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Über den Rahmen dieser Doktorarbeit hinaus stellte ich der Arbeitsgruppe von PD Dr. Reinhard 

Predel meine Expertise bei der 3D-Darstellung von PBAN-Zellen in Manduca sexta zur Verfügung. Im 

Rahmen der Zusammenarbeit führte ich Immunfärbungen gegen PRXamide und anschliessende 

dreidimensionale Rekonstruktionen im Gehirn und Bauchmark durch. Die Ergebnisse dieses Projektes 

stehen kurz vor der Einreichung bei PNAS unter dem Titel: “Peptidomics of pheromone biosynthesis 

activating neuropeptide (PBAN)-expressing neurons of an insect.” 

 

 

Weitere kurz vor dem Abschluss stehende Projekte, an denen ich in der AG Schachtner maßgeblich 
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• Vierdimensionale Darstellung der pupalen Metamorphose des Schwärmergehirnes (mit Basil 
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• Entwicklung eines Stadiumschlüssels zur Altersbestimmung von Tribolium-Puppen (mit Stefan 

Dippel). 
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dem vorangehenden Projekt unter dem Titel “The transition from the larval to the adult 

antennal lobe in the red flour beetle Tribolium castaneum” für eine Veröffentlichung 

zusammengestellt.  

• Hirnanatomie und Neuropeptide dreier Collembolenarten (mit Martin Kollmann). Der Inhalt 

dieser Arbeit soll auf Einladung hin bei “Arthropod Structure and Development” erscheinen. 
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Zusammenfassung 
 

Während der Ontogenese holometaboler Insekten wie zum Beispiel der Schmetterlinge (Lepidoptera) 

kommt es zu radikalen Änderungen der Lebensumstände: während das Leben der Larve 

weitestgehend auf Fressen und Wachsen ausgerichtet ist, verlangt die Möglichkeit des Fluges dem 

adulten Tier völlig andersgeartete Herausforderungen ab. Auch die Art und Geschwindigkeit der 

Sinneseindrücke verändert sich rapide. All dies erfordert neben der völligen Neuorganisation des 

Körpers und der Sinnesorgane auch eine Umorganisation des Gehirnes, das diese um- und neu 

gebauten Systeme integrieren muß. Seit mehr als drei Dekaden dient der Tabakschwärmer Manduca 

sexta als Modelltier zur Untersuchung dieses Umbaus, welcher unter Laborbedingungen innerhalb 

von lediglich drei Wochen während der Puppenruhe erfolgt. In dieser Zeit nimmt das Gehirn um etwa 

das zehnfache an Volumen zu, einige larvenspezifische Zellen sterben, andere adultspezifische 

Neuroblasten proliferieren und wieder andere Nervenzellen werden umgebaut, um den neuen 

Anforderungen gewachsen zu sein (Übersichtsartikel: Truman 1996; Weeks 1999). 

Viele der hierbei zugrunde liegenden ontogenetischen Prozesse des Auswachsens und der 

Ausdifferenzierung von Nervenzellen scheinen zwischen Insekten und Vertebraten konserviert zu 

sein. So finden sich auf molekularer Ebene als auch auf der Ebene der Neuropil-Organisation 

Parallelen, welche im Insektenmodell meist einfacher und zugänglicher untersucht werden können. 

Beispiele hierfür wären zum einen die Zielfindung sensorischer Rezeptorneurone, deren Einwachsen 

in die primären Verarbeitungszentren über gleiche Kontaktrezeptoren gesteuert wird (Luo and 

Flanagan 2007), und zum anderen die prinzipiell analoge Organisation olfaktorischer Neuropile in 

duftabhängig aktivierbare Glomeruli (Hildebrand and Shepherd 1997, Eisthen 2002). 

Ebenfalls eine stark konservierte Rolle in der Individualentwicklung spielt das gasförmige 

Signalmolekül Stickstoffmonoxid (NO), dessen Einfluss auf die Neurogenese bereits in mehreren 

Systemen demonstriert wurde (Übersichtsartikel für Insekten: Bicker 2007, Vertebraten: Cheng et al. 

2003, Garthwaite 2008). Auch in Manduca wurde eine Einflußnahme auf die Antennallobus-

Entwicklung gezeigt (Gibson et al. 2001). Nun sind die Wirkmöglichkeiten von NO mannigfach: es 

kann sowohl direkt durch ADP-Ribosylierung oder S-Nitrosylierung Proteine beeinflussen, aber auch 

weitere Signalkaskaden stimulieren. Prominentestes Beispiel hierfür in Manduca wäre die transiente 

cGMP-Synthese durch NO-abhängige lösliche Guanylatzyklasen (Schachtner et al. 1998, 1999). Das 

gebildete cGMP weist wiederum ein weites Wirkspektrum auf, welches von direkt abhängigen 

Ionenkanälen (cyclic nucleotide gated channels, CNGs) bis hin zur Aktivierung von Proteinkinasen 

reicht. Im Rahmen unserer Arbeitshypothese wird durch selektive cGMP-Produktion in einem 

definierten Zeitfenster der Antennallobus-Entwicklung die Ausschüttung von Neuropeptiden in lokalen 

Interneuronen bewirkt. Hierdurch bestünde die Möglichkeit, ein weitgehend undifferenziertes 

Entwicklungssignal zu spezifizieren, um gezielt einzelne synaptische Verbindungen zu stärken. 

Sowohl zum NO/cGMP-System als auch zu verschiedenen Neuropeptiden im sich entwickelnden 

Antennallobus existierten erste Untersuchungen unserer Arbeitsgruppe (Schachtner et al. 1998, 1999, 

Schachtner et al. 2004, Utz und Schachtner 2005). Die begonnenen Arbeiten zu den Neuropeptiden 

wurden in Zusammenarbeit mit S. Utz durch anatomische und pharmakologische Arbeiten zu 

Allatotropin (Kapitel III) sowie der Charakterisierung der lateralen Zellgruppe mittels MALDI-TOF 
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Massenspektrometrie erweitert (Kapitel IV). Der Schwerpunkt der vorliegenden Arbeit sollte jedoch auf 

der genaueren Charakterisierung des NO/cGMP-Signalweges im sonst gut etablierten Modellsystem 

des sich entwickelnden Antennallobus von Manduca sexta liegen.  

Hierzu wurde zunächst die in Frage kommende Zellgruppe auf deren Fähigkeit zur Verlängerung des 

NO-Signals untersucht, gefolgt von einem Test auf möglichen Zelltod während der Entwicklung 

(Kapitel I). Da aufgrund fehlenden Zelltodes von einer stabilen Neuronpopulation in dieser Zellgruppe 

ausgegangen werden konnte, wurde der Signalweg genauer hinsichtlich seines Zeitfensters, seiner 

Spezifität sowie der Anzahl beteiligter Neurone untersucht (Kapitel II). Ebenfalls wurde eine 

Möglichkeit zu seiner Signifikanz für die neuronale Entwicklung aufgezeigt. Hierbei wurden die 

Arbeiten weiterer Arbeitsgruppenmitglieder integriert. Zudem kam in dieser Arbeit mit der 3D-

rekonstruktionsbasierten Volumetrie eine Methode zum Einsatz, die sich im Folgenden auch in 

anderen Bereichen der Arbeitsgruppe als wichtiges Werkzeug herausstellte. Voraussetzung hierfür 

war jedoch die Etablierung eines geeigneten Protokolls sowie die Definition leicht identifizierbarer 

Neuropilbereiche im Antennallobus während der Entwicklung (Kapitel V). Nachdem dieses Protokoll 

eingeführt war, lag die Ausweitung der Methode auf das gesamte Hirn nahe, was in Zusammenarbeit 

mit B. el Jundi geschah. Im Anschluss erfolgte die Anwendung des erstellten Volumen-

Standardgehirnes in Form einer volumetrischen Erfassung des Geschlechtsdimorphismus (Kapitel VI). 

Die gewachsene anatomische Expertise wurde im Rahmen einer Kooperation mit K.C. Daly und E.M. 

Staudacher (West Virginia University, Morgantown, WV, USA) am Antennallobus von Manduca sexta 

angewandt. Hierfür wurden Projektionsneurone intrazellulär abgeleitet und ihre Antwortprofile auf eine 

Reihe standardisierter Duftreize bestimmt. Nach intrazellulärer Färbung wurden die Glomeruli 

identifiziert, in denen diese Projektionsneurone dendritische Verzweigungen hatten und in einem 3D-

Atlas dargestellt. Eine 4D Darstellung wurde durch Verknüpfen des räumlich-anatomischen 3D-Atlas 

mit der farbkodierten neuronalen Aktivität der einzelnen Elemente dieses virtuellen Ensembles erreicht 

(Kapitel VII). 

Viele der neu entwickelten Methoden sind parallel im Rahmen von Kooperationen und Laborpraktika, 

Bachelor- und Diplomarbeiten in Manduca sexta vertieft (Staudacher et al. 2007a,b, el Jundi et al. 

2007, el Jundi 2008, Rulla 2008, Neupert et al., in prep.) bzw. bei anderen Modellinsekten wie dem 

rotbraunen Reismehlkäfer Tribolium castaneum (Dippel et al. 2006, Dreyer et al. 2006, Schachtner et 

al. 2006, Dippel et al. 2007, Dreyer et al. 2007, Götz et al. 2007, Schachtner et al. 2007, Götz 2007, 

Dippel 2008, Dreyer 2008) oder basalen Hexapoden-Vertretern wie Collembolen (Kollmann et al. 

2007, Kollmann 2008) durch mich oder unter meiner Anleitung angewendet worden. Hierbei stand die 

Frage im Vordergrund, inwieweit die in Manduca vorgefundenen Mechanismen und deren zu Grunde 

liegende Neuromediatoren innerhalb der Arthropoden konserviert sind.  

Die Arbeit ist in die genannten sieben Kapitel gegliedert, deren Inhalt in den folgenden Absätzen 

nochmals ausführlicher zusammengefaßt wird.  
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Kapitel I: Kupfer/Zink Superoxid Dismutase-ähnliche Immunreaktivität im sich entwickelnden 
Gehirn des Tabakschwärmers Manduca sexta 
Original-Titel: Copper/Zinc superoxide dismutase-like immunoreactivity in the metamorphosing brain 

of the sphinx moth Manduca sexta 

 

In jedem metabolisch aktiven Gewebe entstehen hochreaktive Moleküle als Nebenprodukte, die die 

Effizienz der gewünschten Prozesse negativ beeinflussen. Besonders gut charakterisiert sind die 

reaktiven Sauerstoff-Verbindungen (reactive oxygen species, ROS), welche vor allem in der 

Atmungskette anfallen und in Zellen zu oxidativem Streß führen. Hierzu gehört auch Superoxid, O2
-, 

welches durch rasche Oxidation anderer Proteine deren Funktionalität verändern kann. Die Cu/Zn 

Superoxid-Dismutase (Cu/Zn-SOD) katalisiert diesen Prozeß und baut vorhandenes Superoxid 

zusammen mit dem Enzym Katalase zu Sauerstoff und Wasser ab. Auch das Signalmolekül 

Stickstoffmonoxid (NO) ist in seiner Wirkdauer und –reichweite durch Superoxid als Reaktionspartner 

stark eingeschränkt, und kann beides in Gegenwart der Cu/Zn-SOD ausweiten. 

Mit einem Antikörper gegen Cu/Zn-SOD konnten wir in Western Blots bei etwa 15 KDa das 

Vorhandensein eines entsprechenden Proteins in Hirngewebe der Insekten Manduca sexta, 

Drosophila melanogaster, Leucophaea maderae, Schistocerca gregaria und Gryllus bimaculatus 

sowie Ratte und Maus nachweisen. Darüberhinaus zeigten wir mit der gleichen Methode die 

Expression von Cu/Zn-SOD durch die komplette Puppenentwicklung bis in frühe Adultstadien von 

Manduca sexta. 

Um eine mögliche protektive Rolle von Cu/Zn-SOD während der Puppenentwicklung genauer zu 

untersuchen, wurden in diversen Stadien Immunfärbungen an Hirnschnitten vorgenommen. Hierbei 

zeigte sich eine distinkte Cu/Zn-SOD-Immunreaktivität (SOD-IR) in den Kenyon-Zellen der Pilzkörper, 

in Zellen der Pars intercerebralis, des lateralen Protocerebrums, des medianen Tritocerebrums, sowie 

in verschiedenen Zellen der optischen Loben sowie der Antennalloben. Im dorsalen Protocerebrum 

gab es zudem Hinweise auf SOD-IR in Gliazellen. Während sich die SOD-IR in den meisten 

protocerebralen Zellen über den kompletten betrachteten Entwicklungszeitraum erstreckte, begann 

die SOD-IR in Zellen der optischen Loben und Antennalloben erst im Verlauf der Puppenentwicklung 

bzw. trat lediglich transient auf. So zeigte sich erste SOD-IR in der lateralen Zellgruppe des 

Antennallobus etwa ab P7/8, parallel zum steigenden 20-Hydroxy-Ecdyson-Titer. In der medianen 

Zellgruppe des Antennallobus trat nur vereinzelt und unregelmäßig SOD-IR im letzten Drittel der 

Puppenentwicklung auf. In adulten Tieren ging die SOD-IR innerhalb der ersten vier Tage weitgehend 

zurück. 

Um festzustellen, ob Cu/Zn-SOD tatsächlich in relevanten Zellen eine protektive Rolle übernehmen 

kann, wurden Doppelfärbungen gegen Cu/Zn-SOD und MsGCα1 (die α1-Untereinheit der löslichen 

Guanylatzyklase aus Manduca sexta) durchgeführt. Die lösliche Guanylatzyklase stellt eines der 

Hauptziele von NO in Nervengewebe dar und zyklisiert nach Bindung von NO an seine Hämgruppe 

Guanosintriphosphat zu dem sekundären Botenstoff cGMP. Tatsächlich wiesen sowohl einige Zellen 

des medianen Tritocerebrums und der lateralen Zellgruppe im Antennallobus Doppelfärbungen auf. 

Die Befunde für den Antennallobus wurden gestärkt durch Doppelfärbungen gegen Cu/Zn-SOD und 

cGMP, welches transient ab P7/8 in der lateralen Zellgruppe gebildet wird: faktisch alle Zellen mit 
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cGMP-Immunreaktivität zeigten ebenso SOD-IR. Desgleichen fanden sich im optischen Lobus Zellen 

mit sowohl cGMP- als auch Cu/Zn-SOD-Immunreaktivität. 

Um die protektive Rolle von Cu/Zn-SOD während der Entwicklung zu untermauern führten wir TUNEL-

Färbungen durch, mit deren Hilfe wir sterbende Zellen markierten. Solche Zellen traten vor allem in 

den optischen Loben und vereinzelt im Protocerebrum auf, jedoch niemals zusammen mit SOD-IR. 

Dies steht in Übereinstimmung mit einer Schutzfunktion von Cu/Zn-SOD für die Zelle, die in 

sterbenden Zellen keinen Sinn ergeben würde.  

Da wir zu keinem Zeitpunkt der Puppenentwicklung sterbende Zellen im Antennallobus vorfanden, 

konnten wir in folgenden Untersuchungen immer von einer konstanten Zellpopulation im AL 

ausgehen. 

 

 

Kapitel II: Transiente Bildung von Stickstoffmonoxid-abhängigem cGMP im sich entwickelnden 
Antennallobus des Tabakschwärmers Manduca sexta 
Original-Titel: Transient, nitric oxide-dependent cyclic GMP formation is involved in metamorphic 

development of the antennal lobes of Manduca sexta 

 

In früheren Arbeiten unserer Arbeitsgruppe wurde bereits ein transienter, induzierbarer Anstieg cGMP-

immunreaktiver (cGMP-ir) Zellen in der lateralen Zellgruppe des Antennallobus beschrieben. Hierfür 

kamen allerdings mehrere Guanylatzyklasen in Frage. Erste Hinweise auf die Abhängigkeit dieses 

cGMP-Anstieges von Stickstoffmonoxid (NO) bzw. dessen Haupt-Zielprotein, der löslichen 

Guanylatzyklase (sGC) sollten verdichtet, sowie die Anzahl der beteiligten Zellen und ihr zeitlicher 

Verlauf mittels pharmakologischer Experimente genauer charakterisiert werden.  

Hierzu wurden verschiedene Präparationsprotokolle angewandt, die eine stimulationsabhängige 

Zuordnung der verschiedenen cGMP-Färbungen ermöglichten. Bei normaler Präparation werden in 

physiologischer Ringerlösung sämtliche Nerven durchtrennt. In einer früheren Arbeit aus der 

Arbeitsgruppe konnte gezeigt werden, dass das Durchtrennen der Antennalnerven den gleichen Effekt 

wie eine elektrische Stimulation bewirkt und in einem definierten Zeitraum der Puppenentwicklung zu 

cGMP-Immunreaktivität (cGMP-IR) in Neuronen der lateralen Zellgruppe führt. 

Diese präparationsbedingte Stimulation in verschiedenen Puppenstadien ergab erste, schwache 

cGMP-IR in etwa 15 Zellen des Stadiums P5/6, einen sprunghaften Anstieg auf knapp 60 Zellen bei 

P8/9 gefolgt von einem langsamen Abfallen auf 20 cGMP-ir Zellen bei P12, bis bei P15 keine cGMP-

IR mehr durch reine Präparation induziert werden konnte. Im Folgenden sollte die Anzahl derjenigen 

Zellen bestimmt werden, deren cGMP-Synthese auf sGC-Aktivität zurückzuführen war. Hierfür wurde 

einmalig systemisch bei P7 der sGC-Inhibitor ODQ in den Thorax der Puppen injiziert, gefolgt von 

normaler Präparation in den folgenden fünf Tagen. An den ersten zwei Folgetagen nach Injektion 

ergab sich ein Rückgang um etwa 20 Zellen in den ODQ-behandelten Tieren verglichen zu Puffer-

injizierten Tieren, ab dem dritten Tag konnte kein signifikanter Unterschied mehr zwischen den beiden 

Gruppen festgestellt werden. 

Um die Ursache der verbliebenen cGMP-ir Zellen nach ODQ-Injektion zu klären, wurde das 

Injektionsprotokoll beibehalten, jedoch bei der Präparation an den zwei Folgetagen erst die rechte 
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Antenne in ihrer Antennentasche durchtrennt, um eine gezielte Stimulation des Antennalnervs 

herbeizuführen. Nach 10 Minuten wurde das Tier in situ fixiert, um andersgeartete 

präparationsbedingte Stimulation zu unterbinden. Die ODQ-behandelten Tiere wiesen an den 

Folgetagen keine cGMP-ir Zellen mehr auf, was den Schluß einer exklusiven cGMP-IR über sGC 

nach Antennalnerv-Stimulation im Antennallobus zuläßt. Dieses Experiment wurde mit gleichem 

Ergebnis mit Injektionen bei P9 wiederholt, wiederum fanden sich keine cGMP-ir Zellen bei ODQ-

Gabe. Somit lassen sich die Ergebnisse der vorangegangenen Experimente durch eine ODQ-

Wirkdauer im Gewebe von etwa zwei Tagen erklären. 

Da wir trotz unilateraler Deantennierung immer in gleichem Maße cGMP-ir Zellen in beiden 

Antennalloben fanden, wiederholten wir das ODQ-Experiment in Tieren, die bei P0 einseitig 

deantenniert wurden. Durch die fehlende sensorische Innervierung während der Antennallobus-

Entwicklung entstand nur ein aglomeruläres, verkleinertes Neuropil auf dieser Seite, was die 

Vollständigkeit der Deantennierung bestätigte. Die großteils über den Antennalnerv kommenden 

sensorischen Rezeptorneurone des Antennallobus beherbergen die NO-Synthase, deren 

stimulationsabhängige Aktivierung erst zu NO-Produktion, und im Folgenden zu sGC-Aktivierung in 

den lokalen Interneuronen des Antennallobus führt. 

Nichtsdestotrotz trat auch in diesem Falle bei kontralateraler Antennalnerv-Durchtrennung vor der 

Präparation komplett ODQ-blockierbare cGMP-IR auf, das heißt auf indirektem Weg wird die 

kontralaterale Stimulation der sGC erreicht. Einzige verbleibende NO-Quelle auf dieser Seite ist die 

sensorische Innervierung des ansonsten deafferentierten Antennallobus aus dem Labialpalpus. Dass 

diese sensorische Innervierung tatsächlich unbelangt blieb, wurde durch Immunfärbung gegen 

Fasciclin II nachgewiesen. Die in diesen Zellen vorhandene NO-Synthase scheint ausreichend, um 

cGMP im kompletten Set von Zellen hochzuregulieren  

Das Vorhandensein der NO-sensitiven löslichen Guanylatzyklase während der Puppenentwicklung 

wurde mittels eines Antikörpers gegen die α-Untereinheit des Heterodimers (MsGCα1) gezeigt. Das 

Auswerten der MsGCα1-immunreaktiven (MsGCα1-ir) Zellen der lateralen Zellgruppe im 

Antennallobus während der Entwicklung ergab keine MsGCα1-ir Zellen bis etwa P5, gefolgt von einem 

Anstieg auf knapp 30 Zellen bei P8. Ein weiterer Anstieg an MsGCα1-ir Zellen auf etwa 60 Zellen 

erfolgte zum Adultschlupf. Die Zahlen und das zeitliche Erscheinen der gefundenen Zellen fügen sich 

gut ein in das Bild der gefundenen cGMP-ir Zellen der vorangegangenen pharmakologischen 

Experimente mit ODQ.  

Einen Hinweis auf eine mögliche Quelle für die verbleibenden, nicht Antennalnerv-stimulierten NO-

abhängigen cGMP-ir Zellen wird mit dem immunzytochemischen Nachweis der membranständigen 

Guanylatzyklase MsGC-I geboten. Bereits vor den ersten MsGCα1-ir Zellen zeigt sich MsGC-I-

Immunreaktivität im zentralen unstrukturierten Neuropil des Antennallobus, später weisen mehrere 

Zellen der lateralen Zellgruppe bis in das adulte Stadium hinein MsGC-I-Immunreaktivität auf. 

Nachdem der zeitliche Verlauf des Antennalnerv-stimulierten NO/sGC/cGMP-Signalwegs weitgehend 

geklärt war, wurde mit Antikörpern gegen Synaptotagmin und Synapsin - beides Proteine beteiligt bei 

der synaptischen Vesikelausschüttung - eine mögliche Rolle dieses Signalweges auf die 

Neuropilbildung im Antennallobus untersucht. Vergleichende Messungen der optischen Dichte von 

Synaptotagmin-Immunfärbungen in Antennalloben pharmakologisch behandelter Tiere ergaben einen 
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deutlichen Rückgang an Synaptotagmin-Immunreaktivität (Syt-IR) in den Glomeruli von ODQ-

injizierten Tieren. 

Ähnliche Ergebnisse ergaben sich mittels eines Enzyme-linked immunosorbent assay (ELISA), wobei 

das Hirngewebe aufgeteilt wurde in Antennalloben, optische Loben und restliches Gehirn. Während 

die Antennalloben nach ODQ-Injektion einen Rückgang der Immunantwort auf etwa 70% aufwiesen, 

war die Immunantwort in den anderen beiden Geweben um nur etwa 10% reduziert. Diese Ergebnisse 

sprechen für einen Einfluß des transienten, NO-abhängigen cGMP-Signals auf die Ausbildung aktiver 

Synapsen während der Entwicklung des Antennallobus. 

Um festzustellen, inwieweit dieser Effekt das Volumen identifizierbarer Neuropile beeinflußt, wurden 

bei P12 die Volumen von zehn zuvor definierten Glomeruli nach ODQ-Injektion bei P7 mit den 

Glomerulus-Volumen kontroll-injizierter Tiere verglichen. Offensichtlich ist die Wirkung des NO-

abhängigen cGMP auf die Ausbildung aktiver Synapsen beschränkt, zumindest konnte ein Effekt auf 

das Volumen weitgehend ausgeschlossen werden. 

 

 

Kapitel III: Mas-Allatotropin im sich entwickelnden Antennallobus des Tabakschwärmers 
Manduca sexta: Verteilung, zeitlicher Verlauf, entwicklungsabhängige Regulierung und 
Kolokalisation mit anderen Neuropeptiden 
Original-Titel: Mas-allatotropin in the developing antennal lobe of the sphinx moth Manduca sexta: 

Distribution, time course, developmental regulation and colocalization with other neuropeptides 

 

Ursprünglich beschrieben wurde das Neuropeptid Allatotropin (AT) als Neurohormon, welches an den 

corpora allata die Juvenilhormon-Synthese und -Sekretion stimuliert. Darüberhinaus finden sich 

jedoch eine Vielzahl an Mas-AT-immunreaktiven (AT-ir) Interneuronen im Gehirn des 

Tabakschwärmers, unter anderem im sich bildenden Antennallobus. Basierend auf unserem 

Vorwissen zu anderen Neuropeptiden wurden AT-ir Zellen hinsichtlich ihres Typs, ihres zeitlichen 

Auftretens sowie ihrer 20-Hydroxyecdyson (20E)-abhängigen Regulation hin im sich entwickelnden 

Antennallobus untersucht. Darüberhinaus wurden Kolokalisationen mit GABA, Allatostatin-A (AST-A) 

und RFamid durchgeführt und quantitativ ausgewertet.  

Im Rahmen der Spezifitätstests der verwendeten Antikörper wurden Western Blots mit allen drei 

verwendeten Neuropeptid-Antikörpern an verschiedenen Puppenstadien von Manduca sexta 

durchgeführt, im Falle des Antiserums gegen RFamid sogar vergleichend an adulten Schistocerca 

gregaria und Leucophaea maderae. Zusätzlich wurde erstmals ein vergleichender Western Blot mit 

dem Antikörper gegen das synaptische Vesikelprotein Synapsin an Manduca sexta, Tribolium 

castaneum und als Referenz Drosophila melanogaster durchgeführt, was in allen drei Spezies zu der 

für Drosophila beschriebenen typischen Doppelbande bei etwa 63 KDa führte. 

Die im Antennallobus von Manduca sexta auftretenden AT-ir Zellen wurden im Rahmen der Arbeit 

sieben verschiedenen Zelltypen zugeordnet, wobei lokale Interneurone der lateralen Zellgruppe den 

größten Anteil einnehmen. Es konnten aber auch AT-ir Projektions- und Zentrifugalneurone 

nachgewiesen werden. Bereits in der lateralen Zellgruppe des larvalen antennalen Zentrums finden 

sich etwa 10 AT-ir Zellen, so genannte larvale lokale AT-ir Neurone (lLATn), die jedoch ihre 
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Immunreaktivität mit Beginn der Verpuppung wieder verlieren. Erst gegen P6/7, ausgelöst durch den 

steigenden 20E-Titer, treten erneut AT-ir lokale Interneurone in der lateralen Zellgruppe auf. Inwieweit 

dies wieder die alten larvalen AT-ir Zellen bzw. neu geborene lokale Interneurone (LATn) sind, konnte 

nicht unterschieden werden. Bis etwa P13 werden so in einem einzigen Anstieg circa 100 Zellen der 

lateralen Zellgruppe AT-ir, die bis in die adulten Stadien bestehen bleiben. Die Abhängigkeit dieses 

Anstieges von 20E wurde durch Hormoninjektion demonstriert; durch 20E-Injektionen bei P1 konnte 

der Anstieg der AT-ir Zellen in der lateralen Zellgruppe signifikant vorverlegt werden.  

Eine mögliche Rolle von AT bei der Glomerulusbildung wird basierend auf Dreifachfärbungen gegen 

das Zelladhäsionsmolekül Fasciclin II als Marker der einwachsenden olfaktorischen Rezeptorneurone 

und dem synaptischen Vesikelprotein Synapsin diskutiert; hierbei zeigt sich bereits früh ein 

Einwachsen der lokalen AT-ir Neurite in die sich bildenden Glomeruli. 

Ein median gelegenes, sehr großes Projektionsneuron, das sogenannte „large median AT-ir neuron“ 

(lmATn), weist ebenfalls ab P7/8 AT-Immunreaktivität auf. Der Primärneurit dieser Zelle zieht entlang 

des antenno-subösophageal-Traktes in Richtung Unterschlundganglion, konnte aber aufgrund 

schwächer werdender Färbung nicht weiter verfolgt werden. Hier verliert sich auch der Neurit des 

einzeln auftretenden zentrifugalen AT-ir Neurons – ab etwa P7/8 verläuft so ein AT-ir Neurit in einem 

charakteristischen Bogen durch den Antennallobus, das andere Ende verliert sich im Verlauf des 

inneren antennocerebralen Traktes. Auch die sehr unregelmäßig auftretenden ein bis drei bzw. ein bis 

zwei AT-ir Zellen der anterioren (aATn) und dorsolateralen Zellgruppe (dlATn) lassen sich frühestens 

ab P7/8 nachweisen. 

Die einzigen AT-ir Zellen des Antennallobus, die ihre AT-Peptididentität durch die gesamte 

Entwicklung beibehalten sind die beiden „early AT-ir neurons“ (eATn), die ebenfalls wie die lmATn als 

Projektionsneurone in Richtung Unterschlundganglion oder Tritocerebrum ziehen. 

Die LATn weisen auch Immunreaktivität gegen den inhibitorischen Transmitter GABA auf, was deren 

Identität als lokale Interneurone untermauert. Hinsichtlich der Neuropeptid-Doppelfärbungen wurden 

unter den LATn sowohl AT/AST-A-ir Zellen als auch AT/RFamid-ir Zellen gefunden. Auch die drei 

Projektionsneurone (2 eATn und 1 lmATn) lassen sich mit dem Antiserum gegen RFamid markieren. 

Aufgrund der vorgefundenen Doppelfärbungsmuster lassen sich erstmalig mindestend drei 

biochemisch unterschiedliche Populationen innerhalb der morphologisch recht homogenen Gruppe 

der lokalen Interneurone im Antennallobus unterscheiden. 

Zur besseren Visualisierung der Somalage bzw. der AT-ir Traktverläufe wurden dreidimensionale 

Modelle der AT-ir Zellen für drei repräsentativen Stadien (P3, P7 und adult) erstellt und im Falle des 

adulten Antennallobus als animierte Version als „Supplement“ beigefügt. 

 



   ZUSAMMENFASSUNG 

 VIII 

Kapitel IV: Direktes „Peptid-Profiling“ lateraler Zellgruppen des Antennallobus von Manduca 
sexta zur Ermittlung spezifischer Zusammensetzung und Veränderungen der Neuropeptid-
Expression während der Entwicklung 
Original-Titel: Direct peptide profiling of lateral cell groups of the antennal lobes of Manduca sexta 

reveals specific composition and changes in neuropeptide expression during development 

 

Nachdem mit Hilfe immunzytochemischer Techniken das zelluläre und zeitliche Auftreten 

verschiedener Neuropeptidfamilien während der AL-Metamorphose gezeigt wurde (siehe 

vorangehendes Kapitel), sollten in dieser Arbeit die Neuropeptid-Isoformen innerhalb der 

Peptidfamilien aufgelöst werden. Hierzu wurde mittels massenspektrometrischer Analyse der 

Antennallobus-Zellgruppen erstmals das komplette Peptidom eines definierten Neuropils bzw. seiner 

Zellgruppen durch die Puppenentwicklung analysiert.  

Zwölf Peptidmassen konnten vier Peptidfamilien zugewiesen werden: der AST-A-Familie (Helicostatin 

1, Cydiastatin 2, 3 und 4), der Mas-FLRFamid-Familie (Mas-FLRFamid I-III, Mas-QFLRFamid I), der 

Mas-Myoinhibitory Peptide-Familie (Mas-MIP III, V, und VI) sowie Mas-Allatotropin aus der 

Allatotropin-Familie. Durch Peptidfragmentierung mittels MALDI-TOF/TOF konnte die Identität von 

Mas-AT, Cydiastatin 3 und 4 eindeutig bestätigt werden. Zu den Allatostatinen und RFamiden wurden 

durch unsere Arbeitsgruppe bereits immunzytochemische Arbeiten vorgelegt, ebenso zu Allatotropin 

(siehe vorangegangenes Kapitel). In dieser Arbeit wurde mit einem Antiserum gegen Myoinhibitory 

Peptide immunzytochemisch das Vorhandensein dieser Peptidfamilie in einem Teil der lateralen 

Zellgruppe bestätigt. 

Die Analyse der relativen Häufigkeit der verschiedenen Massenpeaks zu den unterschiedlichen 

Entwicklungszeiten bestätigte weitgehend die immunzytochemischen Arbeiten; so zeigte sich eine 

generelle Zunahme an Massenpeaks im Verlauf der Puppenentwicklung. Insbesondere gegen P7/8 

konnte eine starke Zunahme verzeichnet werden, was nicht nur mit dem steigenden 20E-Titer 

korreliert, sondern auch mit dem Beginn der Glomerulibildung im Antennallobus. Einige Massepeaks 

traten lediglich in adulten Tieren auf, so z.B. Mas-MIP V. Durch das Auflösen der einzelnen Isoformen 

der Peptidfamilien konnte mit dieser Arbeit unter anderem gezeigt werden, dass sich im Antennallobus 

lediglich Mas-AT und nicht zusätzlich „Mas-AT like peptides“ befinden. Zudem läßt das heterogene 

Auftreten der verschiedenen Allatostatin-A-Isoformen während der Entwicklung eine zeitlich 

differentielle Expression z.B. des Allatostatin-A-Precursors vermuten. Ebenso denkbar wäre eine 

posttranslationelle Regulierung der verschiedenen Isoformen; in beiden Fällen jedoch spricht dies für 

eine aktive, differenzierte Rolle der beteiligten Neuropeptide in der Antennallobus-Entwicklung.  
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Kapitel V: Standardisierte dreidimensionale Glomeruli im Antennallobus von Manduca sexta: 
ein Werkzeug zur Untersuchung von Plastizität während der Puppen- und Adult-Entwicklung. 
Original-Titel: Standard three-dimensional glomeruli of the Manduca sexta antennal lobe: a tool to 

study both developmental and adult plasticity 

 

Trotz mehreren morphologischen Untersuchungen am Antennallobus des Tabakschwärmers 

Manduca sexta und einer Festlegung der Glomeruluszahl auf 63 ±1 durch Rospars und Hildebrand 

(1992, 2000) waren die bestehenden Arbeiten nicht auf wiederholte Identifizierung normaler Glomeruli 

ausgelegt und  zudem auf adulte Tiere beschränkt. Klar identifizierbare Glomeruli blieben bis dato die 

drei geschlechtspezifischen Glomeruli unmittelbar am Übergang des Antennalnerv in den 

Antennallobus - der distale „Cumulus“, der ringförmige „Toroid“ und der hufeisenförmige „Toroid 2“ 

oder auch „Horseshoe“. 

Zusammenhängende Bildstapel dank konfokaler Laserscan-Mikroskopie in Kombination mit 

leistungsfähiger 3D-Rekonstruktions-Software boten erstmals die Möglichkeit, mit überschaubarem 

Aufwand eine wirklichkeitsgetreue Darstellung des räumlichen Aufbaus der Antennalloben zu 

generieren, die zudem eine quantitative Auswertung der markierten Strukturen gestattet. Um eine 

anatomische Vergleichsbasis für pharmakologische Experimente zu schaffen, wurden aus drei 

verschiedenen Entwicklungsstadien zehn leicht zu identifizierende Glomeruli von insgesamt 30 

männlichen Antennalloben rekonstruiert. Diese Rekonstruktionen basieren auf Immunfärbungen mit 

einem Antikörper gegen das ubiquitär vorhandene präsynaptische Vesikelprotein Synaptotagmin, 

dessen generelle Verwendbarkeit in Manduca sexta bereits zuvor an Schnittpräparaten gezeigt wurde 

(Dubuque et al. 2001). Für die Arbeit dieses Kapitels wurde das Färbeprotokoll für ganze Gehirne von 

Manduca sexta optimiert. 

Neben den bereits erwähnten geschlechtsspezifischen Glomeruli „Cumulus“, „Toroid“ und 

„Horseshoe“ sind die gewählten Glomeruli der basal sitzende „labial pit organ glomerulus“ („LPOG“), 

der seinen sensorischen Eingang aus Sensillen der Labialpalpen bezieht, „G20“, der größte normale 

Glomerulus posterior im Antennallobus, die anterior lokalisierten benachbarten Glomeruli „Disc“ und 

„Discbase“, der ventromedian liegende kleine Glomerulus „Cap“ und der darunter liegende 

Glomerulus „Base“, sowie der ebenso ventral positionierte elongierte Glomerulus „Club“.  

Als erstes Stadium wurde P13 gewählt; zu diesem Zeitpunkt ist die Haupt-Synaptogenesewelle im 

Antennallobus abgeschlossen, alle Glomeruli sind ausgebildet und die zehn ausgewählten Glomeruli 

eindeutig identifizierbar. Deweiteren wurden diese zehn Glomeruli in frisch geschlüpften Adulttieren 

(A0) sowie vier Tage alten Adulttieren (A4) untersucht. Frisch geschlüpfte Adulttiere stehen für naive 

Tiere, die erstmals mit ihrer olfaktorischen Umwelt in Kontakt treten, vier Tage alte Tiere 

repräsentieren adulte Falter mit erster Dufterfahrung. Der Vergleich der glomerulären Volumina ergab 

massives Größenwachstum zwischen P13 und A0 um 40-130%, sowie - nach Normalisierung der 

Werte auf das Antennallobus-Volumen - signifikantes Größenwachstum in den 

geschlechtsspezifischen Glomeruli „Cumulus“ und „Toroid“ innerhalb der ersten vier Tage der 

Adulttiere. 

Trotz genereller Form- und Lagekonstanz wiesen die zehn untersuchten Glomeruli auch diesbezüglich 

eine gewisse Plastizität auf – die namengebende Ringform des „Toroid“ beispielsweise konnte nur in 
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etwa der Hälfte der untersuchten Tiere vorgefunden werden, die restlichen Tiere besaßen einen 

anteroventral geöffneten „Toroid“. Der „Horsehoe“ hingegen schien in mehreren Antennalloben in zwei 

oder mehr separierte Teile zerfallen zu sein. 

Repräsentative Antennalloben der drei Stadien wurden in ein internetfähiges, interaktives Protokoll 

exportiert (virtual reality modeling language, vrml) und gemeinsam mit Filmen von sich drehenden 3D-

rekonstruierten Antennalloben auf einer Homepage zugänglich gemacht (www.3D-insectbrain.de). 

 

 

Kapitel VI: Ein Standardgehirn des Tabakschwärmers Manduca sexta und seine funktionelle 
Anwendung 
Original-Titel: Anisometric brain dimorphism revisited: implementation of a volumetric 3D standard 

brain in Manduca sexta 

 

Da in den letzten Jahren zu anderen Insektengehirnen 3D-Standards entstanden sind, lag es nahe, 

die zuvor etablierten Methoden der 3D-Rekonstruktion in Manduca sexta auch erstmals auf ein 

komplettes Lepidopteren-Gehirn anzuwenden. Hierdurch ergab sich die Möglichkeit, die für den 

Antennallobus angewandte Volumen-Standardisierung auch auf andere Neuropile auszuweiten.  

Basierend auf zwölf frisch geschlüpften weiblichen Individuen (A0) wurde aus 30 klar abgrenzbaren 

Neuropilen ein Standardgehirn als volumetrische und anatomische Referenz zukünftiger 

pharmakologischer und ethologischer Studien erstellt. Hierbei konnte erstmals bei einem Insekten-

Standardgehirn die Lamina als das äußerste Neuropil des optischen Lobus mit einbezogen werden. 

Da die ausgewählten zwölf Tiere die bei Manduca sexta vorkommenden Gewichtsvarianzen recht gut 

repräsentierten, konnte zudem gezeigt werden dass bei den untersuchten Neuropil-Volumina kein 

allometrisches Verhalten auftritt.  

Der Tabakschwärmer ist bekannt für seinen ausgeprägten Geschlechtsdimorphismus im 

Antennallobus. Ein Haupt-Augenmerk dieser Arbeit lag auf der Untersuchung weiterer möglicher 

volumetrischer Repräsentationen des Geschlechtsdimorphismus in höheren Hirnzentren wie zum 

Beispiel den Calyces, die die nächste Station zur Verarbeitung olfaktorischer Information bilden. 

Hierzu wurden vergleichend sechs männliche Gehirne (A0) rekonstruiert und hinsichtlich des Großteils 

der 30 Neuropile mit dem weiblichen Standardgehirn verglichen. In nahezu allen Neuropilen wies das 

weibliche Gehirn signifikant größere Volumina als in den Männchen auf. Dieser isometrische 

Dimorphismus war in Übereinstimmung mit den signifikant höheren Gewichten der Weibchen, auch 

wenn zuvor keine intrasexuelle Allometrie gezeigt werden konnte. Prominente Ausnahme blieb der 

Antennallobus, in dem die zuvor etablierten zehn Glomeruli vergleichend zwischen den Geschlechtern 

betrachtet wurden. Somit konnte erstmals der bekannte Dimorphismus im Neuropil des Antennallobus 

zwischen den Geschlechtern quantifiziert und - nach Abzug des isometrischen Dimorphismus - auf die 

geschlechtsspezifischen Glomeruli reduziert werden.  

Das Vorhandensein ähnlich erstellter volumetrischer Daten aus Gehirnen der Hymenopteren (Biene) 

und Orthopteren (Heuschrecke) ermöglichte einen Vergleich der Neuropil-Volumenverhältnisse 

zwischen verschiedenen Insektenordnungen. Hierdurch ergaben sich erste Rückschlüsse auf 

evolutive, soziale oder Lebensraum-angepasste Adaptationen der Hirnneuropile dieser Tierklasse. 
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Insbesondere die unterschiedliche Repräsentation der primären sensorischen Neuropile sowie die 

ausgeprägteren Pilzkörper des sozialen Insekts Biene konnten hierbei volumetrisch eindruckvoll 

herausgearbeitet werden. Die dreidimensionalen Ergebnisse wurden wiederum auf der entsprechend 

erweiterten Internetseite verfügbar gemacht (www.3D-insectbrain.de). 

 

 

Kapitel VII: Eine 4D-Repräsentation von Antennallobus-Aktivität basierend auf einem Ensemble 
identifizierter Projektionsneurone 
Original-Titel: A 4D representation of antennal lobe output based on an ensemble of identified 

projection neurons 

 

Wie bereits erwähnt, stellt der Antennallobus von Manduca sexta seit Dekaden ein etabliertes 

Modellsystem der olfaktorischen Forschung dar. Die gängigen Methoden zur Untersuchung der 

Duftcodierung im kompletten System des Antennallobus haben zwei sich gegenseitig ausschliessende 

Eigenschaften. Während die intrazelluläre Ableitung aus Einzelzellen hohe zeitliche Auflösung einer 

Duftantwort liefert, bleibt doch die systemische Antwort des kompletten Systems der interagierenden 

Glomeruli verborgen. Diese Information wiederum wird in Ca2+-Imaging-Studien aufgedeckt, auf 

Kosten der zeitlichen Auflösung, sowie beschränkt auf den sichtbaren Teil des Antennallobus.  

In dieser Arbeit wird das Dilemma umgangen durch Intrazellulär-Ableitungen an Projektionsneuronen 

mit einem standardisierten Stimulierungsprotokoll, der nachträglichen Identifizierung der innervierten 

Glomeruli und der gemeinsamen 3D-Visualisierung der Duftantworten aus dem stetig wachsenden 

Ensemble aus einzeln abgeleiteten Zellen in einem Referenz-Antennallobus. Hierbei wird die bereits 

mehrfach erwähnte hohe Invarianz und übersichtliche Struktur des Insekten-Antennallobus 

ausgenutzt. Die Methode ist zudem erweiterbar auf andere Zelltypen und bietet die Möglichkeit 

anderweitig erhobene Daten aus Imaging-Studien oder Tetrodenableitungen zu integrieren. 

Angestrebt ist die Repräsentation eines jeden Glomerulus durch mindestens ein abgeleitetes 

Projektionsneuron kurz vor, während und kurz nach der standardisierten Duftstimulierung, um ein 

Gesamtbild der Duftantwort auf Einzelzell-Ebene mit hoher zeitlicher Auflösung zu erhalten. 

Um die Machbarkeit zu demonstrieren, wurden aus Einzelzellableitungen an 25 Projektionsneuronen 

die Zellgruppe der Somata, die antennocerebralen Trakte sowie die innervierten Glomeruli identifiziert. 

In sechs Fällen wurden zwei Projektionsneurone dem gleichen Glomerulus zugeordnet. Das 

Stimulationsregime bestand aus fünf Duftpulsen á 100 ms pro Duft und Konzentration, unterbrochen 

durch 10 s reine Luftgabe. Die verwendeten Düfte beinhalteten unverdünntes 2-Hexanon, 1-Hexanol, 

2-Octanon, 1-Octanol, 2-Decanon sowie 1-Decanol; alles Düfte, für die bereits gezeigt wurde dass 

Manduca sexta sie unterscheiden kann. 

Etwa 50% der 25 Zellen reagierten exzitatorisch, 25% inhibitorisch und 25% zeigten keine Reaktion 

auf die präsentierten Duftstimuli. Nach Alignierung der Datenspuren auf den Stimulusbeginn wurden 

die Aktionspotentiale aller Zellen durch entsprechende Schwellenlegung in 500 zeitlichen Bins von je 

20 ms ausgezählt. Diese Daten wurden für jeden Duft als Peri-Stimulus-Zeithistogramm dargestellt 

sowie zur Anpassung individueller Unterschiede der Ableitungen in Z-Wert basierte Daten 

transformiert. Der Z-Wert liefert ein Maß dafür, um wie viele Standardabweichungen ein Wert von 
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einem auf Null gesetzten Mittelwert abweicht. Die Z-Werte jeder Zelle wurden in Falschfarben 

umcodiert und auf die rekonstruierten Oberflächen der zugehörigen identifizierten Glomeruli eines 

Referenz-Antennallobus projiziert, um eine 4D-Repräsentation der Duftantwort des Zell-Ensembles zu 

erhalten.  
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INTRODUCTION 

 

With approximately 1 million known species 

(estimations go as far as 20-30 millions), insects 

provide the most successful animal group on earth 

(Fig. 1). Being pollinators like honeybees or just 

diet for other animals, most ecosystems rely on the 

involvement of insects. On the other hand, insects 

also pose a major challenge to humans, either as 

pests on major crops or as vectors of diseases like 

malaria, chagas’ disease, yellow fever or sleeping 

sickness. 

Those economic and medicinal challenges call for 

applied research as well as basic research on this 

extraordinary animal group, along with another 

good reason: especially in neurosciences the 

relative simple neural systems of insects are regarded 

as important models to better understand basic 

questions with respect to brain functions (e.g. 

learning, orientation, olfaction, motoric control) or 

the ontogenic development of the nervous system. 

Olfaction plays a major role in the whole animal kingdom regarding orientation and communication (e.g. finding 

food or mating partners, intraspecies communication). The primary olfactory center of insects, the antennal 

lobes, share a common layout with those of most animals with a sense of smell, e.g. the olfactory lobe in 

crustaceans or the olfactory bulb in vertebrates (Schachtner et al. 2005). The universal feature in these cases is 

provided by so-called olfactory glomeruli, sphere-like neuropilar substructures, in which olfactory sensory 

neurons interlink with second-order olfactory neurons (Hildebrand and Shepherd 1997, Eisthen 2002). 

Regarding development, the underlying principles in nervous systems are also astoundingly conserved in nature. 

Solutions to recurring problems in neural development like aquisition of neural cell identity, pathfinding, or 

connecting to proper target cells were shown to be regulated by same or similar mechanisms across animal 

groups (Luo and Flanagan 2007). 

Already several decades ago the antennal lobe of the sphinx moth Manduca sexta emerged as one of those model 

systems covering both olfactory system development and olfaction research; easy rearing, staging, and its large 

accessible antennal lobes with few individually attributable glomeruli are still advantageous features today.  

The main aim of this study was to use Manduca sexta to clarify if certain neuromodulators might be involved in 

developmental decisions for building a proper olfactory neural network. Therefore the quality, the quantity, the 

timing and the regulation of certain neuromodulators in the antennal lobe was examined, focussing on 

neuropeptides and the gaseous signal molecule nitric oxide (NO). Within the framework of this question, brain 

3D reconstruction techniques were employed and refined, and became an essential part in the second half of this 

thesis. 

 
Fig. 1  By far the most species in all metazoan groups 
are found in insects (Grimaldi and Engel 2005). 
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For a better understanding of the subsequent chapters the model system, its development and neuromodulators as 

well as the used techniques are shortly introduced. 

 

The moth brain 

Like in most insects, the brain of Manduca sexta consists of three condensed neuromeres, the proto-, deuto-, and 

tritocerebrum. Additionally, the subesophageal ganglion fuses with those supraesophageal neuromeres during 

pupal metamorphosis, leading to its characteristic shape with esophageal foramen in the adult (Fig. 2, chapter II, 

VI). The large lateral optic lobes of the brain build up the most prominent part of the protocerebrum, whereas the 

deutocerebrum forms its most conspicuous brain part on the anterior side - the antennal lobes. They obtain their 

main sensory input via the antennal nerve from the antennae, where olfactory information is perceived. The 

remains of the small tritocerebrum lie on the inner side of the esophageal foramen and exhibit no clearly 

separated structures.  

 

The antennal lobe – functional anatomy 

The antennal lobe (AL) is organized into glomeruli, spheroidal neuropils which are, to different extents, 

separated by glial processes (Manduca sexta: Tolbert and Hildebrand 1981, Drosophila melanogaster: Stocker et 

al. 1990; cockroach: Boeckh and Tolbert 1993; Apis mellifera: Hähnlein and Bicker 1996; orthoptera: Ignell et 

al. 2001; mosquito: Ignell et al. 2005; for a recent review see Schachtner et al. 2005). 

All glomeruli are innervated by four major cell types (Fig. 3): 1. olfactory receptor neurons (ORN) which project 

into distal parts of single glomeruli, 2. multiglomerular local interneurons (LN) and 3. centrifugal neurons (CN), 

which both modulate the olfactory information, and finally 4. projection neurons (PN). PN transfer the odor 

Fig. 2  Anterior (A) and sagittal (B) view on a schematic adult brain of Manduca sexta. The subesophageal 
ganglion (SEG) is fused to the protocerebrum, thus forming the esophageal foramen (EF). On the lateral sides of the
central brain are the optic lobes (OL, cut off), while the sex-dimorphic deutocerebral antennal lobes (AL) sit dorso-
anteriorly (right side – male, left side - female). Beside isomorphic glomeruli (G), distally situated glomeruli are
enlarged in males (C, cumulus; T, toroid) and integrate female pheromone signals, while their female counterparts 
(lateral large female glomerulus, lLFG; medial large female glomerulus, mLFG) process host-plant odors. The third 
sex-dimorphic glomerulus, the horseshoe in males i.e. the small female glomerulus (SFG) in females, is occluded by 
normal glomeruli. Most somata of second order AL neurons reside either in the lateral (LC), median (MC), or
anterior (AC) cell group (see Fig. 3). Posterior to the AL lie the mushroom bodies (MB), multisensory integration
centers of the brain. The remaining deutocerebrum is organized in the antennal mechanosensory and motoric center
(AMMC; after Anton and Homberg 1999). 
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information from glomeruli into higher brain centers including the calyces of the mushroom bodies and the 

lateral protocerebrum, which are innervated via several antennocerebral tracts (Homberg et al. 1988; Homberg 

1990; Anton and Homberg 1999). While the cell bodies of ORN and CN usually lie outside the innervated AL, 

all somata of PN reside in one of three cell groups around the AL neuropil. The largest is the lateral cell group, 

which also houses exclusively the LN. The other cell groups are the smaller median and the even smaller 

anterior cell group (Fig. 2, 3, chapter IV). 

The glomerulus number is species-specific and can reach up to about 460 in insects (ants; Zube et al. 2008). Few 

insect groups show no glomerular organization of the AL neuropil (Palaeoptera) or exhibit thousands of 

isomorphic microglomeruli (Ensifera, reviewed in Schachtner et al. 2005). 3D reconstructions of several insect 

ALs allowed individual identification of distinct glomeruli within insect species (Apis mellifera: Galizia et al. 

1999; Drosophila 

melanogaster: Laissue et al. 

1999; Cotesia glomerata and 

rubecula: SMID et al. 2003; 

Spodoptera littoralis: Sadek 

et al. 2002; Helicoverpa 

assulta and virescens: Berg et 

al. 2002; Agrotis ipsilon: 

Greiner et al. 2004; Manduca 

sexta: chapter V; Helicoverpa 

armigera: Skiri et al. 2005; 

Anopheles gambiae and 

Aedes aegyptii: Ignell et al. 

2005). This was simplified in 

animals with pronounced 

sex-specific glomerulus 

dimorphism like Dictyoptera, 

Hymenoptera and 

Lepidoptera (Rospars 1988; 

Anton and Homberg 1999; 

Hansson and Anton 2000). In 

Lepidoptera however, this 

dimorphism seems to be 

restricted to moths, since sex-

specific differences were never 

observed in the ALs of 

butterflies (Pieris brassicae: 

Rospars 1983; Papilio xuthus: 

Michiyo Kinoshita, Caligo 

eurilochus: pers. observation). 

Fig. 3  Scheme of Manduca sexta antennal lobe (AL) organization.
Olfactory receptor neurons (ORN) coming from the antennae via the antennal
nerve innervate single glomeruli. Sensory axons of the CO2-sensitive labial
palp organ (LPOR) bilaterally innervate a defined large ventral glomerulus
(see chapter II, V). Almost all somata of AL neurons are located in three cell
groups: the anterior (AC), median (MC) and lateral cell group (LC). Local
interneurons (LN) have their somata exclusively in the LC, and exhibit multi-
or omniglomerular dendritic ramifications. Projection neurons (PN) mainly
innervate single glomeruli, and, to a lesser extent, few glomeruli, before they
leave the AL towards the protocerebrum via different antennocerebral tracts.
In the protocerebrum, main target areas include the calyces of the pedunculi,
the lateral horn, or the inferior lateral protocerebrum. Additional modulatory
input in the AL comes from multiglomerular centrifugal neurons (CCNN); their
somata reside outside the innervated AL.  
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The AL of Manduca sexta contains beside its three sex-specific glomeruli 60 ±1 “normal” glomeruli (Rospars 

and Hildebrand 2000; chapter V - VII). The male-specific glomeruli are the cumulus, toroid, and horseshoe, 

which together form the macroglomerular complex at the entrance of the antennal nerve. Homologous to these 

male glomeruli are in the female AL the lateral and medial large female glomerulus and the small female 

glomerulus (Fig. 2). Extracellular recordings of the MGC showed specific pheromone responses (Heinbockel et 

al. 1998a), and intracellular recordings of MGC-specific PN revealed distinct responses in cumulus and toroid 

according to pheromone compound (Christensen and Hildebrand 1987; Heinbockel et al. 1998b, 1999). In 

intracellular recordings from the corresponding glomeruli in females specific responses to Linalool can be found. 

This volatile compound is emitted by Solanaceae like tobacco, the main food plant of Manduca sexta (King et al. 

2000; Reisenman et al. 2004). Another special glomerulus is the labial pit organ glomerulus (LPOG), a large 

ventrally located glomerulus which receives its sensory input from the labial palp organ and was shown to react 

specifically to CO2 (Kent et al. 1986; Guerenstein et al. 2004; Guerenstein and Hildebrand 2008). All other 

glomeruli are regarded as “normal” glomeruli which process odors other than pheromones (Hansson et al. 2003; 

Schachtner et al. 2005). 

In vivo-imaging studies in ALs of several animal species revealed unique sets of active glomeruli, depending on 

stimulus quality (Apis mellifera: Galizia and Menzel 2001; Spodoptera littoralis; Carlsson et al. 2002; Manduca 

sexta: Hansson et al. 2003; Drosophila melanogaster: Wang et al. 2003; Heliothis virescens: Skiri et al. 2004; 

Camponotus floridanus: Zube et al. 2008). Target patterning studies of ORN expressing the same odorant 

binding protein in Drosophila, mouse and zebrafish exhibited discrete innervation of the same glomeruli 

(Vosshall et al. 2000; Korsching 2002; Leon and Johnson 2003). This led to the hypothesis of odor coding in the 

AL and olfactory bulb respectively via activation of certain species-specific glomeruli organized in a conserved 

spatial pattern - an odor map. Apparently this glomerular activation pattern is concentration- and context-

dependent, while the olfactory coding itself exhibits - apart from a spatial component - also a time-dependent 

component (Axel 1995; Hildebrand and Shepherd 1997; Buck 2000; Laurent et al. 2001; Korsching 2002; Leon 

and Johnson 2003, Knüsel et al. 2007).  

 

Development of the antennal lobe 

Under laboratory conditions, the adult antennal lobe develops within three weeks of pupation (P0 – P19 or 

pharate stage), which ends with the adult ecdysis (A0). Those three weeks can be subdivided into three distinct 

phases: preparation (I), formation (II), and maturation (III; Fig. 4; Dubuque et al. 2001). Usually, the adults live 

for about three weeks and extend their whole adult behavioural program not before 3-4 days after eclosion (A2-

3). 

During phase I, which lasts about 7 to 8 days (P0 to P7/8), all neurons involved in building the AL are born 

(until P2; Hildebrand et al. 1997). The ORN start to grow into the AL (from P3 to P10), and the protoglomeruli - 

matrices of the later glomeruli - are laid out (around P6; Oland and Tolbert 1996).  

Phase II (P7/8 to P12) is dominated by massive synaptogenesis in the forming glomeruli. A general framework 

of synapses is built, paralleled by first neuronal activity in ORN (Oland et al. 1996). The other players in the AL 

network, namely local interneurons and centrifugal neurons join the projection neurons by ingrowing into 

glomeruli. The formation of glomeruli is stabilized by glial cells, which migrate along glomerular borders 

(Tolbert et al. 2004). From P13 onwards most synapses appear to be functional (Tolbert et al. 1983). Two main 

mechanisms seem to regulate developmental processes during phase II: hormonal control by 20-hydroxy-



   INTRODUCTION 

 5

ecdysone (20E, Schachtner et al. 1999, 2004; Utz and Schachtner 2005; chapter III) and spontaneous neuronal 

activity (Oland et al. 1996; Schachtner et al. 1999; Lohr et al. 2005). Early injections of 20E lead to precocious 

glomerulus formation, including precocious rises of GABA- and neuropeptide-immunoreactive cells in the AL 

(Homberg and Hildebrand 1994; Schachtner et al. 1999; 2004; Utz and Schachtner 2005; chapter III). ORN 

exhibit spontaneous activity in vivo starting around phase II (Oland et al. 1996), and at least in cell culture also 

local interneurons and projection neurons show calcium-driven plateau potentials during this time window 

(Mercer and Hildebrand 2002; Mercer et al. 2005). Glial cells as well depend on voltage-dependent calcium 

channels for glomerular border migration (Lohr et al. 2005). 

 

 
 
Fig. 4  The antennal lobe development during the pupation period (three weeks, P0 – ph, pharate animal) can be 
subdivided into three phases I-III which correspond to the titer of 20-hydroxyecdysone (titer after Warren and 
Gilbert 1986; phases according to Dubuque et al. 2001 and chapter III).  
 

 

The last phase of pupal AL development, phase III, is marked by only sparse synaptogenesis (Tolbert et al. 1983; 

Tolbert 1989; Oland et al. 1990; Dubuque et al. 2001). Glomeruli increase in size (chapter V) and refine their 

synapses (Dubuque et al. 2001). From P15/16 onwards ORN prove to react on odor stimuli (Schweitzer et al. 

1976). An additional phase of AL development is probably formed by the first days of adult life, when the 

animal encounters odors for the first time and possibly undergoes a sensible phase (Anton et al. 2007). This is 

substanciated by additional adult glomerular size increases between freshly eclosed and four day old adults 

(chapter V) and unclear results after odor stimulation within first days of adult life in intracellular recordings and 

behavioral studies (Daly et al. 2004). 

 

Transmitters and neuromodulators in the antennal lobe 

In several insect species the antennal lobe was examined regarding its neurochemical organization. These studies 

revealed a widespread repertoire of neuromediators in the AL; apart from the classical transmitters acetylcholine 

(ACh), or γ-amino butyric acid (GABA) also biogenic amines, neuropeptides or the gaseous signaling molecule 

nitric oxide (NO) were found (reviewed in Schachtner et al. 2005). 
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Classical neurotransmitters 

ACh is most likely the principal transmitter of ORN in insects; besides that, ACh is found in subsets of PN 

(reviewed in Schachtner et al. 2005). At least in Drosophila, also some LN exhibit choline acetyltransferase 

immunoreactivity, an enzyme crucial for ACh synthesis (Shang et al. 2007). Binding studies with the snake 

poison α-bungarotoxin in Manduca sexta and Apis mellifera together with physiological studies in Manduca 

sexta point to nicotinic acetylcholine receptors in the AL (Hildebrand et al. 1979; Scheidler et al. 1990; Lohr 

2003). 

 

 
 
Fig. 5  Neurochemistry in the adult olfactory system of M. sexta. The primary olfactory system consists of the 
following main neuron classes: the olfactory (ORN) and labial palp organ receptor neurons (LPOR), local 
neurons (LN), projection neurons (PN), and centrifugal neurons (CN). Across those neuron classes, four types of 
neuromediators are unevenly distributed, 1. signaling gases like nitric oxide (NO), 2. classical transmitters like 
acetylcholine (ACh) or γ-aminobutyric acid (GABA), 3. neuropeptides like RFamides (RFa), M. sexta – 
allatotropin (Mas-AT), allatostatin-A (AST-A), Wamide, tachykinin-related peptides (TKRPs), PRXamide 
(PRXa), and 4. biogenic amines. 
 

As an inhibitory signal, GABA seems to be the principal transmitter of LN in insects (reviewed in Schachtner et 

al. 2005). Physiological studies in several insects reveal the involvement of GABA in inhibitory interactions 

which lead to odor-dependent snychronization of PN activity (Schistocerca gregaria: Laurent 2002; Manduca 

sexta: Lei et al. 2002; Apis mellifera: Sachse and Galizia 2002; Drosophila melanogaster: Wilson and Laurent 

2005). Additionally, Lei et al. (2002) demonstrated a role for GABA in interglomerular inhibition. 

 

Biogenic amines 

In the insect nervous system, biogenic amines serve as neurotransmitters, neuromodulators and neurohormones 

(reviewed in Bicker 1999; Homberg and Müller 1999; Monastirioti 1999; Nässel 1999; Roeder 2005; Hansson 

and Anton 2000; Homberg 2002). Histochemical and immunocytochemical studies mainly focus on the four 

biogenic amines serotonin, histamin, dopamin, and octopamin in the ALs of various insect species. In most 
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cases, biogenic amines innervate the AL via a small number of centrifugal neurons; in some cases, however, 

local aminergic neurons are described (reviewed in Schachtner et al. 2005). 

 

Neuropeptides 

Neuropeptides provide the largest group of signal molecules in the nervous system. Frequently described as 

cotransmitters of classical transmitters (Vilim et al. 2000; Nässel 2002), it is believed that neuropeptides mainly 

regulate the state of activity in neuronal networks of the CNS, and therefore specify the input and output 

properties of these networks (Hökfelt 1991; Hökfeldt et al. 2000; Marder and Bucher 2001; Nusbaum et al. 

2001; Nässel 2002; Nässel and Homberg 2006). 

A common feature of AL and olfactory bulb (OB) is the expression of various neuropeptides (Smith et al. 1993; 

Caillol et al. 2003; Moody and Meraly 2004; Schachtner et al. 2005; Gutierrez-Mecinas et al. 2005). Until now, 

neither in the AL nor in the OB the exact amount of neuropeptides and their cellular localization is known. Few 

studies in mammals point to important functions of peptides in the olfactory system (e.g. neurogenesis induction 

by neuropeptide Y and PACAP in the olfactory epithelium of the rat, Hansel et al. 2001a, b; Prokineticin 2 as a 

trophic signal in mouse olfactory bulb neurogenesis induction, Ng et al. 2005). 

So far there exist no studies about a possible role of (neuro)peptides in the insect olfactory system. Most of 

peptidergic neurons in the AL belong to the lateral cell group (reviewed in Schachtner et al. 2005, chapter III, 

IV). With GABA being the principal transmitter of local interneurons colocalization of neuropeptides implies 

their involvement as modulating cotransmitters in the inhibitory GABA signal transduction pathway. Besides, 

neuropeptides were also found in projection and centrifugal neurons of the AL (Fig. 5). Analogous to the local 

interneurons, neuropeptides most likely act as cotransmitters to the dominant transmitters ACh or GABA in 

projection neurons. Centrifugal neurons usually innervate all glomeruli, or exhibit a varicose mesh covering all 

glomeruli (e.g. allatostatin, Utz and Schachtner 2005). This innervation pattern points to a possible paracrine 

function, with a more general influence on the AL neuronal network. 

In general, only sparse information is available on neuropeptide function in neuronal networks. This is mainly 

due to missing information about the complete peptidome of the neurons involved. Until now, triple labelling 

studies using antisera against three different neuropeptide families (AST-A, AT, RFamide, see chapter III) show 

colocalization of at least two neuropeptide families in subpopulations of local interneurons. Since the number of 

neuropeptides in the lateral cell group detected with MALDI-TOF exceeds this (chapter IV), we expect further 

subpopulations of local interneurons with individual peptide identities.  

 

Nitric oxide (NO) 

Since its discovery in the nervous system manyfold functions were found for NO (Dawson and Snyder 1994; 

Garthwaite and Boulton 1995; Müller 1997; Bicker 2001, 2005, 2007; Boehning and Snyder 2003; Garthwaite 

2008). Calcium-triggered conversion of L-arginine to L-citrulline by the enzyme NO-synthase leads to nitric 

oxide production (Fig. 6). NO as a highly diffusible gaseous messenger molecule is able to signal in a certain 

volume around its production site without being limited by cellular boundaries or transmission directions 

(Philippides et al. 2005). Main physiological target of NO is the heme group of soluble guanylyl cyclases (sGC, 

Elphick et al. 1993; Garthwaite 2008), which in turn produce the second messenger cyclic 3’,5’-guanylyl 

monophosphate (cGMP). Main targets of cGMP include ion channels, protein kinases, and phosphodiesterases 

(Schmidt et al. 1993; Friebe and Koesling 2003; Matulef and Zagotta 2003; Krumenacker et al. 2004). The 
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lifetime of NO is significantly reduced by reactive oxygen species (ROS) like superoxide, which are - among 

other sources – a byproduct of the respiratory chain in mitochondria. Superoxide in turn becomes systematically 

catabolized by the enzyme Cu/Zn-superoxide dismutase, thus indirectly prolonging the range of NO.  

 
 
Fig. 6  The nitric oxide (NO) / soluble guanylyl cyclase (sGC) / cGMP signaling pathway. In a donor cell, 
calcium ion influx (Ca2+) leads to activation of nitric oxide synthase (NOS). The NOS enzyme in turn generates 
nitric oxide (NO) by oxydation of the amino acid L-arginine to L-citrulline. The highly mobile signaling 
molecule NO is able to diffuse through cell membranes, until it eventually will activate the soluble guanylyl 
cyclase (sGC). This leads to the conversion of guanylyl triphosphate (GTP) to cyclic guanylyl monophosphate 
(cGMP), an important second messenger within cells. cGMP can directly activate cyclic nucleotide gated 
channels (CNG), protein kinases (PK), and phosphodiesterases (PDE). Pharmacological application of ODQ 
leads to irreversible inhibition of sGC. Degradation of NO often takes place by reactive oxygen species like 
superoxide (O2

-), which oxidize NO to peroxynitrite (ONOO-). The copper/zinc-superoxide dismutase (Cu/Zn-
SOD) however scavenges excessive superoxide and catalizes its reaction to dioxygen (O2) and hydrogen 
peroxide (H2O2). The latter is further broken down by a catalase to O2 and water (H2O). 
 

Both in the vertebrate olfactoy bulb and in the insect AL NO-triggered cGMP seems to play a role in signal 

processing (Breer and Shepherd 1993; Hopkins et al. 1996; Kendrick et al. 1997; Müller 1997; Bicker 1998; 

Collmann et al. 2004, Wilson et al. 2007). In adult Manduca sexta, Collmann et al. (2004) demonstrated in an 

imaging study odor-specific NO production in different subsets of glomeruli. Intracellular recordings combined 

with pharmacological interference revealed a functional link between NO production and proper odor processing 

within the AL (Wilson et al. 2007). The special propensities of NO suggest a role in synchronization of the 

olfactory signal between several neurons within single activated glomeruli as a functional unit (Breer and 

Shepherd 1993; Müller 1997). 

Apparently, during neural development NO and NO-stimulated cGMP seem to play additional instructive roles 

apart from those known in adult neural systems, including cell proliferation, axogenesis, growth cone 

differentiation and instruction, and synaptogenesis (Davies 2000, Gibson et al. 2001, Bicker 2005, 2007; 

Garthwaite 2008). More information on the developmental role of NO and cGMP can be found in chapter II. 
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3D reconstruction 

By now, virtual 3D brain reconstruction based on immunohistological data became an almost common tool in 

insect neuroscience. It helps in such diverse questions as fitting single neurons – either intracellularly or 

genetically labeled - of several preparations into one reference (Brandt et al. 2005; Jefferis et al. 2007; Kurylas et 

al. 2008), or comparing brain volumes between different species, genders, ages, or pharmacologically treated 

animals (Kühn-Bühlmann and Wehner 2006; chapter V, VI; Rulla 2008). 

In chapter V, a protocol for optimized labeling in antennal lobes is presented, and with this publication a web 

presence was established: http://www.3d-insectbrain.com. This website shall serve as a platform for ongoing 

research on 3D insect brains and brain parts. With a standard brain of the desert locust Schistocerca gregaria 

(Kurylas et al. 2008), and the Manduca sexta standard brain (chapter VI) already two other projects came online. 

Further planned additions include standard brains of the cockroaches Leucophaea maderae (Wei 2007) and 

Periplaneta americana (in cooperation with P. Kloppenburg, University of Cologne, Germany), the red flour 

beetle Tribolium castaneum (Dreyer 2008), a 3D-4D representation of the developing Manduca brain (el Jundi 

2008), and a standardized central complex of the desert locust Schistocerca gregaria (Lenschow 2008). 

 

 
 
 
Fig. 7  All five standard insect 3D brains existing so far. For the color code and further explanations, see chapter 
VI. Scale bar = 500 µm (after Brandt et al. 2005, Jenett et al. 2006, Kurylas et al. 2008, chapter VI, and Dreyer 
2008). 
 

All chapters and additional supplementary material (pictures, movies) can be found on the attached CD (last 

page). 
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ABSTRACT:   The paired antennal lobes (ALs) of the 
sphinx moth Manduca sexta serve as a well-established 
model for studying development of the primary 
integration centers for odor information in the brain. In 
this study, we report evidence for an involvement of the 
nitric oxide / soluble guanylyl cyclase (sGC) / cGMP-
pathway in the formation of the olfactory glomeruli in the 
developing ALs of M. sexta. Antennal nerve stimulation 
and pharmacological manipulation revealed 
approximately 20 local neurons of the developing AL 
exhibiting a transient NO and sGC-dependent rise in 
cGMP-immunoreactivity. The activity dependent and 
transient cGMP-increases in this defined set of local

 neurons are restricted to the phase of glomerulus 
formation which is characterized by massive 
synaptogenesis. Injection of ODQ, a specific inhibitor of 
sGC at the beginning of the phase of glomeruli formation 
resulted in the decrease of synaptic vesicle protein 
synaptotagmin as revealed by immunocytochemistry and 
ELISA. Although 3D-reconstructions did not show 
obvious differences in the morphology of glomeruli, we 
postulate an involvement of the NO/cGMP signaling 
pathway in the generation or strengthening of synapses 
during formation of the olfactory glomeruli. 
Keywords: insect, olfactory system, metamorphosis, 
soluble guanylyl cyclase, nitric oxide 

 
 
 
INTRODUCTION 
 
The antennal lobes (ALs) of the sphinx moth 
Manduca sexta serve as a well-established model 
for studying the neuronal development of the 
primary integration centers for odor information in 
the brain (Tolbert et al. 2004). ALs of insects 
compare to olfactory bulbs of vertebrates by sharing 
their principal morphological organization into so-
called olfactory glomeruli, but also by a number of 
basic physiological properties with respect to 
information processing (Hildebrand and Shepherd 
1997, Strausfeld and Hildebrand 1999, Eisthen 
2002). 
In M. sexta the ALs arise during metamorphosis, a 
hormonally-controlled postembryonic period 

lasting about three weeks. During this time, the 
whole brain undergoes reorganization and small 
larval antennal centers develop into the adult ALs. 
AL development in M. sexta can be roughly divided 
into three phases (Oland and Tolbert 1996, 
Dubuque et al. 2001). The preparation phase (phase 
I) lasts about seven to eight days beginning at pupal 
formation. It includes the birth of all AL neurons, 
the arrival of the axons of the olfactory receptor 
neurons (ORNs) in the ALs, and the formation of 
the protoglomeruli, the sites where the glomeruli 
______________________________________________ 
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form during phase II. The glomerulus formation 
phase (phase II) lasts about five days and is 
characterized by massive synaptogenesis between 
the involved neurons. It is assumed, that during 
phase II a basic network of synaptic contacts within 
and between the glomeruli is established, which 
ensures the principal correlation of in- and output 
components of the AL (Dubuque et al. 2001). In 
contrast to phase II, in phase III, which lasts about 
eight days up to adult eclosion, little synaptogenesis 
occurs. During this last phase, the glomeruli grow 
in size between 40 and 130% (Huetteroth and 
Schachtner 2005), probably because of the 
increasing neurite diameters, and the synaptic 
wiring in the glomeruli is thought to undergo 
further refinement and maturation (Tolbert et al. 
1983, Tolbert 1989, Dubuque et al. 2001). None of 
the neurons of the ALs undergo programmed cell 
death during phases I to III (Schachtner et al. 
2004a), and, as all neurons of the ALs are born 
early in AL development (Hildebrand et al. 1997), 
the neuronal composition of the ALs does not 
change throughout the formation of the ALs.  

Studies in vertebrates and invertebrates on the 
role of nitric oxide (NO) during nervous system 
development find this gaseous signaling molecule 
mainly associated with three phases: Proliferation 
and differentiation, axonal growth, and 
synaptogenesis (Truman et al. 1996, Davies 2000, 
Gibbs 2003, Krumenacker and Murad 2006, Bicker 
2001, 2007, Garthwaite 2008). On one hand, these 
findings suggest a variety of mechanisms for NO 
action, but also a high evolutionary conservation of 
NO function during nervous system development. 
The most prominent target for NO is the soluble 
guanylyl cyclase which typically consists of an α- 
and β-subunit. This enzyme forms the second 
messenger cGMP which in turn has several targets 
in the cell, including e.g. cGMP dependent ion 
channels, kinases, and phosphodiesterases 
(Boehning and Snyder 2003, Friebe and Koesling 
2003, Koesling et al. 2004, Bicker 2007, Garthwaite 
2008). 

Previous studies showed that during metamorphic 
development of the M. sexta AL NO-synthase 
(NOS) and soluble guanylyl cyclase (sGC) are 
expressed in different cell populations: while NOS 
is constitutively produced in ORNs as soon as they 
grow into the developing AL, sGC is expressed in 
AL neurons (Gibson and Nighorn 2000). Studies on 
cGMP regulation in the developing M. sexta AL 
revealed a transient cGMP upregulation mainly in a 
subset of local interneurons (LNs) during the phase 
of glomerulus formation, which at least partly 
seemed to be induced via activity dependent release 
of NO from the ORNs (Schachtner et al. 1998, 
1999). Spontaneous activity from the antennal 
nerve can be recorded extracellularly from stage P7 
onwards (Oland et al. 1996). Together this led to 
the hypothesis that NO release triggered by 
spontaneous activity of the ORNs induces cGMP 

upregulation in LNs during the phase of glomerulus 
formation (phase II, Schachtner et al. 1999). 

In the present study we characterize the cells that 
respond to NO during development and show that 
this transient NO-derived cGMP is likely to play a 
role in the synapse formation necessary for the 
appropriate development of the antennal lobe. 

 
 

MATERIALS AND METHODS 

Animals 
Animals (Manduca sexta; Lepidoptera: Sphingidae) 
were kept in walk-in environmental chambers at 
26°C under a long-day photoperiod (L:D = 17:7) 
and were fed with artificial diet as described before 
(Bell and Joachim 1978). Under this regime pupal 
development from the day of pupal ecdysis (P0) 
until adult eclosion (A0) takes approximately 21 
days, each day corresponding to a pupal stage (P0-
P20). Pupae were staged according to criteria 
described in Jindra et al. (1997) and Schwartz and 
Truman (1983). The criteria involve changes in 
structures that are either superficial or readily 
visible through the pupal cuticle under a dissecting 
microscope. 

Dissection and Preparation 
Depending on the dissection protocol, different 
results regarding cGMP-immunoreactivity were 
achieved. Therefore we distinguish between the 
following two methods: 1. Standard: Animals were 
chilled on ice for 2-15 minutes followed by 
dissection of the brain under cold saline (Weevers 
1966). The whole dissection lasted 10 minutes; 
subsequently brains were transferred to cold 
phosphate-buffered 4 % formaldehyde solution (4% 
FA; PBS 0.01 M, pH 7). 2. Antennal stimulation: 
Animals were chilled on ice for 2 minutes. The 
right antennal pocket was opened and the 
developing antenna was cut (according to 
Schachtner et al. 1999). After leaving the pupa 10 
min at room temperature it was transferred into 
cold phosphate-buffered 4 % formaldehyde solution 
(4% FA; PBS 0,01 M, pH 7) for 30 min to stop 
further stimulation; to ensure better perfusion of 
fixative, immediately before prefixation, thorax and 
head were opened dorsally and the proboscis pocket 
was cut off. In the deantennation experiment (Fig. 
4) the complete left antennal pocket with antennal 
anlage was twisted off immediately after pupa 
formation (P0) before the dissection was performed 
as described. Since the cuticle at early P0 still was 
green and soft, the wound closed by itself and did 
not have to be sealed artificially. 

Immunocytochemistry 
After dissection, all brains were fixed for 2-4 h at 
room temperature or overnight at 4° C. Brains were 
then processed following immunocytochemistry
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standard protocols for vibrating microtome sections 
(see Utz and Schachtner 2005) or for wholemounts 
(see Huetteroth and Schachtner 2005). The 
following primary antisera were used: Polyclonal 
anti-cGMP antibody raised in sheep (1:4000 on 
vibratome sections, 1:100.000 in wholemounts; 
kindly provided by Dr. Jan de Vente, University of 
Utrecht, The Netherlands). The antibody was 
produced by immunization of sheep with cGMP-
coupled Glutathione-S-Transferase fusion protein 
and subsequent purification. Specificity controls for 
the anti-cGMP antiserum is described in de Vente 
et al. (1987, 1996) and for M. sexta tissue in Ewer 
et al. (1994) and in Schachtner et al. (1999). 
Polyclonal goat antiserum against the α1 subunit of 
M. sexta soluble guanylyl cyclase (anti-MsGCα1; 
1:5000; Bethyl Laboratories Inc., Montgomery, TX, 
USA). For immunization, the amino acid sequence 
c-IREALKDYGIGQANSTDVDT was used (amino 
acids 676-695 of the MsGCα1 protein, which are 
specific for this guanylyl cyclase). In western blots 
of adult M. sexta brain homogenate the antiserum 
detects a single band of approximately 78 KDa 
which matches approximately the predicted size of 
78,4 KDa (Collmann et al. 2004). In adult M. sexta 
this antiserum labels cells in the lateral, medial, and 
anterior cell groups of the AL (Wilson et al. 2007). 
Preadsorption tests were performed in western blots 
and in tissue sections and exhibited no nonspecific 
interactions (Collmann et al., 2004). Polyclonal 
rabbit antiserum against the atypical receptor 
guanylyl cyclase I from M. sexta (anti-MsGC-I; 
1:2000; kindly provided by Dr. David Morton, 
Simpson et al. 1999). In western blots of adult 
M. sexta the antiserum detects a single band of 
approximately 55 KDa; preadsorption of the 
antiserum with MsGC-I GST fusion protein 
abolished all staining in tissue sections (Nighorn et 
al. 2001). Monoclonal anti-synaptotagmin antibody 
from mouse (anti-syt; 1:4000; kindly provided by 
Dr. K. Menon, Division of Biology, Caltech, CA, 
USA), which was either used to label neuropilar 
structures for better orientation, or to detect optical 
density differences in sections of ODQ-treated 
animals; its specificity in M. sexta tissue was 
described in Dubuque et al. (2001). Monoclonal 
anti-synapsin antibody from mouse (anti-syn; 
1:100; kindly provided by Dr. E Buchner, 
University of Würzburg, Germany). Since the anti-
synaptotagmin antiserum could not be obtained in 
the same quality as before, we switched to the anti-
synapsin antiserum to label neuropilar structures. 
Specificity of this antibody for M. sexta nervous 
tissue was published previously (Utz et al. 2008). 
Polyclonal antiserum against the transmembrane 
form of M. sexta fasciclin II, raised in guinea pig 
(anti-TM-MFasII; 1:2000; kindly provided by Dr. 
P.F. Copenhaver, OHSU, OR, USA). The staining 
was used to identify remaining sensory AL inputs 
in early deantennated animals (Fig. 4). The 
specificity of the anti-TM-MFasII antiserum for M. 
sexta tissue was shown in western blots (Wright 

and Copenhaver 2000). As secondary antibodies we 
used affinity-purified Cy2-, Cy3-, and Cy5-coupled 
anti-sheep, anti-mouse, anti-rabbit, anti-guinea pig, 
or anti-goat antisera, either raised in goat or donkey 
(all Jackson ImmunoResearch, Westgrove, PA, 
USA). 

Pharmacology 
Based on external markers pupae at stage P7 or P9 
were chilled on ice for 2 min, followed by an 
injection of 15 µl ODQ (1H-[1,2,4]Oxadiazolo[4,3-
a]quinoxalin-1-one; 1 mM; Alexis) per g body 
weight, dissolved in saline (Ephrussi and Beadle 
1936) with 1 % DMSO into the dorsolateral thorax. 
ODQ has been shown to be a potent blocker of 
soluble guanylyl cyclase in a variety of animals 
(Garthwaite et al. 1995, Friebe and Koesling 2003, 
for a review in insects see e.g. Bicker 2007) 
including M. sexta nervous tissue (e.g. Zayas and 
Trimmer 2007). Control animals were injected with 
saline + 1 % DMSO only. All injections were 
performed as described in Schachtner et al. (1999). 

Cell counting 
Immunostained sections or wholemounts were 
scanned with a confocal laserscan microscope 
(Leica TCS SP2). In sections, counting of cells was 
performed as described before (Schachtner et al. 
2004b); in short, up to 35 cells were counted by 
individual identification, higher numbers were 
corrected for double counts across sections using a 
correction factor (Abercrombie 1946). In 
wholemounts we used the 3D visualization 
software Amira 4.1 (Mercury Computer Systems, 
San Diego, CA, USA) to count cell numbers and to 
reconstruct identified single glomeruli (see below). 
Further processing of pictures was done with 
Adobe Photoshop 6.0 - CS2 and Corel Draw 12, 
diagrams were created with Microsoft Excel 2003. 
Statistical calculations were performed in Microsoft 
Excel 2003 or Statistica ’99. 

Measurement and comparison of optical 
densities 
Brains were dissected and fixed according to the 
standard protocol described above. Frontal 40 µm 
thick brains sections of gelatine embedded brains 
were obtained with a vibrating microtome (Leica, 
Bensheim, Germany). Sections were then labeled 
with the anti synaptotagmin antiserum (1:4000) and 
subsequently with a secondary HRP coupled goat 
anti-mouse antibody (1:300, Jackson 
ImmunoResearch). HRP was visualized on free-
floating sections with 3,3′-diaminobenzidine 
tetrahydrochloride (DAB; Sigma-Aldrich) by using 
the glucose oxidase (Sigma-Aldrich) technique 
according to Watson and Burrows (1981). Sections 
were mounted on chromalum/gelatin-coated 
microscope slides, dehydrated in ethanol, cleared in 
xylene, and mounted in entellan (Merck, 
Darmstadt, Germany). 
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For a detailed description of the staining 
procedure refer to Utz et al. (2005). Each 
experimental series which was equally treated in 
terms of the staining procedure and incubation 
times consisted of two vehicle (saline according to 
Ephrussi and Beadle, 1936) injected animals 
(controls) and three to five ODQ injected animals. 
Animals were injected at stage P7 and dissected at 
stage P12/13. At stage P12/13 each AL consisted of 
a series of 10 frontal 40 µm sections. These sections 
were digitized with a Polaroid DMCe camera (8bit 
grayscale, 800x600 dpi resolution) mounted on a 
Zeiss Axioscope (objective x20 oil). Settings of the 
microscope (light intensity) and of the Polaroid 
camera software were standardized for all sections. 
Analysis of sections was then performed offline 
with Scion Image (Scion Corporation). Analysis 
was performed by first defining a threshold gray 
level which best described the stained glomeruli in 
sections of control animals. Gray value threshold 
was usually either 75 or 85. This procedure assured 
that only labeled pixel within glomeruli were used 
for optical density analysis. The same threshold was 
used for analyzing sections of all ALs of an 
experimental series including controls and ODQ 
treated animals. Next the mean gray value over all 
ten sections of an AL was calculated and then 
multiplied with all pixels with gray values above 
threshold. This integrated optical density (IOD) 
gives a measure of mean optical density combined 

with an area covered by pixels over the gray value 
threshold. To estimate the difference between IODs 
of ALs of control and treated animals the ratios 
between IODs of ODQ injected and the control 
animals were formed. This ratio of integrated 
density (RIOD) is 1 if the IODs of treated and 
control animals are equal, is >1 if the IOD of the 
treated animals is larger than the IOD of the 
control, and is <1 if the IOD of the treated is 
smaller than of the control animal. 

Determination of protein amounts by ELISA 
To compare relative amounts of synaptotagmin 
protein in defined brain areas (AL, optic lobes, 
central brain) between ODQ and vehicle injected 
animals we used the ELISA (Enzyme-linked 
immunosorbent assay) technique. The protocol 
used was modified from Fiala et al. (1999). ODQ 
and vehicle injections were performed as described 
above at P7, brains were dissected out at P12/13, 
and subsequently each brain was separated in two 
AL, two optic lobes and the rest of the brain 
(central brain). Three series of experiments were 
performed. One consisted of five ODQ injected and 
five controls, the other two experimental series 
consisted each of three ODQ and three vehicle 
injected animals. For each series, the different brain 
parts were separately collected on ice in 100 µl 
buffer containing 0.1 M PBS / 1 mM EGTA 
(ethylene glycol-bis(2- aminoethyl ether)

 
Figure 1   Numbers of cGMP-immunoreactive cells in the lateral cell group at different times of pupal development. 
After standard dissection, the ALs exhibited a characteristic, stage-dependent number of cGMP-ir cells in LC. At the earliest 
stage examined (P2/3), no cGMP-immunoreactivity was found. At P5/6, some weakly stained cells appeared (open circle). 
Shortly before phase II of AL development, robust staining occurred in about 40 cells (P7). cGMP-ir cell number peaks at P8 
(about 60 cells) and subsequently declines during the following stages (P9: 55; P10: 45; P12: 20). In the middle of phase III 
at stage P15/16, almost no cGMP-ir cells are left in the lateral cell group. N = ALs/animals, bars = standard deviation. 
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N,N,N´,N´-tetraacetic acid; Sigma-Aldrich). 
Samples were homogenized for a couple of seconds 
in an ultrasonic bath (Elma Transsonic 310, Hans 
Schmidbauer GmbH & Co. KG, Singen, Germany) 
and frozen in liquid oxygen over night. After 
thawing, polystyrene micro titre plates (Falcon) 
were coated with the samples for 1 hour at 4°C. 
Coating was performed by diluting samples (1:1) 
within a row of 4 wells, starting with 100 µl of the 
different homogenates using identical protein 
concentrations. Buffer only served as negative 
control. Protein concentration of each homogenate 
was calculated by comparison with a linear 
calibration curve, performed with a commercially 
available kit (BCA Protein Assay Kit, Pierce). After 
short wash with PBS, the remaining binding sites in 
each well were blocked for 1 hr with 300 µl PBS 
containing 1 % BSA at 4°C. After washing with 
PBS, the primary antibody (anti-syt 1:4000) was 
applied (50 µl/well) over night at 4°C. After 
washing (3 x 5 min PBS) the secondary antibody 
(biotin-conjugated goat anti-mouse IgG (H+L); 
Jackson ImmunoResearch) was added (100 µl/well; 
1:4000 in 0.1 M / 1 % BSA) for 1.5 hours at room 
temperature, followed by another washing step (3 x 
5 min PBS). Then the enzyme solution (alkaline 
phophatase-conjugated streptavidin; Jackson 
ImmunoResearch) was added (100 µl / well; 
1:10.000 in 1% BSA in PBS) for 40 min at room 
temperature. After washing (3 x 5 min PBS), the 

substrate (4-nitrophenylphosphate disodium salt 
hexahydrate; AppliChem) was added (200 µl / well; 
1 mM in RXN-buffer: 0.1 M TrisHCl / 1 mM 
MgCl; pH 8.8). For color development plates were 
incubated at 36 °C for at least 1.5 hours. The 
absorbance was measured spectrophotometrically at 
420 nm using a microplate reader (Dynatech 
MR4000). For analysis, the absorbance of control 
measurements has been set to 100 %. Percentage 
deviation of the absorbance of corresponding 
dilutions of the treated samples was then quantified. 
The average of two dilutions / sample has been 
taken into account for analysis. Only measurements 
from the same micro titre plate were compared. 

3D reconstruction 
Before injection appropriate pairs of animals with 
similar weight and developmental stage were 
chosen and injected with ODQ or buffer 
respectively. After fixation the brains of related 
controls and ODQ-injected animals underwent 
exactly the same immunohistochemical procedure 
by processing them together in one well and finally 
mounting them in one spacer hole according to 
Huetteroth and Schachtner (2005). Confocal image 
acquisition took place with identical settings, 
optimized for best dynamic intensity range (256 
gray values) of the anti-mouse-Cy5 synapsin signal 
of the control AL. Following glomerulus 
identification, reconstruction and measurement was 

 
Figure 2   Effect of the soluble guanylyl cyclase inhibitor ODQ on cGMP-immunoreactivity in the lateral cell group. 
After injection of ODQ (black columns) or the solvent DMSO (1% in saline) as control (white columns) shortly before the 
beginning of phase II (P7, arrow in inset), animals were standard dissected and monitored for cGMP-immunoreactivity on 
five subsequent days. While control animals exhibit cGMP-ir cell numbers comparable to cell numbers in Fig. 1, ODQ-
injected animals have significantly less cGMP-ir cells (~ 20 somata, dotted areas) during the first two days. In animals 
dissected later than two days after injection, no significant differences in numbers of cGMP-ir cells between ODQ-injected 
and control animals were found. N = ALs/animals, Bars = standard deviation, *** = P<0.001; n.s. = not significant. 
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performed with the 3D reconstruction software 
AMIRA 4.1 (Huetteroth and Schachtner 2005), 
followed by additional data evaluation using 
Microsoft Excel 2003. 
 
 
RESULTS 

Time course of dissection-induced cGMP-
immunoreactivity 
During the phase of glomerulus formation (phase 
II) a set of local interneurons in the lateral cell 
group of the AL shows robust cGMP-elevations 
after dissection (Schachtner et al. 1998). Analyzing 
this phenomenon revealed that the transient cGMP-
elevations depend on a hormonal (20-
hydroxyecdysone, 20E) and an activity dependent 
component (Schachtner et al. 1999). Artificially 
shifting the pupal 20E peak to an earlier 
developmental stage resulted in premature 
formation of glomeruli and early ability of AL 
neurons to elevate cGMP-concentrations, 
demonstrating a developmental regulation of the 
cGMP-signaling. An approach using pharmacology 
and electrophysiology revealed that part of the 
cGMP-signal depended selectively on electrical 
activity of the ORNs which via release of NO lead 
to the increases of cGMP-concentrations in a set of 
local neurons. 

The identity of dissection-inducible cGMP-
immunoreactive (cGMP-ir) somata in the lateral 
cell group (LC) of the developing antennal lobe 
(AL) was described previously (Schachtner et al. 
1999). Here we focus on the quantity and exact 
time course of dissection-induced cGMP-ir somata 
in LC (Fig. 1). Depending on pupal stage, normal 
dissection of brains under physiological saline for 
ten minutes led to different numbers of cGMP-ir 
cells in the LC. While no cGMP-immunoreactivity 
was seen at P2/3 (N=4 ALs/2 animals), some weak 
staining was found around P5/6 in about 18 cells 
(N=5/3). At P7 a steep increase in cGMP-
immunoreactivity to about 40 cells occurred 
(N=12/6), which peaks with about 60 cells around 
P8 (N=8/4). cGMP-immunoreactivity remained 
high with about 55 cells at P9 (N=9/5) and about 45 
cells at P10 (N=14/7), before it decreased to about 
20 cells at P12 (N=8/4) and to nearly zero cells 
after P15/16 (N=6/3; Fig. 1). In summary, our data 
show that the ability to generate activity-induced 
cGMP in the LC is found in a variable number of 
cells depending on pupal stage. Those cell numbers 
exhibit a characteristic transient pattern, peaking 
around the beginning of phase II (Fig. 1). 

Several GC sources contribute to 
dissection-induced cGMP-immunoreactivity 
To begin to determine which GC was responsible 
for this phenomenon, we performed single systemic 
injections of the soluble guanylyl cyclase blocker 
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one 

(ODQ) at the beginning of phase II (around P7/8). 
This led to a reduction of cGMP-ir cells in the LC 
of more than 20 cells, lasting for two days (dotted 
areas). After one day we found about 25 cGMP-ir 
cells (N=6/3) compared to about 45 cGMP-ir cells 
in vehicle-injected animals (N=8/4; P<0.001); after 
two days, cell numbers declined to about 20 cGMP-
ir cells (N=8/6) compared to 40 cells (N=7/5) for 
controls (P<0.001). Three to five days after 
injection, no difference in cGMP-ir cells compared 
to control-injected animals was found (3 days: 
vehicle- (N=6/3) and ODQ-injected animals 
(N=7/4) around 15 cGMP-ir cells; 4 days: both 
around 8 cGMP-ir cells (both N= 6/3); 5 days: 
about 5 cGMP-ir cells (control: N=4/2, ODQ: 
N=6/3; Fig. 2). 

sGC exclusively upregulates antennal 
nerve-dependent cGMP-immunoreactivity 
Previously it was shown that electrical stimulation 
as well as cutting the antennal nerve were both 
equally sufficient to induce cGMP-
immunoreactivity exclusively in a subset of LC 
cells (Schachtner et al. 1999). This result suggested 
that cutting an antennal nerve resulted in electrical 
activity of the damaged ORNs, which in an activity 
dependent manner release NO. This in turn 
activates soluble guanylyl cyclases, which 
eventually led to cGMP increases in LC cells 
(Schachtner et al. 1999). To examine whether the 
cGMP-increase which can be inhibited by ODQ-
injection (as shown in Fig. 2) is solely due to 
antennal nerve activity, we performed the same 
experiment, but instead of dissecting out the whole 
brain only one antenna was cut, followed by in situ 
fixation after ten minutes (Fig. 3). The experiment 
consisted of animals injected with saline alone 
(controls) and animals injected with ODQ at stages 
P7 and P9. In both groups one antenna was severed 
one or two days after injection. As stimulation of 
one antenna resulted in similar cell numbers in both 
ALs of one animal, we used both ALs in our 
analysis. Saline injections at P7 and cutting of the 
antennal nerve one or two days later resulted in 
about 20 cGMP-ir cells in LC (Fig. 3A). These 
numbers nicely correspond to the differences of 
cGMP-ir cells between controls and ODQ-injected 
animals (see Fig. 2; for better comparison, dotted 
areas representing differences after one and two 
days respectively are included in Fig. 3A as dotted 
bars)). In contrast, cutting antennal nerves in 
animals which have been injected with ODQ 
resulted in nearly no cGMP-positive cells in LC 
one and two days after ODQ was injected (Fig. 
3A). These results clearly suggest that ORNs are 
obviously the only source for NO and is consistent 
with previous reports using in-situ hybridization 
(Gibson and Nighorn 2000). 

To determine whether the cGMP-
immunoreactivity three days after ODQ-injection 
(Fig. 2) was due to other, non-ODQ sensitive 
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guanylyl cyclases or if this was rather due to a 
wearing off of ODQ, we also performed ODQ and 
saline injections at P9 (Fig 3B). Indeed, compared 
to saline injections, cGMP-immunoreactivity in 
ODQ-injected animals was again nearly completely 
abolished one or two days after the injection (1 day: 
control, N=12/6, ODQ, N=12/6, P<0.005; 2 days: 
control, N=19/11, ODQ, N=14/8, P<0.001). 

To test whether the ability of neurons in the LC 
to upregulate cGMP concentrations in a NO-
dependent manner depends on the ingrowth of the 
ORN axons during early pupal development, we 
removed one antenna from P0 animals. This 
developmental deantennation led to a total loss of 
ORN ingrowth, resulting in small ALs lacking 
proper glomerular organization (Sanes et al. 1977). 
Repeating the experiments performed above (see 
Fig. 3B) with these animals resulted in about 20 
cGMP-ir cells in both ALs for the saline injections, 
and in nearly no cGMP-cells for the ODQ-injected 
animals (Fig. 4). This result suggests that the ability 
of LC neurons to upregulate cGMP in a NO 
dependent manner is independent of the ingrowth of 
the ORN axons from the antenna. To rule out some 
rudimentary innervations of ORN axons after 
developmental deantennation, we labeled the brains 
additionally with an antiserum against the 
transmembrane domain of M. sexta fasciclin II 
(TM-MFasII, Fig. 4A). TM-MFasII has been shown 
to be transiently expressed during pupal 
development in a subset of ORN axons including 
the axons from the labial pit organ (Higgins et al. 
2002). The immunostaining nicely demonstrates 
that the only glomerulus on the developmentally 
deantennated AL positive for TM-MFasII is the 
labial pit organ glomerulus (LPOG), while all other 
glomeruli lack TM-MFasII staining. In contrast, the 
contralateral AL which is normally innervated by 
ORN axons showed the typical TM-MFasII positive 
glomeruli including the LPOG (Fig. 4A). 

Developmental time course and localization 
of ODQ-sensitive GC in the AL (MsGCα1) 
Staining with an antiserum specifically recognizing 
the α1-subunit of M. sexta soluble guanylate 
cyclase (MsGCα1) revealed immunoreactive cells 
in all three cell groups during AL development. The 
intensity of MsGCα1 staining in cells of the AL 
varies to a massive degree; in case of strong 
staining, it is not restricted to somata but extends 
into primary neurites (Fig. 5E, F). Between P5 and 
P16, we sometimes found 3 to 32 MsGCα1-ir cells 
in the median cell group (MC; in 17 of 75 animals 
observed; Fig. 5A). Due to the infrequent 
occurrence no developmental pattern could be 
identified. The same holds true for the anterior cell 
group (AC); between P5 to P18, 14 of 75 animals 
exhibited up to two MsGCα1-ir cells (Fig. 5A). 
Schachtner et al. (1999) described one to two cells 
exhibiting cGMP immunoreactivity in the AC of 
P10 animals after treatment with a 

Figure 3   Effect of the soluble guanylyl cyclase 
inhibitor ODQ on cGMP-immunoreactivity in the 
lateral cell group after antennal stimulation. Animals 
were injected with ODQ (black bars) or vehicle alone 
(white bars, controls) A) shortly before the beginning of 
phase II (P7) or B) in the middle of phase II (P9). 1 and 2 
days later one antenna was cut, followed by fixation with 
4% formaldehyde 10 minutes later, thus warranting 
exclusive stimulation via the antennal nerve. A) The 
dotted bars represent the numbers of ODQ-sensitive 
cGMP-ir cells after standard dissection (see Fig.2, dotted 
areas). Note that numbers of cGMP-ir cells in control 
animals (white bars) equals the numbers of ODQ-
sensitive cells after standard dissection. The combination 
of ODQ injection and antennal nerve stimulation 1 or 2 
days later resulted in no or only a few cGMP positive 
cells in LC. B) Similar to ODQ injection at P7, the 
combination of ODQ injection at P9 and antennal nerve 
stimulation on subsequent days abolished number of 
cGMP-ir cells almost completely. Remaining cGMP-ir 
cells after 2 days are probably due to wearing off of ODQ 
and new sGC synthesis. N = ALs/animals, Bars = 
standard deviation, * = P<0.05, ** = P<0.005, *** = 
P<0.001. 
 
 
phosphodiesterase inhibitor. According to Homberg 
et al. (1989) the AC and MC are exclusively 
housing projection neurons (PNs). Wilson et al. 
(2007) confirmed MsGCα1-immunoreactivity in 
some, but not all PNs belonging to both MC and 
AC by intracellular filling of single neurons in adult 
moths. Also in adult M. sexta, Collmann et al. 
(2004) describe 90% of all PNs as MsGCα1-ir. 
Neither in these studies nor in our study MsGCα1-
immunoreactivity was observed in tracts leaving 
the AL, so MsGCα1 activity in PNs seems to be 
restricted to the AL. 
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Figure 4   ODQ-effect on numbers of cGMP-ir cells after antennal stimulation in animals unilateral deantennated at 
P0. At stage P0, shortly after pupal formation, the left antenna was completely removed resulting in P10 animals with normal 
developed AL containing glomeruli on the right side, and an aglomerular left AL of reduced size (A, B). As visualized by 
anti-TM-MFasII staining (A, arrowheads), sensory innervation on the antennectomized side basically was reduced to the 
labial palp organ glomerulus, which receives sensory input coming from labial palps exclusively (Kent et al. 1999). 
Analogous to the protocol in Fig. 3, one day after ODQ injection the right antenna was cut, followed by fixation 10 minutes 
later, thus warranting exclusive stimulation via the right antennal nerve. As expected, on the stimulated ipsilateral right side 
approximately 20 cells responded with cGMP-upregulation (A; C, second column, dotted, N=3). Comparable to Fig. 3, this 
cGMP-signal was completely suppressible by ODQ injection (B; C, 1 weakly stained cell in one of three ALs, fourth 
column, N=3). Unexpectedly, almost the same numbers of cGMP-ir cells were found on the deantennated contralateral left 
side in controls (A, arrow; C, first column, white, N=3) which were also sensitive to ODQ (C, 0 cells, in third column; N=3). 
Note the ODQ-independent cGMP-immunoreactivity in the subesophageal ganglion (A, B, asterisk). Bars = standard 
deviation, *** = P<0.001, n.s. = not significant. 
 
 

In contrast to the staining observed in AC and 
MC, in LC we regularly found cells 
immunopositive for the MsGCα1 antiserum. The 
individual range of cell numbers obtained from 
ALs at defined developmental stages was however 
quite variable (Fig. 5G). In LC, MsGCα1 
immunoreactivity is for the first time found at P4 - 
in about three cells in half of the ALs examined 
(Fig. 5G; n=8/4). From P4, numbers of MsGCα1-ir 
cells increase up to stage P8. A mean of ten 
MsGCα1-ir cells is found at P5 (n=6/3). The 
number of MsGCα1-ir cells rises further from about 
20 at P6 (n=4/2) and P7 (n=10/5) significantly to 
almost 30 MsGCα1-ir cells at P8 (n=12/6). Despite 
massive individual variations, the mean of 
MsGCα1-ir cells stays at this level until the end of 
the pupal period. In freshly eclosed adults, we 
observed a second rise to about 60 MsGCα1-ir 
cells, again with high variability (numbers reaching 
from 31 to 101 cells; n=6/3). 

Developmental time course and localization 
of an ODQ-insensitive GC in the AL (MsGC-
I) 
The antiserum against the receptor guanylyl cyclase 
MsGC-I resulted in massive staining in basal and 
central parts of the glomeruli, the coarse neuropil of 
the AL, as well as in most cells of the LC, but not 
in the MC (Fig. 5A-F). In early stages of pupal 
development, namely P3 to P4/5, MsGC-I-
immunoreactivity is restricted to the neuropilar 
parts of the AL. Staining in cell bodies did not 
occur before P6. Interestingly, the staining intensity 
in the neuropil of the forming glomeruli reflects the 
developmental wave directed from distal to 
proximal during the formation of glomeruli in 

phase II (Fig. 5C; Tolbert 1989, Oland and Tolbert 
1996, Hildebrand et al. 1997, Dubuque et al. 2001). 
Over all, from the beginning of phase II the 
neuropilar staining pattern reflects the pattern 
described for adults by Nighorn et al. (2001). 

Colocalization of ODQ-sensitive and 
-insensitive GC in the AL 
In two representative stages, P8 and P18, we looked 
for colocalization of MsGCα1-immunoreactivity 
and MsGC-I-immunoreactivity in cells of the LC. 
Almost all strongly labeled cells of either antiserum 
excluded immunoreactivity against the other 
antiserum. However, approximately 1/3 of weakly 
stained MsGCα1-ir cells also exhibited weak 
MsGC-I-immunoreactivity (Fig. 5C). Only one to 
two cells showed strong immunoreactivity against 
both antisera. 

Reduction of synapse protein quantity after 
ODQ application 
The transient pattern of NO-sensitive cGMP 
upregulation during the onset of phase II strongly 
suggested an involvement of the NO/cGMP 
signaling pathway during formation of the olfactory 
glomeruli. To test this hypothesis, we injected ODQ 
in stage P7 animals as described above and 
analyzed the intensity of immunostaining of the 
ubiquitous synaptic vesicle protein synaptotagmin 
at the end of phase II. The synaptotagmin antiserum 
can be used to follow neuropil development, 
especially glomerulus development, during 
metamorphic brain development of M. sexta 
(Dubuque et al. 2001). We measured relative 
differences in anti-synaptotagmin immunoreactivity 
in two ways. 
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First, we analyzed optical densities of 
synaptotagmin immunoreactivity from vibratome 
sections, keeping all conditions and settings 
identical (see method section). We performed three 
series of experiments including three to five ODQ 
and two vehicle injected animals. Inspecting the 
sections and comparing the staining intensities 
between ODQ and vehicle treated animals clearly 
displayed fainter staining intensity in AL glomeruli 
of ODQ injected animals compared to vehicle 
injected ones (Fig. 6A-C). To quantify this effect,

each section was digitized and compared in respect 
of number of pixels above a defined gray value 
threshold between treated and control animals (see 
method section). The resulting RIODs (ratio of 
integrated optical densities) clearly show lower 
levels of staining intensities of ALs of ODQ 
injected animals compared to the controls (Fig. 6D). 

In a second approach we performed ELISAs of 
defined brain areas including ALs, optic lobes, and 
central brain, to compare the amount of expressed
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synaptotagmin protein between ODQ and vehicle 
injected animals. We chose this approach for two 
reasons: first to get a synaptotagmin measure 
different to the one obtained from the sections. 
Second we wanted to compare ALs with other brain 
areas to reveal whether the ODQ treatment is also 
influencing brain areas besides the AL. This 
seemed important to us, because systemic injection 
influences not only AL tissue but also other brain 
areas (optic lobes, central brain), which in an earlier 
study have been shown to also contain cGMP-ir 
neurons (Schachtner et al. 1998). The experiments 
were performed as described above for the 
measurements of the optical densities on sectioned 
material. Animals were injected with ODQ or 
vehicle alone shortly before onset of phase II (P7) 
and the brains were dissected out at the end of 
phase II (P12/13). To obtain the ELISA data, we 
performed three independent series of experiments 
with three ODQ and three vehicle injected animals. 
The results demonstrate that the only tissue which 
is clearly influenced by the ODQ treatment are the 
ALs with about 30 % lower amounts of 
synaptotagmin compared to the controls. Optic 
lobes and central brain also seem to have lower 
synaptotagmin concentrations of about 10 %, but 
are not significantly different to controls. In 
summary, the results obtained from optical density 
measurements from sections and from ELISAs 
clearly suggest a role for NO induced cGMP in the 
process of synapse formation during glomerulus 
formation (phase II). 

Overall glomerulus morphology remains 
unchanged after ODQ application 
To determine whether ODQ injection has an 
influence on glomerulus size, we performed similar 
experiments as described above, but performed 3D-
reconstructions of ten selected individual glomeruli. 
Those glomeruli can, due to shape and position,

easily be identified from animal to animal 
(Huetteroth and Schachtner 2005). For 3D 
reconstructions, we switched to synapsin 
immunostaining (see method section). Like 
synaptotagmin, the presynaptic vesicle-associated 
protein synapsin can equally be used to identify 
neuropil areas including olfactory glomeruli in the 
brain of insects (Rössler et al. 2002, Schachtner et 
al. 2005). Comparing the data between ODQ (n = 
11/11) and vehicle treated animals (n = 11/11) 
revealed no difference in volume in none of the ten 
glomeruli. Visual inspection of the glomeruli also 
suggested that neither shape nor position in the AL 
seemed to be influenced. The additional result that 
ODQ has obviously no effect on glomerulus size, 
suggests an involvement directly on synapse 
formation, as defects in path finding or sprouting 
would very likely lead to smaller glomeruli. 
 
 
DISCUSSION 
 
The inducible rise of cGMP-concentrations in a 
defined set of local AL-neurons during glomerulus 
formation (phase II of metamorphic AL 
development) originates from different guanylyl 
cyclases. A subset of these local neurons increases 
cGMP-levels in response to NO. In a series of 
pharmacological experiments using the specific 
sGC-inhibitor ODQ, we demonstrated that the 
complete cGMP-increases evoked by antennal 
nerve activity are exclusively mediated by NO-
dependent guanylyl cyclase. Using ODQ in long-
term experiments, we provide evidence that these 
NO-dependent increases in cGMP affect central 
players in synapse formation during a critical phase 
in the development of the olfactory glomeruli. 
 The latter adds to previous studies which 
postulate such a role during formation of neural 
connectivity in the embryonic grasshopper (Truman 

 
 

 Figure 5   MsGCα1-immunoreactivity and MsGC-I-immunoreactivity through development.  MsGCα1-
immunoreactivity is found not before P4 in about three AL neurons, before MsGCα1-ir cell numbers rise around P5, 
exhibiting various degrees of staining intensity in cell somata (A). Irregularly, up to two somata in the anterior (AC) and up 
to 32 somata in the median cell group (MC) are stained with varying intensity. While MsGCα1-immunoreactivity in the LC 
is still confined to cell bodies at P5 (red), MsGC-I-immunoreactivity (blue) is already found in the coarse neuropil of the 
developing AL, as visualized with an antibody against the presynaptic vesicle protein synaptotagmin (green, A). The median 
cell group (MC) never stained with the anti-MsGC-I antiserum. The number of MsGCα1-ir cells continues to rise in P6 (B) 
and P8 (C), exhibiting increased staining intensity. Around P6, first somata in the lateral cell group (LC) are MsGC-I-ir (B), 
and some even show colocalization with MsGCα1-immunoreactivity (arrowhead). At the beginning of phase II, the 
developing glomeruli concentrate MsGC-I-immunoreactivity at their bases, with distal glomeruli having stronger staining 
than their proximal counterparts (arrow, C). Undergoing strong individual fluctuation, mean MsGCα1-ir cell number stays 
around 35 at P10 (D), and shows its typical staining pattern also at P16 (E) until pharate stage (Ph, F). At P10, all glomeruli 
exhibit robust MsGC-I-immunoreactivity in their basal part (D), which continues throughout the remaining pupal 
development (P16, E) until pharate stage (F). Staining of LC somata remains diffuse, but present. Note also the diffuse 
staining of MsGC-I-immunoreactivity and MsGCα1-immunoreactivity in the coarse neuropil (arrowhead in F). (G) 
Acquisition of MsGCα1-immunoreactivity in cells of the LC occurs in two steps. During the second half of phase I, around 
P4/5, the first somata are found to exhibit MsGCα1-immunoreactivity. This number rises until reaching almost 30 
immunoreactive cells at about P8, just at the beginning of phase II, and thus corresponding to the rise of the 20-
Hydroxyecdysone titer in the hemolymph. The MsGCα1-ir cell number remains roughly the same up to the pharate stage 
(ph). After adult eclosion, a second rise to about 60 immunoreactive cells occurs, again with high individual fluctuations. 
Bars = standard deviation, * = P<0.05, n.s. = not significant. 
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Figure 6   RIOD measurements in antennal lobe sections. Anti-synaptotagmin staining in comparable antennal lobe 
vibratome sections between equally processed control animals (A) and ODQ-injected animals (B, C) show a reduction of 
staining signal in ODQ-treated animals. If this staining signal is quantified in comparable glomerular regions of the antennal 
lobe (RIOD, ratio of integrated optical density; see method section for details), a massive signal reduction in ODQ-treated 
animals becomes obvious (D). Normalized to control animal values (RIOD = 1.0), both left (black) and right (gray) antennal 
lobes of 12 different animals exhibit almost always reduced RIOD, carried out in three different experiments (Sections 1-3). 
Scale: 50 µm. 
 
et al. 1996, Ball and Truman, 1998) and during 
retinotopic pattern formation in the CNS of 
vertebrates and insects (e.g. Ferret: Leamey 2001; 
Drosophila: Gibbs and Truman 1998, Gibbs et al. 
2001). During development and regeneration of the 
olfactory bulb of the rat NOS is transiently 
expressed in ORNs and the authors postulate an 
activity dependent involvement of NO in synapse 
formation (Roskams et al. 1994). 

Transient cGMP-ir cells induced by 
antennal nerve activity are exclusively 
produced by sGC  
The inducible cGMP production in local 
interneurons (LNs) of the AL follows a 
characteristic transient time pattern, which reaches 
a maximum of cGMP-ir cells at the onset phase II 
to drop down to zero cells at around stage P16 (Fig. 
1). A subset of about 20 cGMP-ir cells which is 

selectively inducible via antennal nerve activity can 
completely be blocked with the sGC inhibitor ODQ 
(compare figs. 2 and 3, summarized in fig. 9). In 
contrast, the cGMP upregulation in the rest of the 
cells could not be blocked via ODQ, suggesting 
other, NO-independent guanylyl cyclases being 
involved. These results are in accordance with an 
earlier study, showing that in vivo application of 
NO-donors on the brain for 10 minutes as well as 
stimulation of the antennal nerve either by cutting 
or electrical stimulation are sufficient to upregulate 
cGMP in a similar number of cells in the lateral cell 
group of the Manduca AL (Schachtner et al.1999). 
The current study together with the studies by 
Schachtner et al. (1998, 1999) clearly reveal a 
transient NO- and activity-driven cGMP regulation 
provided by the ORNs in the antennal nerve during 
the phase of glomerulus formation. These results 
are also supported by a study from Gibson and 
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Figure 7   ELISA measurements with anti-
Synaptotagmin in three different brain tissues. After 
ODQ application at P7/8 and dissection P12/13, dissected 
brains were divided into three different parts: antennal 
lobes (AL), optic lobes (OL), and central brain (CB). 
After homogenization, ELISA measurements of ODQ-
treated animals were normalized to corresponding control 
tissues (100%). AL tissue clearly shows a reduction of 
signal intensity to about 70%, whereas OL and CB tissue 
exhibit less reduction reaching about 90%. 
 
Nighorn (2000), who demonstrated expression of 
the NO producing enzyme NO-synthase exclusively 
in ORNs stemming from the antenna and from the 
labial pit organ. The developmental time course of 
numbers of cells immunoreactive against the α1-
subunit of M. sexta sGC in the LC corresponds well 
with the time course of ODQ-sensitive cGMP-ir 
cells (compare figs. 2, 3, and 5). This provides 
additional evidence of the NO-stimulated 

MsGCα1/MsGCβ1 heterodimer being the only 
source of antennal nerve-dependent inducible 
cGMP for this critical phase during AL 
development. 

Long-lasting blocking effect of ODQ in vivo 
ODQ selectively inhibits sGC activity and has been 
widely used to study the function of the NO/cGMP 
signaling pathway in vertebrates as well as in 
invertebrates (e.g. Garthwaite et al. 1995, Friebe 
and Koesling 2003, Koesling et al. 2004, Bicker 
2007). The blocking effect of ODQ-injections 
lasted up to two days; animals dissected later on (at 
P9) showed no differences in cGMP-ir cell numbers 
compared to controls (Fig. 2). If we injected ODQ 
at P9, we were again able to completely suppress 
cGMP-immunoreactivity (Fig. 3B). Thus, lacking 
ODQ-sensitivity was obviously not the reason for 
their reappearance after three days (Fig. 2). In M. 
sexta, and, to the best of our knowledge also in 
other insects, such a long lasting effect of ODQ has 
never been described earlier. This renders ODQ as 
a potent inhibitor of sGC also in longer lasting in 
vivo experiments. In vitro studies revealed that 
ODQ apparently leads to an irreversible inhibition 
of sGC (Friebe and Koesling 2003). Thus, we 
attribute the loss of the ODQ-effect three days after 
injection to de novo synthesis of sGC combined 
with complete catabolization of ODQ-blocked old 
sGC. However, it is not impossible although very 
unlikely, that long-lasting secondary effects 

 
Figure 8   Volume measurements in 3D reconstructed antennal lobe glomeruli. ODQ was injected at P7 and animals 
were dissected at the end of phase II (P12). To see whether ODQ treatment has an effect on neuropilar volume, we compared 
volume and shape of ten identifiable glomeruli between equally processed animals (n=11/11), based on 3D-reconstructions of 
anti-synapsin staining. Those ten glomeruli are located in opposite corners of the antennal lobe, and were described before as 
being easily identifiable already at the end of phase II (Huetteroth and Schachtner 2005). In none of the selected glomeruli a 
significant difference of volume was found. Bars = SEM, n.s. = not significant. 
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downstream to inhibited cGMP led to this observed 
reduction in cGMP-immunoreactivity for two days. 

Communication between left and right AL 
Although we only cut the right antenna, we always 
counted approximately the same amount of cGMP-
ir cells which were also sensitive to ODQ in the 
contralateral AL. Unlike in Drosophila (Vosshall et 
al. 2000), ORNs of Manduca only extend their 
axons to the ipsilateral AL (Schachtner et al. 2005). 
This implies that the ODQ-sensitive stimulation of 
cGMP neurons in the contralateral AL must have 
been mediated by interneurons, connecting both 
ALs. Since NOS in the AL is exclusively located in 
sensory neurons (Gibson and Nighorn 2000), this 
result demands an extrinsic stimulatory pathway 
onto sensory neurons, triggered by the contralateral 
stimulation. Although some few bilateral projection 
neurons exist (Kanzaki et al. 1989), far better 
candidate cells are centrifugal neurons (CNs) of the 
AL, which are thought to be involved in feedback 
mechanisms and bilateral integration (Homberg et 
al. 1988). Transmitter candidates of CNs are 
biogenic amines and neuropeptides. Known to date 
are a serotonergic neuron (Kent et al. 1987), a 
histaminergic neuron, about six dopaminergic 
(Homberg 1990), and three octopaminergic neurons 
(Dacks et al. 2005). For the peptidergic CNs 
account a RFamid-CN (Schachtner et al. 2004b), an 
Allatostatin-CN (Utz and Schachtner 2005), a 
Tachykinin-CN (in Heliothis virescens, Berg et al. 
2007; in M. sexta, unpublished observation), and an 
Allatotropin-CN (Utz et al. 2008). Owing to their 
morphology, the above mentioned neurons are the 
only known neurons which could elicit activity in 
contralateral sensory neurons either directly or 
indirectly. Earlier experiments already showed 
5HT- and histamine-dependent cGMP-upregulation 
in the developing Manduca AL (Schachtner et al. 
1999). We interpret this data towards 
synchronization and an enhancement of NO-
dependent sGC activation and subsequent cGMP 
synthesis between both ALs, mediated by either 
aminergic or peptidergic CNs. 
 

Interestingly, the same number of cGMP-ir cells 
was found in animals which were antennectomized 
on one side at P0 and stimulated contralaterally at 
stage P10 (Fig. 4). Without the NOS containing 
ORNs, the major source for NO in the ALs is 
missing on the deafferented side. The only source 
of NO synthase in the developmentally 
antennectomized AL is provided by axons in the 
labial pit organ glomerulus (LPOG). The LPOG not 
only receives sensory innervation exclusively by 
the labial palps, but also extends its size in 
antennectomized animals (Kent et al. 1999). 
Intriguingly, the centrifugal activation of NO 
synthase in this hypertrophic contralateral LPOG 
obviously led to a sufficient amount of NO to 
induce the complete set of ODQ-sensitive cGMP-ir 

cells in the LC (Fig. 4). This result implies that 
either all LNs producing NO-dependent cGMP also 
innervate the LPOG, or the range of NO diffusing 
from the LPOG directly reaches to sGC-containing 
somata in the LC. Previous studies on the 
physiological range of NO allow for both 
possibilities (Philippides et al. 2005; Ott et al. 
2007). 

Other, NO-independent cGMP sources 
Both, NO-sensitive and NO-insensitive cGMP 
upregulation seem to be dependent on activity. This 
is suggested by the fact that in situ fixation of 
brains resulted in none or only a few cGMP positive 
cells in the LC of the AL (Schachtner et al. 1999). 
Additionally to the NO-sensitive guanylyl cyclase 
other, NO-insensitive guanylyl cyclases (GC) have 
been described in the adult Manduca AL. These are 
the atypical receptor-like GC MsGC-I (Simpson et 
al. 1999, Nighorn et al. 2001) and the receptor GC 
MsGC-II (Morton and Nighorn 2003). Both GC are 
candidates to mediate NO-independent cGMP 
regulation during phase II of AL development. 
While MsGC-II is described as having only low 
basal synthesis levels, the opposite is true for 
MsGC-I. In the current study we performed 
immunostaining using a specific antiserum 
recognizing MSGC-I in the developing AL. The 
immunostainings showed the presence of MsGC-I 
from stage P4 including massive staining in 
glomeruli and in many cells in the LC (Fig. 5). The 
massive presence of MsGC-I suggests an  
 

 
Figure 9   Schematic diagram showing the 
developmental time course of cGMP-ir cells in the lateral 
cell group of the antennal lobe (AL). A specific subset of 
cells exhibits antennal nerve activity-dependent cGMP-
immunoreactivity, evoked by soluble guanylyl cyclase, a 
nitric oxide sensitive heterodimer (MsGCα1/MsGCβ1). 
This specific response is restricted to a narrow time 
window shortly before and during phase II of AL 
development, when glomeruli are formed and the main 
wave of synaptogenesis in the AL occurs. While the 
principle occurrence of inducible cGMP-
immunoreactivity already starts around P2/3 and stops 
around P16, this underlying transient pattern is mainly 
due to other guanylyl cyclases also present in the 
developing AL. 
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involvement of this GC in the NO-independent 
upregulation of cGMP during phase II. Besides 
MsGC-I, also other NO-independent GC like 
MsGC-II might be involved in cGMP regulation 
during AL development and will be part of future 
studies. 

Involvement of the NO/ cGMP signaling 
pathway in the formation of the olfactory 
glomeruli  
The phase of glomerulus formation (II) is 
characterized by massive synaptogenesis (Dubuque 
et al. 2001, Tolbert et al. 2004) and the time course 
of glomerulus formation can be examined by using 
antisera against synaptic vesicle proteins like 
synaptotagmin or synapsin (Dubuque et al. 2001, 
Utz et al. 2008). To date, the exact mechanisms 
behind this process are still obscure. Intensity 
measurements of synaptotagmin immunostaining in 
sectioned material and in ELISAs revealed a 
downregulation of this synapse protein in ALs after 
ODQ treatment (Figs. 6, 7). This suggests lower 
synaptic strength in AL glomeruli and thus a role of 
the NO/cGMP signaling pathway in synapse 
formation during phase II.  

Comparing the volumes of selected glomeruli 
revealed no significant differences between ODQ 
and vehicle injected animals (Fig. 8). Thus, 
inhibition of sGC is obviously not perturbing 
overall network architecture within glomeruli. We 
examined only 10 glomeruli of a total of about 63 
glomeruli per AL, but as the selected glomeruli 
include the sex specific glomeruli, the LPOG and 
further six ordinary glomeruli at different locations 
in the glomerular shell, we conclude that they fairly 
represent also the rest of the glomeruli.  

What factors influence glomerular formation and 
where can the NO/sGC/cGMP pathway be placed 
therein? The increasing hemolymph titer of the 
developmental hormone 20-hydroxyecdysone 
(20E) parallels the onset of phase II and injecting 
20E into freshly eclosed pupa resulted in a 
concerted advancement of glomerular formation of 
three to four days (Schachtner et al. 2004b). Early 
injection of 20E also enhances the ability of LNs to 
react to NO with cGMP increases (Schachtner et al. 
1999). 20E might thus directly or indirectly be 
responsible for the ability of LNs to respond to NO 
with cGMP upregulation. As the developmental 
time course of the numbers of MsGCα1-ir cells 
follows a similar time course as the 20E 
hemolymph titer (Warren and Gilbert 1986), 20E 
might very well be responsible for the expression of 
this subunit of the sGC.  

Another event important in synaptogenesis might 
be spontaneous electrical activity of the ORNs 
starting at the onset of phase II (Oland et al. 1996). 
Electrical stimulation of ORNs during phase II 
leads to calcium increases in ORNs (Heil et al. 
2007). Increased calcium concentrations evoked by 
spontaneous activity could in turn activate the 

calcium dependent NO synthase during phase 
II.The produced NO leads to transient cGMP 
production in about 20 LNs in the AL which then, 
by so far unknown mechanisms, enhance synaptic 
strength. Thus, spontaneous activity seems to be 
involved in synapse formation via NO/cGMP, 
without employing classical synaptic transmission 
pathways. 

How can 20 NO-sensitive, presumably 
multiglomerular LNs of a total of approximately 
350 LNs, 900 PNs, and around 255.000 ORNs in 
the AL (reviewed in Schachtner et al. 2005) account 
for 30% of the expression of a synaptic vesicle 
protein (Fig 7)? Those 20 NO-sensitive neurons 
must serve a promoting function by providing or 
modulating other signals which influence synapse 
formation on the AL level. Cyclic GMP increases 
have been shown to enhance the release of peptides 
in vertebrate and invertebrate neurosecretory cells 
(e.g. Moretto et al. 1993, Aguila 1994, Anderson et 
al. 2004). There is good evidence that NO/cGMP is 
one of the signaling pathways mediating the release 
of growth hormone from the pituitary (Anderson et 
al. 2004, Rodriguez-Pacheco et al. 2008). In M. 
sexta, cGMP increases are thought to be responsible 
for the release of peptides from endocrine Inka cells 
and from afferent Cell 27 in the context of eclosion 
behavior (Gammie and Truman 1997, Kingan et al. 
1997). Several neuropeptides are also increasingly 
expressed in LNs during phase II (Schachtner et al. 
2004b, Utz and Schachtner 2005, Utz et al. 2007, 
2008). The possible connection between the 
NO/cGMP signaling pathway and other molecules 
involved in synapse formation has not yet been 
thoroughly investigated. We are currently 
examining whether cGMP increases lead to release 
of neuropeptides from LNs, and whether those 
neuropeptides play a role in glomerular formation 
during phase II. 
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ABSTRACT 
Lepidopterans like the giant sphinx moth M. sexta are known for their conspicuous sex 
dimorphism in the olfactory system, which is especially pronounced in the antennae 
and in the antennal lobe, the primary integration center of odor information. Even 
minute scents of female pheromone are detected by male moths, facilitated by a huge 
array of pheromone receptors on their antennae. The associated neuropilar areas in the 
antennal lobe, the glomeruli, are enlarged in males and organized in form of the so-
called macroglomerular complex (MGC). In this study we searched for anatomical sex 
dimorphism more downstream in the olfactory pathway or in any other neuropil in the 
central brain. Based on freshly eclosed animals, we created volumetric female and 
male standard brains and compared 28 separate neuropilar regions.  
Additionally, we labeled ten female glomeruli which were homologous to previously 
quantitatively described male glomeruli including the MGC. In summary, the neuropil 
volumes reveal an isometric sex dimorphism in M. sexta brains, which masks an 
anisometric dimorphism. This anisometric dimorphism is restricted to the sex-related 
glomeruli of the antennal lobes and neither mirrored in other normal glomeruli nor in 
higher brain centers like the calyces of the mushroom bodies. The standard brain is also 
used in interspecies comparisons, and may serve as future volumetric reference in 
pharmacological and behavioral experiments especially regarding development and 
adult plasticity. It is made available to the public on http://www.3d-insectbrain.com. 

 
Indexing terms: brain; olfactory system; antennal lobe; insect; neuropil; amira 
 

 
Unlike in vertebrates like humans, distinct brain 
subcompartments of the insect brain or 
supraoesophageal ganglion are more pronounced 
and can be recognized more easily already in the 
whole brain (Fig. 1). Analogue regions to 
vertebrate cortical areas are often well-separated 
neuropiles in insects, which exhibit – compared to 
vertebrate brain areas – highly invariant shape, size 
and localization (Van Essen and Dierker 2007). 
This leads to a big advantage regarding brain 
standardization in insects, including subsequent 
analysis of mutants or defined plasticity effects 
deviating from this standard. These defined 
morphological areas can principally be found in all 
insects, while their size and composition mainly 
depends on species (Strausfeld 1976, Chapman 
1998), but also on sex, age, and environment 
interaction (Technau 2007, Molina and O’Donnell 
2008). 

Several of those neuropilar regions already have 
been ascribed to the processing of defined 
information, reaching from relaying primary 
sensory information to higher integration and 
learning. Most prominent examples of the sensory 
nervous system are found in the optic lobes (various 
aspects of visual information, reviewed in e.g. 
Douglass and Strausfeld 2003), and in the antennal 
lobes (olfactory information, reviewed e.g. in 
Schachtner et al., 2005), which both can already be 
discerned on the macroscopic level (Fig. 1). 
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Department of Biology, Animal Physiology, 
Philipps-University, Karl-von-Frisch-Str. 8, 35043 
Marburg, Germany. 
E-mail: schachtj@staff.uni-marburg.de 
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Fig. 1. Frontal view of the head of an adult M. sexta 
moth. Within the opened head capsule the brain is 
exposed in its natural position. Prominent brain areas are 
the optic lobe (OL), which receives its input from the 
eyes, and the antennal lobe (AL), which processes 
olfactory information coming from sensilla on the 
antenna. Scale bar: 2 mm. 
 
Most of the optic lobe neuropiles can be attributed 
to special optic features, like color vision (lamina, 
medulla, and lobula; reviewed in Douglass and 
Strausfeld 2003), or motion- and orientation-
dependent stimuli (lobula, lobula plate, Zeil 1983, 
Wicklein and Strausfeld 2000), or relaying 
Zeitgeber time to the circadian rhythm (accessory 
medulla, reviewed in Helfrich-Förster 2004). Also 
mainly linked to optic input is the anterior optic 
tubercle, which was shown to be involved in the 
polarization vision pathway in the locust (Homberg 
et al. 2003; Pfeiffer et al. 2005, Pfeiffer and 
Homberg 2007). 
The deutocerebral antennal lobes house several 
globe-like neuropiles called glomeruli, which are 
arranged in a sphere around a coarse neuropil. 
Olfactory stimuli activate distinct subsets of 
glomeruli in a chemotopic manner, thus coding 
odors in time and space (Knüsel et al. 2007). 
Certain glomeruli are specialized to specific 
chemical compounds like pheromones, and may 
exhibit sex dimorphism (reviewed in Schachtner et 
al. 2005). 
Deeper in the brain, neuropils subserve higher 
integration processes like the mushroom bodies or 
the central complex. Work from only a handful of 
species including Drosophila, but also larger 
insects like the honeybee or locust provided 
information on the function of mushroom bodies 
and central complex. For the mushroom bodies it is 
well accepted that they are primarily involved in 
odor learning (Wang et al. 2008), but also serve as 
multisensory integration units (cockroach: 
Strausfeld and Li 1999; hymenopterans: 
Gronenberg 2001, Gronenberg and Lopez-
Riquelme 2004; moth: Sinakevitch et al. 2008). For 
the central complex, concepts on its function are 
diverse, reaching from the analysis of polarized 
light (Heinze and Homberg 2007) and visual 

memory formation (Liu et al. 2006) to coordination 
of movements (Strauss and Heisenberg 1993; 
Strauss 2002). The tritocerebrum as the third major 
neuromere of the insect brain seems to be involved 
in chemo- and mechanosensory stimulus 
integration, as shown by proboscis receptor 
backfills in moths (Jørgensen et al. 2006; Kvello et 
al. 2006). The tripartite subesophageal ganglion 
interconnects a- and efferent nerves of the 
appendages of its three neuromeres, namely of the 
mandibles, the maxillaries, and the labium. In adult 
moths, both the tritocerebrum and subesophageal 
ganglion are fused to the brain. 
Increasing computer power over the last years 
combined with confocal 3D stacks and appropriate 
software led to a boost of 3D insect brain 
reconstruction and subsequent standardization. By 
now, we face standard insect brains of the fly 
Drosophila (Rein et al. 2002, Jenett et al. 2006), the 
honeybee (Brandt et al. 2005), and the desert locust 
(Kurylas et al. 2008). Two other major insect 
groups however, the coleoptera and the lepidoptera, 
are still missing, despite being first and second 
richest insect order regarding species number 
(Grimaldi and Engel 2005). In this study, we close 
this gap regarding lepidoptera and provide a 
standard brain for an insect, whose nervous system 
is being studied for decades - the giant sphinx moth 
M. sexta (e.g. Strausfeld and Hildebrand 1999, 
Tolbert et al. 2004). 
The goals of this study were to 1) compare adult 
brain neuropil volumes regarding sex dimorphism, 
2) supply adult standard brains of M. sexta as 
volume references for future pharmacological and 
behavioral studies, 3) check for allometric relations 
of neuropils in a lepidopteran species, 4) compare 
in detail homologous normal glomeruli in female 
and male antennal lobes regarding further sex-
specific dimorphism apart from the described sex-
dimorphic three glomeruli, and 5) place the M. 
sexta standard volume values into context to 
previously published insect brain volumes. Most of 
the 3D information is made available on an internet 
platform specially created for this purpose, 
http://www.3d-insectbrain.com. 
 
 

MATERIALS AND METHODS 
 

Animals 
Moths (Manduca sexta; Lepidoptera: Sphingidae) 
were kept in walk-in environmental chambers at 26 
°C under a long-day photoperiod (L: D=17:7) and 
were fed on an artificial diet (Bell and Joachim 
1978). Under these conditions only freshly eclosed 
adults were weighed and prepared for 
reconstruction. For standard brain generation we 
used twelve female brains and six male brains. For 
the glomerulus volumes of the female antennal lobe 
we reconstructed nine antennal lobes of brains, 
which were in part also used for the standard brain. 
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Fig. 2. Confocal images of an individual M. sexta brain 
stained with α-synapsin antibody. This brain was used as 
template for the VIB protocol. Right panel, confocal 
slices through the brain; left panel, all manually labelled 
neuropil areas as reconstructed in AMIRA. A-D: Anterior 
views. E: Dorsal view. A: Axial slice through the M. 
sexta brain at the level of the antennal lobes (AL) and the 
accessory medullae (aMe) at approximately 150 μm 
depth. The lamina (La) and medulla (Me) span over all 
slices. B: Axial slice at the level of the lobes of the 
mushroom bodies (Pe) and the three subunits of the 
anterior optic tubercle (upper, lower and nodular unit; 
uAOTu, lAOTu, nAOTu) at approximately 300 μm 
depth. Additionally, outer (Loo) and inner Lobula (Loi) 

appear. C: Image of the brain at the level of the central 
body subunits (upper and lower unit; CBU and CBL) and 
the noduli (No) at approximately 400 μm depth. Note the 
horizontally oriented pedunculi and continuing optic 
neuropils. D: At the posterior end of the brain at a depth 
approximately 600 μm the pedunculi of the mushroom 
bodies merged into the calyces (Ca) E: Horizontal slice 
through the brain at the level of the lower unit of the 
central body (CBL) at approximately 400 μm depth. Note 
the lobula plate (LoP) and the protocerebral bridge (PB) 
at their posterior position in the brain. The color code of 
the neuropilar areas is consistent with Brandt et al. (2005) 
and Kurylas et al. (2008). Scale bar: 500 μm. 
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Immunocytochemistry 
For wholemount staining we adapted and refined 
the staining protocols described by Huetteroth and 
Schachtner (2005) and Kurylas et al. (2008). The 
whole brains were dissected under cold saline 
(Weevers 1966) and fixed subsequently at 4 °C 
overnight in a solution composed of one part 
formaldehyde, one part methanol and eight parts 
phosphate-buffered saline (PBS 0.01 M). These 
brains were then rinsed in 0.01 M PBS for 1 h at 
room temperature followed by preincubation 
overnight at 4 °C in 5% normal goat serum (NGS; 
Jackson ImmunoResearch, Westgrove, PA, USA) 
in 0.01 M PBS containing 0,3% Triton X-100 
(PBST) and 0.02% sodium azide. The monoclonal 
primary antibody against the presynaptic vesicle 
protein synapsin I (SYNORF1, Klagges et al. 1996) 
from mouse was used to selectively label neuropilar 

areas in the brain (kindly provided by Dr. E. 
Buchner, Würzburg). Its specificity in M. sexta was 
shown in western blots in Utz et al. (2008). It was 
diluted 1:100 in PBST containing 1% NGS: in this 
solution the brains were incubated for 5-6 days at 4 
°C. 
Subsequently the brains were rinsed 6 times in 2 h 
with PBST before they were incubated with the 
secondary goat anti-mouse antibody conjugated to 
Cy5 (1:300, Jackson ImmunoResearch, Westgrove, 
PA, USA) in PBST and 1% NGS for 4 days at 4 °C. 
After this time the brains were rinsed again with 
PBST 6 times in 2 h. Thereafter the brains were 
dehydrated in an ascending alcohol series (50%-
100%, 15 min each) and then cleared in methyl 
salicylate (Merck, Gernsheim, Germany) for about 
40 min. At last the brains were mounted in 
Permount (Fisher Scientific, Pittsbourgh, PA., 

 
Fig. 3. The 3D female template brain of M. sexta in 
anterior (above), dorsal (middle), and posterior view 
(below). The different lobes of the mushroom bodies (α-; 
β-; γ-, and Y-lobes) are merged with the pedunculus 
neuropil, but can be discerned as distinct protrusions (see 
results). The lower unit of the anterior optic tubercle 

(lAOTu) is superposed by other neuropils and not visible 
here. In M. sexta, the subesophageal ganglion (SEG) is 
fused with the brain, thus forming the esophageal 
foramen (EF). See Fig. 2. for color code and 
abbreviations. Scale bar: 500 μm. 
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USA) between two coverslips using ten spacers 
(Zweckform, Oberlaindern, Germany) to prevent 
compression of brains. 

 
CLSM image acquisition and processing 

The wholemount preparations were scanned at 512 
x 512 pixel resolution by using a 10x oil immersion 
objective (HC PL APO 10x / 0.40 Imm (0.36 mm); 
Leica, Bensheim, Germany) with a confocal laser 
scanning microscope (Leica TCS SP2). All brains 
were scanned with a voxel size of 2.9 x 2.9 x 2 μm. 
The thickness of the brain (approximately 700 μm) 
and the limited working distance of the objective 
(approximately 450 μm) made it necessary to scan 
the brain from both sides (anterior and posterior) to 
eventually acquire images of the whole brain. As a 
result of the brain width (approximately 4 – 5 mm) 
it was necessary to scan up to four batches of data 
from anterior and posterior. So we obtained a total 
of six to eight image stacks (three to four from 
anterior and the same from posterior) which 
together represented the complete brain. 
Single antennal lobes were scanned at 512 x 512 
pixel resolution by using the 10x oil immersion 
objective in one image stack. The antennal lobes 
were scanned with a voxel size of 1.46 x 1.46 x 1.5 
μm and with a zoom factor of 2. 
Processing of scanned stacks for reconstruction was 
performed basically as described in Kurylas et al. 
(2008): For the whole brains we found in the z 
direction corresponding optical slices in the 
overlapping part of both image stacks with the 
module “AlignSlices” in the program AMIRA 4.1 
(Visage Imaging, Fürth, Germany). Redundant 
slices of the stacks were abolished and 
corresponding batches of data were merged with the 
module “AlignSlices”. Thereby four batches of data 
were obtained. Before we merged these image 
stacks in xy direction, computation limits made it 
necessary to downsample the voxel size. With the 
module “Resample” we achieved image stacks with 
a voxel size of 6 x 6 x 6 μm, which allowed for 
merging the batch of data in xy direction. Again, we 
used the module “AlignSlices” for finding the 
corresponding optical slice and with the module 
“Merge” the four batches of data were merged into 
one batch of data which contained the whole brain. 

 
Image segmentation, reconstruction, 

standardization and visualization 
The brain areas and individual olfactory glomeruli 
were labeled with the segmentation editor in 
AMIRA on a PC running Windows XP Pro (Intel 
Core2 6600, 2 GB RAM, ATI Radeon X1800). For 
segmentation and reconstruction details we 
principally refer to Kurylas et al. (2008). In short, 
semi-automatically created voxel-based label fields 
of 14 paired and 2 unpaired neuropilar structures in 
twelve female and six male M. sexta brains 
provided the underlying matrix of all computation 
processes performed (i.e. polygonal surface models, 
morphometric analysis, shape averaging). Brain 

outlines were reconstructed separately and serve as 
orientational guidance only. The color codes for 
neuropilar areas and antennal lobe glomeruli are 
consistent with previous works (Brandt et al. 2005; 
Kurylas et al. 2008; Huetteroth and Schachtner 
2005). AMIRA template label files of the brain, the 
female and the male antennal lobe can be 
downloaded online (Suppl. 6). 
The application of the Virtual Insect Brain (VIB) 
protocol for registration and standardization was 
described in detail elsewhere (Jenett et al. 2006; 
Kurylas et al. 2008). For creation of standard brain 
neuropil labels, we chose an overlap threshold of 
50% for large neuropils, and 30% for small 
neuropils. 
Additional analysis of these data was achieved 
using Excel XP and SPSS 11.5 (SPSS, Chicago, IL; 
USA) for Windows. For visualization, respective 
label surfaces were exported from AMIRA and 
visualized with CINEMA 4D (Version 10.1; 
MAXON Computer GmbH, Friedrichsdorf, 
Germany). 
 
 

RESULTS 
 

Reconstructed Neuropils 
We reconstructed all major discernible areas of the 
lepidopteran brain (14 paired and 2 unpaired 
neuropils). In the optic lobe, our female M. sexta 
brain standard is the first to include the lamina (La, 
Fig. 2). Median to the lamina is the medulla (Me) 
and posteromedian to this neuropil we 
reconstructed the lobula plate (LoP), a neuropil 
exclusively found in Ephemeroptera, Trichoptera, 
Coleoptera, Diptera and Lepidoptera (Strausfeld 
2005). For the reconstruction we subdivided the 
lobula into two discernible subunits, the outer (Loo) 
and the inner lobula (Loi); anterior of the lobula we 
labeled the accessory medulla (aMe). 
In the central brain we divided the mushroom 
bodies into two neuropiles, the pedunculus (Pe), 
which contained all lobes, and the calyx (Ca) 
according to earlier insect brain standards 
(Drosophila: Rein et al. 2002; honeybee: Brandt et 
al. 2005; locust: Kurylas et al. 2008). Although 
visible, we refrained from including subunits as 
described for the moth Spodoptera littoralis 
(Sjöholm et al. 2005); the resulting complexity of 
the pedunculi would have greatly interfered with 
standardization procedures, and would have also 
interfered with interspecies comparison. 
Nevertheless, all four lobes of the peduculus, the α-
, β-, γ-, and Y-lobe (Pearson 1971) are discernible 
protrusions in our reconstruction. Between the 
mushroom bodies lies the central complex, which 
comprises the protocerebral bridge (PB), the upper 
and lower unit of the central body (CBU, CBL) and 
a small paired neuropil ventrally attached to the 
central body, the noduli (No). Synapsin-
immunoreactivity (syn-ir) failed to label the 
connecting middle part of the two PB parts, which 
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consists of tracts only. We restricted the label for 
the PB to these two halves, because all labels here 
and in other insect standard brains are based on syn-
ir exclusively. The anteriormost labeled neuropils 
were the deutocerebral antennal lobes (AL), right 
behind them in the protocerebrum we discerned 
three subunits of the anterior optic tubercle 
(AOTu), an upper (uAOTu), lower (lAOTu), and 
nodular unit (nAOTu). 
All neuropilar areas which could not be associated 
to any of the neuropiles mentioned above or could 
not be separated clearly where assigned to 
“unspecified neuropil”. Notably this material 
contains the antennal mechanosensory and motor 
center, the lateral accessory lobe, the superior, 
inferior, and lateral protocerebrum with the lateral 
horn, the subesophageal ganglion neuropil, and the 
tritocerebrum. 
Representative outlines of all labels of these brain 
areas are shown in frontal slices (Fig. 2), an 
animation of all orthogonal sections of this brain 
can be found in the supplementary material (Suppl. 
1). Additionally, all reconstructed neuropils are 
displayed threedimensionally to provide a 3D 
visualization of the whole brain (Fig. 3). 

 
The standard brain 

For the VIB protocol, one brain had to be chosen as 
positional reference. We calculated mean distances 
of all neuropilar centers to the calculated brain 
center and chose the individual brain with the least 
difference to the mean value as a template (Suppl. 
2). This template brain is shown in Fig. 2 and 3. 
For the standard brain we reconstructed the 
identifiable brain areas of twelve individual female 
brains of M. sexta mentioned above. To reduce bias 
between different individuals and to exclude adult-
specific neuronal plasticity effects only freshly 
eclosed adults were used. The average weight of the 
twelve animals used was 2.99 g ± 0.56 g and lies 
within the mean weight of 3.03 ± 0.41 g (Fig. 4; N 
= 74). 
With the VIB protocol we generated a three 
dimensional standard atlas consisting of 30 
neuropils in both hemispheres of the brain. In the 
standardized gray image batch data the remaining 
neuropil was assigned to the material named 
“unspecified neuropil”. The standard brain labels 
are shown in the left panel (Fig. 5) from anterior, 
dorsal and posterior. The displayed neurilemma 
(Fig. 5, left panel, transparent) is not standardized 
and used for orientation and approximate 
proportion reasons only. An animated view of the 
standard brain can be seen in the online supplement 
(Suppl. 3). 
With the VIB protocol we generated the average 
volumes of twelve female brains. Table 1 gives 
mean volumes, standard deviation and standard 
error of absolute and relative volumes of all 30 
areas plus the “unspecified neuropil”. Volumes of 
corresponding neuropils on either hemisphere

 
Fig. 4. Comparison of mean body weights of females 
(n=74) and males (n=55) on their first day after adult 
eclosion. Black squares = mean weight; black horizontal 
lines = median; boxes = interquartile range; whiskers = 
5th and 95th percentile respectively; gray crosses = 1th and 
99th percentile respectively; gray horizontal lines = 
maximal and minimal individual weights. Aside are 
individual weights of twelve females and six males 
(black dots) which were used for standard brain (STB) 
reconstruction. 
 
 
exhibit no significant difference (p > 0.19, two-
tailed t- test). 

 
Brain size and body weight 

In some insects, body weight was shown to 
correlate with brain size (Mares et al. 2005). In our 
study, we encountered notable differences in body 
weight (Fig. 4). Since the animals chosen for brain 
reconstruction span almost the whole weight range 
of adult M. sexta, it was straightforward to calculate 
neuropil size / body weight correlations. Although 
our heaviest female shows almost twice the weight 
than the smallest, we did not find significant 
allometric correlation between body weight and any 
neuropil volume in freshly eclosed animals. The 
only exception were the peduncles, which exhibited 
a positive correlation (p<0.05, Fig. 6). In males, no 
allometric correlation was found (data not shown). 

 
Comparison of the female and male brains 

Additionally to the female standard brain we 
created a male standard brain based on six freshly 
eclosed males, to allow for sex-specific comparison 
of brain neuropils (Fig. 7, Suppl. 4). The six male 
individuals have an average weight of 2.45 ± 0.17 
g, which is also within 95 % of a population of 55 
male animals with a mean weight of 2.47 ± 0.42 g. 
The weight of these six brains is significantly 
different from the female average weight of 3.03 ± 
0.42 g (p<0.05, two-tailed t-test, Fig. 4). 
Accordingly, the brain areas of the male brain are 
smaller compared to the female brain. Congruent 
with allometric findings in ant brains (Wehner et al. 
2007), we compared the average volumes of the 
female neuropils with corresponding average 
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Fig. 5. The 3D female standard brain of M. sexta (n=12). 
A: Surface reconstructions of all 30 averaged labels in 
anterior (above), dorsal (middle), and posterior view 
(below). The right panel is a 3D visualization of the 
corresponding average intensity map by direct volume 
rendering. The transparent blue neurilemma surface in the 
left panel is not standardized and displayed for 
orientation only; the label of the unspecified neuropil 

(gray label) is based on the average image data on the 
right. The color code refers to Fig. 2. Even smaller 
neuropils retained their typical shape (e.g. protocerebral 
bridge, noduli) and give an optic measure of little brain 
variability as well as labeling quality. B: Direct volume 
rendered view of the resulting average label images from 
anterior (left) and posterior (right), exhibiting only minor 
deviations in the laminae. Scale bar: 500 μm. 

 
volumes of the male brains, to study if neuropils are 
significantly different (Fig. 7). 
For this comparison, we omitted the lamina for 
better comparability with existing insect brain 
standards and less preparation effort. Most 
neuropils of the female brain are bigger than their 
male counterparts (Fig. 9, left). Four neuropiles, 
namely the accessory medulla (aMe), the lower unit 
of the central body (CBL), the upper unit of the 
anterior optic tubercle (uAOTu), and the antennal 
lobe (AL) show no significant volume differences 
between female and male brains. After normalizing 
neuropilar volumes to overall neuropil volume 
(excluding lamina and unspecified neuropil), no 
significant differences in neuropil volumes between 
genders were left except for the aMe (p<0.05) and 
the AL (p<0.001) (Fig. 7, right). Because small 
neuropils like the aMe are especially prone to 

measuring errors and small labeling differences 
have big effects on overall volume (Julian and 
Gronenberg 2002; Kurylas et al. 2008), we do not 
overemphasize the difference in the aMe. 
Comparing overall brain neuropil volumes between 
females and males, males are 0.76 the size of the 
female, which mirrors the isometric sex 
dimorphism in all neuropils apart from the ALs. 

 
Male – Female antennal lobe and glomerulus 

comparison 
Since the antennal lobe (AL) remained as the only 
highly significant anisometric sex-dimorphic 
neuropil in the brain of M. sexta, we focused on this 
region in more detail and labeled the volumes of ten 
established glomeruli in eleven female ALs. These 
glomeruli included three well-described sex-
specific glomeruli, the lateral (lLFG) and the 
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Table 1. Mean volume, relative volume (Rel. vol), standard deviation (SD), relative standard deviation (Rel. SD), standard 
error (SE), and relative standard error (Rel. SE) of all 31 segmented brain areas in the female standard brain of M. sexta 
(n=12). 
 

 
 

Structure 

 
Mean 

volume [µm³] 

 
Rel. vol 

[%] 

 
SD 

[µm³] 

 
Rel. SD 

[%] 

 
SE 

[µm³] 

 
Rel. SE 

[%] 

Unspecified neuropil 3.81 x 108 32.527 6.29 x 107 16.49 1.82 x 107 4.76 

Lamina (r) 1.13 x 108 9.700 6.88 x 106 6.06 1.98 x 106 1.75 

Lamina (l) 1.14 x 108 9.718 7.61 x 106 6.68 2.19 x 106 1.93 

Medulla (r) 1.59 x 108 13.580 1.74 x 107 10.95 5.03 x 106 3.16 

Medulla (l) 1.62 x 108 13.792 1.37 x 107 8.48 3.96 x 106 2.45 

Outer Lobula (r) 1.81 x 107 1.548 1.54 x 106 8.52 4.46 x 105 2.46 

Outer Lobula (l) 1.87 x 107 1.601 2.23 x 106 11.89 6.44 x 105 3.43 

Inner Lobula (r) 1.75 x 107 1.496 3.26 x 106 18.61 9.43 x 105 5.37 

Inner Lobula (l) 1.76 x 107 1.503 3.04 x 106 17.30 8.80 x 105 4.99 

Lobula plate (r) 2.44 x 107 2.081 2.00 x 106 8.18 5.76 x 10´5 2.36 

Lobula plate (l) 2.45 x 107 2.093 2.96 x 106 12.05 8.53 x 105 3.48 

Accessory medulla (r) 2.95 x 105 0.025 6.33 x 104 21.47 1.82 x 104 6.20 

Accessory medulla (l) 2.94 x 105 0.025 5.90 x 104 20.11 1.70 x 104 5.81 

Pedunculus (r) 8.54 x 106 0.728 9.88 x 105 11.57 2.85 x 105 3.34 

Pedunculus (l) 8.28 x 106 0.706 1.13. x 106 13.65 3.27 x 105 3.94 

Calyx (r) 1.07 x 107 0.910 1.18 x 106 11.12 3.43 x 105 3.21 

Calyx (l) 1.07 x 107 0.915 1.26 x 106 11.75 3.64 x 105 3.39 

Central body upper unit 3.76 x 106 0.321 4.91 x 105 13.07 1.42 x 105 3.77 

Central body lower unit 1.30 x 106 0.111 2.45 x 105 18.91 7.08 x 104 5.46 

Protocerebral bridge (r) 4.09 x 105 0.035 6.05 x 104 14.81 1.75 x 104 4.27 

Protocerebral bridge (l) 4.20 x 105 0.036 5.94 x 104 14.15 1.71 x 104 4.09 

Nodulus (r) 1.13 x 105 0.010 1.57 x 104 13.90 4.54 x 103 4.01 

Nodulus (l) 1.15 x 105 0.010 2.19 x 104 19.02 6.33 x 103 5.49 

Antennal lobe (r) 3.62 x 107 3.090 3.20 x 106 8.82 9.23 x 105 2.55 

Antennal lobe (l) 3.54 x 107 3.020 3.78 x 106 10.68 1.09 x 106 3.08 

Anterior optic tubercle upper unit (r) 1.74 x 106 0.149 2.79 x 105 16.02 8.06 x 104 4.63 

Anterior optic tubercle upper unit (l) 1.73 x 106 0.147 2.15 x 105 12.44 6.20 x 104 3.59 

Anterior optic tubercle lower unit (r) 2.50 x 105 0.021 5.05 x 104 20.22 1.46 x 104 5.84 

Anterior optic tubercle lower unit (l) 2.68 x 105 0.023 7.33 x 104 27.39 2.12 x 104 7.91 

Anterior optic tubercle nodular unit (r) 4.74 x 105 0.040 7.46 x 104 15.73 2.15 x 104 4.54 

Anterior optic tubercle nodular unit (l) 4.51 x 105 0.038 9.17 x104 20.35  2.65 x 104 5.87 

 
medial large female glomerulus (mLFG) as well 
as the small female glomerulus (SFG, Fig. 8C), 
which are homologous to the male-specific 
glomeruli cumulus, toroid, and horseshoe or 
toroid 2 (Rospars and Hildebrand 2000). 
Additionally, we labeled seven easily 
identifiable glomeruli which were described 
already in the male antennal lobe of M. sexta in 
an earlier study (Huetteroth and Schachtner 
2005). Anterior in the antennal lobes we 
reconstructed the glomeruli disc and discbase, 
also known in the literature as mortar and pestle 
(Lipscomb and Tolbert 2006, Fig. 8B), and 
possibly homologous to flower and flowerbase 
in the silkmoth Bombyx mori (Terada et al. 
2003). Most ventrally is the labial pit organ 

glomerulus (LPOG), the only glomerulus not 
innervated by the antennal nerve but by receptor 
neurons from the labial palps (Kent et al. 1986, Fig. 
8C). This glomerulus received recent attention as 
being responsible for detecting CO2 (Guerenstein et 
al. 2004; Guerenstein and Hildebrand 2008). Further 
ventral glomeruli are the club, base, and cap (Fig. 8C). 
Right behind the sex-related glomeruli we labeled the 
largest of the “ordinary” glomeruli, G20 (Fig. 8D). 
The right panel in Fig. 8 shows frontal optical slices 
according to the planes named in Fig. 8A in an 
individual antennal lobe in the right hemisphere of the 
brain (Fig. 8B’-D’), on the left panel we show the 
labels of the identified glomeruli on the same image 
(Fig. 8B-D). For clarification, we included the AL 
outline, which surrounds all 63±1 glomeruli plus the 
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Fig. 6. Relation between body weight and neuropil 
volume. Regression lines indicate no significant 
correspondence between both parameters except for the 
pedunculi (Pe). La = laminae; Me = medullae; Loi, Loo = 
inner and outer lobulae; LoP = lobula plates; AL = 
antennal lobes; Ca = calyces; Pe = pedunculi; CBU, 

CBL = upper and lower unit of central body; PB = 
protocerebral bridges; aMe = accessory medullae; No = 
noduli; uAOTu, lAOTu, nAOTu = upper, lower and 
nodular units of anterior optic tubercles; n.s. = not 
significant, * = p<0.05. 

 
lateral (LC), median (MC) and anterior cell group 
(AC) (Fig. 8A). Beside the identified ten glomeruli 
the remaining glomeruli are shown in gray 
transparent in the reconstruction (Fig. 8). 
Suppl. 5 gives mean volumes, standard deviation 
and standard error of the absolute and relative 
volumes of the six already identified “ordinary” 
glomeruli, the LPOG, and the three sex-related 
glomeruli of the eleven antennal lobes. The weight 
of the eleven animals averages 2.92 ± 0.61 g, 
representative for the mean weight of all measured 
females. All female glomerular volumes (white 
bars) were compared to their corresponding male 
values (black bars) of freshly eclosed male brains 
(Fig. 9; Rospars and Hildebrand 2000; Huetteroth 
and Schachtner 2005). Not surprisingly, the volume 
of the male sex-related glomeruli cumulus and 

toroid are about 5.8-fold bigger than the 
homologous glomeruli mLFG and lLFG in the 
female antennal lobe. Taken together, the volumes 
of all three sex-related glomeruli of the male 
antennal lobe are 5.1-fold bigger than the volumes 
of the three female-specific glomeruli. The only 
non-significant exception is the third sex-specific 
glomerulus, the horsehoe/SFG (Fig. 9). All 
remaining six normal female glomeruli and the 
LPOG exceed their male counterparts significantly 
in absolute volume, similarly to the protocerebral 
brain neuropils. After taking this known size 
difference into account and correcting female 
glomerulus volumes by the factor 0.76 (gray bars, 
see section before), none of the normal glomeruli 
remains significantly larger in females. Even more 
pronounced than before, the three male sex-specific 
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glomeruli underline their bigger size, leaving them 
as the only real anisometric volume dimorphism 
found in M. sexta brain neuropils. 

 
 

DISCUSSION 
 

In this study, we provide evidence that the general 
isometric size dimorphism in moth brain anatomy 
masks an anisometric neuropil volume dimorphism. 
After compensating volumes for general isometric 
size dimorphism, we show that this anisometric 
brain difference between genders is indeed 
restricted to the three well-described sex-specific 
glomeruli in the antennal lobe, and neither reflected 
in higher brain centers nor in other identified 
homologous glomeruli of the AL. 
To evaluate neuropilar volumes, we produced a 
volumetric standard brain based on twelve freshly 
eclosed female M. sexta, and compared it to a male 
standard brain of the same age. Additionally, we 
supply a realistic representation of a female M. 
sexta AL regarding volume, shape, and localization 
of ten previously identified glomeruli. Compared to 
existing insect standard brains, the M. sexta 
standard poses the largest brain so far with respect 
to absolute size. 

Standard brain generation 
To obtain a standard insect brain, two working 
protocols are established: the virtual insect brain 
(VIB) protocol, as used for the fruit fly Drosophila 
(Rein et al. 2002, Jenett et al. 2006), and the 
iterative shape averaging (ISA) method, as used for 
the honeybee (Brandt et al. 2005). As shown by 
Kurylas et al. (2008), “the” standardization protocol 
does not exist; rather the protocol has to be chosen 
according to its functional significance. In their 
work both VIB and ISA method were compared 
using the same individual locust brain 
reconstructions. While the VIB protocol was 
developed to ease comparison between different fly 
strains with mutant brain structures, the ISA 
method had the goal to register single reconstructed 
neurons from various individuals into one standard 
brain. The VIB script therefore keeps mean 
neuropilar volumes unchanged, while the ISA 
method tries to reduce anatomical differences on 
the cost of volume accuracy (Kuss et al. 2007, 
Kurylas et al. 2008). We used the virtual insect 
brain (VIB) protocol for standardization, since we 
wanted to use and compare mean volumes of 
neuropiles and did not aim for registration of 
reconstructed neurons (Rø et al. 2007, Kurylas et al. 
2008). Given that both methods are established in 

 
Fig. 7. Comparison of neuropil volumes between female 
(white) and male (black) brains. A: All female brain 
neuropil volumes are significantly larger than the 
corresponding male neuropil volumes apart from the 
antennal lobes (AL), the lower unit of the central body 
(CBL), the upper units of the anterior optic tubercles 
(uAOTu), and the accessory medullae (aMe). B: After 

normalizing all neuropil volumes to overall neuropil 
volume, almost all showed no significant differences 
apart from two neuropils. The accessory medullae (aMe) 
exhibited weakly significant differences, whereas the 
bigger antennal lobes of males became strongly 
significant. (Bars: standard deviation; *** = p< 0.001, ** 
= p< 0.01, * = p< 0.05, n.s. not significant). 
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Fig. 8. Right antennal lobe of a female M. sexta brain. A: 
median and anterior view (left) of a right antennal lobe, 
shown by direct synapsin-immunoreactivity volume 
rendering; anterior and lateral view (right) of 3D-
reconstructed glomeruli of the same antennal lobe. In the 
anterior view of the volume rendering the approximate 
location of the lateral (LC), median (MC), and anterior cell 
group (AC) is denoted. The vertical bars in the median view 
display section levels of B-D and B’-D’ respectively. Ten 
identified glomeruli in the 3D reconstruction are colored 
according to ten homologous male glomeruli (see below; 
Huetteroth and Schachtner 2005). Other glomeruli are 
displayed in transparent gray; the neurilemma enclosing 

both AL neuropil and cell groups is shown in transparent 
blue. B-D: Axial slices through the antennal lobe at 
different levels. B: Two of the most anteriorly located 
glomeruli are disc (bright red) and discbase (green) C: Axial 
slice through the center of the antennal lobe containing the 
labial pit organ glomerulus (LPOG; yellow), club (green), 
base (blue) and cap (orange). Additionally, the sex-specific 
glomeruli of the female antennal lobe are visible, the small 
(SFG; purple), medial large (mLFG; dark red), and lateral 
large female glomerulus (lLFG; dark blue). D: Posterior part 
of the antennal lobe displaying G20 (bright blue), the largest 
of the “ordinary” glomeruli. B’-D’: Confocal slices through 
the antennal lobe corresponding to B-D. Scale bars: 100 μm. 
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our lab, a standard brain calculated by the ISA 
method could be supplied on request. 
It has to be noted that our wholemounts, like all 
immunocytochemical preparations, are subjected to 
considerable tissue shrinking (Bucher et al. 2000). 
Therefore absolute sizes are probably 
underestimated and make most sense in relative 
comparisons, i.e. comparisons might only be useful 
between brains after similar histological treatment. 
In a previous work, we already showed the usability 
of 3D reconstructions to quantify adult plasticity in 
the male antennal lobe (Huetteroth and Schachtner 
2005). Since we carefully checked for animal age, 
this standard brain may be of additional use in 
future quantitative studies using pharmacological or 
behavioral approaches. Currently we are including 
the standard brain into a developmental framework, 
with volumetric data on neuropil growth during the 
pupal stages (Huetteroth et al., in preparation). 

 
The Manduca standard brain 

Detailed 3D information about lepidopteran 
mushroom body architecture was provided in three 
consecutive papers on Spodoptera littoralis 
(Sjöholm et al. 2005, Sjöholm et al. 2006, 
Sinakevitch et al. 2008). The authors demonstrated 
olfactory and optic input into the calyces, revised 
the pedunculus lobe organization, and revealed 
longitudinally organized subdivisions with different 
aminergic and peptidergic innervation patterns in 
the pedunculi and lobes. Rø et al. (2007) provided 
with Heliothis virescens the first complete 3D-
reconstructed moth brain; in the mushroom bodies 
they adapted the proposed nomenclature of Sjöholm 
et al. (2005), and warped calyces of different 
animals together to ease comparability of 
reconstructed projection neuron arborizations. By 
using almost the same techniques of 3D 
reconstruction, we pursued in our work a 
completely different goal, namely to provide an 
average-volume standard as a future reference for 
comparative studies on brain neuropil.  
Usually, larger animals of one species have larger 
brains; therefore head width as well as body weight 
corresponds to brain size (Mares et al. 2005, 
Wehner et al. 2007). For M. sexta we only 
measured body weight, but found no correlation 
between brain or single neuropil volume with body 
weight (Fig. 6). In different Nymphalid butterfly 
species Sivinsky (1989) also found no allometric 
relationship between brain and body size. Since our 
twelve female brains cover almost the whole span 
of weights encountered in a whole of 74 animals, 
our allometric comparisons of neuropil volumes 
might sufficiently represent the natural variance in 
animal size (Fig. 4). Still, individual body weight 
variances remained small in M. sexta (not quite x2). 
Mares et al. (2005) found a positive correlation of 
brain volume and body weight for bumblebees 
only, but not for honeybee workers. While 
honeybee workers exhibited a weight range similar 
to M. sexta, bumblebees are well-known for their

 
Fig. 9. Volume comparison between the ten identified 
glomeruli of the female (white; n=11) and the male 
antennal lobe (black; n=16, Huetteroth and Schachtner 
2005) of M. sexta. All “ordinary” glomeruli and the 
LPOG are significantly larger in females (p<0.05). The 
three sex-specific glomeruli of the male antennal lobe 
(cumulus, toroid, and horsehoe) are together 
approximately 5.75-fold larger than the corresponding 
homologous glomeruli of the female antennal lobe 
(lateral and median large female glomerulus, lLFG and 
mLFG, and small female glomerulus, SFG). After 
normalizing female glomerulus volume by a factor of 
0.76 (see results), all “normal” glomeruli and the LPOG 
exhibit equal volumes. Only the three sex-dimorphic 
glomeruli show highly significant larger volumes in 
males. (Bars: standard error; n.s. = not significant; *** = 
p< 0.001). 
 
considerable variation in body size and weight (up 
to x10; Mares et al. 2005). 
 
Intriguingly, no allometric relation could be found 
except for the pedunculus including the mushroom 
body lobes. We do not want to stress this exception, 
since increased N size might have eliminated this 
finding. Remarkably, it were also the pedunculi in 
honeybees which showed exceptional allometric 
behavior (Mares et al. 2005). It remains to be 
solved if this is of any significance; it should be 
noted however in this context, that ants seem to 
have an upper limit of mushroom body growth 
(Kühn-Bühlmann and Wehner 2006). 
Notably, all variances and standard deviations of 
labeled neuropil volumes are comparable small, 
despite the fact that almost the complete weight 
range of animals was covered. Higher variances in 
smaller neuropils are an immanent problem of 
voxel-based labeling (Julian and Gronenberg 2002; 
Kurylas et al. 2008). As noted for other 
standardized insects, we also found no significant 
volume differences between left and right brain 
hemispheres. 

 
Brain neuropil comparison between genders 

Almost all neuropilar volumes in females are bigger 
than their male counterparts (Fig. 7). As noted 
previously, small neuropilar volumes are especially 
prone to labeling and measurement errors, leading 
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to higher standard deviations (Julian and 
Gronenberg 2002; Kurylas et al. 2008). This might 
account for the relatively high volume variability in 
smaller neuropils of both genders, as observed in 
the accessory Medulla (aMe), the lower unit of the 
central body (CBL), and the upper unit of the 
anterior optic tubercle (uAOTu). Apart from those 
small neuropils, we attribute the absolute size 
difference of brain neuropils between genders to 
general sex dimorphism, as it is found across 
animal phyla (Badyaev 2002). 
However, if volumes are normalized to overall 
neuropilar volume, no significant differences in 
percentual neuropilar share were observed with two 
exceptions: as noted before, the bigger accessory 
medulla in males might be explained by its small 
size (p<0.05), but the difference in the relative 
antennal lobe neuropil volume between males and 
females became highly significant (p<0.001). Taken 
together, these results strongly imply no 
anisometric neuropilar sex dimorphism in the M. 
sexta brain apart from the antennal lobes, or better, 
the sex-specific glomeruli in the antennal lobes. 
This was not self-evident; a dimorphic correlate of 
the antennal lobe might have been present in one of 
the target regions of AL output neurons, the 
calyces. According to Homberg et al. (1988) males 
contain approximately 48 projection neurons more 
than females, and projection neuron number per 
glomerulus might be proportional to its size. Thus it 
would have been possible to detect a representation 
of the MGC in downstream neuropils on a 
volumetric level. Pearson (1971) states by citing 
Hanström (1928), that the size of the AL and the 
calyx in moths are correlated. The author explains 
this observation with the massive antennocerebral 
tracts which serve as main input to the calyces, thus 
strongly interlinking both neuropils. Although this 
sounds plausible, we did not find a significant 
correlation between AL and calyx in our 
preparations (data not shown). It has to be noted 
that we did not include the main target area of 
antennal lobe projection neurons, the inferior lateral 
protocerebrum or lateral horn. This neuropilar 
region exhibits no clear boundaries; therefore we 
refrained from including this region into the 
standard brain. It is known from the silkmoth 
Bombyx mori, that projection neurons originating in 
the MGC are targeting different areas in the inferior 
lateral protocerebrum (Kanzaki et al. 2003). It can 
be assumed that target areas innervated by 
projection neurons coming from ordinary glomeruli 
also have their distinct location, as it is the case in 
Drosophila (Jefferis et al. 2007). We interpret these 
results in this regard, that gender-specific olfactory 
information processing takes place mainly if not 
exclusively in the antennal lobes. Preprocessed 
olfactory information is transferred into higher 
brain centers, thereby targeting different regions 
depending on olfactory information. At least in the 
calyces however this preprocessed information is 
not handled differently between pheromonal and 

non-pheromonal odors, concerning absolute 
neuropil volume. 
One might note that the optic neuropils are larger in 
females than in males even after normalizing, 
except for the aMe (Fig. 7). In a recent work, a sex 
dimorphic innervation of the lobula plate is 
described in hoverflies (Nordström et al. 2008), and 
a previous work describes male-specific neurons in 
fly lobulae (Strausfeld 1991). Generally, in 
Dipteran species sex dimorphic optic lobes seem to 
be rather the norm than the exception, although 
usually males exhibit more cells or more elaborate 
neuronal branching patterns than females (reviewed 
in Wehner 1981; Zeil 1983). Male-specific 
interneurons in the fly brain were shown to prevent 
programmed cell death by expressing fruitless, a 
factor being discussed as regulating sex 
dimorphism in the brain (Kimura et al. 2005). In 
intracellular recording studies on optic lobe neurons 
of both sexes of M. sexta no sex dimorphic 
arborizations were mentioned (Milde 1993; 
Wicklein and Strausfeld 2000). 

 
Antennal lobe comparison between genders 

Anatomical sex dimorphism in the antennal lobes 
has been found in several species (Schachtner et al. 
2005). Usually in males enlarged glomeruli at the 
entrance site of the antennal nerve are described, as 
for cockroaches (Jawlowski 1948; Neder 1959), 
bees (Arnold et al. 1984), ants (Kleineidam et al. 
2005; Nishikawa et al. 2008), flies (Kondoh et al. 
2003), and of course moths (Bretschneider 1924) 
including M. sexta (Camazine and Hildebrand 
1979, Matsumoto and Hildebrand 1981, 
Schneiderman et al. 1982). These glomeruli are 
cited as macroglomerulus or, if more than one, as 
macroglomerular complex (MGC). In M. sexta, and 
probably all other species as well, these glomeruli 
are involved in pheromone signal processing 
(Matsumoto and Hildebrand 1981). 
Until now, the only 3D reconstruction of the female 
antennal lobe in M. sexta was based on two 
individuals and possessed only limited information 
about glomerulus shape or volume (Rospars and 
Hildeband 2000). Nevertheless, this work showed 
for the first time the correspondence of the three 
sex-specific glomeruli lLFG, mLFG and SFG to 
their male counterparts, the homologous glomeruli 
cumulus, toroid and horseshoe of the MGC. We 
revived some questions which arose in this work 
and compared corresponding male and female 
glomeruli on a quantitative basis. In two previous 
works male and female antennal lobes of the moths 
Lobesia botrana (Masante-Roca et al. 2002) and 
Heliothis virescens (Berg et al. 2002) were 3D-
reconstructed and single glomeruli were identified; 
however, both works did not compare glomerular 
volumes quantitatively. 
Our volumetric gender comparisons in the AL took 
advantage of a previously published work on 
glomerular volumes of 16 ALs of freshly eclosed 
male animals. We find in ten identified glomeruli 
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approximately the same dimorphism as for the 
remaining brain neuropils before; all glomeruli are 
significantly larger in females, apart from the three 
glomeruli homologous to the MGC. The MGC 
exceeds the combined size of homologous female 
glomeruli by far, paying tribute to its massive 
innervation by pheromone-sensitive ORNs (Lee and 
Strausfeld 1990). Interestingly, those significant 
differences in normal glomeruli all disappear if a 
correction factor derived from brain neuropils in 
males and females is applied (Fig. 9). The 
difference between dimorphic glomeruli becomes 
even more pronounced. So far, the six normal 
glomeruli and the LPOG should give a good 
estimate of all remaining glomeruli in the AL. We 
therefore conclude that the only anisometric volume 
dimorphism in M. sexta is limited to the primary 
integration center of pheromone odor information, 
or more specifically, to their main components 
bombycal or (E,Z)-10,12-hexadecadienal in the 

toroid and (E,Z)-11,13-pentadecadienal in the 
cumulus (Christensen and Hildebrand 1987). 

 
Interspecies brain comparison 

While volumetric sex dimorphism is still debated 
controversially in human brains (Good et al. 2001; 
Ekinci et al. 2008), it is repeatedly reported in 
eusocial insects like bees or ants, that primary 
sensory neuropils are enlarged in males (Molina 
and O’Donnell 2008). This is attributed to the 
differing behavioral task solely reduced to seek and 
find potential mating partners, either optically or 
olfactory. Neither male nor female M. sexta are 
known for elaborate behaviors apart from seeking 
either partners or proper plants for egg-laying. 
Since both genders of this non-social moth exhibit 
rather large primary sensory neuropils like antennal 
and optic lobes (table 2), their relative brain 
volumes somewhat resemble males in eusocial 
species. 
 

 
Table 2. Comparison of relative neuropilar volumes between different insect species coming from four different insect 
orders, namely Diptera (Drosophila melanogaster, Rein et al. 2002), Hymenoptera (Apis mellifera, Brandt et al. 2005), 
Orthoptera (Schistocerca gregaria, Kurylas et al. 2008), and Lepidoptera (M. sexta, this work). We included the gender and 
the number of individuals, which were used for respective standardization. Only neuropils which have complements in all 
examined animals were compared (medulla, inner and outer lobula, lobula plate, antennal lobe, pedunculus, calyx, upper and 
lower unit of the central complex). 
 

Order Diptera Hymenoptera Orthoptera Lepidoptera 

Species D. melanogaster A. mellifera S. gregaria M. sexta 

Gender ♀ ☿ ♂ ♀ 

Number of 
individuals 28 20 10 12 

Optic lobes 79,65 % 58,82 % 72,67 % 85,41 % 

Antennal lobes 9,36 % 8,85 % 9,67 % 9,15 % 

Central body 3,43 % 0,91 % 1,67 % 0,63 % 

Mushroom bodies 7,56 % 32,65 % 15,98 % 4,80 % 

 
 
Regarding the central complex, the sum of relative 
ellipsoid body volume and fan-shaped body volume 
in the fly exceed those of the upper and lower units 
of the central complex in locust, honeybee, and 
moth. The central complex is thought to play 
essential roles in locomotion control, which was 
mainly examined in flies (Strauss 2002). Another 
pivotal role of the central complex seems to be the 
integration of skylight information used for 
navigation, as examined mainly in locusts 
(Homberg 2004, Heinze and Homberg 2007), but 

also in hymenopterans like bees and ants (Wehner 
1984, Müller and Wehner 2007). While a vision-
based navigational role might be less important for 
the short-lived and night active moth M. sexta, it 
comes somewhat surprising that the navigational 
skills of the hymenopteran bees seem not to be 
reflected in their central complex volume. In this 
context, it would be interesting to have comparable 
standardized central complex volumes of ants and 
migratory lepidopterans, i.e. monarch butterflies 
(Danaus plexippus; Reppert 2006). 
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Much more pronounced than in the central complex 
are the differences in relative volume of the 
mushroom bodies. While the social honeybee by far 
exhibits the largest mushroom bodies, the smallest 
are found in M. sexta (table 2). Mushroom bodies, 
generally associated with higher integration 
processes and learning, vary considerably in 
relative size in different nymphalid butterflies, 
without correlating to optic or antennal lobe size. 
Heliconius charitonius for example stands out with 
having almost four times bigger mushroom bodies 
than other butterflies of that family (Sivinsky 
1989). This is attributed to its relative long life 
combined with its occurrence in forested habitats 
with only scattered food recources, and a shared 
resting place with conspecifics. As discussed by the 
author, remembering a common resting place and 
good food sites might be a higher evolutionary 
constraint for learning ability than finding proper 
egg-laying sites, which does not necessarily involve 
memory tasks (Sivinsky 1989). For the ant 
Cataglyphis, Wehner et al. (2007) discussed social 
interaction rather than food gathering for being 
responsible of bigger mushroom bodies compared 
to other ant species. Newborn cells might contribute 
to bigger mushroom bodies, as adult neurogenesis 
does occur in moths (Dufour and Gadenne 2006). 
Despite the short lifespan of M. sexta and the 
smallest mushroom bodies in our comparison (table 
2), we cannot exclude the possibility of behavior-
dependent volume changes in adults. Classical 
conditioning was successfully tested (Daly and 
Smith 2000; Daly et al. 2001), learning of odors and 
colors in free-flying animals was shown (Riffell et 
al. 2008, Goyret et al. 2008), age- and mating-
dependent behaviors towards odors (Mechaber et al. 
2002), a persistent effect of odor learning onto 
olfactory network activity (Daly et al. 2004), and 
adult volume increases were at least found in 
antennal lobe glomeruli (Huetteroth and Schachtner 
2005). 
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ABSTRACT 
 
 

A central problem facing studies of neural encoding in sensory 
systems is how to accurately quantify the extent of spatial and 
temporal responses. In this study, we take advantage of the relatively 
simple and stereotypic neural architecture found in invertebrates. We 
combine standard electrophysiological techniques, recently developed 
population analysis techniques, and novel anatomical methods to form 
an innovative 4-dimensional (4D) view of odor output representations 
in the antennal lobe of the moth Manduca sexta. This novel approach 
allows quantification of olfactory responses of identified neurons with 
spike time resolution. Additionally, arbitrary integration windows can 
be used for comparisons with other methods such as imaging. By 
assigning statistical significance to activity changes in neuronal firing, 
this method can visualize activity across the entire antennal lobe. This 
resulting 4D representation of antennal lobe output complements 
imaging and multi-unit experiments yet provides a more 
comprehensive and accurate glomerular activation pattern at spike 
time resolution. 
 

 
1. Introduction 
How much neural activity is necessary to encode 
sensory or motor information? This seemingly 
simple question has not been satisfactorily 
answered in any sensory or motor system. So far, 
we know that single neurons play major roles only 
in rare cases (Eaton and Bombardieri, 1978; 
Hedwig, 1996; Hedwig and Heinrich, 1997) and 
even then, not under all circumstances (Hedwig, 
2000). In most cases, neural populations underlie 
sensory or motor encoding (Ruiz et al., 1995; 
Georgopoulos, 1996), but the necessary population 
size, in other words the amount of influence a 
single neuron exerts, is still under debate (Groh et 
al., 1997; Houweling and Brecht, 2008; Huber et 
al., 2008). 
In the last decade, multi-unit recording and imaging 
techniques, which allow recording of ensemble 
activity, became widely available. Both approaches 
have greatly expanded our knowledge about and 
understanding of odor processing in the vertebrate 
olfactory bulb (OB) and the insect antennal lobe 
(AL). Imaging studies have allowed us to 
understand spatial aspects of odor processing. They 
show, that an odor consistently excites roughly 
same subset of glomeruli in a species specific 
manner (Galizia et al., 1999b; Rubin and Katz, 
1999). These activation patterns differ for different 

odors (Friedrich and Korsching, 1997; Joerges et 
al., 1997; Uchida et al., 2000; Meister and 
Bonhoeffer, 2001; Ng et al., 2002; Wachowiak et 
al., 2002; Hansson et al., 2003). In most animals, 
both the glomerular pattern and their degrees of 
activation change with odor concentration (Rubin 
and Katz, 1999; Sachse and Galizia, 2003). The 
only exception seems to be the turtle, where the 
pattern of activated glomeruli is concentration 
invariant (Wachowiak et al., 2002). Usually, the 
percentage of glomeruli, which are activated in 
response to an odor stimulus, is not quantified in 
imaging studies, but it seems to be in the range of 
approximately 13-30% (Joerges et al., 1997; 
Uchida et al., 2000; Sachse and Galizia, 2002; 
Silbering and Galizia, 2007). 
Recently, it has been shown for mammals and 
insects that olfactory receptor neurons (ORNs), 
which express the same receptor protein (Buck and 
Axel, 1991; Clyne et al., 1999; Gao and Chess, 
1999; Vosshall et al., 1999), project into the same 
glomerulus in the primary olfactory neuropils 
(Mombaerts et al., 1996; Wang et al., 1998; 
Vosshall et al., 2000). For some insects, the 
glomeruli of the AL were identified early on (Apis: 
Flanagan and Mercer, 1989; Drosophila: Pinto et 
al., 1988; Stocker et al., 1990; Laissue et al., 1999; 
Manduca: Rospars and Hildebrand, 1992; Rospars 
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and Hildebrand, 2000). The finding that ORNs with 
the same receptor proteins project to the same 
glomeruli provides an anatomical basis for imaging 
studies. Furthermore, recently novel tools for 
anatomically correct reconstructions of brains and 
their neuropils have been developed. Together, they 
lead to the development of new reference atlases of 
the AL for a number of insects (Apis: Galizia et al., 
1999a; Drosophila: Laissue et al., 1999; 
Helicoverpa: Berg et al., 2002; Manduca: 
Huetteroth and Schachtner, 2005). 
Multi-unit recoding studies on the other hand have 
enhanced our understanding of the temporal aspects 
of odor processing. Current estimates from 
Manduca sexta ALs suggest that in response to 
brief stimulation (100 ms) with undiluted odors 
about 40% of recorded units in an ensemble are 
excited, about 30% are inhibited and 30% are not 
affected by an odor stimulus (Daly et al., 2004b). 
This suggests that odor-driven responses are more 
distributed than imaging studies imply. Ensemble 
responses evolve in an odor-dependent manner over 
time. That is, they are dynamic in that different 
units fire at different times and with different 
temporal patterns during an odor response (Laurent 
et al., 1996; Wehr and Laurent, 1999; Friedrich and 
Laurent, 2001; Stopfer et al., 2003; Daly et al., 
2004b; Lei et al., 2004). 
Both, imaging and multi-unit methods have, thus, 
added much more meaning to the conceptual term 
“across fiber” pattern (Pfaffmann, 1955). However, 
because of the inherent limitations of these 
methods, we still have no clear understanding of 
how little or how much activity is necessary to 
represent an odor at behaviorally defined detection 
thresholds and/or behaviorally relevant 
concentrations. Optical recording methods for 
example are restricted to a single 2 dimensional 
optical section and, thus, activity in the third 
dimension is not accounted for. Furthermore, the 
temporal resolution of optical recordings in these 
kinds of studies is usually about 3-5 Hz, which is 
too slow to resolve neural dynamics. Multiunit 
recordings, although revolutionizing our view of 
neural dynamics, do not permit a morphological 
identification of the recorded units and provide no, 
or at best limited (Lei et al., 2004) evidence about 
their spatial distribution. Moreover, because of 
physical constraints, the recorded units can only 
stem from a restricted area near the electrode site 
and, thus, typically only 10–25 units (up to 43; 
Daly et al., 2004b) of the approximately 1200 AL 
interneurons (Homberg et al., 1989) are recorded. 
Therefore, we sought to complement these 
approaches by combining a number of established 
and more recent methods in a novel way. We take 
advantage of the very successful “identified 
neuron” approach in invertebrate neurobiology (e.g. 
Nolen and Hoy, 1984; Jacobs and Miller, 1985; 
Brodfuehrer and Friesen, 1986; Boehm and 
Schildberger, 1992; Borst and Egelhaaf, 1994; 
Poulet and Hedwig, 2006) by recording 

intracellularly from single AL projection neurons 
(PN) and staining each of them (e.g. Matsumoto 
and Hildebrand, 1981; Kanzaki et al., 1989; Anton 
and Hansson, 1994; Christensen et al., 1998; 
Kloppenburg et al., 1999; Reisenman et al., 2005). 
We combine this with recently advanced 
anatomical reconstruction methods (AMIRA; e.g. 
Lin et al., 2007; Rø et al., 2007) and created a 3D 
reference AL of Manduca sexta based on 
previously standardized 3D glomeruli (Huetteroth 
and Schachtner, 2005). The physiological data of 
all the sequentially recorded and identified PNs are 
combined to create a population of PNs 
(Georgopoulos et al., 1988), which we call a 
“virtual” ensemble (Skaggs and NcNaughton, 
1998). Subsequently, this can be analyzed in a 
similar way as neural ensembles from multi-unit 
recordings (Stopfer et al., 2003; Daly et al., 2004b; 
Brown et al., 2005). The final combination of the 
anatomical and physiological results in a 4D 
representation of odor responses, which allows 
quantification of both the spatial and the temporal 
aspects of odor output representations across the 
AL. Previous accounts of this work have been 
published as abstracts (Staudacher et al., 2007a; 
Staudacher et al., 2007b). 
 
2. Materials and Methods 
2.1 Animals 
Each of the Manduca sexta L. pupae received from 
the Arizona Research Laboratories Division of 
Neurobiology was placed in a separate paper bag. 
They were kept in an incubator (Percival Scientific, 
Inc.; I66VLC8) on a reversed light:dark cycle of 
16:8 hours. Ambient temperature and relative 
humidity were kept constant at 25ºC and 75%, 
respectively. Every day, bags with newly eclosed 
moths were dated and only 3–10 day old males 
were used (median: 6; 1st quartile: 5; 3rd quartile: 7; 
N=78). To account for the nocturnal activity pattern 
of the moths, all experiments were performed 
within the first four hours of their subjective night. 
 
2.2 Electrophysiology 
The dissection followed an established protocol 
(Christensen and Hildebrand, 1987). In short, parts 
of the head capsule, all mouthparts and musculature 
inside the head and part of the tentorium were 
removed to expose the brain. Both antennal joints 
and antennae were left intact. The brain was 
superfused with Manduca saline throughout 
dissection and experiment (Heinbockel et al. 1998). 
A small area of the left antennal lobe was 
desheathed to enhance electrode penetration. 
Borosilicate glass tubing (Sutter Instruments, Inc.; 
BF100-50-10; OD 1.0 mm, ID 0.5 mm) was pulled 
to form microelectrodes with a Brown-Flaming 
type puller (Sutter Instruments, Inc.; P-2000). 
Electrode tips were filled with 5% Neurobiotin in 
distilled water (Vector Laboratories, Inc.; SP-
1120), while shoulders and part of the stems were 
filled with 2M potassium acetate. Connection to
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Fig. 1. (A) The photograph of the preparation shows brain with the AL, the glass tube with the left flagellum inserted and 
other details of the recording situation. (B) The original recording of an odor driven response of a PN shows the low 
spontaneous activity, a strong, high frequency response, and both I1 and I2 inhibition. Abbreviations: I1(2) inhibition No. 1 
(2, respectively).  
 
the amplifier was made with a silver/silver chloride 
(Ag/AgCl) wire, the tip of which was immersed in 
the potassium acetate solution. Electrode 
resistances were about 238 ± 48 MΩ (mean ± stdev, 
N=78). Another Ag/AgCl wire served as reference 
electrode (Fig. 1A). Neural signals were amplified 
in bridge mode with an Axoclamp 2B amplifier 
(Molecular Devices, Inc.; Fig. 1B). Intracellular 
recordings from neurites lasted up to 137 min with 
an average duration of 39 ± 29 min (mean ± stdev, 
N=78). Recording times longer than seven minutes 
were usually sufficient to passively stain the 
recorded neuron. 
All data were recorded onto the hard disk of a 
personal computer with 10 kHz sampling rate (16 
bit; Molecular Devices; Digidata 1440A) using 
Clampex (version 10.1; Molecular Devices) as 
software interface. 
 
2.3 Odor stimulation 
Compressed air was dried and cleaned by passing it 
through Drierite (W. A. Hammond Drierite, Ltd.) 
and activated charcoal (Sigma; C3014). The output 
of this filter array was then split into three lines, 
each of which passed through a separate three-way 
valve (The Lee Company; LFAA1200118H). They 
joined again via a 4-port stainless steel manifold, 
the fourth port of which was used as a common 
output into a glass tube. Two of the lines had 
custom-made odor cartridges with Luer fittings 
(inner diameter: 6 mm; length: 70 mm; volume: 1.5 
ml) inserted between valve and glass tube. These 
lines were used for odor stimulation, while the third 
line provided a constant, blank air stream. The left 
flagellum was inserted into the glass tube, which 
had a diameter of 2 mm and was 65 mm long (Fig. 
1A). Airflow through the three lines could be 
regulated (Cole Parmer; PMR1-01293) and was 
calibrated to 250 ml/min with a flow meter (Agilent 
Technologies; ADM100). 
Odor cartridges were loaded with a strip of filter 
paper (Whatman International, Ltd.; No. 1), which 
was impregnated with 3 μl of odorant. When no 

stimulus was presented, the valve, which had no 
odor cartridge in-line was open to provide a 
constant airflow across the flagellum. For odor 
stimulation, this valve was closed, while one of the 
other two valves was opened simultaneously under 
software control (Clampex, version 10.1; Molecular 
Devices). Each odor presentation consisted of five 
100 ms pulses per odor at neat concentration 
separated by 10 seconds of clean air. Neat 
concentration was chosen to compare the data to an 
earlier study (Daly et al., 2004b). To develop the 
method described here, we used undiluted 2-
hexanone (Aldrich; 103004), 1-hexanol (Sigma; 
471402), 2-octanone (Sigma; O4709), 1-octanol 
(Sigma; O4500), 2-decanone (Aldrich; 196207) and 
1-decanol (Aldrich 150584). These odors have been 
used previously in behavioral studies with M. sexta 
and are known to elicit a conditioned feeding 
response and can be discriminated between (Daly 
and Smith, 2000; Daly et al., 2001a; Daly et al., 
2001b). 
 
2.4 Histology 
After the experiments, the brains were fixed in 4% 
formaldehyde in 0.1 M Millonigs buffer (pH 7.4) 
for two hours at room temperature, washed with 
and then stored in Millonig’s buffer (pH 7.4) for up 
to four weeks at 4ºC. Then, brains were embedded 
in 7.5% Agarose (Low EEO; Fisher Scientific; 
BP160-500) and sectioned with a vibratome (Leica; 
VT1000S). Free-floating sections (70 μm or 240 
μm) were washed before they were incubated at 
4ºC either for 20 hours with Avidin-Texas Red 
conjugate (Molecular Probes; A820; 70 μm) or for 
40 hours with Streptavidin-CY3 conjugate (Jackson 
ImmunoResearch; 016-160-084; 240 μm). After 
washing and dehydration, the mounted sections 
were coverslipped with Permount (Fisher 
Scientific; SP15-500).  
A compound microscope (Olympus; BX61) 
equipped with a confocal laserscanning unit 
(Olympus; FV1000) and controlled by the 
appropriate software (Olympus; FV10-ASW, 
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Fig. 2. (A, B) Two examples of recorded and filled projection neurons. Maximum projections show the dendritic trees of two 
PNs (red) and the outlines of AL glomeruli (green). Yellow dotted lines indicate the borders of two individual glomeruli. 
Abbreviations: AC/LC anterior/lateral soma cluster; IACT/OACT: inner/outer antennocerebral tract; G52, G27: identity of 
innervated glomerulus. 
 
version 01.06b) was used to evaluate and scan the 
specimen. Sections were either scanned with a 10x 
or 20x objective (Olympus; UplanSApo 10x/0.40 or 
20x/0.75, respectively) with XY pixel sizes of 
1.242 or 0.621 μm/pixel and Z steps of 0.66 or 0.35 
μm, respectively. Each section was simultaneously 
scanned at λ 488 nm and λ 543 nm to record the 
green autofluorescence of the brain tissue, 
especially the glomeruli of the antennal lobe, and 
the morphology of the cells in red. All data were 
exported as tagged image file (TIF) stacks for 
further analysis in AMIRA (version 4.1; Visage 
Imaging, Inc.). All anatomical descriptions are 
based on the head axis, not the embryonal 
neuroaxis. 
 
2.5 Identification of glomeruli 
A 3D antennal lobe reference atlas was created and 
subsequently used to determine, (1) in which 
glomerulus a PN arborized, (2) in which tract the 
axon was located, and (3) where the soma was 
located. For this, the TIF-stacks of all the sections 
of each brain were loaded into AMIRA and aligned 
in all dimensions. By using the “merge”-module of 
AMIRA, they were combined to one single 3D 
stack. Comparing this stack with the reference 
antennal lobe and the reconstructed ALs of Rospars 
and Hildebrand (1992) allowed identification of the 
glomeruli, in which individual PNs arborized. 
Antennocerebral tract identity and cell group of the 
recorded PN were also determined on the basis of 
this aligned 3D stack. The labels of identified 
glomeruli were false color coded according to 
anatomical or physiological data. Pictures of 
different views were taken with the snapshot tool of 
AMIRA. 

2.6 Ensemble analysis 
Physiological data were imported from Clampex 
(version 10.1; Molecular Devices) to Matlab 
(R2007a; The Mathworks, Inc.) for all analysis. As 
a first step, the time of occurrence of each action 
potential (AP) was extracted by thresholding the 
spike train. Ensemble raster plots are based on 
aligning the responses of all neurons to the same 
odor/concentration by stimulus onset. These 
aligned data sets were the basis for calculating peri-
stimulus-time histograms for each trial of the seven 
stimuli. For every PN the 10 seconds of each trial 
were divided into 500 separate 20 ms bins and the 
number of APs per bin was counted. These AP 
count based data were saved for later analysis. 
These counts were also transformed into z-score 
based data sets in the following way. For every bin, 
the mean AP count across the trial was subtracted 
from the AP count of the current bin and then 
divided by the AP count standard deviation across 
the trial. The resulting z-score value expresses how 
many standard deviations the AP count of a given 
bin is above or below the mean AP count across the 
trial. 
Euclidean distance (ED) analysis was then 
performed on ensemble response vectors (Stopfer et 
al., 2003; Daly et al., 2004b; Brown et al., 2005). 
EDs were calculated separately, but in the same 
way for AP count and z-score based data. Each data 
set contained one trial, had 500 columns (bins) and 
one row for each of the PNs. At each bin, the 19-25 
different PN values (rows) define a single point in a 
multi-dimensional space of equal size. ED between 
two points of the same time bin, but different trials, 
is the length of a straight line between these points. 
ED was calculated for all time bins in pair-wise 
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Fig. 3. Colored and numbered glomeruli in these four views of the 3D reference AL represent the locations of the dendritic 
trees of the uniglomerular PNs recorded and stained in this study. The three colors represent the output tracts through which 
the axons of these neurons leave the antennal lobe and project to the protocerebrum. Abbreviations: AC/LC/MC 
anterior/lateral/median soma cluster; DMACT/IACT/OACT: dorsomedian/inner/outer antennocerebral tract.  
 
comparisons across all trials. Then, the appropriate 
mean ED values and standard errors were 
calculated and plotted. 
Finally, to create a 4D activity map of antennal lobe 
responses to each odorant, the z-score data of each 
neuron were translated into a normalized color 
code. The colors representing the neuronal activity 
from identified glomeruli were then transferred to 
Amira and the respective glomeruli were then false 
color coded. 
 
3. Results: 
Of the 78 recorded neurons 29 PNs were stained 
successfully. Of these, the recordings of 25 neurons 
were complete enough to be included in this 
analysis. The steps towards a 4D representation of 
their activity across the AL were as follows: (1) 
each neuron was identified and the relevant 
morphological parameters extracted, (2) 
information on the glomerulus each cell arborized 
in was inserted into the AL map, (3) the 
physiological data were analyzed, and (4) the AL 
map was color coded based on the analysis of the 
physiological data. 
 
3.1 Morphological parameter extraction 
All sections containing AL structures and/or parts 
of the stained PN were scanned. In all cases, the 
recorded tissue auto-fluorescence showed the 
outlines of dense neuropils, e.g. glomeruli (Fig. 2A, 
B). The red fluorescence clearly showed the 
morphology and in all PNs allowed a complete 
reconstruction of their AL ramifications. Axon 
terminals in the mushroom body calyces were 
stained well in 14 cells, weakly in five neurons, but 
were not stained in six cells. Projection images of 
the relevant tif-stacks were usually sufficient to 
determine, in which cluster the soma of a PN was 

located and through which tract the axon projected 
to the protocerebrum. The somata of the 25 PNs 
were located in all three clusters (anterior cluster 
(AC): nine; lateral cluster (LC): five; medial cluster 
(MC): 11). Their axons ran in three tracts (dorso-
medial antenno-cerebral tract (DMACT): one; inner 
antenno-cerebral tract (IACT): 22; inner antenno-
cerebral tract (OACT): two). 
However, the identification of the glomerulus, in 
which a given PN arborized, was only possible by 
using a species-specific 3D AL map (Fig. 3). For 
this, the tif-stacks of the relevant sections were 
combined. The auto-fluorescent channel of the 
stacks was essential to morph these data to the 
reference AL and to identify, in which glomerulus 
each PN ramified. The 25 PNs shown had dendrites 
in 19 of the 66 glomeruli. Two cells each arborized 
in glomeruli 15, 16, 36, 37, 52, and the toroid. 
Based on these single cell data, we created a 3D 
representation of these glomeruli (Fig. 3). 
Additionally, they were color-coded according to 
the tract in which the axon of a PN runs towards the 
protocerebrum. Fig. 3 shows that the glomeruli we 
recorded from are not located in one plane, but 
rather distributed across the entire AL. 
Furthermore, this representation can be viewed 
from all angles without loosing details. That any 
desired color-coding scheme can be applied easily 
and efficiently is important for linking 
physiological data to this anatomical map. 
 
3.2 Analysis of physiological data 
The raster plots in Figure 4 show that the spiking 
responses of single PNs and, consequently, the 
activity patterns of the ensemble constructed with 
25 PNs change in an odor dependent manner. In all 
PNs that responded, an initial inhibition (I1 
inhibition) was observed (cf. Fig. 1B). This I1 
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Fig. 4. Raster plots of odor dependent changes in the responses of single PNs and, consequently, of the virtual ensemble. 
Stimulus marker: grey vertical bar. Tables on the left side of the plots provide details on the glomerulus, in which the 
corresponding PN ramified in, soma cluster and output tract. Horizontal grey bars indicate specific stimuli that were not 
tested in a given PN. Abbreviations: AC/LC/MC anterior/lateral/median soma cluster; DMACT/IACT/OACT: 
dorsomedian/inner/outer antennocerebral tract. 
 
inhibition varies in an odor dependent manner in 
terms of both onset latency and duration. In most 
cases, the stimulus-response latencies of PNs are 
between 160 and 220 ms of the command voltage 
initiating the odor valve opening, but they can be as 
short as 100 ms (cf. Fig. 4, 2-hexanone: cell 4: 7, 
AC, IACT). Spike frequency during the excitatory 
phase of the response was both odor and cell 
dependent (Fig.4). However, not all PNs responded 
with excitation or at all. Three of the 25 cells never 
responded to odor (cell 6: 15 (+25), AC; cell 19: 63, 

LC; cell 23: Toroid, LC; all IACT), two cells were 
always inhibited (cell 21: labial pit organ 
glomerulus (LPOG), LC, IACT; cell 25: 55 (+60), 
LC, OACT), and five were excited by every odor 
(cell 7: 16, AC; cell 12: 37, AC; cell 15: 44, MC; 
cell 18: 53, AC; cell 20: Discbase, MC; all IACT). 
Thus, about 50% of the 25 PNs were excited, 25% 
were inhibited and 25% remained inactive in 
response to an odor stimulus (11.43 ± 2.64, 5.86 ± 
2.04, 6.29 ± 1.38, respectively). Excitatory 
responses were terminated by the so-called I2 
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inhibition (Fig. 4; cf. also Fig. 1B), which is visible 
in the peri-stimulus raster plots as a distinct spike 
suppression following the excitatory response. The 
details of these I2 epochs were also cell and odor 
dependent. Despite the fact that each cell was 
recorded in a different animal, all of these findings 
are consistent with results of multiunit experiments. 
Thus, constructing a virtual ensemble from single, 
identified neurons does not seem to introduce 
obvious artifacts. 
Raw spike trains are, however, not suited for use in 
a 4D-representation of AL activity, because 
neuronal activity has to be comparable across PNs 
with very different baseline and response firing 
rates. Thus, the raw spike train data have to be 
transformed. This transformation should not change 
the dynamics of the neural activity patterns and 
should not lead to distortions of the results of 
subsequent analyses. 
Therefore, we binned the AP train data of each cell 
(bin width: 20 ms) and afterwards transformed 
these binned data to z-score values. A comparison 
of the histograms of raw and z-score data showed 
that the dynamics of the neural responses are 
preserved by this transformation (data not shown). 
In fact, because negative z-scores are possible, 
inhibitory events can be detected more easily. To 
test whether population analysis following this 
transformation is distorted, we implemented a 
Euclidean distance (ED) analysis. This analysis also 
allowed us to establish how our serially recorded 
virtual ensemble compares to similar ensembles

from multi-unit recordings (cf. Brown et al., 2005). 
A comparison of the AP-based (Figs 5A, B) and z-
score ED (Figs 5C, D) plots shows that the peaks 
and troughs are preserved in a one-to-one fashion 
throughout. The Pearson’s correlation coefficients 
between the AP-based and z-score-based ED curves 
are between 0.91 and 0.99 (all p<< 0.0001), which 
suggests highly significant linear correlations. The 
slopes of the AP- and z-score based ED plots seem 
different because of the different ordinates. 
However, this scaling effect does not change the 
time course of the ED dynamics of the z-score 
transformed ED (cf. below). In other words, z-score 
based ED measures are not distorted as compared 
to AP based EDs. Furthermore, using standard 
deviations as the measurement unit makes it 
possible to discern significant from non-significant 
changes of neuronal activity, which is arbitrary if 
based on AP counts (Stopfer et al., 2003). 
As in ensembles based on multi-unit recordings, 
responses to the same odor (‘within odors’) show 
low distance values. This indicates that odor-driven 
responses are highly consistent (Figs 5A, B). For 
the various comparisons between different odors 
(Fig. 5), the ED values increase by at least two 
times. There is always a brief decrease in distance 
between 100 and 140 ms followed by a rapid 
increase in ED, which starts about 120 - 140 ms 
after stimulus onset. The initial drop in ED reflects 
the initiation of I1 across the artificial population, 
whereas the increasing ED is consistent in response 
time with the odor-dependent sequence of 

 

Fig. 5. Plots of ED based on binned (20 ms) AP data (A and B) and z-score transformed data (C and D) show that response 
dynamics is well preserved in z-score data and that this virtual ensemble could discriminate different odors very well. 
Stimulus marker: grey vertical bar. 
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Fig. 6. z-score transformed data were used to quantify how many neurons increased, decreased or did not change their firing 
rate at any peri-stimulus time. For this, the normalized z-score colors-bar was broken into three appropriate regions. Data are 
plotted as means ± standard error of the mean (broken lines). In all cases n = 7, i.e. the blank and the six odors. 
 
activations (cf. responses, and they decline over the 
subsequent 500 - 550 ms. These values are 
consistent with what has previously been reported 
for multi-unit data (Daly et al., 2004b). 
 
3.3 Activity over time 
The data have a sub-millisecond temporal 
resolution, which provides the opportunity to - post-
hoc - compare glomerular activation patterns at 
different temporal resolutions. Thus, the analysis 
can emphasize the temporal or the spatial aspect of 
odor coding or any compromise between these 
extremes. A normalized color code makes it 
possible to display and to easily discern the number 
of positive and negative deviations from the mean 
firing rate (Figs. 6 and 7). In Figure 6, this color 
code has been further reduced to just discriminate 
between excitation (red: Zsc ≥ 2 std), inhibition 
(blue: Zsc ≤ -0.5 std) and non-significant variations 
in firing rate (black: -0.5 < Zsc < 2 std). Figure 6A, 
which emphasizes the temporal aspect, shows that 
up to four of the 19 glomeruli (21%) are excited per 
20 ms time bin and this maximum activation is 
reached about 260 ms after stimulus onset (Fig. 6A 
red line). Because of their different response 
properties, not all glomeruli are simultaneously 
active. This means that the number of glomeruli, 
which are active during the whole odor response, is 
higher than at any one moment in response time. 
The blue curve shows, that 160 ms after stimulus 
onset about nine of the 19 glomeruli (47%) are 
inhibited, which can be explained by the occurrence 
of the I1 inhibition in a typical PN. Approximately 
the same number of PNs/bin is inhibited by about 
450 ms, which is probably due to the I2 inhibition. 
The black curve shows that in parallel with I1, about 
seven PNs (37%) are not significantly excited or 
inhibited. At the peak of the response, nine of the 
19 glomeruli (47%) are not activated at all. As 
expected, a longer integration window of 180 ms 
leads to different numbers (Fig. 6B). Here, eight of 
the 19 glomeruli (42%) are excited about 260 ms 
post stimulus onset (Fig. 6B red curve). The effects 
of I1 and I2 inhibition can still be observed (Fig. 6B 
blue curve). This shows that despite some 

smoothing by the sliding window the general 
dynamics of glomerular excitation/inhibition are 
preserved. 
In the last step, we combined the 3D-AL 
representation of the recorded PNs (cf. Fig. 3) with 
the z-score transformed spike train data. This 
creates a 4D representation of neuronal activity. In 
contrast to the raster plots (Fig. 4), we can apply an 
objective criterion (≥ 2 standard deviations) for 
significant activation of a glomerulus in the 4D-
plots, because activity is represented by z-scores. In 
the normalized color code inhibition (Zsc ≤ -0.5 
std) is marked by cool colors, excitation (Zsc ≥ 2 
std) by warm colors, while green represents non-
significant changes in firing rate (-0.5 < Zsc < 2 
std). In Figure 7, maximum activity in a window of 
100 ms to 400 ms after stimulus onset is shown for 
the 19 glomeruli recordings were obtained from. 
The use of such a long integration window provides 
a good basis for a comparison to imaging data. 
Glomeruli, of which two recordings are available, 
are represented by the activity of the PN with the 
more complete physiology and morphology. The 
long time window reveals how much of the AL is 
actively encoding for an odor. Figure 7 shows that 
glomeruli across the whole AL are, excited by, 
inhibited by or are not responding to odor 
stimulation. Currently, there is no obvious focal 
point of neural activity for any of the odors used. 
Active glomeruli are not located along single 
surfaces of the AL, but are found across the whole 
surface of the AL. Furthermore, the spatial patterns 
of glomerular activation are odor specific. This is 
obvious from a comparison of the activation 
patterns of some glomeruli, which are located in the 
posteriomedian plain. 2-hexanone elicits significant 
excitation in glomeruli 2, 27, 37, 43, 44, 52, 53 
(plus four more out-of-view glomeruli), while 
glomeruli 42, 55, 60, 64 are inhibited. Stimulation 
with 1-hexanol leads to a different pattern. Now, 
glomeruli 27, 37, 43, 44 (plus four more glomeruli) 
are excited, while glomeruli 2, 42, 52, 53, 55, 60, 
and 64 are inhibited. In other words, there is an 
odor specific spatial code, which is distributed 
widely across the entire AL. Based on this 
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Fig. 7. Posteromedian views of the 3D reference AL show representations of stimulus driven PN activity for each condition, 
i.e. blank and six odors. Glomeruli are colored according to the normalized z-score colorbar. Their colors indicate the 
maximum z-score value for each glomerulus within the time window between 100 and 500 ms after stimulus onset. 
Abbreviations: LC/MC lateral/median soma cluster. 
 
time window, which encompasses all the 
significant parts of the odor responses, about 47% 
of the 19 glomeruli are excited, 26 % inhibited and 
27% do no change their activity in response to an 
odor. In other words, on average, about 73% of the 
AL actively contributes to the output code for any 
of the odors used. 
 
4. Discussion 
There is a gap between imaging based and multi-
unit neural ensemble methods. On the one hand, 
imaging methods provide an indicator of the spatial 
distribution of neural population activity, but with 
limited temporal resolution. On the other hand, 
multi-unit methods reveal response dynamics 

across neural populations, but provide only very 
limited spatial information. The novel approach 
described here, is complementing imaging and 
multi-unit techniques. It takes advantage of the 
known species-specific pattern of glomeruli. 
Sequentially recorded, stained and identified 
individual PNs are used to assign neural spiking 
activity to the specific glomeruli, they arborize in. 
Combining these serial recordings results in an 
output representation for each stimulus, which is 
visualized in the anatomical context of a newly 
created reference antennal lobe. Z-score 
transformed data preserve response dynamics and, 
thus, provide a good basis for further population 
analysis. Stimulus response dynamics of this virtual 



CHAPTER VII 

 131

ensemble is consistent with results from multi-unit 
data. The approach shown here adds spatial 
information for a more direct comparison with 
imaging methods. Therefore, this 4D representation 
of AL responses provides a meaningful tool to 
analyze odor output coding in primary olfactory 
neuropil. 
 
4.1 Comparison to other techniques 
Extracellular multi-site and multi-unit recording 
techniques have been used in a variety of vertebrate 
and invertebrate systems with great success (e.g. 
Wilson and McNaughton, 1993; Henze et al., 2000; 
Wessberg et al., 2000; Chapin, 2004; Daly et al., 
2004a; Brown et al., 2005; Mazor and Laurent, 
2005). Spike sorting allows classification of events 
based on a multitude of criteria and to form so-
called units. However, the error rates of spike 
sorting depend on many physical, physiological, 
and other factors and can be rather high (Harris et 
al., 2000). Furthermore, except in locusts (Laurent 
and Davidowitz, 1994), most local interneurons in 
insect ALs produce sodium spikes (Christensen et 
al., 1993; Anton and Homberg, 1999; Wilson et al., 
2004; Wilson and Laurent, 2005). Moreover, like 
LNs (Christensen et al., 1993), PNs can have short 
stimulus-response latencies (e.g. Fig. 4, raster #4: 7 
AC IACT). These factors increase the difficulty of 
discriminating between PNs and LNs or 
subpopulations of these two major classes 
(Matsumoto and Hildebrand, 1981; Christensen et 
al., 1993; Anton and Homberg, 1999), because the 
cells actually recorded from are not stained in 
multi-unit experiments. However, only PN activity 
is read-out by and, thus, significant for higher brain 
centers. Thus, because multi-unit recordings 
represent both local processing (LN) and output 
(PN) activity in most insects except locusts, 
interpreting the significance and meaning of output 
by using extracellular methods is challenging. The 
new approach reported here, overcomes these 
limitations of extracellular recording, because each 
neuron is precisely classified and there is no issue 
of contamination or missing APs. 
Neural activity can be optically recorded with 
voltage-sensitive dyes, Ca2+ sensitive dyes, by 
utilizing intrinsic signals or when synaptopHluorin 
is expressed by the targeted cells. These methods 
are used to study single cells (e.g. Single and Borst, 
1998) and populations of neurons (e.g. Bonhoeffer 
and Grinvald, 1993; Shang et al., 2007). Ca2+-
imaging has been most prevalent in olfaction 
research (e.g. Friedrich and Korsching, 1997; 
Joerges et al., 1997; Wachowiak et al., 2002; 
Hansson et al., 2003; Spors et al., 2006; Silbering 
and Galizia, 2007). For this, the tissue is usually 
superfused with dye, which is taken up into cells 
over a preparation-specific staining period. It is, 
however, not known, which cells take the dye up 
and if this uptake occurs evenly across the 
preparation and the different cell types. 
Furthermore, when imaging large regions of 

neuropil, it is not possible to resolve individual unit 
activity patterns; this is true even when dye loading 
is restricted to a specific subpopulation (e.g. Sachse 
and Galizia, 2003). In all imaging systems, the light 
sensor, mostly a CCD camera, samples light from a 
relatively thin section within the tissue, i.e. the focal 
plane plus light from the depth of field and some 
scattered light. This works well in planar neuropils 
like parts of the olfactory bulb in vertebrates, but 
has limits in 3-dimensional structures like the insect 
AL. As Fig. 7 shows, a significant number of odor-
activated glomeruli would be missed, if only a 
single plane of the AL were considered. 
The fluorescent signals are usually very small, 
which means that light has to be sampled over 
relatively long periods of time. Therefore, with only 
few exceptions (Wachowiak et al., 2002; Spors et 
al., 2006; Wesson et al., 2008), the temporal 
resolution of Ca2+-imaging experiments is usually 
not higher than 3-5 Hz when large neuropil areas 
are imaged. In other words, the temporal resolution 
of imaging techniques is two orders of magnitude 
slower than an action potential. As a corollary, odor 
driven glomerular activation patterns may seem 
similar based on the integration by the imaging 
technique. Furthermore, if the I1 and I2 phases are 
integrated with a brief excitatory response when 
using Ca2+ imaging, it may be possible to miss 
meaningful excitatory responses. In some 
circumstances, it may be possible that brief 
excitatory responses, which are flanked by I1 and I2 
phases, may actually appear as suppression using 
these methods. Thus, because temporal dynamics of 
the neural response are not resolved well, 
differences in the sequence of glomerular activation 
may be invisible and, thus, missed in an 
interpretation of the results. In contrast to Ca2+-
imaging, the approach introduced here, works on a 
sub-millisecond temporal resolution, is not limited 
to a small volume around one focal plane, and is 
based on identifying each cell of a virtual ensemble. 
The new approach shown here is complementary to 
imaging and multi-unit techniques and, like other 
methods, has a number of limitations. One is, that 
data from a serially recorded virtual ensemble 
cannot be used for studies on synchronous firing of 
populations of neurons, because there is no 
synchronous neural activity across animals. For the 
same reason, this method does not provide a means 
to quantify the relationship between population 
spiking and local field potentials. In addition, we 
make assumptions that should be clarified as well. 
For example, that stimulus delivery is precise and 
consistent between animals. To address this issue, 
we made certain that the velocity of airflow and 
distance from the odor cartridges to the antennae 
were identical across preparations. Nevertheless 
variability in delivery between preparations could 
introduce a small amount of variability in response 
latencies. But given that the delay from odor valve 
opening to the odor reaching the base of the antenna 
is on the order of 10 ms we estimate this 
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contribution to variability to be nominal. One 
indicator of stimulus consistency is that we observe 
little inter-trial variability in the responses of single 
PNs. Another assumption this approach makes is 
that the response latencies of cells, which arborize 
in the same glomerulus, but are recorded in 
different animals, are the same. The ultimate test of 
this assumption would require to record the same 
identified neuron in different animals, which is 
fairly difficult. However, when we consider the 
time course of odor-driven population responses 
from multiunit studies we find no difference, 
suggesting that between animal variability is 
minimal. Finally, from a practical standpoint, a 
serial reconstruction based on single cell recordings 
is not feasible in olfactory systems with a large 
number of glomeruli like in mammals. 
 
4.2 Neural activity across the AL 
The virtual ensemble shown here has a response 
dynamic that is essentially identical to what has 
been reported for multi-unit data. Odor responses 
evolve in time; that is, different PNs, which can be 
equated to identified glomeruli in this study, 
respond with different onset latencies and different 
PNs fire with different odor-dependent patterns 
(e.g. Daly et al., 2004b; Brown et al., 2005). ED 
analysis (Fig. 5) shows that odor representations 
evolve dramatically over time, producing unique 
output codes, which presumably contribute to 
unique odor representations and hence 
discrimination. About 100 ms after stimulus on31 
set, ED briefly dips, then rapidly increases, 
reaching a peak within an additional about 140 ms, 
and then declines over about 500 ms. This time 
course is very similar to what has been reported for 
extracellular multi-unit data (Daly et al., 2004b; 
Brown et al., 2005). The large increase in z-score 
by four or more standard deviations is significant 
and indicates that this virtual ensemble could 
discriminate very well between classes of odorants 
(ketones vs. alcohols) and single odors of the same 
moiety that differ only in carbon chain length. 
Our new approach allows the correlation of the 
temporal dynamics produced by action potentials 
with a 3D spatial perspective. We find that per 
response, about 47% of the glomeruli are excited, 
about 26% are inhibited, and about 27% do not 
change activity. These figures roughly match with 
previously reported distributions of excited, 
inhibited and unchanged units in multi-unit 
recordings (Daly et al., 2004b). Now, we can, 
however, relate these figures to the activity 
distribution across the AL. If one extrapolates this 
finding, it would mean that actually about 48 
glomeruli of the 63 of an AL are actively involved 
in coding for a particular odor, 32 of them excited 
and 16 inhibited. This would contrast strongly with 
the results of imaging studies, which indicate that 
only about 13-30% of the glomeruli are actively 
involved in odor coding (Joerges et al., 1997; 

Uchida et al., 2000; Sachse and Galizia, 2002; 
Silbering and Galizia, 2007). 
Why is the identity of the glomerulus important in 
regard with PNs? It was indicated by Buck and 
Axel (1991) and later shown (Mombaerts et al., 
1996; Wang et al., 1998; Vosshall et al., 2000) that 
ORNs expressing the same receptor protein project 
to the same glomerulus. This seems to indicate that 
each glomerulus is not just an anatomically, but, 
based on ORN identity, a functionally distinct 
entity. Recently, it was shown that PNs have a 
broader odor tuning than the ORNs they are 
connected to (Wilson et al., 2004). This finding 
suggested the existence of excitatory connections 
between glomeruli by local excitatory interneurons, 
which were recently described (Olsen et al., 2007; 
Shang et al., 2007). Odor responses are, 
furthermore, shaped by interglomerular presynaptic 
inhibition (Olsen and Wilson, 2008). Because of 
these lateral interactions between different 
glomeruli of the AL, it follows that the more 
precise descriptor for any PN is the glomerulus it 
arborizes in and not the ORN it is connected with. 
The approach shown here accounts for this, because 
it takes advantage of the 3D reconstructed reference 
AL atlas and uses the identified PNs as a basis for 
identifying their respective glomeruli. 
Along these lines, should odor responses of the 
approximately 14 PNs arborizing in the same 
glomerulus (66 glomeruli, 900 PNs; Anton and 
Homberg, 1999) not be identical? For six of the 
glomeruli two PNs were recorded in this study. 
Within these PN pairs, the responses to the blank 
and the six odors differ in most but not all cases. 
Differences in odor responses of PNs from the same 
glomerulus have been described in earlier studies 
too (Roche King et al., 2000; Sadek et al., 2002; 
Guerenstein et al., 2004; Masante-Roca et al., 
2005). These results contrast with findings that PNs 
from the same glomerulus have very similar 
response properties (Reisenman et al., 2005) and 
also with the fact that the probability that they fire 
in synchrony is increased (Schoppa and Westbrook, 
2001; Lei et al., 2002). To resolve the issue of how 
similar PNs are, which arborize in the same 
glomerulus, one would need to record the same 
identified neuron(s) in different animals. 
In conclusion, the new approach shown herein will 
also contribute to clarifying this issue and, thus, 
contribute to a further understanding of odor 
encoding. As our database of cell reconstructions 
grows, it will allow exploration of whole AL 
responses to different odor as a function of various 
stimulus parameters, such as concentration and 
duration. This database will also provide unique 
opportunities to perform more focused population 
analyses of specific subpopulations of PNs based on 
morphological characteristics, such as differences 
between distinct cell clusters, and output tracks. 
This will allow us a deeper understanding of the 
functional role of multiple output cell types and 
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pathways, which are found in both vertebrates and 
invertebrates. Finally, future studies will match 
psychophysical experiments, which characterize 
detection and discrimination thresholds in this 
species, to the dynamic response patterns of a 
virtual ensemble of identified neurons. These data 
will be correlated with biologically relevant 
concentrations and sensory limits of the model 
system. 
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