larg&tengl 2002, Reischig et al. 2004). These
PDFMe, up to 3 medium-sized PDFMe thabheurons (Fig. 4a) appeared among the MNe
simultaneously express FMRFamide angroup with a mean number of 2.2 £ 1.2 SD
orcokinin immunoreactivity project to the(n = 18, max. counts: 5 neurons in two cases).
contralateral optic lobe. No backfilled neuromAccording to the existing nomenclature for
was found among the VNe that wagnedulla neurons projecting to the contralateral
FMRFamide- or orcokinin-ir and lacked PDF-optic lobe they were called MC IV. The MC IV
ir. In six cases, backfilled VNe were found thahever showed FMRFamide- or orcokinin-ir.
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Orcokinin-ir

/4

Fig. 9 Confocal laser scan images obtained from vibrateewions of the accessory meduldvie). Neurobiotin is
shown in green, PDF-ir is shown in blue and orciokinis shown in red. The respective overlay inmage the left
column show colocalizatiora;., Neurons of the medium-sized aPDFMe are visibleofvs). The other neurobiotin
filled neuron, could be grouped to the large MNeroas érrowhead. This neuron hosts only neurobiotBars50 pm.

Within the AMe neurobiotin was found in lateral protocerebrum (ILP), and the POTu
fibers in the internodular core neuropil, andFig. 6). Astonishingly, as in the AMe, the
posterior parts of the nodular core neuropiPDF/FMRFamide-ir fibers of the dorsal SLP
(Fig. 4b). In the anterior and proximal shelnd the POTu did not show additional
neuropil and internodular core neuropil, theyeurobiotin labeling. Also in PDF-ir com-
were often additionally PDF-ir, and generallymissural fibers, the evaluation of neurobiotin
belonged to the strongly labeled type of PDF-iand immunolabeling colocalizations revealed
fibers. Many neurobiotin-labeled fibers of theenigmatic results. PDF-ir fibers with additional
distal shell neuropil and posterior nodular coreeurobiotin labeling were found in the anterior
neuropil were additionally orcokinin-ir. No and posterior optic commissures (AOC and
neurobiotin-labeled fibers were found thaPOC, respectively), but never additional
showed additional colocalizing FMRFamide oFMRFamide- (Figs. G&, 0i-4) or orcokinin-ir
PDF and FMRFamide or PDF and orcokinindata not shown) co-labeling was found in these
immunoreactivity. In the brain hemispherdibers. However, non-PDF-ir backfilled fibers
contralaterally to the backfiled side,that were FMRFamide-ir were found in the
neurobiotin-labeled PDF-ir fibers without posterior optic commissure paralleling the PDF-
additional FMRFamide or orcokinin immuno-ir fibers. In no case all PDF-ir commissural
reactivity were found in all projection areas ofibers were labeled with neurobiotin, even in
the PDF-ir neuron system, namely the superi@reparations where the maximal count of four
median protocerebrum (SMP), the SLP, inferiobackfilled PDFMe were reached. Therefore and

Table 3Mean numbers of ventral neurondN@ of the AMe backfilled from the contralateral aptbbe

Contralateral VNe with  Contralateral VNe with  Contralateral VNe without PDF and

PDF immunoreactivity =~ PDF and second FMRFamid or orcokinin
alone immunoreactivity immunoreactivity

PDF + FMRFamide ; 5, 50.1. 9 1.9+0.6;3: 10 1.8+13:45

(n=11)

PDF + orcokinin 4 5490, 1; 7 2.1+0.9;3; 16 1.0£0.0;1; 1

(n=14)

Numbers are given + standard deviation; the numb#fies the first semicolon is the highest counthia respective
group, the number after the second semicolon regbe number of animals contributing to the mealuezaFor
calculating the means, only those experiments wensidered where at least one neuron was foungeimespective
group (see discussion).

1 High medium number is the result from one prepamatith 4 labeled neurons; would be 1.2 + 0.45 2yithout this
specimen.

2 Preparations with low orcokinin-ir labeling intéysvere not counted.

75



Chapter llI

since the fibers in the respective commissurdeur PDFMe neurons project to the contralateral
could not clearly be separated the fibers in theptic lobe, in addition to the occasional findings
commissures could not be countedof contralateral projecting MC | neurons that
Additionally to the backfill experiments, never stained with the antibodies employed.
injections of rhodamine-dextran into one AMeOne of the contralateral PDFMe neurons was
were performed and combined withthe largest PDFMe which never colocalized
anti-FMRFamide immunolabeling (n = 72).FMRFamide and/or orcokinin immunoreactivity.

Regularly, neurons of the MC | and MC IlIThe other 3 PDFMe cells belong to the
groups were labeled with rhodamine-dextran imedium-sized subgroup of the PDFMe and
the contralateral AMe. Since in thesealways colocalize FMRFamide and orcokinin
preparations only a combination of rhodaminegimmunoreactivity in addition to PDF immuno-

dextran and FMRFamide Ilabeling wageactivity. A new fourth group of contralaterally

performed no clear assignment of the labelegptic lobe projecting medulla neurons was
neurons to the PDFMe was possibleidentified, the MC IV cells which belonged to

Additionally, numbers of preparations withthe MNe group of the AMe. The double

successful labeling of the MC | wereimmunolabelings revealed for the first time that
considerably lower than in the neurobiotirall medium-sized and small PDFMe were
backfills (n = 14), and also numbers of labeleddditionally FMRFamide-ir, and all medium-

neurons did never reach the maximal countized and most small PDFMe were additionally
achieved in the backfill experiments. Thereforegrcokinin-ir. The large anterior PDFMe did not
these preparations were not evaluateshow further immunolabeling. The small posterior
numerically. However, in six cases rhodaminePDFMe were always FMRFamide-ir, but were
dextran labeled MC | neurons were detecteth most cases devoid of additional orcokinin-ir
that were additionally FMRFamide-ir (maximmunolabeling. Intriguingly, double-

counts = one). Additionally 9.46 * 6.69 (meanmmunolabeling of neurites was not observed
+ SD, n = 26) rhodamine-dextran labelegointing to peptide sorting in processes of cells
VMNe could be counted. In none of thewhich contain different peptides in the soma.
experiments the new MC IV group wasThus, differential release of neuromodulating
detected with dextran injections. peptide cocktails might be an important

mechanism in circadian pacemaker coupling.

Discussion Neuron classification and developmental
plasticity in the AMe

To determine which neuronal groups and

pathways form direct connections between botim neuroanatomy, differentiation of neurons in
optic lobes and both AMae as candidates fgroups and subgroups is indispensable for a
mutual pacemaker synchronization in the&haracterization of neuronal circuits. It is
cockroachL. maderae we performed backfill mostly assumed that common morphological
labeling with neurobiotin from the stump of onecharacters and positions imply functional
sectioned optic lohe as well as dextran similarities in neurons. In the AMe of the
injections into one AMe. The backfills werecockroach, the PDFMe neurons were classified
combined with double immunolabeling againsinto three subgroups by relative position, soma
PDF and FMRFamide, or PDF and orcokininsize, and intensity of PDF-ir immunolabeling,
The injection experiments were combined withhus implying more morphological and
immunolabeling against FMRFamide. In thdunctional commonalities within each subgroup
AMe contralaterally to the backfilled sidethan among them. The identification of these
PDFMe, FMRFamide-ir, orcokinin-ir neuronssubgroups is reproducible in most animals and
as well as backfilled neurons in the VNe andior most single neurons, and neuron counting in
MNe groups were quantitatively evaluated. Thdifferent animals revealed similar results,
backfills revealed in contrast to formerhowever with certain variations (Reischig and
publications that in the MC | cell group at leasBtengl 2003b). Nevertheless, in some animals,
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neuron positions diverged considerably fron
the “standard situation” that is depicted in th
scheme of Fig. 10a. Large PDFMe wert
observed to reside among the normally mor
posterior VMNe neurons, or, intensely labele
PDFMe that obviously belong to the large
PDFMe were smaller than the largest mediun
sized PDFMe. Hence, for some individua®
neurons the correct assignment may &b
uncertain and even may lead to discordal
results if it is done by different researchers
Here, a clear distinction of the large versu
other PDFMe was possible for the first time
because large PDFMe never were immunc
reactive to one of the other peptide antisel
used herein. Furthermore, this distinctior?

revealed an interesting developmental aspect. It
larified that th m gf lar pnt rior ndpl r IJig. 10a Scheme of the contralateral projecting PDFMe
clariiie al the sum ot large anterior a a gﬁndicated byC) obtained after the backfill experiments.

posterior PDFMe was exactly 6, forming on€rhe group of the VNe host 3 contralateral projegtin
group of neurons with common developmentahedium-sized PDFMe cPDFMeg light grey) which
origin. It appears that the neuron group is pu||e@)ntain PDF, FMRFamide and_ OrCOkinin. Also on_eheaft
apart while the optic lobe is growing during'@'9¢ PDFMe (dark grey, consisting of 6 neuronsjeut
develooment. and it mav be decided by chan ta the contralate(al accessory meduldig). Occasional

. P P y . y . Bntralateral projecting MC | neurons were foundtth
which of the individual neurons is shiftednever stained with the antibodies employed (whiie)
posteriorly. This view is supported by the facscheme of the pacemaker coupling pathway of
that posterior PDFMe were not yet described ih maderae The large PDFMe appears to connect both

any other insect, although PDF-ir neurons We@vtae via the anterior and posterior optic commissur
' A

demonstrated in more than 50 insect speci OC, POG. La Lamina, Me Medulla ILP/SLP
P erior/superior lateral protocerebraSMP superior

(e.g. Homberg ?t al. 1991, Sehadova et ahedian protocerebraVLP ventrolateral protocerebra
2003, Zavodska et al. 2003). Thus, thescheme provided by Dr. T. Reischig (from Reischigle

existence of a posterior PDFMe group appeaf§04).

to be a peculiarity i.. maderae We therefore

now assume no functional differences betweePDFMe indicates a certain dynamic in the
anterior and posterior PDFMe. These resultdistribution of small PDFMe between the
indicate firstly that neurons with quite differentanterior and posterior position. This is further
positions may have a common developmentéddicated by the fact that small posterior
origin, and secondly that position alone is ndPDFMe were not found in all animals. While
always a good criterion for neuron groupingthe recognition of the large PDFMe is greatly
This shift to a posterior position appears tdacilitated by the lack of both FMRFamide and
happen rather rarely to the medium-sized arstcokinin immunoreactivity, the differentiation
small anterior PDFMe neurons. Further, smalbetween small and medium-sized anterior
anterior and small posterior PDFMes diffelPDFMe still relies on differences in staining
with respect to additional immunoreactivitiesintensity and soma size. These weaker criteria
While all of them were labeled by the anti-and the fact that small PDFMe are not always
FMRFamide antiserum, orcokinin immuno-identifiable owing to weak and noisy immuno-
reactivity was mostly (with only one exception)labeling might be the reason for the larger
found in the small anterior, but not in the smaNariations in cell counts compared to the large
posterior PDFMe. Although lack of clearPDFMe. There, the cell number turned out to be
orcokinin-ir in parts of the anterior PDFMevery constant, and future observations with better
might result from insufficient immunolabeling, criteria for neuron differentiation might reveal
at least the one orcokinin-ir small posterioif this is also the case for the other PDFMe.
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Multiple peptide immunoreactivities in singleand are not further related to one another
presumptive pacemaker neurons: distincthence, the term FMRFamide-like peptides,
outputs from one cell by peptide sorting? FLPs, is often used). The FMRFamide antibody
used in our study is known to label a variety of
In the present work we demonstratedcaRPs in invertebrates (Orchard et al. 2001,
immunoreactivities against up to three peptiddlassel and Homberg 2006, Predel 2006). It was
antisera in a subset of AMe-neurons, namelglso used inL. maderaeto distinguish AMe
the small and medium-sized anterior PDFMeneurons (Soehler et al. 2008). In this work, the
Even more, in a current study immunoreactivitpresence of several FaRPs in neurons of the
for an antiserum against the newly discovereAMe was demonstrated by mass spectroscopy,
neuropeptide baratin (Nassel et al. 2000) wasd injections of two members of the FaRP
observed in all medium-sized and at least a pdetmily into the optic lobe of free-running
of the anterior small PDFMe (T. Reischig,cockroaches resulted in time-dependent phase
unpublished). Thus, at least four differenshifts of locomotor activity. Therefore, it is
neuropeptides could be expressed in singlkely that AMe-neurons labeled by the
circadian pacemaker cells. The main drawbadkMRFamide antiserum indeed express peptides
for the assumption of multiple peptideof the FaRP family, including the small and
expression is that so far it is mostly based omedium-sized PDFMe. The third antiserum
histological antibody labelings only. However,used herein was raised against the crustacean
several studies have shown in other species thruropeptide Asri-orcokinin, a member of the
neurons homologous to the cockroach’srcokinin peptide family (Bungart et al. 1994).
PDFMe indeed express PDF (Park and Halh several hemimetabolous insects, this
1998, Chuman et al. 2002, Matsushima et antiserum labeled various neurons throughout
2004, Honda et al. 2006). Furthermore, ththe brain including the AMe of. maderae
PDFMe neurons as well as the PDF peptid@iofer et al. 2005, Hofer and Homberg 2006b).
itself are very conserved throughout the insectaurthermore, orcokinin-related peptides were
(Matsushima et al. 2004). Finally, in brains ofdirectly identified in the cockroaches
L. maderaePDF was demonstrated by mas$. maderaeandBlatella germanicaand in the
spectroscopy (Hamasaka et al. 2005)ocustLocusta migratoria(Pascual et al. 2004,
Therefore, very likely the anti-PDF antibodyHofer et al. 2005). As PDF and FaRPs
indeed recognized solely the PDF-peptide imentioned above, Ashorcokinin was injected
PDFMe neurons. This is more complex for that different circadian times into the optic lobes
anti-FMRFamide antiserum. The peptideof free-running cockroaches, and caused light-
FMRFamide was originally isolated from alike phase response curves. Therefore, also for
bivalve mollusk (Price and Greenberg 1977)he anti-orcokinin antiserum it is probable that
Since then, more than 100 neuropeptides wettelabeled neurons expressing orcokinin-related
isolated from central and periphery nervouseuropeptides in the AMe, including parts of
systems of invertebrates and vertebrates thide small and all medium-sized PDFMe. Since
generally share the C-terminal amidated REolocalizations as well as single labelings were
(Arg-Phe-NH) sequence (reviewed by Orchardobtained for all antibodies employed the double
et al. 2001, Nassel 2002, Mercier et al. 2003abelings appear to be specific. In summary, the
Orchard and Lange 2006). These include the Nlmmunohistochemical evidences indicate that at
terminally extended FMRFamides andeast three different neuropeptides are expressed
FL/IRFamides, the short and long extendeth single AMe neurons. Future studies with
neuropeptides F (sNPFs and INPFgnass spectroscopy of single identified neurons
respectively), the myosuppressins (extendeslill challenge this hypothesis. Whereas co-
FLRFamides such as LMS), and the sulfakininexpression of two neuropeptides in single
(extended HMRFamides with a sulfatecheurons was already demonstrated (Pollak et al.
tyrosine residue). These peptides are common®P05), to our knowledge, co-expression of three
referred to as FMRF-related peptides (FaRP)r more neuropeptides were not shown before.
although these families are structurally differenFurthermore, whereas co-expression is mostly
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observed among peptides that are transcribedcadian coupling pathway. However, while
from one gene and undergo subsequettie backfills labeled all fibers traversing the
cleavage and postprocessing in the Golgptic stalk, the dextran injections are more
apparatus and secretory vesicles, this appearssfgecifically labeling direct connections between
be not the case for PDF, FaRPs, and orcokiniboth AMae since small dye droplets were
related peptides. Interestingly, PDF/positioned quite precisely in the injected
FMRFamid-ir  colocalization in neuronal contralateral AMe. Since results concerning the
terminals was observed only in few areaMC I, Il, and lll neurons were very similar in
(AMe, dSLP, POTu), and never forboth the injection and backfill experiments here
PDF/orcokinin immunoreactivity. Moreover, and from previous studies we conclude that all
colocalizations of peptide immunoreactivitiesof the maximally four contralateral PDFMe
were never observed in the commissural fibersagurons project not only to the contralateral
although PDFMe neurons with additionaloptic lobe, but also to the contralateral AMe.
FMRFamide and orcokinin immunoreactivitiesFuture single cell injections will challenge our
were shown to project contralaterally. Thishypothesis that four PDFMe project to the
confirms previous observations (Petri et alcontralateral AMe, namely the largest PDFMe
1995, Hofer and Homberg 2006a) and suggestext to three medium-sized PDFMe neurons.
that either peptide concentrations in thdhe neurobiotin injections demonstrated for the
terminals are below the detection threshold, dirst time that at least five MC IV neurons
that peptide sorting occurs in the small andonnect both optic lobes. While at least some of
medium-sized PDFMe neurons. The first mighthe MC IV neurons project into the ipsilateral
be the case for the less reliable, often weakMe it remains to be examined whether they
orcokinin-labeling, while the latter might applyconnect both AMae. This cell group could not
to the FMRFamid labeling. Peptide sorting wabe revealed with the rhodamine-dextran
already demonstrated, e.g. by Sossin et ahjections into the contralateral AMe or
(1990) in bag cells oAplysia californica.In  previous backfills of the stump of the optic lobe
their study the authors showed that thaith rhodamine-dextran (Reischig and Stengl
prohormone of the egg laying hormone is sorte#002). However, since the rhodamine-dextran
into distinct vesicle classes and that thesaejection studies were more variable due to the
distinct vesicles are localized to separatdifficulty to precisely inject into the
processes by unknown mechanism. Futurentralateral AMe they cannot exclude the
studies have to challenge the hypothesis gibssibility of a direct coupling pathway of MC
multiple peptide coexpression and sorting in thB/ cells. Because injections of neurobiotin into

PDFMe. one AMe never achieved successful labelings
we mostly concentrated on backfill studies from
Significance of the backfill experiments the optic stalk.

Previous studies showed that neurobiotin, aAnatomical properties of circadian coupling

amino derivative of biotin, as well as dextrarpathways

and horseradish peroxidase (HRP) function well

as neuronal tracers to reveal pathwayghis study falsified the former hypothesis that
connecting both optic lobes (Reischig an@dditional FMRFamide- and/or orcokinin-ir

Stengl 2002, Reischig et al. 2004). HowevelyNe neurons form coupling pathways next to
compared to the dextran injections and thdhe PDF-ir neurons, because all contralaterally
former HRP injections, the labeling withprojecting VNe neurons which were labeled by
neurobiotin was more consistent, stronger, arahti-FMRFamide- and anti-orcokinin antisera
more reproducible. Thus, in this study now upvere also PDF-ir. It still remains to be

to four PDFMe could be labeled compared texamined which neuromodulators are located in
the maximally three PDFMe found before, andhe 1-4 non-PDF-ir MC | VNe somata. The
secondly, with the labeled MNe neurons a newontralaterally projecting VMNe neurons

fourth group emerged as candidate for @dentical with MC 1) generally form a
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compact cluster posteriorly to the VNe neuronsvhere the termination sites of the remaining
However, because single neurons of the VMNmedium-sized contralateral PDFMe are. We
neurons were sometimes displaced to the MCaksume that they contribute to the PDF-ir fibers
cluster, it is possible that the 1-4 non-PDF-im the AOC, because there are only two PDF-ir
MC | VNe somata are indeed displacedibers in the posterior optic commissure,
VMNes. Thus, it is possible that the MC | cellgpossibly originating from the two largest
only consist of 4 VNe neurons, namely thd®DFMe per hemisphere. However, in the AOC
contralaterally projecting PDFMe (Fig. 10).no FMRFamide or orcokinin immunoreactivity
From this and former studies we hypothesizeolocalized with PDF and neurobiotin was
that in the cockroach the only bilateral couplingisible. Possibly, the colocalized peptide
pathway connecting both AMae and projectingoncentrations were below the detection
in a fan-like manner over the distal surface ahreshold, or, within the same PDF-ir cell the
the medulla is formed by the 4 contralaterallglifferent colocalized peptides were sorted into
projecting PDFMe. In contrast, conflictingdifferent processes (see above). Thus, it can be
results describe the branching pattern of thenly stated that small and/or medium-sized
contralaterally projecting large LNvs inPDFMe terminate in the AMe, dSLP, and POTu
Drosophila (Helfrich-Forster et al. 2007, Parkdue to PDF/FMRFamide-ir colocalization
and Griffith 2006). Thus, further studies need tbound there. We must further consider that
elucidate the circadian coupling pathways in theeurobiotin might not be distributed equally in
different insect species. A question that is stilhll terminals of every labeled neuron, since this
open considers the exact pathways andacer appears to be generally transported
termination sites of the contralaterallyretrogradelly and thus fills only axonal endings
projecting PDFMe. These neurons pass thHeut no dendritic regions in backfilled neurons
brain midline via the AOC and POC.(Heinrich et al. 1998). This could be the reason
Furthermore, in the brain half contralaterally tavhy neurobiotin-labeling was never visible in
the backfiled side neurobiotin/PDF-ir co-PDF/FMRFamide-ir fibers of the dSLP and the
labeled fibers were observed in the AMe, in 0Tu Even more, in some cases neurobiotin
fanshaped arborization pattern through thibeling was not at all visible in any of the
distal layer of the medulla and in the proximaPDF-ir commissural fibers, although somata
lamina of the contralateral optic lobe. In SMPwere successfully labeled.

SLP, ILP, and POTu, neurobiotin/PDF-ir

colabeled fibers occurred in most brailMMutual pacemaker synchronization: bi- or
termination sites of the PDF-ir neuron systenmulti-modal coupling pathways?

Interestingly, in no case neurobiotin/PDF-ir co-

labeled fibers were found that were additionallydehavioral and anatomical studies postulated a
FMRFamide- or orcokinin-ir, not even in theneuronal coupling pathway between both
AMe. The most parsimonious conclusion wouldilaterally symmetric circadian pacemakers in
be that all of the neurobiotin/PDF-ir co-labeledhe cockroach (Roth and Sokolove 1975, Page
fibers originate from the largest contralaterallyi978, Page 1983a, b). Since the PDF-ir neuron
projecting PDFMe. In this case, neurites of thisystems were discovered in insects, these
neuron would travel through both the AOC andheurons are discussed to provide a part of this
POC and would innervate most arborizatiomoupling pathway (Homberg et al. 1991).
sites of the PDF-ir neuron system in the ipsiStengl and Homberg (1994) discovered that the
and contralateral brain hemispheres of theesulting circadian period length correlated with
cockroach. This hypothesis is supported by thlae number of regenerated commissural PDF-ir
fact that all neurobiotin-labeled PDF-irfibers in cockroaches that experienced bilateral
terminals in the contralateral SLP, the SMPransection of the optic stalks. In contrast to
ILP, POTu, and in the distal fiber-fan and sheltockroaches, in crickets the bilateral
neuropil of the AMe in contralateral optic lobepacemakers can be easily de-coupled in
are strongly labeled with large and roundehavioral experiments and these animals
varicosities. Our experiments cannot resolvpossess only few or no commissural PDF-ir
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fibers (Page et al. 1977, Wiedenmann anside, where their neurites generally were
Loher 1984, Stengl 1995, Ushirogawa et alocated more dorsally than the commissural
1997). Our study together with previous workdibers of MC |I. It has been shown by
(Reischig and Stengl 2002, Reischig et alntracellular single cell labelings in
2004) revealed four different neuron groupsockroaches, crickets, and locusts that some but
that are in question to provide mutual couplingiot all neurons of this group project into the
pathways between the AMae of either side iipsi- and contralateral AMe (Labhart and
the optic lobes of the cockroath maderae Petzold 1993, Homberg and Wiurden 1997,
The first group are the MC | with four PDFMe,Loesel and Homberg 2001, Yukizane et al.
which project through AOC and POC, and2002). In the cockroach, the MC Il neurons
include the largest of the large PDFMe andontain about three contralaterally projecting
three medium-sized PDFMe. In electro-orcokinin-ir neurons (Hofer and Homberg
physiological studies, neurons resembling PDFM2006a, b), as was confirmed in this study. The
with commissural projections responded aMC Il neurons are especially well investigated
most weakly to light stimuli (Loesel andin crickets, where they were called medulla
Homberg 2001). Thus, PDFMe do not appear toilateral neurons (MBNs) (reviewed by
transmit light information. Phase respons@omioka and Abdelsalam 2004). In the cricket
curves obtained with extracellular injections ofs. bimaculatusup to 25 MBN were counted
Ucaf-PDH next to one AMe confirm that (Yukizane et al. 2002). In all investigated
PDF-ir neurons provide a non-photic input intanimals, the MC 1I/VMNe/MBN group form
the AMe, possibly as circadian couplingtangential arborizations in middle layers, but
pathway (Petri and Stengl 1997). Computenever in the fiber fan, of both medullae via the
simulations predicted that the physiologicaPOC (Labhart and Petzold 1993, Homberg and
data can only be modeled via circadiaWwiurden 1997, Loesel and Homberg 2001,
coupling pathways providing both phase delaygukizane et al. 2002). In electrophysiological
and advances to the AMe (Petri and Stenglbservations, VMNe neurons often showed
2001). Therefore, either one coupling neuroregular spontaneous spiking activity and were
provides both, an advancing and a delayinkight sensitive in an intensity-dependent manner
signal, or at least two different parallel couplingHomberg and Wirden 1997, Loesel and
pathways exist. Immunohistochemical observatioddomberg 2001, Yukizane et al. 2002). MBNs
suggested parallel coupling pathways: PDFgf G. bimaculatusshowed a clear circadian
FMRFamide- and orcokinin-ir contralateralrhythm in their response behavior to light,
AMe neurons (Petri et al. 1995, Petri and Steng¥hich could be influenced in diametrically
2001, Hofer and Homberg 2006a). Here, wepposed manner by application of serotonin and
showed that a separate pathway does not exitiDF (Saifullah and Tomioka 2002, 2003a, b).
for FMRFamide- and orcokinin-ir neurons.Therefore, these neurons are discussed as a
However, since most contralateral PDFMeathway transferring light information to the
appear to express three or more modulatogontralateral optic lobe to maintain stable phase
neuropeptides a single coupling neuron couldngle relationships between the bilaterally
provide the advancing and the delaying signaymmetric circadian pacemakers (reviewed by
from different processes with sortedTomioka and Abdelsalam 2004). Very
neuropeptides. Future studies will test thimterestingly, a subgroup of the MBNs reacted
hypothesis. The second contralateral pathwag e-vector changes of polarized light (Labhart
of the AMe is provided by the 35 MC Il and Petzold 1993, Homberg and Wirden 1997,
neurons, which belong to the VMNe groupLoesel and Homberg 2001). Orientation after
(Reischig and Stengl 2002, Reischig et apolarized sky light of insects largely relies on
2004). This appears to be the group of cells thptecise information about current daytime,
were suggested previously to from awhich might be one cause for the intercalation
contralateral pathway in the cockroach (Rotlf the AMe as putative circadian pacemaker in
and Sokolove 1975). The VMNe neuronghe polarization vision pathway. In summary,
project solely via the POC to the contralaterailC | and MC Il both appear to couple the
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bilateral AMae, but subserve different against a synthetic PDH. Cell Tissue Res 250:
functions. While the PDFMe of the MC | group  377-387

. . . .Hamasaka Y, Mohrherr CJ, Predel R, Wegener C (2005)
appear to form circadian coupling pathways Vlg Chronobiological analysis and mass spectrometric

the AOC and POC, the. VMNe group appears to  characterization of pigment-dispersing factor ie th
provide contralateral light information to the cockroach.eucophaea maderad Insect Sci 5:43
AMe via the POC. Heinrich R, Jacobs K, Lakes-Harlan R (1998) Tra@hg
A third and a fourth coupling pathway could be @ neuronal network in the locust by pressure

provided by the MC Il and the newly !]nJNegE(r)(?sciOIf\/lert?\?)r(lj(serSSO'Elinlt-(:%Qa synaptic neuropil.

discovered MC IV cells, reSpECti\_/ely- However yeifrich-Forster C (2005) Neurobiology of the fréiig's

so far we do not know anything about the circadian clock. Genes Brain Behav 4:65-76
projection patterns of these neurons, and V\y@elfrigh-F(")rsterC, Shafer OT, Wulbeck C, Grieshabge
even do not know whether they indeed connect E'g%egolgéy Tg?*lﬁret Zoélf%(’e?e Efr‘)’ggg?genltatgg
both AM_ae'_Therefore' the mutual circadian neurons oDrosophila melanogasted Comp Neurol
synchronization pathway of the cockroach 5g9:47-70

might be more complex than we know at theiofer S, Dircksen H, Tollback P, Homberg U (2005)

time, and awaits further investigation. Novel insect orcokinins: Characterization and
neuronal distribution in the brains of selected

dicondylian insects. J Comp Neurol 490:57-71
Hofer S, Homberg U (2006a) Evidence for a role of
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Chapter IV

Both anterior and posterior optic commissures tranmit coupling
information between the pacemakers ofeucophaea maderae

Sandra Soehler

Unpublished

Abstract Circadian pacemakers have beemnedundantly encoded in more than one optic
localized in the nervous system of severatommissure. However, the posterior optic
bilaterally symmetric animals. The circadiancommissure appears to carry more advancing
pacemaker of the cockroacheucophaea information as compared to the anterior optic
maderaecould be localized to the accessorgommissure.

medulla with associated pigment-dispersing

hormone-immunoreactive (PDH-ir) neurons irKeywords Pacemaker coupling - Circadian

the optic lobes at the ventromedian edge of thraythm - Accessory medulla - Commissure
medulla. To exert stable rhythms with alransection -

common period, the bilateral accessorgockroachleucophaea maderdésecta)
medullae have to be coupled. Lesion and

backfill experiments demonstrated that PDH-ir

neurons which send processes into the anterilmitroduction

and posterior optic commissures couple both

accessory medullae. Here, we examine wheth€he rotation of the earth around its axis causes
the anterior and posterior optic commissurea light and dark cycle in a 24 hour fashion.
transmit coupling information between bothConsequently, most organisms on earth
pacemakers. The anterior optic commissure, tlieveloped a circadian system to anticipate the
posterior optic commissure, or the completdaily changes in their environment. In the
central brain were transected and then it wamckroach_eucophaea maderathe pacemaker
investigated by running-wheel assays whethéhat controls locomotor activity could be
these operations alter circadian locomotdocalized to the optic lobes (Nishiitsutsuji-Uwo
activity. The experiments revealed thatand Pittendrigh 1968, Page 1982). Both optic
transection of the anterior and posterior optibbes contain a small neuropil at the
commissures neither influenced the rhythmicityentromedian edge of the medulla, the
of the locomotor activity nor the period lengthaccessory medulla (AMe), which is innervated
of locomotor activity rhythm. However, by a set of associated pigment-dispersing
transections of the posterior optic commissureormone immunoreactive (PDH-ir) neurons
caused comparably stronger phase delays thétomberg et al. 1991). Transplantation of the
transections of the anterior optic commissuréMe with associated PDH-ir neurons restored
Transections of the central brain typicallycircadian rhythmicity in optic lobe ablated
caused permanent arrhythmic activity of theockroaches (Reischig and Stengl 2003a). Thus,
cockroaches which lasted for several weeké the cockroach, the bilateral accessory
Therefore, coupling circadian information ismedullae (AMae) with their adjacent PDH-ir
neurons are circadian pacemakers controlling
locomotor activity rhythms. Since one optic

S. Soehler[)

Department of Natural Sciences, Animal Physiology, lobe |_5_ sufficient to maintain locomotor
University of Kassel, rhythmicity, each cockroach possesses two
Heinrich-Plett-Strasse 40, ;

D-34132 Kassel, Germany potentially autonomoqs pacemakers. quever,
e-mail: ssoehler@web.de removal of one optic lobe resulted in an
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increase in the period length of locomototransmit different information from one
activity rhythm (Page et al. 1977) suggestingacemaker to the other. Therefore, the AOC,
that the bilaterally symmetric pacemakers arthe POC or the complete central brain of
mutually coupled. Roth and Sokolove (1975fockroaches were transected and free-running
reported that non-identified cells in the optidocomotor activity was monitored in running-
lobes of Leucophaea maderadave axonal wheel assays. Operation dependent changes in
projections in the contralateral optic lobethe amplitude, duration, period length or phase
About 20 years later Stengl and Homberghifts of locomotor activity rhythms were
(1994) showed by lesion experiments that thevaluated.

two Dbilaterally symmetric pacemakers of

Leucophaea maderaare strongly coupled,

contrary to the weak pacemaker coupling iMaterials and Methods

crickets (Wiedenmann 1983, Tomioka et al.

1991, Tomioka 1993, Ushirogawa et al. 1997)Animals

Closer analysis of the lesion experiments and

the morphology of PDH-ir neurons in bothAdult male cockroached éucophaea maderae
species revealed a correlation between theere taken from laboratory colonies. They were
number of PDH-ir commissures and theeared under a 12:12 h light-dark (LD)
coupling strength (Homberg et al. 1991, Stengihotoperiod, at about 60% relative humidity
and Homberg 1994). Therefore, PDH-irand a temperature of 26°C. Animals were fed
neurons appear to be involved in the couplingiith dried dog food, potatoes and watad

of the circadian pacemakers. A comprehensidditum.

morphological analysis of coupling pathways

identified seven types of commissureBehavioral assays and data analysis
connecting both optic lobes. Of these 7 fiber

tracts only tracts 3, 4 and 7 connect both AMaExperimental animals were taken from
(Reischig and Stengl 2002). Tract 3 runs fronaboratory colonies, set in running-wheels
one optic lobe through the lobula valley trac{Wiedenmann 1977), and constantly provided
(LoVT) to the ipsilateral superior lateralwith dry rat pellets and water. Each running-
protocerebrum (SLP). There, tract 3 loopsvheel was equipped with a magnetic reed
around theo-lobe of the ipsilateral mushroomswitch and one revolution of the running-wheel
body and proceeds via the anterior opticesulted in one impulse. Impulses were counted
commissure (AOC) to the contralateralobe, by a computer in 1 minute intervals. The
SLP and optic lobe. Tract 4 projects from oneomplete equipment was kept at 28°C and 60%
optic lobe through the LoVT to the ipsilateralrelative humidity in constant darkness (DD).
SLP and superior median protocerebrum (SMPcquired data were plotted in double plot
and from there via the AOC, ventrally to tract 3activity histograms. The free-running period

to the contralateral SMP, SLP, and optic lobeand potentially occurring phase shifts were
Tract 7 runs from the optic lobe via the LoVTdetermined by converting the raw data into
to several regions in the ipsilateral posterioASCII format, merging them into 30 min
protocerebrum and from there via the posteriantervals and analyzing them with Chrono I
optic commissure (POC) to several regions inoftware (provided by Till Roenneberg;
the contralateral posterior protocerebrum anBoenneberg and Morse 1993). The Chi-square
the contralateral optic lobe (Reischig and Stengleriodograms and the rhythm detector plots
2002). Two of the mentioned tracts, tract 4 andiere calculated with Tempus 1.6 (Reischig and
7, show a similar arborization pattern as that @tengl 2003a). Recording of locomotor activity
PDH-ir neurons, which were suggested to band subsequent data analysis were performed as
involved in the coupling of the bilateral AMae.described previously (Reischig and Stengl
Because both commissures AOC and PO£003a). Cockroaches, which showed a stable
appeared to be necessary for circadian couplinggythm for at least ten days were used for
we here examined whether both commissuresirgery. All manipulations were done at room
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Transection of AOC, POC or central brain

temperature under dim red light. Animals wert e
anesthetized with COand then mounted in
metal tubes. Depending on the kind o
operation, transection of the AOC, POC an
complete central brain, respectively, a sma
window was cut into specific areas of the hea
capsule (Fig. 1). The cuticle within the window
was removed, tracheae and fat body wel
pushed aside to expose the central brain, a
the transections of the commissures wet
accomplished. To avoid regeneration of th
commissures, a small piece of parafim wa
placed into the cut. The removed cuticle piec
was waxed back and the cockroach was put in
the running-wheel. The sham operatior.
consisted of opening the head capsule at tlf@y. 1 Scheme of the head of the cockroaeicophaea

same location as for the AOC transectiomaderaeThe red rectangle marks the window which was
(Fig. 1), removing the fat body and subsequeﬁ’t‘t into the head capsule for the transection efADC

losi f the head capsule with wax Tand the central brain. The blue rectangle marks the
closing or the hea P + ! Quindow which was cut for the transection of the P@C

determ_in.e .if Op?rated COCkroac_h_es regalghtenna, CE complex eye,O ocellus. Modified after
rhythmicity in their locomotor activity, they Hofer (2004).

were kept in the running-wheels for up to 93

days. By the time a cockroach strongly

increased or decreased its activity it wadehydrated in an ethanol series and embedded
sacrificed and the brain used forin paraffin (Paraplast plus, Sigma, Germany).
immunocytochemistry. In total 67 cockroachesSerial frontal 10 um sections were cut as
were operated. Data of locomotor activity couldibbons, mounted on microscope slides,
be analyzed from 33 of the 67 operatedeparaffinized with xylene and rehydrated
cockroaches (10 actograms of AOC transectethrough graded ethanols. Brains were stained
11 actograms of POC transected and 1®ith antisera against pigment-dispersing
actograms of central brain transected). Fiveormone (antlJca-B-PDH-antiserum, 1:3000
animals received a sham operation, but theircksen et al. 1987) that clearly labels the
actograms could not be analyzed. The brains 800C and POC. Furthermore, PDH-ir neurons
6 AOC transected, 7 POC transected, and nkéar the AMe have been shown to be involved
central brain transected cockroaches could l¥e the coupling of the pacemakers (Reischig et
analyzed with immunocytochemistry. Becausal. 2004). Immunoreactive cells were detected
we focused on long term analysis of locomotoby using a 3-step peroxidase technique
activity many operated animals died(Sternberger 1979, Reischig and Stengl 1996).
unexpectedly during the running-wheel assaysTo visualize the neuropils of the brain, the
Changes in locomotor activity were statisticallysections were counterstained with 1%
evaluated with t-tests. Significance was taken asethylene blue. In total, the brains of 20 of the
P<0.05. Statistical analyses were performe@7 operated animals could be analyzed by

with Superior Performing Software Systemsmmunocytochemistry. The remaining
(SPSS 11.5) and Excel XP (Microsoft). cockroaches died during the running-wheel
assays.

Immunocytochemistry for paraffin sections

Brains were dissected and fixed for 4 hours in Results

formaldehyde/picric acid solution (aqueous

Bouin’s solution modified after HollandeTo examine whether the AOC and POC
(Romeis 1989), washed in clear waterfransmit the same information from one
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pacemaker to the other we performed differemecovering rhythmicity. The remaining two
transections combined with running-wheetockroaches exhibited no clear rhythm for 17
assays. After the transections of the AOC, theays after POC transection. Of the 12
POC, or the central brain different parametersockroaches which obtained a transection of the
of the locomotor activity rhythms werecentral brain 7 exhibited permanent locomotor
evaluated: transection-dependent changes adétivity immediately or within 14 days after
activity intensity and duration, appearance of aperation (Fig. 6a). Three cockroaches showed
split rhythm, changes of the phase and periagirhythmic locomotor activity and two lacked
length. Subsequent staining of the brains wetecomotor activity for several weeks after
performed to investigate the success of theperation. Three of the 12 evaluated
specific transections. cockroaches recovered rhythmicity, one after
Altogether 67 animals were operated: 127 days, and the other two after 61 days (Fig.
obtained AOC transection, 17 obtained POG®Ga-d, table 1). The remaining cockroaches did
transection, 34 obtained transection of thaot regain locomotor rhythmicity until they
complete central brain and 5 obtained shawtied [within 30 days (n = 4), within 30 — 60
operation. Of the operated cockroaches thdays (n = 2), and> 60 days (nh = 3),
locomotor activity of 10 AOC -, 11 POC - andrespectively].

12 central brain dissected animals could bEor the evaluation of the quantity and duration
evaluated. The sham operated animals could naft the locomotor activity 6 POC, 8 AOC, and
be evaluated due to a computer breakdowd central brain dissected cockroaches were
during the running-wheel assays. The brains @nalyzed. The other cockroaches were excluded
6 AOC-, 7 POC-, and 7 complete central braifrom the analysis, because they showed very
transected cockroaches could be analyzddng durations of inactivity after operation or

immunocytochemically. due to computer problems. To determine
changes in the quantity of the locomotor
Analysis of the locomotor activity activity the means of running-wheel revolutions

before the operation were compared those after
First, the effects of the different transectionshe operation over 9 - 11 days. In the cases of
on the locomotor activity were evaluatedboth the AOC and POC transections 50% of the
Among the 33 evaluated actograms l1@ransected cockroaches exhibited an increase
actograms were obtained from AOC dissecteand 50% a decrease of the overall locomotor
cockroaches, 11 from POC, and 12 of centractivity (n = 4 for the AOC transections, n = 3
brain transected cockroaches. All of these 3@r the POC transections). Central brain
animals showed stable locomotor activitytransection led to a decrease in locomotor
rhythms for at least 10 days before operatioactivity in 87.5% (n = 7) of the operated
(Figs. 2a, 4a, 6a). After operation mostockroaches, and to an increase in 12.5% (n = 1)
cockroaches with an AOC or POC transectionf the operated cockroaches. Statistical
regained locomotor rhythmicity (Figs. 2a, dcomparison of the intensity of locomotor
4a, d), whereas most cockroaches whichctivity before and after the transections with a
received a transection of the central braipaired t-test resulted in no significant
developed arrhythmic locomotor activity (Fig.differences (p > 0.05). For the analysis of
6a, c). After AOC transection, 9 out of 10changes in the duration of locomotor activity
evaluated cockroaches restored locomotdhe mean locomotor activity in multiple 30 min
rhythmicity within 17 - 31 days (table 1). Onebins (maximal 48 per day) with two and more
cockroach showed a very weak activity withoutunning-wheel revolutions over a certain
rebuilding a clear rhythm after AOCnumber of days (9 days for central brain
transection. Following POC transectiontransected, 10 days for POC transected, 11 days
locomotor rhythmicity was restored in 9 out offor AOC transected cockroaches) before the
11 cockroaches within 13 - 37 days (table 1lpperation was compared to the mean of bins
Two of these 9 animals showed long stretchesith two and more running-wheel revolutions
of permanent locomotor activity beforeover the same number of days after the surgery.
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Fig. 2 aRunning-wheel activity of an AOC-transected coelifo kept in constant darkness. The cockroach ekarte
stable rhythm before and after the AOC transedtigeration day is marked with red arrow). Blue $imeark periods
without recording of locomotor activityp Regression analysis through consecutive activityets revealed a phase
delay of 1.7 h after the AOC transectiand Chi-square periodograms of day 51-6y dnd 71-103d) confirmed the
rhythmicity before and after the transection. Theiqd length was 24 h before the transectmrad 23.8 h after the
transectiond). (SSI= Sokolove significance line = chi-square for p.61).

s i -
Fig. 3 a-b PDH immunocytochemistry in the
area of the anterior optic commissure (AOC).
AL antennal lobeRL beta lobusa A clear cut
through the AOC is visible (arrow)b No
connections between the superior median
protocerebra SMP) are visible &rrow). The
central body CB) shows a faintly staining
(arrowhead. ¢ PDH immunocytochemistry in a
collage of four images of the posterior part of
the brain reveals a clearly labelled posterior opic
commissureROC, arrow). Bars100 pum.
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Fig. 4 a Running-wheel activity of a POC-transected cockhokept in constant darkness. The cockroach shawved
stable locomotor rhythm before and after the P@@gection (operation day is marked with red arrd@aRegression
analysis through consecutive activity onsets readeal phase delay of 2.4 h after the POC transeatidrChi-square
periodograms of day 9-1@)(and 29-44 d) confirmed the rhythmicity before and after th@nsection. The cockroach
expressed a rhythm with a period length of 23.2fofe operationk) and a period length of 23.5 h after the operation
(d) (SSl= Sokolove significance line = chi-square for p.61).

Fig. 5 a-bPDH immunocytochemistry in the area of the antesjatic commissureAOC, a) and posterior optic
commissureROC, b). a The AOC (arrow) and staining in the SM&rowhead is visible.b A clear cut through the
POC is visible &rrow). BL beta lobusCa calycesBars 100 um.

This evaluation revealed in 87.5% (n = 7) of th&ffects of the transections on the period of the
central brain transected animals, in 62.5%ircadian locomotor activity rhythm

(n = 5) of the AOC transected animals and in

50% (n = 3) of the POC transected animals aivfter transection of the AOC or POC no
increase of the duration of the activity. Thesignificant changes were found in the free-
statistical comparison of the means of 30 mirunning period. The mean period before the
bins before the transection with the samAOC transection was 23.55 + 0.31 h (mean %
number of means after the transection with &D, n = 8, table 1) and the mean period after the
paired t-test resulted in significant difference®AOC transection was 23.54 + 0.29 h (mean *
between the duration of activity before and afte8D, n = 8, table 1). Of the eight evaluated AOC
the central brain transectiori®<0.05, Fig. 8).  transections we observed lengthening of the
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Fig. 6 a Running-wheel activity of a
whole-brain-transected cockroach
kept in constant darkness. The
cockroach showed a stable rhythm
before transection of the brain
(marked with red arrow). After the
operation no rhythm was detectable,
but from day 83 on the animal
regained rhythmicityb-d Chi-square
periodograms of day 2-1®Y), 21-41
(c) and 82-95 ). The period length
was 23.3 h before and 23.5 h after the
operation § andd). From day 21-82
the cockroach is arrhythmic)(

Fig. 7 a-d PDH immunoreactivity in the central brain of a caxch with a central brain transecti@nthe central
brain is almost completely cut (arrow). PDH immuytochemistry is in the superior median protocerab(8MP) as
well as in the central bodyCB) visible.b Section posterior ta shows only small PDH-ir fibersafrows). The brain
hemispheres appeared to have fused agadrPOC transection on two consecutive sections. Qafys of the POC are

visible inc andd (arrows). Bars 100 pm.
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period (n = 4) with a maximum value of 0.18 t
and shortening (n = 4) with a maximum of 0.3 g
(Figs. 2c, d). Two animals showed very |OV\§
activity levels after operation and were no-é
further evaluated. The POC transections als
caused no significant changes in the freeg u)
running period. The mean period before ths

POC transection was 23.39 + 0.2 h (mean £ SI 1
n = 11, table 1) and the mean period after tt

POC transection was 23.27 + 0.16 h (mean °
SD, n = 10, table 1). We observed lengthenin

40 4

30 4

_ . . . ) < AQ IS AQ
(n = 3) with a maximum of O'.37 h (F|g§. 4c, d. S5 oF S5 &F $E s
0.2 h), shortening (n = 6) with a maximum of gf” gf’ :_f’f” f{"f SF 8
0.43 h or no effect (n = 1) on the period length & ¢ & ¢ §5 &5

One animal could not be evaluated because It
was arrhythmic after surgery. Transections dfig. 8 Locomotor activity of cockroaches before and
the central brains caused in most casedier AOC, POC, or central brain transection. Barew
permanent locomotor activity after thethe number of 30 min_b?ns during which the cockieesc

. . _showed locomotor activity.
operation. Out of three cockroaches whicR
became rhythmic after long stretches of
continuous activity, one showed a by 0.2 ltompared to the phase delays caused by the
lengthened period (Figs. 6b-d) and two showedOC transections. The transection of the
a by a maximum of 0.6 h shortened period. Inentral brain caused in most cases permanent
the other animals the changes in the periddcomotor activity which was significantly

lengths could not be determined. different to the activity intensity before the
surgery.

Effects of the transections on the phase of the

circadian locomotor activity rhythm Immunoreactivity in the AOC and POC
commissure

After AOC transection, eight cockroaches

showed phase delays (0.79 + 0.43, mean + SBy using anti-PDH-antiserum the AOC as well
table 1) with a maximum of 1.7 h (Fig. 2b).as the POC could be clearly identified. In two
Two cockroaches, however, showed phagsg the six evaluated AOC transections the AOC
advances (2.21 + 1.15, mean = SD, table Xgmained intact. In three brains, the AOC was
with a maximum of 3.02 h. After POCcompletely transected and in one brain only
transections, six cockroaches showed phaparts of the AOC showed anti-PDH-
delays (Fig. 4b; 3.11 + 2.65, mean * SD, tablanmunoreactivity, and a connection between
1) with a maximum of 6.29 h and two showedhe superior median protocerebra could not be
phase advances (2.26 + 1.63, mean = SD, n =fadund (Fig. 3a, b). Only in one case the staining
table 1) with a maximum of 3.41 h. In threeof the POC transected brains showed a clear cut
cases, the phase shift could not be calculated the POC (Fig. 5b). In three brains some fine
because the activity onset after the POG@bers were visible which could be the result of
transection was very irregular. AOC and POG@ither a failure in cutting the commissure or,
transection resulted in comparable phas@ore likely, the reinervating of cutted fibers. In
advances, but in different phase delayshe remaining three brains the POC was still
Altogether, the transection experiments showddtact. After the transections of the central bsain
that the transection of either the AOC or thén five of the seven evaluated cockroaches, no
POC alone did not significantly alter the periodcAOC and no POC were detectable. In two of
length or the rhythmicity of the locomotorthese five brains it seemed that the brain
activity rhythm. The transection of thehemispheres were grown together again (Fig. 7b-
POC, however, caused stronger phase delags The remaining three brains showed an almost
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Table 1 Mean and standard deviations for the time to regaythmicity, changes of period length and phdséss
after the various transections.

Time to regain  Period length Period length Phase dela Phase advance
Treatment rhythmicity before surgery  after surgery (mean + SDy) (mean £ SD)
(mean £ SD) (mean £ SD) (mean £ SD) -
10252991 53551031 h  2354+020h 0.79+043h  2.21+1.15h
AOC transection days ~ ~ _ -
it n=8 n=8 n=8 n=2
n=38
10671135 5339102h  2327+016h 311+265h  2.26+163h
POC transection days ~ ~ _ -
it n=11 n=11 n==6 n=2
n=9
. 51 +£20.88
Central praln days 23_'4 +0.1h 23_'4 h not determined not determined
transection n=3 n=2 n=2

complete transection of the brain (Fig. 7a). OnBoth AOC and POC transmit coupling
preparation was not evaluable and in onmformation between bilateral pacemakers
preparation the POC was still intact.
Comparison of the staining of the transectedo exert a well synchronized circadian behavior
brains with that of untreated brains revealethe bilaterally paired pacemakers in the insect
that the main targets of PDH-ir fibers in thébrain have to be mutually coupled. While
central brain [the SMP and SLP and theoupling in crickets is relatively weak, the
ventrolateral and inferior lateral protocerebrum¢ockroachLeucophaea maderagxerted strong
were still visible in the transected brains. Theoupling (Page et al. 1977, Wiedenmann and
cockroaches which received a transection of tHeoher 1984, Ushirogawa et al. 1997). Previous
central brain displayed a fainter staining in alexperiments also showed that each single optic
of these regions. In two cockroaches, two PDHebe is sufficient to drive locomotor rhythmicity
ir neurons, located near the calyces, wer&okolove 1975, Page et al. 1977, Wen and Lee
visible. 2000). Since the period of the locomotor
activity rhythm driven by one pacemaker is
slightly longer than that driven by the mutually
Discussion coupled pacemakers (Page et al. 1977) the
bilateral pacemakers are supposed to interact
In running-wheel assays, it was examineslia phase advances. In our study both
whether transection of the AOC and POQengthening and shortening of the period after
affects the locomotor activity of cockroachedransection of AOC or POC could be observed.
differently. To determine whether theSince changes in the period length did not
transections were successfully the brains of thegnificantly differ between AOC and POC
monitored cockroaches were removed antlansected cockroaches, information for
stained with an anti-PDH-anitserum. Themaintaining a stable period appear to be
present study revealed that transection of titeansmitted by the AOC and POC in paralell.
POC caused stronger phase delays th&ince transections of the POC resulted in
transection of the AOC. Other parameters dftronger phase delays than transections of the
locomotor activity did not differ between theAOC the POC may transmit more advancing
respective animals. Transection of the completaformation than the AOC. However, to
central brain however, caused permanemvestigate the specific role of the AOC and
locomotor activity with a statistically higher POC in coupling, both commissures need to be
overall activity after operation. transected. It is known that neurons of four
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different AMe groups are involved in theanother - yet unidentified - member of the large
coupling of both pacemakers (Reischig an&#aRP family may cause the phase advances
Stengl 2002, Reischig et al. 2004, Chapter lll)which are necessary for creating a stable
In addition it was shown that neurons of théocomotor period length. Further experiments
ventromedian group of the AMe are light-will test this hypothesis. Since
sensitive (Loesel 1999, Loesel and Hombergnmunocytochemical data could not be
1998, 2001). These neurons project exclusivelybtained for most of the cockroaches in our
through the POC to the contralateral lobe anelxperiments a clear correlation of POC
appear to transmit light information betweenransection and phase delays could not be
the bilateral pacemakers. Since our behaviordemonstrated. Nevertheless, the actograms of
assays were performed in DD no informatiomll POC, AOC or central brain transected
upon the transport of light information could becockroaches were comparable inside each
obtained. In contrast to the ventromediagroup. Further experiments are needed to
neurons, neurons of the ventral group do natvestigate the role of the AOC and POC for the
respond to light stimuli (Loesel and Hombergransmission of coupling information.

2001). They project through both the AOC and

POC to the contralateral AMe (Reischig et alOutput pathways of locomotor pacemakers
2004). Thus, ventral neurons may transmit

phase information between the pacemakers. Klready 1983, Page assumed that the coupling
honeybees, the AOC contains fibers opathways and output pathways by which the
unidirectional, motion-sensitive neurons (Hertepacemakers drive the activity rhythm are
et al. 1987), and hence the AOC of cockroachesstinct. Innervation of the SMP and SLP
may also carry information from motionappeared to be particularly important for the
sensitive VNes to the contralateral pacemaketoupling between the bilateral pacemakers and
Computer simulations on the coupling of twacentral brain neuropils which control locomotor
oscillators showed that both phase delays armutivity. Accordingly, Reischig and Stengl (2003a)
advances together are necessary to createstawed that all optic lobeless cockroaches which
stable locomotor period length (Petri and Stengegained rhythmicity after transplantation of
2001). This also fits with the finding thatAMe showed reinnervation of the SMP and
injection of neuropeptides into the AMe oftenSLP by PDH-ir fibers. From the SMP and SLP
induces biphasic PRCs similar to that obtainetthe pacemaker information controlling loco-
after donation of light pulses (Page and Barrehotor activity is transmitted to the sub-
1989, Petri et al. 2002, Hofer and Hombergesophageal and thoracic ganglia that control
2006). Since PDH injections in the vicinity ofleg muscle activity. Wen and Lee (2000)
the AMe resulted in significant phase delaysuggested that the hyperactivity of cockroaches
PDF is unlikely to act as an advancing factor imith cut optic tracts is due to the disruption of
the POC (Petri and Stengl 1997). Members dhe output pathway of the pacemakers to the
the FMRFamide-related peptides (FaRPs) araotor control center in the thoracic ganglia.
also located in coupling neurons and a peptidgased upon the work of Colwell and Page
of this family may be involved in the coupling(1990) and others (Roeder 1967, Pearson and
of the Dbilateral pacemakers. However]les 1970, Burrows 1996). Wen and Lee (2000)
FMRFamide and Pea-FMRFamide-7 injectionsoncluded that central pacemakers provide an
into the AMe of cockroaches resulted imnoutput temporal signal that inhibits the
significant phase delays in locomotor activitydescending excitatory output of the suboeso-
(Soehler et al. 2008) and, therefore, thegghageal ganglion to motor control centers in the
peptides are not the missing phase advancéracic ganglion. This corresponds to our
causing factors. The same applies téinding that transection of the central brain
leucomyosuppressin, another member of thgpically caused permanent locomotor activity
FaRPS. Injections of leucomyosuppressin intof cockroaches. Three out of 12 cockroaches
the AMe of cockroaches did not induce changesith a complete brain transection regained
of locomotor activity (Sohler et al. 2007). ThusJocomotor rhythmicity. These cockroaches might
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have rebuilt a neuronal connection between Rage TL, Caldarola P, Pittendrigh C (1977) Mutual

. . pacemakers. Phyiological Sciences 74:1277-1281
However, like in the case of the COCkroachelgage TL (1982) Transplantation of the cockroach

with AOC and POC transections, an inter- “cicadian pacemaker. Science 216:73-75
pretation of the obtained results is difficult andPage TL (1983) Effects of optic-tract regeneratimm
further behavioral and immunocytochemical internal coupling in the circadian system of the
data are needed. Nevertheless, our results sug%e%tgogtrogg:‘r-eitC;r("lpggg;’z?f'e[é]s 105;3@?“3'03:%@
_that the, AOC and POC tra_nsmlt different pace,maker development Il. Responses to light.
information and that a connection between the 3 comp Physiol [A] 165:41-49

pacemakers to the SMP and SLP is necessaryH@ri B, Stengl M (1997) Pigment-dispersing hormone

create rhythmic locomotor behavior. shifts the phase of the circadian pacemaker ofdhbk-
roachLeucophaea maderag Neurosci 17:4087-4093
Petri B, Stengl M (2001) Phase response curves of a
molecular model oscillator: implications for mutual
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