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Erklarung: Eigene Beitrage und veroffentlichte €alker
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Laut 88, Absatz 3 der Promotionsordnung der Philipps-Universitat Marbasgsyfg vom
12.4.2000) missen bei den Teilen der Dissertation, die aus gemeinsaswtuRgsarbeit
entstanden sind, ,die individuellen Leistungen des Doktoranden deutlgrenabar und
bewertbar sein.” Dies betrifft die Kapitel 1 — 4, die Beitraagggden im Folgenden detailliert
erlautert.
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in the Brain of an Insect
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Modellrechnungen wurden von Dr. Keram Pfeiffer innerhalb einer Koaperat
erstellt.

Dextran-Injektionspraparate wurden in Kooperation mit Dr. Keramffef erstellt
(Injektion durch Dr. Keram Pfeiffer, Praparation und immunhistochemische
Aufbereitung durch den Autor der Doktorarbeit).

Immunhistochemische Aufbereitung aller fluoreszenzmarkierterpaPate und
Auswertung mittels konfokaler Mikroskopie.

Anfertigung von 60% (3 von 5) der dreidimensionalen Rekonstruktionen injizierte
Neuronen, Anfertigung aller dreidimensional rekonstruierter Gehirlearea

Anfertigung aller Abbildungen.

Anfertigung des Manuskriptes in Zusammenarbeit (Korrektur) mof. FDr. Uwe
Homberg.

Dieses Kapitel wurde in dieser Form am 08.09.2011 beim Journal PLoGPON&E=-
D-11-17679) eingereicht und am 07.10.2011 zur Revision zugelassen.
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Anfertigung aller Abbildungen.

Anfertigung des Manuskriptes in Zusammenarbeit (Korrektur) mof. FDr. Uwe
Homberg.
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veroffentlicht (el Jundi B., Homberg U. (2010) Evidence for the passkistence of
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Zusammenfassung

Zusammenfassung

Obwohl Insekten ein relativ kleines Gehirn aufweiseeigen sie auf3ergewothnliche Leistungen in
raumlicher Orientierung und Navigation. WahrendglemWanderflige oder der Rickkehr zu einem
Nestplatz kdnnen sie die ideale Route bestimmen wedolgen, die sie auf kirzestem und
schnellstem Weg zu ihrem Ziel fuhrt. Hierbei kbnnem allem Kompasssignale des Himmels eine
erhebliche Rolle spielen. Neben der Sonne, demsthall Punkt am Himmel, liefern weitere
Himmelssignale wie der Farbgradient oder das Pwaldnsmuster des Himmels Mdglichkeiten zur
Orientierung. Beide Himmelserscheinungen entstetierResultat der Streuung von Sonnenlicht an
atmospharischen Partikeln und bilden prazise Refere am Himmel. Der Himmelsfarbgradient
zwischen der solaren und der antisolaren Hemispbéreht auf Unterschieden im Verhaltnis von
lang- und kurzwelligem Licht. Das naturliche polaige Licht am Himmel formt ein Muster, in dem
die Schwingungsrichtunge(Vektoren) des polarisierten Lichtes in konzentrest Kreisen um die
Sonne angeordnet sind (Abbildung 1A). Der Grad Belarisation des Lichtes nimmt dabei bis zu
einer Winkelentfernung von 90° zur Sonne zu undavistalle Himmelskompasssignale abhangig von
der Position der Sonne.

Verhaltensversuche haben gezeigt, dass Bieffpis mellifera) und Ameisen (Gattung
Cataglyphis)inear polarisiertes Licht des Himmels zur Navigatimitzen (von Frisch, 1949; Wehner,
2003). Auch in verschiedenen anderen Insektenspemiesger Feldgrille(Gryllus campestrispder
der WiustenheuschreckéSchistocerca gregaria)konnte eine Polarotaxis nachgewiesen werden
(Brunner und Labhart, 1987; Mappes und Homberg40Alle bisher untersuchten polarisations-
empfindlichen Insekten verflgen uber eine spezatisiAugenregion zur Detektion von polarisiertem
Licht, die sich dorsal am Komplexauge morphologigom restlichen Komplexauge hervorhebt und
als dorsale Randregion bezeichnet wird (Labhart Meyer, 1999; Homberg und Paech, 2002,
Abbildung 1C).

Angesichts ihres relativ groRen Gehirnes und deritdamhergehenden guten physiologischen
Zuganglichkeit hat sich die WaistenheuschrecBehistocerca gregariaals hervorragendes
Modellobjekt erwiesen, um die neuronalen Prinzipiem Verarbeitung von polarisiertem Licht im
Insektengehirn zu erforschen. Mittels Farbstoffitipnen sowie intrazellularer Ableitungen konnte
das grundlegende Verschaltungsnetzwerk charalddrisiverden, das der Prozessierung von
polarisiertem Licht zu Grunde liegt. Polarisatianssitive Neurone im Gehirn sind durch typische
physiologische Eigenschaften charakterisiert: Zumeminveisen sie bei Stimulation mit einem
rotierenden Polarisationsfilter eine sinusférmigeddlation der Aktionspotentialfrequenz auf, wobei
sie bei einer bestimmtes-Vektor Orientierung -ma) Maximal aktiviert werden. Weiterhin werden
beinahe alle polarisationssensitiven Zellen begreftimulusorientierung orthogonaX .« maximal
inhibiert -yin), was als Gegenpol-Eigenschaft der Zellen bezeichird (Labhart, 1988).

Die Verarbeitung von Polarisationssignalen findetsukzessiv angeordneten Gehirnarealen der
Heuschrecke statt, die die sogenannte Polarisagbbshn bilden (Homberg, 2004; siehe
Introduction, Seite 16, Figure 1). Die Axone detdfezeptoren in der dorsalen Randregion ziehen aus
dem Auge in zwei distinkte, ebenfalls dorsal lokeli® Randregionen der optischen Neuropile
Lamina und Medulla. Durch Farbstoffinjektionen ktmigezeigt werden, dass Transmedulla-Neurone
— auch als ,Line Tangential“-Neurone bezeichnet e- diorsale Randregion der Medulla mit einem
Bereich im Zentralhirn verbinden, der als anteriavptischer Tuberkel bezeichnet wird. Neurone
dieses Areals wurden durch intrazellulare Ableiemgdetailliert charakterisiert: Wahrend die
Tuberkelneurone LoTul und TuTul eine Verbindung deterioren optischen Tuberkel beider
Gehirnhalften bilden, senden TuLAL1-Zellen die Pslationsinformation zu den nachsten Stationen
der Polarisationssehbahn, der medianen Olive undldteralen Dreieck (Pfeiffer et al., 2005). Hier
transferieren TULAL1 Neurone die Polarisationssigreuf Eingangsneurone des Zentralkomplexes
(Trager et al., 2008). Der Zentralkomplex besteist\der Untereinheiten: Der unteren Einheit und der
oberen Einheit des Zentralkdrpers, den dazu postgelegenen Noduli, sowie der dorsal lokalisierten



Zusammenfassung

Abbildung 1: Himmelspolarisationsmuster und dieséte Randregion der Wistenheuschrecke. (A) Pdiiansmuster de:
Himmels bei einer solaren Elevation von 40°. GrBatken zeigen di&-Vektoren, der Polarisationsgrad ist durch die Bi
der Striche dargestellt. Die Zenitrichtung ist dudie schwarze durchgezogene Linie dargestellt.dokre Meridian ist al
rote Linie gezeigt. Der blaue Punkt stellt einerolBechtungspunkt am Himmel bei einer Elevation v6f dnd einerr
Azimut von 30° dar. (B) Das Himmelspolarisationsteusei bestimmten solaren Elevationen. VioletteilBf E-Vektor
Orientierung im Zenit. Rote Pfeil&-Vektor Orientierung in einem bestimmten Beobachfpunkt. Bei niedrigen solare
Elevationen ist die Winkelbeziehung zwischen demlarsm Azimut und derE-Vektor Orientierung fir alle
Beobachtungspunkte am Himmel etwa 90° (obere Abbig)l Bei hoheren Sonnenstdnden ist au3erhalb aleses
Meridians fur alle Beobachtungspunkte die Winkééd#nz ungleich 90° (untere Abbildung). (C) Dorsalaht auf einer
Heuschreckenkopf. Die dorsale Randregion (weiBdéelpfeebt sich klar durch die dunkle Pigmentierwmn restlichen
Auge ab. (D) Frontalschnitt durch die dorsale Ragam (DRA) und durch das dorsale Auge (DA). Diesdée Randregiol
ist deutlich starker pigmentiert und die optischehge der Fotorezeptoren der dorsalen Randregiamaddt kontralatere
gerichtet. BM: Basismembran. MaRstabsbalken: 108q@), 200 um (D). B verandert nach Heinze und Rep(2011); C,
D aus Homberg und Paech (2002).

Protozerebralbriicke. Das Neuropilgeflige des Zémmgplexes (mit Ausnahme der Noduli) ist durch
eine hochkonservierte Neuroarchitektur charakestisiin der die Neuronen 16 regelmalige
Kolumnen ausbilden. Durch intrazellulare Ableitundemmbiniert mit anatomischen Untersuchungen
konnte gezeigt werden, dass Neurone benachbartemiken in der Protozerebralbriicke einen um
28° versetzten Vorzugsvektor ., Siehe oben) aufweisen, und so eine topographisomp&ssartige
Reprasentation von Raumrichtungen relativ zur loatizlen Sonnenrichtung bilden (Heinze und
Homberg, 2007). Der Zentralkomplex erfillt somitghéherweise eine Rolle als interner Kompass
im Heuschreckengehirn, in dem die rAumliche Oregntig des Tieres relativ zum solaren Meridian
kodiert wird. Ausgangsneurone des Zentralkompledx@émnten die Polarisationssignale auf
absteigende Neurone (bertragen, deren Axone wiederu den Kontrollzentren in den
Thorakalganglien projizieren (Trager und Hombe@f D).

Wahrend die Verarbeitung des polarisierten LichtesHeuschreckengehirn sehr gut untersucht
ist, ist die Modulation der Polarisationsinformatiomnd deren Kombination mit weiteren
Navigationssignalen kaum untersucht. Die Kombimatrerschiedener Navigationssignale stellt eine
erhebliche Herausforderung fiir ein neuronales Netzwlar, ist jedoch erforderlich, um die Relevanz
des Signalinhaltes zu modulieren und mit dem Véehatles Tieres zu verknupfen. Weiterhin wéren
Heuschreckenschwérme auch nur dann fahig, das Hipatagisationsmuster wahrend ihrer langen
Wanderungen adaquat zu nutzen und eine konstantedéffaute zu halten, wenn zusétzlich
Zeitinformation in das neuronale Netzwerk integrigerden wirde.

Nach aktuellem Kenntnisstand ist der anterioresop# Tuberkel ein Gehirnareal, in dem eine
solche Integration verschiedener Signale stattfin#énnte. So wurde fir Intertuberkelneurone
gezeigt, dass sie neben Polarisationssignalen awichnpolarisierte Lichtreize reagieren. Jedoch ist
die Reaktion der Zellen abhangig von der Wellendégmgd der Position des Lichtstimulus im visuellen
Feld des Tieres. Eine Reizung der Zellen mit Gdlmilim ipsilateralen Sehfeld fiihrte zur Erregung,
wahrend sie auf unpolarisiertes UV Licht mit eirdemmung reagierten (Kinoshita et al., 2007).
Diese Eigenschaft der Neurone, die auch als Gedwmefktion bezeichnet wird, konnte die
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Tuberkelzellen dazu befahigen, das Himmelspolaoisasinuster mit dem spektralen Farbgradienten
des Himmels zu kombinieren.

Um die Kombination der Polarisationsinformation miiteren visuellen Reizen zu untersuchen,
und um einen tieferen Einblick in Vorgdnge der kKampensation und Modulation des
Polarisationsnetzwerks zu gewinnen, wurden in didskeit elektrophysiologische und anatomische
Untersuchungen polarisationssensitiver Neurone hdy@féihrt. Hierbei wurden auf beinahe allen
Ebenen der Polarisationssehbahn im Heuschreckegshidien durchgefiihrt. Die vorliegende Arbeit
ist in vier Kapitel gegliedert, deren Inhalt im Behden zusammengefasst ist.

Kapitel 1: A Distinct Layer of the Medulla Integrates Sky Compass Signals
in the Brain of an Insect

Wie bereits erwahnt, kombinieren Neurone des aemi optischen Tuberkels Polarisationssignale
mit spektralen unpolarisierten Lichtreizen, diespnéchend des Farbgradienten des Himmels auf UV
und Grinlicht gegensatzlich reagieren. Im Zenitdist Winkelabstand zwischdfVektor und dem
solaren Azimut 90° und unabhéangig von der solalemdtion (Abbildung 1B, violette Pfeile). In allen
weiteren Punkten am Himmel andert sich die Winkdlfamg zwischen polarisiertem Licht und
Azimutinformation abhéngig von der Sonnenerheburigstantiell tber den Tagesverlauf (Abbildung
1B, rote Pfeile). Da die optische Achse der Fotgsemen der dorsalen Randregion zur
kontralateralen Himmelshemisphéare gerichtet istbislung 1D, Homberg und Paech, 2002), und die
Intertuberkelzellen des anterioren optischen Tullsrkur Uber die ipsilaterale dorsale Randregion
Signale erhalten (Pfeiffer et al., 2005), solltendach die Winkelbeziehung zwischen polarisiertem
Licht und Azimutrichtung abhéngig von der Erhebudgr Sonne sein. Weiterhin muss sich
kontinuierlich Uber den Tagesverlauf der Winkelahdtder Vorzugsrichtungen beider Informationen
zueinander &ndern. Um diese Zweideutigkeit der addentstehenden Signale herauszurechnen,
kompensieren Interneurone des anterioren optistberkels beide Signale in einer zeitabhangigen
Weise (Pfeiffer und Homberg, 2007). Somit missemrbiee des anterioren optischen Tuberkels
neben den Himmelskompassinformationen auch Zedtggarhalten, um so eine Zeitkompensation
zwischen beiden Signalen zu gewdahrleisten.

Die Integration von Himmelskompassinformationen wptischen Lobus ist bisher kaum
verstanden. Der optische Lobus gliedert sich vogrddnach median in die Lamina, die Medulla und
den Lobulakomplex. Anterior zur Medulla ist weitermoch die akzessorische Medulla lokalisiert
und auf der Lamina und Medulla sitzen jeweils dord@é bereits beschriebenen dorsalen
Randregionen auf. Sowohl Lamina, als auch Medulted gietinotop organisiert, wobei letztere
insgesamt aus zehn Schichten besteht.

Um die Integration und Kombination polarisiertedwmnpolarisierter Lichtsignale in das Gehirn
zu untersuchen, wurde von Neuronen der Medullaogéschen Lobus abgeleitet und gleichzeitig mit
polarisiertem Licht aus dorsaler Richtung stimuali@usatzlich wurde getestet, ob die Neurone auch
auf unpolarisierte Lichtreize reagieren und so higtawaren, den chromatischen Gradienten am
Himmel wahrzunehmen. Hierfir wurde ein griner urtrauvioletter Lichtpunkt mit gleicher
Photonenflussrate auf einer Kreisbahn mit einer &lem von 45° um den Kopf bewegt. Um die
Winkeldifferenz zwischen der Vorzugsrichtung desapsierten Lichtes und der Azimutorientierung
adaquat interpretieren zu koénnen, wurde auf eingeree Stimulusapparatur zuriickgegriffen. Mit
Hilfe dieser Apparatur konnte das polarisierte Licdmitlang des links-rechts Meridians aus
verschiedenen Elevationen prasentiert und somitAdigbreitung und Orientierung des rezeptiven
Feldes bestimmt werden. Zusétzlich wurden Untensmgén durchgefihrt, bei denen die okulare
Dominanz der Zellen durch Abdecken jeweils einegesugetestet wurde. Alle Neurone wurden, im
Anschluss nach einer Farbstoffinjektion, histologisand immunhistochemisch aufbereitet und
ausgewahlte Praparate hochaufgeltst dreidimensiekahstruiert.

Insgesamt konnten funf polarisationsempfindlicheufdatypen der Medulla in 57 Ableitungen
analysiert und beschrieben werden. Von drei didgamrontypen wurde mehrmals in verschiedenen
Experimenten abgeleitet, wodurch eine detaillighgsiologische Charakterisierung moglich wurde.
Wahrend das tangentiale intrinsische Medullane@¢hIM2) ausschlieflich in der Medulla und der
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dorsalen Randregion der Medulla Verzweigungen agwinnervierte der Neurontyp TIM1 zusatzlich
noch die akzessorische Medulla. Ein &hnlicher Tggpoch mit zusatzlichen Verzweigungen in der
Lamina, wurde als tangentiales Medulla Lamina 1 (LM Neuron definiert. SchlieBlich wurden
Neurontypen charakterisiert, die eine interhemispbbie Verbindung der Medullae (MeMe) bildeten.
Waéhrend der Typ MeMe1l zusatzlich im kontralateradptischen Lobus in die akzessorische Medulla
verzweigte, zeigte MeMe2 Verastelungen posterior 2emtralgehirn. Alle Neurontypen, die in
mehreren Ableitungen dokumentiert wurden, zeigtevejls eine klare Praferenz fir eine bestinitne
Vektor Orientierung, was darauf schlieBen liel3, sdadiese Neuronentypen als einzelne,
identifizierbare Neurone in jeder Gehirnhemisphémkommen.

Um zu verstehen, wie einige der Zelltypen Polaiosssignale erhalten, ohne in der dorsalen
Randregion der Medulla zu verzweigen, wurden Gehéparate einzelmarkierter Neurone zuséatzlich
geschnitten und die Gehirnschnitte mit Hilfe ein@sitikorpers gegen das prasynaptische
Vesikelprotein Synapsin behandelt. Dadurch war ejeeaue Definition der durch die Neurone
innervierten Schichten der Medulla mdéglich. Inteeegerweise ergab die detailliert Analyse, dass all
Neurontypen entweder ausschliel3lich in Medullagehig (TIM1, TIM2, MeMel) oder aber in
Schicht 3 und 4 der Medulla verzweigten. Um zu rsuehen, durch welche Schicht die
Transmedulla-Zellen projizieren, wurden zusatzlizgxtran-Injektionen in den anterioren optischen
Tuberkel durchgefiihrt. Alle Transmedulla-Neuronerzwesigen, ahnlich wie die abgeleiteten
polarisationssensitiven Neurone in Schicht 4 dedila. Demnach konnte hier zum ersten Mal eine
Rolle fir eine bestimmte Medullaschicht im Insekfemirn nachgewiesen werden. Schicht 4 der
Medulla bildet demnach eine friihe Station zur Veg#tmng von polarisiertem Licht.

Neben polarisiertem Licht reagierten alle unterseich Neurontypen auch auf einen
unpolarisierten griinen oder ultravioletten Lichtreder sich um die Kopfkapsel auf einer Kreisbahn
bewegte. Im Gegensatz zu den Gegenfarbzellen ieriargn optischen Tuberkel, zeigten jedoch die
Neurone in dieser frlhen Verarbeitungsstation aufinGrund UV-Licht jeweils die gleiche
Vorzugsrichtung.

Als nachstes wurden die rezeptiven Felder entlaawg lshks-rechts Meridians und die okulare
Dominanz der Neurone untersucht, um so Rulckschluasé die Winkeldifferenz der
Vorzugsrichtungen zwischeB-Vektor Orientierung und Azimutrichtung G4 zU ziehen. Dabei
wurde untersucht, wie stark die Zellen an bestimnfResitionen des visuellen Sehfeldes sinusférmig
moduliert werden. Die Experimente zeigten, dass aflelitypen (TIM1, MeMel, TML1)
ausschlieR3lich vom ipsilateralen Auge Eingang eenmalind dass die Zentren der rezeptiven Felder in
der kontralateralen (TIM1, MeMe1l) oder ipsilateral@ML1) Himmelshemisphére positioniert sind.
Da demnach alle Neurontypen rezeptive Felder asBwigdie nicht zenitzentriert sind, sollten die
Neurone das Verhdltnis zwisch&Vektor Orientierung und Azimuttuning Uber den Teggrlauf
entsprechend der Sonnenelevation ausrichten (gdb#dung 1B). Erstaunlicherweise waren die
0 -maxWerte der Neurone Uber den gesamten Tagesvertaudriant und waren zellspezifisch
unterschiedlich. Dies kdnnte daflr sprechen, dassiinmelskompasssignale zeitlich unkompensiert
in den optischen Lobus integriert werden, und erster nachsten Station der Polarisationssehbahn
(anteriorer optischer Tuberkel) durch Zeitsignalstiert werden. Zusammenfassend lasst sich in
diesem Kapitel schlussfolgern, dass eine bestimmehicht der Medulla (Schicht 4)
Himmelskompassinformationen (polarisiertes Lichtduchromatischer Gradient des Himmels)
tageszeitunabhangig miteinander kombiniert.

Kapitel 2: Receptive Field Properties and IntensitvResponse Functions
of Polarization-Sensitive Interneurons of the Anteior Optic Tubercle in
Gregarious and Solitarious Locusts

In diesem Kapitel wurden die Neurone einer Zwischaion der Polarisationssehbahn, dem
anterioren optischen Tuberkel, detailliert physgpboch untersucht. Die Reaktion der

Intertuberkelneurone LoTul und TuTul auf unpolarisi Lichtreize, sowie deren Reaktion auf dorsal
prasentiertes Licht, wurden bereits in friherend®tu charakterisiert, wobei Kenntnisse Uber die
rezeptiven Felder der Neurone bisher fehlten. Waittekonnte in Studien gezeigt werden, dass es
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hdchstwahrscheinlich pro Gehirnhemisphare eine loZelle gibt, wahrend die TuTul Neurone als
Paar in jeder Hemisphare des Gehirnes vorkommem€gidag et al., 2003). Beide Intertuberkelzellen
erhalten hauptsachlich Gber die ipsilaterale derg&ndregion Polarisationssignale und werden bei
niedrigen Polarisationsgraden inhibiert (Pfeiffer a&t, 2005; 2011). Die geringe Anzahl an
Intertuberkelneuronen pro Gehirnhemisphare dewteau hin, dass diese Zelltypen im anterioren
optischen Tuberkel modulatorische Funktionen eimmeh Im Gegensatz dazu kommen TulLAL1
Neurone in einer deutlich héheren Neuronenanzahl (omberg et al. 2003) und spielen
hdchstwahrscheinlich  bei der eigentlichen Prozesste von polarisiertem Licht zu
Orientierungszwecken eine Rolle. Wahrend jedoch Idtertuberkelzellen relativ gut untersucht
wurden, ist auf physiologischer Ebene lber die TulAleurone nur wenig bekannt. Aufgrund ihrer
sehr dinnen Neurite sind Ableitungen dieser Zelen sehr schwer zu erhalten und wurden in
friheren Arbeiten nur sparlich prasentiert.

Interessanterweise kommen Wistenheuschrecken inPiwasen vor, die sich durch die dulRere
Erscheinung sowie durch ihr Verhalten stark vonedes unterscheiden. Wahrend die gregare
Heuschreckenform tagaktiv ist und riesige Heusdtameschwarme wahrend ihrer Wanderperioden
bildet, meidet die solitire Heuschreckenform Kotdaku anderen Artengenossen (aul3er zur
Reproduktion) und migriert als einzeln lebendesr Wéihrend der Nacht (Roffey, 1963; Waloff,
1963). Da die Untersuchungen in dieser Arbeit sowahl gregédren, als auch an solitaren
Heuschrecken durchgefuihrt wurden, konnten so zudétzimbgliche Anpassungen des
Polarisationssystems auf die verschiedenen Lebemdgieiten der unterschiedlichen Phasen
analysiert werden.

Der anteriore optische Tuberkel bildet eine leichtbebung an der anterioren Oberfliche des
Gehirnes, wodurch ein gezieltes Ableiten der ps#ionssensitiven Neurone mdoglich war und
insgesamt in diesem Abschnitt 113 Exprimente dwefilfyt wurden. Als visueller Stimulus diente
wie im vorherigen Kapitel ein rotierender Polaiisasfilter, der mittels eines Schienensystems auf
einem Perimeter entlang des links-rechts Meridisrschoben werden konnte. Zusatzlich erlaubten
Graufilter, die rechnergesteuert in den Strahlegghas Lichtstimulus geschoben werden konnten, ein
Reduzieren der Lichtintensitat in logarithmischeaf&. In diesen Untersuchungen wurden die Zellen
mit polarisiertem Blaulicht, bzw. wahlweise auclht paieiRem” Licht stimuliert.

Entsprechend der optischen Achse der dorsalen Bgiodr hatten beide Intertuberkelzellen
rezeptive Felder, die im Mittel ihr Zentrum bei @inElevation von 60° in der kontralateralen
Hemisphére des Sehfelds hatten. Die Intertuberketzeeigten weiterhin im Mittel ein sehr breites
rezeptives Feld, was darauf schlielen lasst, dass ven einer erheblichen Anzahl an
Fotorezeptorzellen Eingang erhalten. Im Gegensatz dvaren die rezeptiven Felder der TuLAL1-
Neurone deutlich enger und hatten Zentren an uwitedlichen Positionen des Sehfeldes.
Unterschiede zwischen den rezeptiven Feldern dmyégen und solitaren Heuschrecken konnten nicht
beobachtet werden.

Als néchstes wurden die Antworten der Intertuber&etone auf verschiedene Lichtintensitéaten
im Zentrum des rezeptiven Feldes getestet und herssolitdren und gregaren Tieren verglichen.
Hierbei wurde die Starke der Modulation, sowie derichtetheit der Zellantworten (wie die
Aktionspotentiale um- ,ox konzentriert sind) bei unterschiedlichen Lichtirgigiiten getestet. Die
Intensitats/Antwort-Kurven zeigten, dass es weder boTul, noch bei TuTul-Zellen einen
Unterschied im Antwortverhalten zwischen beiden $tdweckenformen gibt.

Interessanterweise zeigte sich jedoch, dass seiMddulationsstarke der LoTul-Zelle bei jeder
Lichtintensitatsstufe des polarisierten Lichtesdgedl anderte, wahrend TuTul- und TuLAL1-Zellen
bis zu einer bestimmten Intensitatsschwelle intét®inabhangig reagierten. Weitere Analysen
zeigten, dass die LoTul-Zelle im Gegensatz zu dadergn Tuberkelneuronen nachts mit einer
deutlich héheren Reaktionsstarke und einer erho@nchtetheit auf polarisiertes Licht reagierte.
Uberdies wurde die LoTul-Zelle bei Stimulation rsihr hellem ,weiRen® polarisierten Licht
inhibiert, wahrend die TuTul-Zelle intensitatsunéniig die gleiche Modulationsstarke zeigte wie
bei niedrigeren Intensitaten.

Zusammenfassend konnte demnach in diesem Kapitelgieverden, dass es keinen Unterschied
zwischen solitdren und gregdren Heuschrecken biehlder Detektion von polarisiertem Licht in
Neuronen des anterioren optischen Tuberkels gilgs Ronnte darauf schlieRen lassen, dass solitare
Tiere andere Navigationshinweise bei Nacht zur iieeung nutzen muissten. Weiterhin deuten die
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Daten darauf hin, dass die LoTul-Zelle eine splezi€lunktion im neuronalen Netzwerk des
anterioren optischen Tuberkels hat, die abhangigdemLichtintensitat ist. Da am blauen Himmel
sowohl der Polarisationsgrad, als auch die Licétisitéat abh&ngig von der Sonnenelevation sind, und
sich demnach Uber den Tagesverlauf andern, warealiegl Zelle ein idealer Kandidat, um eine
zeitabh&ngige, modulatorische Funktion im Tubeeietunehmen. So kdnnte LoTul die Neurone des
Tuberkels mit Zeitsignalen beliefern oder zeitldib Sensitivitdt der TuLAL1-Neurone modulieren.

Kapitel 3: Evidence for the Possible Existence of @econd Polarization-
Vision Pathway in the Locust Brain

Die Wistenheuschrecke ist vor allem fir ihre Wandgen Uber lange Distanzen bekannt. Um dabei
Uber den Tag eine konstante Flugrichtung zu gewisteh, ist es essentiell, dass die Tiere Kenntnis
Uber die Tageszeit besitzen, um die tagesperioglisdfanderung der Sonne und damit des
Himmelspolmusters bei der Richtungsbestimmung lesitibtigen zu kénnen. Neueste Experimente
zeigen, dass absteigende polarisationssensitiveoNewaus dem Gehirn der Heuschrecke Uber den
Tagesverlauf Anderungen if&Vektor-Tuning zeigen, die darauf schlieBen lass@ss die Neurone
zeitkompensierte Signale zu den Thorakalgangliedese (Trager und Homberg, 2011). Somit scheint
die Heuschrecke einen zeitkompensierten inneren p&ss zu nutzen, um eine stabile
Wanderungsrichtung zu gewahrleisten. Wie jedochirfermation in das System integriert wird, ist
bis jetzt noch vollkommen unerforscht. Eine entgibdmede Rolle konnte hierbei die akzessorische
Medulla spielen, die in Fliegen und Schaben alkadianes Schrittmacherzentrum die Flug- und
Laufaktivitéat kontrolliert (Helfrich-Férster, 1998)

In diesem Kapitel wurden intrazellulare Ableitungan Neuronen der akzessorischen Medulla
durchgefiihrt, sowie im posterioren optischen Tubkrleinem kleinen Neuropil im posterioren
Zentralhirn. Polarisationssensitive Neurone des raltamplexes, die maligeblich an der Etablierung
der kartendhnlichen Reprasentation Bi#Vektoren beteiligt sind (TB-Neurone), verzweigen i
posterioren optischen Tuberkel extensiv und vedsindiesen mit der Protozerebralbriicke (Heinze
und Homberg, 2007).

Dieses Kapitel postuliert eine zweite Polarisati@idbahn, die zum Zentralkomplex Uber einen
posterioren Trakt Polarisationssignale transferk€in bereits beschriebenes Neuron aus Kapitehdd, d
tangentiale intrinsische Medulla Neuron 1 (TIM1)gtedass die dorsale Randregion der Medulla mit
der akzessorischen Medulla in Verbindung steht, weimnach die akzessorsiche Medulla
Polarisationssignale aus der dorsalen RandregioiMééulla erhalten konnte. Weiterhin wurde ein
Neuron, das aus einer friheren Arbeit bekannt it das die akzessorische Medulla mit dem
posterioren optischen Tuberkel verbindet, dreidisiamal rekonstruiert und als Kandidat vorgestellt,
um Polarisationsinformation in das posteriore Zalgehirn zu transferieren. Im posterioren optischen
Tuberkel wurde zusatzlich zu den TB-Zellen ein et neuartiger polarisationssensitiver Zelltyp
beschrieben, der die posterioren optischen Tubdr&iler Hemispharen miteinander verbindet. Da
sowohl in der akzessorischen Medulla, als auch irostgrioren optischen Tuberkel
polarisationssensitive Zellen vorkommen, liegt eha) dass auch Neurone, die beide Neuropile
miteinander verbinden polarisationssensitiv sind.mbach zieht der vorgeschlagene zweite
Polarisationssignalweg durch die akzessorische Ngediie moglicherweise, dhnlich wie bei Fliegen
und Schaben eine Rolle als zirkadianes Hauptsetaitherzentrum einnimmt. Wéahrend die anteriore
Polarisationssehbahn die Orientierung relativ zanre kodiert, kénnte so Uber den zweiten
Polarisationssignalweg zeitkompensierte Polarisatidormation zum Zentralkomplex gesendet
werden. Die Signale beider Polarisationssehbahniadem in der Protozerebralbriicke konvergieren
und einen zeitlich kompensierten inneren KompastemProtozerebralbriicke ausbilden.

Ein Problem des polarisierten Lichts als Richtuimskis ist die Zweideutigkeit des Signals, die
ein Resultat seiner 180°-Periodizitét ist. Inteag@ssrweise zeigten die Neurone, die die posterioren
optischen Tuberkel interhemispharisch miteinanderbmden, Praferenzen beziglicher ihrer
Verzweigungen im posterioren optischen Tuberkelh#®ad ein Neurontyp ipsilateral im dorsalen
Bereich des posterioren optischen Tuberkels unckamiralateralen Tuberkel ventral verzweigte,
innervierte der zweite Intertuberkel Typ den pdsten optischen Tuberkel ipsilateral im ventralen
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Bereich und dorsal im kontralateralen Tuberkel. bueme mdgliche inhibierende Funktion kénnten
diese Zellen durch eine Interaktion mit den TB1-&eleine entscheidende Rolle bei einer Etablierung
einer 360° E-Vektorkarte in der Protozerebralbriicke spielen wa die Zweideutigkeit der
Richtungsinformation des polarisierten Lichtes herachnen.

Kapitel 4: The Locust Standard Brain: a 3D Standardof the Central
Complex as a Platform for Neural Network Analysis

Waéhrend in den Kapiteln 1-3 unter anderem physietiige Untersuchungen durchgefuhrt wurden, ist
dieses Kapitel eine rein anatomische Studie. Falarsdie letzte Station der Polarisationssehbahn im
Gehirn der Heuschrecke, der Zentralkomplex. Nelsrverarbeitung von polarisiertem Licht ist der
Zentralkomplex entscheidend in eine Vielzahl vorozZessierungsvorgangen im Insektengehirn
involviert. So wird ihm eine zentrale Rolle unterdarem in der Bein- und Flugkoordination des
Tieres (Strauss und Heisenberg, 1993; llius etlB4), der raumlichen Orientierung (Strauss et al.
2002), sowie der Ausbildung eines GedachtnissesL&imdmarkenorientierung (Liu et al., 2006)
zugesprochen. Entsprechend seiner Vielzahl an Funga besteht der Zentralkomplex aus einer
grol3en Zahl an Neurontypen. Mindestens 13 Zelltygied beispielsweise allein in die Verarbeitung
von polarisiertem Licht involviert.

Um einen tieferen Einblick in die Verarbeitungspsze des Zentralkomplexes zu erhalten, ist ein
fundiertes Wissen uber die synaptische Verknupflergeinzelnen Zellen erforderlich. Ziel der Arbeit
war es, einzelne Neurone aus verschiedenen Gefipagaten gleichzeitig in einem standardisierten
Zentralkomplex darzustellen, um so mdgliche Verkohgen zwischen diesen Neuronen auf
anatomischer Ebene zu untersuchen.

Bezuglich der Verarbeitung des polarisierten Lishigt vor allem ein Neurontyp, die CPU-Zellen,
von besonderer Bedeutung: Sie bilden den Ausgasgdam Zentralkomplex, und zeigen eine sehr
hohe Hintergrundvariabilitat, was sich als eine hotig Multimodalitat dieses Zelltyps deuten I&sst.
Weiterhin besitzen CPU-Neurone in zwei Untereinlmetles Zentralkomplexes Verzweigungsbaume,
in welchen sie hodchstwahrscheinlich synaptischemg#&iig erhalten. Wahrend sie in der
Protozerebralbriicke sehr wahrscheinlich Polarisaignale erhalten, kdnnte Uber den weiteren
Informationseingang in der oberen Einheit des Zkidirpers unpolarisierte Information integriert
werden. Interessanterweise hat eine weitere Zadig,,Giant fan-shaped” (GFS)- Neuron synaptische
Ausgangsregionen in der oberen Einheit des Zeidinagks. In einer Studie konnte gezeigt werden,
dass das GFS-Neuron im Flug eine héhere Aktivitéwveaist und auf Bewegungsreize im ipsilateralen
Sehfeld reagiert (Homberg, 1994). Demnach kénngeGlaS-Neuron die CPU-Zelle kontextabhangig
modulieren und so den Polarisationsinformationsijelea CPU-Zelle je nach Kontext erh6hen oder
verringern.

Um die mdgliche Verbindung beider Zellen zu unteh&n, und um generell die Verarbeitung von
Information im Zentralkomplex studieren zu kdnnemurde im ersten Teil der Arbeit ein
standardisierter Atlas des Zentralkomplexes erze2@tindividuelle Zentralkomplexe wurden aus
Schnittpraparaten nach immunhistochemischer Aufterg aus Graubilddatenstapeln jeweils
hochaufgeldst dreidimensional rekonstruiert. Mitteines Linuxclusters wurde basierend auf den
individuellen Graubilddatenstapeln ein Standardgitddatenstapel des Zentralkomplexes erzeugt.
Durch die Ubertragung der Transformations- und Deédionsparameter auf die entsprechenden
dreidimensional rekonstruierten 20 Zentralkomplekennte ein virtueller dreidimensionaler
Standardatlas des Zentralkomplexes generiert werden

Als néchstes wurden in unterschiedlichen Gehirrgmaten ein CPU-Neuron, sowie die GFS-
Zelle hochaufgeldst dreidimensional rekonstruiend uin den standardisierten dreidimensionalen
Zentralkomplexatlas registriert. Die gleichzeitigisualisierung beider Neurone im Zentralkomplex-
Standardatlas zeigte eine Uberlappung der Verzwegu beider Neurone in einer Schicht der oberen
Einheit des Zentralkdrpers. Somit konnte gezeigtemr, dass das GFS-Neuron ein guter Kandidat ist,
um die Polarisationsinformation der CPU-Zelle ketsbhangig zu modulieren.
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Introduction

Animal Navigation signals of the sky have an increased relevance as
navigational clue.

An indispensable necessity for the survival of
animals is their ability to evade or approach
distinct stimuli. Crayfish respond to a frightening .
external stimulus w)i/tfh a kneF:e-jerk like tail flig a Sky Compass Signals
escape reaction to veer away from a danger zone
(Wine and Hagiwara, 1977). Many moths areDirectional information provided by the sky
attracted to potential mating partners or suitableffers a precise reference for insects to ideally
host plants via odor gradients (Jacobson, 196@avigate in terrains where landmarks are rarely
Hansson, 1995). In contrast to this relativeavailable or during long distance migrations. At
simple taxis, the ability of navigation is adaytime, solar compass signals can be used as
common phenomenon of many animals thahccurate directional cues to determine the
requires more complex neural processingnoving route. The position of the sun is defined
procedures. Birds that migrate from breedingy the sun azimuth and the solar elevation.
places to overwintering habitats are a primeHowever, due to the earth’s rotation and tilt, the
example of such navigational feats. Othemposition of the sun in the sky is strongly
examples include sea turtles that are able tdependent on the season, the time of day and the
return through long distances to the hatchingieographical location on earth. Therefore, for a
beach were they were born or fruit bats that areole of the sun as adequate navigational clue,
able to home in on their preferred individualknowledge about these three aspects is crucial.
feeding tree in a straight line (Tsoar et al., 2011) In addition to the direct view of the sun, the
Navigation means the calculation of the owmatural daylight sky offers several major
geographical position, evaluation of the ideacompass signals by which animals are able to
route and distance to a distinct target and basetkfine the position of the sun. Sunlight scattering
on these, the active determination of a travethrough atmospheric constituents (gas molecules,
route. Furthermore, it implies the activeaerosol particles) produces characteristic patterns
movement towards the place of destination witlof intensity and chromatic gradients as well as a
a constant update of the moving direction and thpattern of skylight polarization in the sky, which
orientation of the animal relative to the targét si can be described by the Rayleigh scattering
(Collett and Collett, 2000). Beside thesemodel (Strutt, 1871; Coulson, 1988).
navigation requires also a pronounced spatial The celestial intensity gradient results from a
memory or in some seasonal migrating animalsigher amount of scattered solar light in the
like birds a genetical determination of thedirection of the sun. This gives rise to an
direction and distance of the migration route.  anisotropic radiance distribution with higher
Although insect brains are small inintensity of light in the vicinity of the sun
comparison to those of vertebrates, some speciesmpared to the antisolar hemisphere (Coemans
show astonishing navigational abilities. Hominget al., 1994).
ants or honeybees are able to determine optimal Furthermore, while light of short
routes back to their nest (Wehner, 1992)wavelengths (300-460 nm) exhibits a relatively
Monarch butterflies seasonally migrate from thehomogeneous distribution in the blue sky, the
USA to their winter habitats in central Mexico, intensity of longer wavelength light (460-700
covering thousands of kilometers (Brower,nm) is higher in the solar hemisphere. This
1995). To execute these navigational andspectinduces a spectral gradient in the blue sky
orientational behaviors, insects use two basim which the ratio between light of longer
mechanisms: In familiar terrains, landmarks arevavelengths and light of shorter wavelengths is
used as references to evaluate the targéigher in the solar hemisphere than in the
direction, while in unfamiliar regions compassopposite sky hemisphere (Coemans et al., 1994).
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Finally, a pattern of partly polarized light in bees, likewise, suggest that they use the color
occurs at the sky. Sunlight can be described asgradient of the sky as compass signal. Bees
transversal wave, which means that electriinterpreted long wavelength light as the direction
fields (E-vectors) oscillate perpendicular to thetowards the sun, while UV light was construed as
direction of the beam of sun light. Solar radiatiorthe antisolar hemisphere (Edrich et al., 1979;
that enters the atmosphere oscillates in aBrines and Gould, 1979; Rossel and Wehner,
possible directions, thus showing a randoni984). Apart from insects, recent studies on
orientation of electric fields and no polarization.sandhoppers (Crustacea, Arthropoda) clearly
While sunlight that scatters at atmospheriagevealed the use of the skylight intensity gradient
molecules in an orientation unequal 90° remainas sky compass cue (Ugolini et al., 2009).
unpolarized, light that is scattered in In contrast to the analysis of the orientation
perpendicular directions becomes polarized anaf insects to celestial intensity and color signals
in contrast to unpolarized lighg-vectors then the detection and utilization of polarized light
oscillate only in one orientation. Thereby, asignals has been studied extensively. First, von
characteristic polarization pattern arises at th€risch (1949) observed that the dancing direction
clear sky in which theE-vectors are arranged of honey bees at the nest entrance changed when
tangentially in circles around the sun (Struttthe E-vector orientation of the sky was
1871; Wehner, 2001). The degree of polarizatiomanipulated with a polarization filter. Following
increases from 0% (unpolarized sunlight) in theexperiments showed that ants, dung beetles and
vicinity of the sun to a maximum of 75% undermonarch butterflies also use polarization signals
optimal conditions at an angular distance of 90df the sky as orientational cues during migration
from the sun (Coulson, 1988; Brines and Gouldpr homing (Wehner, 2003: Dacke et al., 2003a;
1982). Thus both, th&-vector orientation and Reppert et al., 2004).
the degree of polarization at a distinct celestial
point are strongly dependent on the solar
elevation and, thus, on the time of day. - - -

At night, the moon is the brightest spot in the Perception of Celestial Polarized
sky and serves as celestial reference object for Light
spatial orientation and navigation for nocturnal

insects (Jander, 1957; Warrant and Dacke, 2010h,1,mon to all insects that use polarized light

Slml.lar to sun-_relate(_j compass S|gr)als alithin the context of navigation is a specialized
daytime, a lunar intensity and color gradient arg; <41 area of the compound eye, termed the

generated in the sky and a polarization patterf,.«4| rim area (DRA) (Labhart and Meyer,
can be observed around the moon (Horvéath anfggg. Stalleicken et al.. 2005 Dacke et al.

Varjd, 2004). However, these night sky compass g3y, - The DRAs optical axis is oriented
signals are considerably dimmer than theq g the sky and their ommatidia house
corresponding cues at daylight and accordingl hotoreceptors which are highly adapted to

require specializations of the visual system of th etect : ; : . )
) ) polarized light signals: they are well
insects (Warrant and Dacke, 2011; Dacke et alaligned, non-twisted and homochromatic to

2011). avoid bleeding with the color vision of the main
retina. To further reduce self-screening effects,
; ; ; the rhabdomers of the photoreceptors are shorter
Insect Navigation via Sky Compass than those in the main compound eye. In
Signals addition, in each ommatidium, photoreceptor
microvilli are arranged orthogonally,
Behavioral evidences for the utilization of therepresenting two perpendicularly oriented
intensity and/or color gradient of the sky as cuepolarization analyzers. Finally, screening
to calculate the solar position in insect are rargigments between the ommatidia are reduced,
Experiments on ants which were not able to sewhich leads to decreased optics of the DRA
the sun or to orientate by means of celestialvhile simultaneously the visual fields are
polarization patterns showed that the animaladvantageously increased (Labhart and Meyer,
were still able to navigate homeward by usingl999: Homberg, 2004; Homberg et al., 2011).
the chromatic contrast and/or the intensity In addition to the above mentioned insects,
gradient of the sky (Wehner, 1997). Experimentén other insect species, including flies (von
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Philipsborn and Labhart, 1990) and cricketsanalyze physiological and anatomical properties
(Brunner and Labhart, 1987), a polarotactiof the neural network underlying the processing
behavior was observed when presentingf polarized light signals. In the brain,
polarized light from above. Thus, a broadpolarization-sensitive (POL) neurons innervate
taxonomic range of insects is able to usepecific brain areas (referred to as neuropils) tha
polarized light of the sky as reference for spatiaspecialize in the processing of polarized light
orientation. information. These neuropils are connected by
distinct fiber bundles and are elements of a so-
called ‘polarization vision pathway’ in the locust
: brain (Figure 1; Homberg, 2004).
The Desert LOCUS'tSChIStOCGrCEI The first POL-neuron in an insect brain was
gregara described in the optic lobe of the field cricket
Gryllus campestrigLabhart, 1988). This neuron,
Desert locusts are well-known for forming hugetermed POL1 neuron, showed several
swarms consisting of millions of animals andcharacteristics during stimulation with polarized
their long-range migrations throughout Northjight which are typical for POL-cells. POL-
Africa and the Middle East. Experiments onneurons exhibit a sinusoidal modulation of the
tethered flying locusts showed that the animalfiring activity during stimulation with a rotating
respond with a 180°-periodicity of yaw-torque topolarizer (Labhart, 1996; Labhart and Meyer,
a dorsally rotating polarizer. This suggests thap002). Furthermore, most POL-neurons are
locusts are able to use celestial polarized light anaximally activated at a particular preferrgd
navigational cue (Mappes and Homberg, 2004). vector orientation a,) and are maximally
Like other locust species, the desert lo@ist inhibited at a perpendicular stimulus position
gregariaoccurs in two phases, a gregarious and - ) thus showing polarization opponent
a solitarious form. At high population densities,responses to polarized light (Labhart, 1988).
locusts aggregate in flying swarms of gregarious As in other insects, desert locusts detect
locusts while at lower abundances, animals avoigolarization signals of the sky with
each other and migrate as individuals (solitarioughotoreceptors located in the DRA of the
locusts). Recent experiments showed that theompound eye (Mappes and Homberg, 2004).
transformation from the solitarious to theThese photoreceptors show typica| adaptations
gregarious form is dependent on the populatiofacilitating the detection of polarized light (as
density and is mediated by the level of serotoni|ready mentioned above) and their axons project
in the thoracic ganglia (Anstey et al., 2009). Botho distinct areas of the optic neuropils, namely
locust phases show considerable differences ifhe dorsal rim areas of the lamina and the
their appearance and their behavior (Uvarovmedulla (Homberg and Paech, 2002). In contrast
1966, Simpson et al., 1999). Furthermore, whilgo the main lamina and medulla, both of which
locusts of the gregarious phase are diurnahre retinotopically organized, for the dorsal rim
solitary specimen prefer to migrate during thegreas of the lamina and medulla no evidences for
night (Waloff, 1963; Roffey, 1963). This a retinotopic neuroarchitecture were proven.
corresponds to the fact that solitarious locustsracer-injections into the dorsal rim area of the
possess substantially larger eyes than gregarionsedulla revealed that a fiber bundle of so-called
animals (Rogers et al., 2010). Differences of botiine tangential neurons passes the medulla
phases are also reflected in the size of the bratArough one layer and projects into the central
and in the proportion of brain areas involved inprain. The neurons arborize in the ventralmost
the processing of visual information (Ott andjayer of the anterior lobe of the lobula complex
Rogers, 2010). and finally enter a small neuropil of the central
brain, the anterior optic tubercle (Homberg et al.,
2003a). As a result of the small axon diameter

Polarization-Sensitive Interneurons displayed by the line tangential neurons,

& the Polarization Vision Pathway Egyosé?;?r?'e%alodgft‘eabom these neurons could not

in the Locust Brain While the anterior optic tubercle in the locust

brain consists of an upper and a lower unit,

Due to the relatively large brain size, desertamifications of POL-neurons are restricted to
locusts have been used as model organisms tiee lower unit of the anterior optic tubercle
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Figure 1: Frontal view of a drawing of the brain of the dedecustSchistocerca gregarishowing the polarization vision
pathway (red). In addition, a connection between dbcessory medull@Me) and the posterior optic tubercdfBOTu) is
illustrated (green). Areas that are involved in fiiecessing of polarized light signals are highleghin grey.ALo anterior
lobe of the lobula compleXAOTuanterior optic tubercleCBL lower division of the central body; CBU upper diwis of the
central bodyDRA dorsal rim area of the compound efRLa dorsal rim area of the laminBRMedorsal rim area of the
medulla;La lamina;LT lateral triangle Me medulla;MO median olivePB protocerebral bridge. Adapted from Heinze (2009).

(Pfeiffer et al.,, 2005). Four types of POL-2005) and are inhibited at low degrees of
neurons of the anterior optic tubercle are haveolarized light (Pfeiffer et al., 2011). The other
been characterized physiologically (Pfeiffer ettwo neuron types, termed TuLALla and 1b, were
al., 2005; Kinoshita et al., 2007). Two of theseanalyzed only rarely. They connect the anterior
neurons are intertubercle neurons that establishaptic tubercle with the next processing stage of
bilateral connection between the anterior optithe polarization vision pathway, the lateral
tubercles of both hemispheres. The LoTul celhccessory lobe (Homberg et al., 2003a; Pfeiffer
most likely occurs as a single neuron per brairt al., 2005).

hemisphere, arborizing in both anterior optic The next stage of the polarization vision
tubercles and forming additional ramifications inpathway is the lateral accessory lobe which
the anterior lobes of the lobula complexes otonsists of four subunits: The large areas of the
both hemispheres (Vitzthum et al., 2002). It is amorsal and ventral shell as well as two distinct
exceptional POL-neuron because it is excited areas called the lateral triangle and the median
- max but lacked an orthogonal inhibitory input olive (Homberg, 1994). The TuLAL1 neurons of
during stimulation with polarized light and thusthe anterior optic tubercle ramify exclusively in
does not show polarization opponency. In thehe lateral triangle and the median olive. While
second type of intertubercle neuron, termedrborizations of the TuLALla neurons are
TuTul, branches are restricted to the anteriarestricted to the lateral triangle, TuLAL1b cells
optic tubercles of both hemispheres. Most likelyhave synaptic output in the median olive and/or
two TuTul exist per hemisphere. Both cell typesthe lateral triangle of the lateral accessory lobe
LoTul and TuTul receive polarization input(Homberg et al., 2003a; Pfeiffer et al., 2005).
only from the ipsilateral eye (Pfeiffer et al.,
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Figure 2: Proposed hypothetical model of the neural netwdrthe central complex underlying the processingarized
light signals. Neurons of the anterior optic tuberahd input cells of the central complex are itasd in shades of blue,
while neurons of an intermediate stage are showshades of green. Shades of red indicate outplg oElthe central
complex. Polarized light signals are transferreanfithe lower unit of the anterior optic tubercleQ(Fu-LU) to the median
olive (MO) and the lateral triangle (LT) of thedaal accessory lobe (LAL) via TuLAL1a/b neurons.ZI® neurons transmit
signals to the lower division of the central bodyB(). At the following intermediate stage, CL1 seltould send
polarization information from the CBL to the pro¢webral bridge (PB). For better visualization ofalyr of the 16 CL1 cells
are shown. Small axons of the CL1 cells projectrt@ll areas near the LT of LAL (green asterisk®1 Tells and CPU1
neurons contribute to a topographic representatidivectors in the columns of the PB (shown for CPElirons as double
arrows above the PB). While TB1 cells provide atpat from the PB to the posterior optic tuber&@©Tu) (red asterisks in
the POTu), CPU1 cells (only two of 16 CPUL celle ahown) transfer signals to post-synaptic neunorthe LAL (red
asterisks in the LAL). CPU1 neurons have additiayalaptic input in the upper division of the cehbrady (CBU). Taken
from Homberg et al. (2011).

In the lateral triangle and median olive, thel975). The vertical columns of the upper and
TuLAL1 neurons are connected to the inpuiower divisions of the central body are
neurons TL2 and TL3 of the central complex.intersected by horizontal layers. While the upper
Again, while one type of neuron, TL2, arborizesdivision of the central body consists of three
in the lateral triangle, the TL3 cell type hashorizontal layers, the lower division of the
synaptic input in the median olive and/or in thecentral body can be divided into six layers
lateral triangle (Mdaller et al., 1997). Together(Homberg, 1991; Miller et al., 1997). The
with the TuLAL1 cells, the TL neurons of the nodulus of each hemisphere consists of a lower

central complex form characteristic and upper division, latter can further subdivided
microglomerular structures in the lateral trianglénto three horizontal layers (Heinze and
and the median olive (Trager et al., 2008). Homberg, 2008).

The central complex is a group of neuropils  The central complex is the final stage of the
spanning the midline of the brain. It consists opolarization vision pathway and houses a large
four subunits, the upper division of the centraket of POL-neurons; at least 13 types of POL-
body, the lower division of the central body, thecells have been identified in recent experiments
protocerebral bridge, and the paired nodul{Vitzthum et al.,, 2002; Heinze and Homberg,
(Heinze and Homberg, 2008). Except for the2007; 2009). Heinze et al. (2009) have analyzed
noduli, all subunits of the central complexthe physiological properties of central-complex
exhibit a regular neuroarchitecture of 16 lineameurons in detail (general tuning characteristics,
arrays of vertical columns (Williams et al., receptive field structures, ocular dominance), and
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the authors proposed a hypothetical model, icelestial spectral cues. Pfeiffer and Homberg
which the transformation flow of polarized light (2007) stimulated LoTul and TuTul cells with
information through the central complex isunpolarized green or UV light spots that moved
described (Figure 2). TL2 and TL3 neuronsaround the locust head. Both cells showed color
transmit polarization signals from the lateralopponency and TuTul also an additional spatial
triangle and the median olive of the lateralopponency to green light: While TuTul neurons
accessory lobe to the lower division of thewere excited by a green light spot in the
central body. While TL2 neurons transferipsilateral field of view, they were strongly
polarized light signals only from the ipsilateralinhibited when the green light spot passed the
eye, TL3 cells send information from both eyesontralateral visual field. In contrast, a circling
to the lower division of the central body. Thus,UV light spot revealed higher activation
two parallel input pathways exist at the level ofcontralaterally while in the ipsilateral field of
the input stage of the central complex (Heinze etiew the neurons showed an inhibition or no
al., 2009). Next, TL2 cells project signals to theeffects. Intertubercle neurons of the anterior
CL1 cells of the contralateral hemisphere, whictoptic tubercle therefore appear to be likely
then project to the protocerebral bridge. In thecandidates for calculating the azimuthal direction
protocererbal bridge, TB neurons that conneadf the sun from the chromatic contrast, the
the central complex with a small neuropil locatedntensity gradient and the polarization pattern of
posteriorly in the brain (posterior optic tubercle)the blue sky. Combined with the sensitivity of
receive the polarization signals from CL1the cells to different degrees of polarization
neurons. Together with CP1 and CPUL1 cells thegPfeiffer et al., 2011), these cells are able to
contribute to a topographic representatiorEef determine the solar azimuth as well as the solar
vectors in the columns of the protocerebraklevation, and thus, the exact position of the sun
bridge (Heinze and Homberg, 2007). CPU1 cellbased on sky compass signals.
again transfer polarized light information to the  Similar experiments showed that POL-cells
ventral shell of the lateral accessory lobe, andf monarch butterflies also responded to
finally, polarized light information is sent via unpolarized light stimuli (Heinze and Reppert,
two types of descending neurons to thoraci011). However, the azimuthal direction of the
motor control centers (Trager et al., 2011). neurons to all analyzed wavelength was similar.
Therefore, the authors suggest that for the
internal navigation compass of the monarch
. . . butterfly the intensity gradient of the sky has
Combination & MOdlj”atlon of Sky more relevance than the spectral contrast.
Compass Signals In addition to the combination of sky
compass signals, the modulation of navigational
In addition to the integration and processing of anformation in a context-dependent manner is
single sensory signal, a major challenge for @ndispensable. While neurons of earlier stages of
neural network is the combination of athe polarization vision pathway are most likely
multiplicity of signals. As already mentioned, specialized to process solely sky compass
bees are able to detect celestial polarized ligtgignals, central- complex neurons have a variety
signals as well as spectral cues of the sky, bwif functional roles. In general, the insect central
how are both sky compass signals processed andmplex plays a crucial role in walking and leg
combined in the insect brain? coordination (Strauss and Heisenberg, 1993),
Kinoshita et al. (2007) analyzed the POL-flight control (llius et al., 1994), spatial
interneurons of the locust anterior optic tuberclerientation (Strauss et al., 2002), memory for
in detail and presented unpolarized light stimulvisual landmarks (Liu et al., 2006) and visual
of different wavelengths and from different place learning (Ofstad et al., 2011). Interestingly
positions of the visual field. Surprisingly, while output neurons of the central complex (CPU2
the interneurons were excited by light of aand CPU4) are conditionally polarization-
particular wavelength from ipsilateral direction,sensitive and are sometimes polarization blind.
the cells were inhibited during stimulation with Therefore, these neurons could be recruited
light of a different wavelength. These colordependent on the internal state of the insect
opponent responses led to the idea that neurofideinze and Homberg, 2009). Furthermore
of the anterior optic tubercle are able to respondeurons of the locust central complex show
to both, to sky polarized light signals and tosubstantial changes in their firing activity during
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flight (Homberg, 1994). Taken together, as al., 2009). In the locust brain, descending
brain area that is involved in a variety ofneurons show a VKLIW R bf 21.5°h
functional roles, output POL-neurons of thethroughout the day. This fits to the diurnal
central complex have to modulate sky compasshanges of the solar azimuth (15°/h) and
signals dependent on the actual behaviosuggests that descending neurons signal time-
(walking, flying) and dependent on motivationalcompensated spatial directions to thoracic motor
input. circuits in the desert locust (Trager and
Long-term extracellular recordings from Homberg, 2011).
interneurons in the optic lobe of bees further The master clock of insects is most likely
showed that the sensitivity of the responséocated in the accessory medulla. The accessory
strength of visual neurons is modulated over a 2rhedulla is a small neuropil at the anterior edge
hour period (Kaiser and Steiner-Kaiser, 1983)of the medulla. Studies on flies and cockroaches
Interneurons responded at day with an increasesiiggest that the accessory medulla is an internal
sensitivity than during the night. Thus, thecircadian clock of the insect brain, controlling
sensitivity of the neurons might be adapted to thenotor activity (Helfrich-Forster et al., 1998;
sleep-wakefulness rhythm of the bees and mostomberg et al., 2003b). Although in locusts the
likely is controlled by a circadian master clock. functional role of the accessory medulla as
circadian clock has not yet been shown, the
striking anatomical similarities to the accessory
; _ ; medullae of other insects suggest that it is most
Time-Compensation likely the internal clock in the locust brain

: : S . Homberg et al.,, 1991). Homberg and Wirden
During long distance migrations of msects( .
celestial compass signals are useless fc9.997) further showed a connection between the

navigation without information about the time Ofﬁjctfeerscjgr);n(;ntiii”z ?)rs]giblgion%?ctggr?rto (I)Dpct)'f_
day. Time signals are crucial for two ' anp

mechanisms. First they are essential to combin%ié’ézgzrOfrézzuﬁzntéﬁhlgon}glexé -[Qlireizorf[einfg?
sky compass signals precisely. As a result of thg y play

changes of the sun, the angular difference at %ompgnsat]on of pola_nzed light signals by
particular point in the sky betweeR-vector providing time of day signals to neurons of the

orientation of polarized light and solar azimuthalCentral complex.

direction is different from 90° (except for points

along the solar meridian) and, moreover, changes

permanently throughout the day (Pfeiffer and Scope of this Work

Homberg, 2007). Accordingly, the intertubercle

neurons of the anterior optic tubercle show & number of recent studies have explored the
daytime-dependent adjustmentifvector tuning neural basis of sky compass orientation in locusts
suited to compensate changes in solar elevatidyy focusing on the processing of polarized light
during the day (Pfeiffer and Homberg, 2007;signals in the brain. In contrast, (1) the

Homberg et al, 2011). In a similar way, mechanisms of compensation for changes of
interneurons in the brain of the monarch butterflysolar position over the course of the day and (2)
adjust the angular difference between skyhe integration of different signals from the sky

compass information over the course of the dafpolarization pattern, solar position, chromatic

(Heinze and Reppert, 2011). Second, by using gradient) are poorly understood, particularly at
sun compass, a constant migratory direction ithe level of the optic lobe. Finally, (3) no data

only possible when diurnal changes of azimuthaéxist comparing the sky compass system in
directions are compensated. Experiments odiurnal gregarious locusts with that of nocturnal

bees, ants and monarch butterflies show thagolitarious locusts. Towards these goals,
these animals employ a time-compensategolarization-sensitive neurons at different levels
internal sun compass during migration or homingf the polarization vision pathway were analyzed
(Lindauer, 1960; Wehner, 1992; Mouritsen andhysiologically through intracellular recordings

Frost, 2002). Furthermore, recent studies in thand anatomically by means of detailed three-
monarch butterfly suggest that circadian clockslimensional reconstructions of neuronal

in the antennae play a crucial role in timearborizations. First, neurons of the medulla in the
compensation for compass navigation (Merlin ebptic lobe were analyzed and characterized to
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understand the combination and integration oBrines ML, Gould JL (1982) Skylight polarization
sky compass information in the locust brain. patterns and animal orientatiod. Exp Biol 96:
These experiments showed that neurons of a 69-91.

distinct layer of the medulla (layer 4) integrate

polarized light information from the dorsal rim misunderstanding the migration of the monarch

area .Of the compounpl eyen the. I.OCUSt brain. In butterfly (Nymphalidae) in North America: 1857-
addition, all polarization-sensitive neurons 1995 3 Lepidopt Sod9: 304-385.

responded also to an unpolarized green/UV light

spots that moved around the locust head. Take#tunner D, Labhart T (1987) Behavioural evidence

together, this chapter shows that neurons of for polarization vision in crickets.Physiol

medulla layer 4 combine polarized light  Entomol12:1-10.

information of the sky with azimuth-dependent

unpolarized light input that might representcoemans M, Vos Hzn JJ, Nuboer JFW (1994) The

celestial chromatic contrast information. In the rﬁlat'on.petwefe”h celestial .Crflour g(;ad'er;]ts and
. . . the pOSItIOﬂ of the sun, wit regar to the sun

next chapter, receptive f_|eld properties and compassVision Re$4: 1461-1470.

responses of neurons to different light intensity

conditions were studied. Thes_e 'nVPjSt'gat'on%ollett TS, Collett M (2000) Path integration in

focused on neurons of the anterior optic tu'ber_cle insects.Curr Opin Neurobioll0: 757-762.

— the next processing stage of the polarization

pathway — and compared the physiology of thes€oulson (1988) Polarization and intensity of ligt

neurons in gregarious and solitarious locusts. the atmosphere. Deepak, Hampton, VA,

The data showed that both locust phases rely on _

the same sky navigation system, although thepacke M, Byrne MJ, Baird E’_Sf;hO'tZ CH, Warrant

have strikingly different ~life styles. The  EJ (2011) How dim is dim? Precision of the

experiments revealed novel aspects of the celestial compass in moonlight and sunlidttil

I . Trans Royal Soc B66: 697-702.
response characteristics of intertubercle neurons

and a possible modulatory role of the LoTulp,cke M. Nilsson DE. Scholtz CH Byrne M

neuron in the anterior' optic tubercl'e in both  \warrant EJ (2003a) Animal behaviour: insect
locust phases. In the third chapter, evidence for a orientation to polarized moonlighNature 424:

second polarization vision pathway in the brain  33.

is presented. This pathway connects the dorsal

rim area of the medullae via the accessoryacke M, Nordstrom P, Scholtz CH (2003b) Twilight
medullae to the central complex and might orientation to polarised light in.the crepugcular
provide time-compensated polarized light signals ~9ung beetl&Scarabaeus zambesiandsExp Biol

to the central complex. Finally, chapter four 206: 1535-1543.

presents a standardized three-dimensional atlas, .., w Neumeyer C, von Helversen O (1979)
of the central complex and reveals a possible = «anti.sun orientation” of bees with regard to a

connection between a particular type of field of ultraviolet light.J Comp Physiol A34:
polarization-sensitive columnar neuron and a 151-157.

neuron that is modulated during flight. This

chapter illustrates how the polarization-visionHansson BS (1995) Olfaction in Lepidoptera.
network of the central complex might be  Experientia51: 1003-1027.

modulated in a context-dependent manner.

Brower LP (1995) Understanding and

Heinze S (2009) Characterization of polarization
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Abstract

Mass migration of desert locusts is a common phenomenon in North Africa and the Middle East but how
these insects navigate is still poorly understood. Laboratory studies suggest that locusts are able to exploit
the sky polarization pattern as a navigational cue. Like other insects, locusts detect polarized light through a
specialized dorsal rim area (DRA) of the eye. Polarization signals are transmitted through the optic lobe to
the anterior optic tubercle (AOTu) and, finally, to the central complex in the brain. Whereas neurons of the
AOTu integrate sky polarization and chromatic cues in a daytime dependent manner, the central complex
holds a topographic representation of azimuthal directions suggesting a role as an internal sky compass. To
understand further the integration of sky compass cues we studied polarization-sensitive (POL) neurons in
the medulla that may be intercalated between DRA photoreceptors and AOTu neurons. Five types of POL-
neuron were characterized and four of these in multiple recordings. All neurons had wide arborizations in
medulla layer 4 and most, additionally, in the dorsal rim area of the medulla and in the accessory medulla,
the presumed circadian clock. The neurons showed type-specific orientational tuning to zenithal polarized
light and azimuth tuning to unpolarized green and UV light spots. In contrast to neurons of the AOTu, we
found no evidence for color opponency and daytime dependent adjustment of sky compass signals.
Therefore, medulla layer 4 is a distinct stage in the integration of sky compass signals that precedes the
time-compensated integration of celestial cues in the AOTu.

Funding: This work was supported by grants from the Deutsche Forschungsgemeinschaft (HO 950/16-2 and HO 950/20-1).

*Email: homberg@biologie.uni-maburg.de

Introduction -ma) @nd are maximally inhibited at an orthogonal
RULHQWDW L,R(RolakizafichRppGnency).
Many insects show impressive navigational skillsIn the locust brain, polarized light signals are
during homing and seasonal migrations [1,2]. The sprocessed in distinct neuropils [9]. Small field
is often the most important directional cue. Itthe transmedulla neurons, previously termed “line
brightest spot in the sky and gives rise to tangential neurons” [9,10], ramify in the dorsainri
characteristic pattern of polarization (Fig. 1A)danarea of the medulla (DRMe) and transfer polarizatio
chromatic contrast across the sky. All of theséuies signals via the lobula to the anterior optic tukeerc
may serve as references to determine azimutf@OTu). Second-order interneurons continue from the
directions [3]. AOTu to the lateral accessory lobe [10,11]. Signals
Desert locustgSchistocerca gregariamigrate in are, finally, processed in the central complex [12]
huge swarms throughout North Africa and the Middighich holds a topographic representation of zehitha
East. Behavioral experiments on tethered flyirgvectors and may, thus, act as an internal sky
locusts suggest that they are able to perceiveltree compass [13]. Output neurons from the central
of sky polarization [4]. Like other insects, desedomplex project again to the lateral accessory lobe
locusts detect polarized light with photoreceptof$2,14] and, finally, polarization information is ride
located in a specialized dorsal rim area (DRA)h& tvia descending neurons to thoracic motor control
compound eye [5,6]. DRA photoreceptors amenters [15].
specifically adapted for high polarization sendiyiv In addition to polarization signals, POL-neurons of
and transmit polarization information to dorsal rithe AOTu respond to other celestial cues such as th
areas of the lamina and medulla in the optic ldbe. color and azimuth of a light spot, which might allo
the brain, polarization-sensitive (POL) interneworthem to distinguish between the solar and antisigr
respond with sinusoidal modulation of firing rat@emispheres [8,16]. Moreover, these neurons show a
during zenithal stimulation with light passing thgh daytime-dependent adjustment iB-vector tuning
a rotating polarizer [7,8]. Most POL-neurons arsuited to compensate for daytime changes in solar
maximally excited at a particul&-vector orientation elevation.
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Whereas the neural mechanisms underlying shyilt audiomonitor and a digital oscilloscope (Hame
compass navigation in the locust central brain hak® 205-3, Frankfurt/Main, Germany). A CED 1401
been studied in detail [8,11-13,16], neural circiits plus interface (Cambridge Electronic Design, UKpwa
the optic lobe that mediate integration of diffdareused to sample the signals at a rate of 5 kHz. The
orientation signals are virtually unexplored. Isampled signals were stored on a computer using the
particular, the origin of polarization-opponenchet software Spike2 (version 6.02; Cambridge Electronic
site of convergence of celestial compass signald, dbesign). To identify the recorded neuron Neurobioti
the site and mechanism of daytime compensation feas injected iontophoretically with constant
changes in solar elevation are unknown. To addre&polarizing current (2-3 nA).
these issues, we analyzed POL-neurons in the naedull
of the locust optic lobe. All POL-neurons ramified iVisual stimulation
the same medulla layer, and most of them hdwo visual stimulus devices were used (Fig. 1B,C).
sidebranches in the accessory medulla. Besiblee first device allowed us to test the neural oesps
polarized light, neurons responded to unpolarizéal polarized blue light and to unpolarized chromati
green or UV light spots that moved around the lbcught spots (Fig. 1B). Linearly polarized light frothe
head. In contrast to neurons of the AOTu, no ewiderzenith was produced by passing the light of a blue
was found for a daytime-dependent compensationldD (Luxeon LED emitter, LXHL-BBO1, 1 W, 470
solar elevation in the responses of the neuromsn, Philips Lumileds Lighting Company, San Jose,
suggesting that time compensation occurs at a st&fe USA) through a rotating polarizer (HNP’'B,
between the medulla and the AOTu of the brain. Polaroid, Cambridge, MA, USA). The angular extent

of the stimulus at the locust eye was ~5.4°. The

Materials and Methods polarizer was rotated in clockwise (0°-360°) and
counter clockwise (360°-0°) directions with an aagu
Animals and preparation velocity of 30°/s. In addition, an unpolarized gree

Experiments were performed on sexually matu(@30 nm) or UV (350 nm) light spot produced by a
desert locustsSchistocerca gregaria)Animals from xenon arc (XBO 150W, LOT-Oriel Group, Darmstadt,
our laboratory colony were reared under crowdékrmany) and passed through a light guide,
conditions at 28°C in a 12 h light/dark cycle. Somiaterference filters, and a circular neutral densit
locusts from this colony were raised in a greenbousedge moved at an elevation of about 45° around the
and had direct view of the sky. Experiments on tleenter of the locust’'s head. Unpolarized light was
greenhouse reared animals were performed betweessented through a quartz light guide (Schott r-ibe
August 26 and September 30. Animals were colbtics, Mainz, Germany). Photon flux for both stimu
anesthetized (at least 30 min), their legs and svingas adjusted to 2.3x}0photons/crfs. The angular
were removed, and their mouthparts were closed wiize of the unpolarized light spot was ~3.8°, mogetm
wax. The locusts were fixed anterior uppermost tovelocity around the head was 30°/s.

metal holder, and a ridge of wax was attached &bnt  With the second stimulation device polarized blue
from the mouthparts to the anterior edge of thight was presented at different elevations ofviselal
compound eyes. After opening the head capsule, fald to analyze the receptive field structure asrthe
trachea and muscles above the brain were remowedIéft-right meridian (Fig. 1C). Polarized blue ligi&50
reduce hemolymph pumping, the abdomen wam, photon flux 8.1x18 photons/crfs) was obtained
opened posteriorly, the intestine was removed,thad from a xenon arc and passed through a light guide
abdomen was constricted with a tightly knottedalre (Schélly Fiberoptic, Denzingen, Germany) and adime
The brain was stabilized further by a wire platformolarizer (HNP’B, Polaroid, Waltham, MA, USA).
inserted between the esophageal connectives. Te light guide and the polarization filter were
facilitate electrode penetration, the neural sheattiached to a perimeter that allowed us to present
above the optic lobe was removed. During animablarized light through the rotating polarizer from
preparation and recording of neural activity theitor different elevations (rotational speed 30°/s, 360°
was immersed in locust saline [17]. A silver wirelockwise and counter clockwise rotations). The
inserted into the hemolymph/saline in the openetlheangular size of the stimulus at the locust eye was

capsule was used as the reference electrode. ~4.7°. Ocular dominance was tested by shielding one
eye from the light source with a handheld piece of
Electrophysiology cardboard during dorsal polarized light stimulation

For intracellular recordings, sharp glass electsod€he terms ipsilateral and contralateral stimulatoe
(resistance: 60- 0 ZHUH GUDZQ |UR EefihedunRh/respecEtD iveposition of the soméhef
capillaries (inner diameter: 0.75 mm; outer diameteecorded neuron in the brain. Afvector orientation
1.5 mm; Hilgenberg, Malsfeld, Germany) with &f 0° was defined as being parallel to the body axi
Flaming/Brown horizontal puller (P-97, Sutterthe animal.

Novata, CA, USA). The tips of the electrodes were

filled with 4% Neurobiotin (Vector Laboratoriesimmunocytochemistry

Burlingame, UK) in 1 M KCI and their shanks, with JAfter injection of Neurobiotin into the recorded
M KCI. Neural signals were amplified (10x) with axeurons, brains were dissected from the head arel we
custom-built amplifier and monitored by a custonfixed in a solution of 4% paraformaldehyde, 0.25%
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Figure 1. Experimental setups (A) Polarization pattern of the blue sky at aas@levation of 40°. Grey bars sh@avector orientation ar
degree of polarization (thicknesses of bars). Térgtlaal direction is shown as a black solid lifee solar meridian is illustrated in orar
The red spot indicates an observed point in theatkgn elevation of 45° and an azimuth of 20°. (Bin8lus device used to analy
polarization sensitivity and azimuthal responsenanochromatic unpolarized stimuli. The animal wasglated with zenithal polariz
light produced by a blue LED (470 nm) that passeataing polarization filter. In addition, an uripnzed green (530 nm) or UV (350 n
light spot provided by light from a xenon lamp waeved in clockwise and counter clockwise directiamsund the head at an elevatiol
about 45°. The stimuli were presented successigehing recordings from the neurons. (B) Experimedt&vice used for measuring -
bilateral extent of the receptive field acrossl#feright meridian. Monochromatic blue light (450n) provided through a light guide an
rotating polarizer was delivered from a perimeket allowed the presentation of polarized lightrrdifferent elevations along the left-ri¢
meridian.

glutaraldehyde, and 2% saturated picric acid inN).1 sections were dehydrated, cleared and embedded in
phosphate buffer (Neurobiotin fixative) overnight @ermount between two coverslips.
4°C. Afterwards, brains were rinsed 1 h with 0.1 M
phosphate buffered saline (PBS, pH 7.4) and wexe tH racer application
incubated for at least 3 days with streptavidinor tracing of neuronal pathways, a piece of ceticl
conjugated to Cy3 (1:1000; Cy3-streptavidinvas removed from the frontal part of the head capsu
Dianova, Hamburg, Germany) in 0.1 M phosphafdr sacs and trachea were removed to expose the
buffered saline containing 0.3% Triton X-100 (PBTRrain. A small piece of the neural sheath above the
The brains were then rinsed two times in 0.1 M PBtRrget area was removed with forceps. Glass
followed by rinses in 0.1 M PBS and were dehydratégicropipettes were drawn from borosilicate glasg an
in an ascending ethanol series (25%-100%, 15 nhirpken to a tip diameter of 10-5@n. The tip of the
each). After treatment in an ethanol/methyl satityl pipette was dipped into petroleum jelly and theto in
(1:1, 15 min) solution, brains were cleared in ngethbiotinylated dextran (3000 MW, lysine fixable,
salicylate for 35 min and, finally, mounted irnvitrogen, Eugene, OR, USA) under visual contml t
Permount (Fisher Scientific, Pittsburgh, PA, USAgonfirm that a few tracer crystals were attachethéo
between two glass coverslips. To prevent comprassjgetroleum jelly. The pipette was attached to alblic
of the brains, ten reinforcement rings (Zweckfornplasticine and was manually inserted into the targe
Oberlaindern, Germany) were used as spacers. area. Residual, superficial tracer was removed by
For detailed anatomical analysis of selected neyro@xtensive rinses with locust saline. The head dapsu
brains were rehydrated and sectioned as describedvais then closed by replacing the previously removed
detail by [18]. Briefly, the embedding medium wapiece of cuticle.
removed by incubation in xylene (2-4 h). Brains ever For tracing of photoreceptor axons from the dorsal
rehydrated in a descending ethanol series and wenearea, the cornea and crystalline cones of dlarsa
embedded in gelatine/albumin overnight at 4°C. Tl matidia were removed and a drop of dextran
brains were then sectioned in frontal plane at 480 conjugated to Alexa fluor 488 (10,000 MW, anionic;
250 pm with a vibrating-blade microtome (Leicdixable; Invitrogen) was applied. The eye was skale
VT1200 S, Leica Microsystems, Wetzlar, Germanyith petroleum jelly. Animals were kept overnigtit a
They were preincubated with 5% normal goat seru#iC in a moist chamber to allow tracer uptake and
(NGS; Jackson ImmunoResearch ,Westgrove, Pdlistribution. The next day, brains were dissecteadod
USA) in 0.1 M PBT overnight at 4°C and were theitie head capsule and were fixed in Neurobiotin
incubated for 6 days with a monoclonal moudixative at 4°C overnight. Subsequently, brains aver
antibody against synapsin | (SYNORFL1, dilution 1:50insed for 1 h with 0.1 M PBS at room temperature
[19]; kindly provided by Dr. E. Buchner, Wirzburgand were treated with 1mg/ml collagenase-dispase (i
and with Cy3-streptavidin (1:1000) in 0.1 M PBT.05 Tris-HCI, pH 7.6) for 1 h. After additionahsing
containing 1% NGS. After incubation with thewith 0.1 M PBT for 2 h (6 20 min) the brains were
secondary antibody, goat anti-mouse conjugated piincubated (4°C, overnight) with 5% NGS in 0.1 M
Cy5 (Cy5-GAM, 1:300; Jackson ImmunoResearcRBT containing 0.02 % sodium azide. Subsequently,
Westgrove, PA, USA) and with Cy3-streptavidithe wholemount preparations were incubated (4-6 day
(1:1000) in 1% NGS and 0.1 M PBT for 4 d at 4°Gyt 4°C) with anti-synapsin | (1:50) and with Cy3-
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streptavidin  (1:1000) in 0.1 M PBT containindJK). Responses of neurons to polarized light were
1%NGS and 0.02 % sodium azide. After extensiamalyzed through the Rayleigh test for axial data
rinsing, the brains were incubated with Cy5-GAMvhereas the neural activities during stimulatiornhwi
(1:300) and Cy3-streptavidin (1:1000) in 0.1 M PBThe moving unpolarized light spots were examined
1% NGS and 0.02 % sodium azide for up to three day@ng the Rayleigh test for circular data. If the
at 4°C. After rinsing, preparations were dehydratedistribution of angles was significantly differeinom
cleared and mounted in Permount. randomQHVYV . WKH FRUUHVSRQGLQJ P
the distribution was defined as the preferkedector
Image  acquisition,  processing and 3D RULHQWR) bR & the preferred azimuthal
reconstruction direction of the neuron. The distribution of the
Brain sections were scanned with a confocal lasgeferred orientations of different recordings freime
scanning microscope (CLSM, Leica TCS SP5) usingsame neuron type was analyzed statistically using
20x (HCX PL APO 20/0.70 Imm UV, working Rao’s spacing test [22]. The clustering of the
distance: 260 pum; Leica) or a 40x (HCX PL APQistribution of the preferred orientations arout t
40 /1.25 Oil UV, working distance: 100pm; Leica) 0ilD Y H U D,J,HoE the neurons was analyzed through
objective. The Cy3 signal was scanned by usingth& length of the mean vector(Oriana). Ther value
DPSS (561 nm) laser and Cy5-fluorescence wathges from O to 1; a value closer to 1 indicaked t
detected with a HeNe (633 nm) laser. All neuronise observations are clustered more closely arthmd
were scanned in several image stacks with a résolutP H D Q.4 than with a lower value. To determine
of 1024 x 1024 (voxel size: 0.1-0.5 x 0.1-0.5 xD.5 whether the mean angles of two samples differed
pm). significantly from each other, we used the Watson-
The AOTu-injected wholemount preparations wewyilliams F-test for circular data. Mean background
scanned at 1024 x 1024 pixel resolution with a 1@xtivities of the neurons were measured by spike
(HC PL APO 10x%/0.40 Imm CS, working distancecounts during time periods of the recordings withou
360, Leica) oil objective and with a voxel sizelok 1 stimulation and current injection. The mean frequyen
x 3 um. In addition to Cy3- and Cy5-fluorescence, thiuring stimulation was visualized using a moving
Alexa-488 signal was detected with an Ar (488nnayerage algorithm (bin size: 1s).
laser. As a result of the thickness of the wholemou To quantify and compare the neural response
preparations the brains were scanned from antandr strength at different elevations across the Igjtri
posterior. meridian or during stimulation of only one eye, the
The obtained image stacks were processed omegponse amplitude value R was calculated [23]. To
personal computer using Amira 4.1.2 or 5.2.1 sakwahat end the stimulation period was divided into 18
(Visage Imaging, Furth, Germany). The procedure foins (each 20° wide), and for each bin the diffeeen
aligning corresponding image stacks and the thrieetween the specific spike frequency and the mean
dimensional (3D) reconstructions of brain areasadrequency during the whole stimulation period was
on anti-synapsin staining were described in detail calculated. The sum from all bins was defined as th
[20]. 3D reconstructions of the neurons wenesponse value .RThe widths of the receptive fields
performed using the Amira add-on td®keletonTree were defined by the half-maximal response amplitude
generated by [21]. For the reconstruction of a oeur compared to the background activity. Circular plots
corresponding image stacks were not merged but witte mean activity of the neurons, receptive fiditg
oriented with respect to each other. The neuron wasd ocular dominance diagrams were created in 1©rigi
reconstructed by opening the image stacksO (Microcal, Northhampton, CA).
consecutively and labeling the particular part loé t
neuron. Volume rendering visualization of the AOT
injected brains were displayed in Amira 4.1.2.
reduce background staining and to visualize ongy t
region of interest in the central brain, the imatpck
was masked using the module ‘Arithmetic’.

odel calculations

eceptive fields were modeled by creating a circula
aster of sample points with a diameter of 110° for
MeMel neurons and 90° for TML1 neurons. This
corresponds to the lateral extent of their visigld$
_ with at least 50% response strength. Calculatiothef
Data analysis o _ raster was carried out in two steps, similar to the
Spike trains were evaluated by a script in Spik&gethod described by [24]. In the first step, weatzd
written by one of the authors (KP). To study tharaé 5 senith-centered ~ raster. Sample points were
response to polarized and unpolarized light, evegfgiributed on circles of equal latitude with the
during the 360° rotations were detected througfifference in latitude between two circles being 2°

threshold-based event detection and were assignegfe circumference of each circle was given by
the particularE-vector orientation during rotation of

the polarizer or to the corresponding angle during_
circling of the unpolarized light spot. These asgle” —
were then analyzed statistically for significant
difference from randomness using Oriana 2.@¢hereb = latitude of the respective circle. The number
software (Kovach Computing Services, Anglesegf points on each circle was calculated as

2p cosb )
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medulla and arborized additionally in the DRMe (Fig

c*18C 2A-D) and in the accessory medulla (AMe, Fig. 2B) a
n=— (2) small neuropil at the anterior-median edge of the
2°*p medulla that in cockroaches and flies serves as the

i ) _ master circadian clock in the brain [30-32]. Its som
The distanced between two points on each circle Qfas |ocated anteromedially from the medulla, and its

latitude was primary neurite entered the medulla at its median
proximal edge (Fig. 2C,D). After entering the mealul
d=2p/n. (3) the primary neurite split into two main neuritesned

collateral (arrow in Fig. 2D) projected dorsally,

In the second step, this zenith-centered raster wasified in the DRMe and gave off several large
moved to the appropriate location in space by veckidebranches that arborized throughout a singlerlay
transformation. of the medulla (white processes in Fig. 2C). The

For each sample point we then calculated Bre second collateral (double arrow in Fig. 2D) projelcte
vector and the degree of polarization accordinthé ventrally within the same medulla layer and arbatjze
single scattering Rayleigh model [25] as describgd in addition, extensively in the AMe. Sidebranches
[16] and [26]. While the natural polarization pati®f originating from the ventral collateral extendedigly
the sky follows the Rayleigh model rather well ithrough the entire medulla layer (red arborizations
terms of E-vector orientation [27], the degree oFig. 2C), similar to the ramifications from the dak
polarization(d) is usually much lower and even undegollateral. Owing to the complex and uniform
optimal conditions does not exceed 0.75 [28]. Wganching pattern, identification of possible inpuid
therefore multiplied thed value by 0.75. The output regions of TIM1 was difficult. Sensitivity t
longitudinal axis of the animal was defined as Beirzenithal polarized light (see below) suggested theat
parallel to the 0°-180° meridian. Calculations welgeuron received input via its dorsal collateral.eTh
done for a solar azimuth set to the preferred toec dense arborizations in the AMe were the least vasc
RI JUHHQ (oreeK)Vef the respective neuronparts of the neuron (Fig. 2B) and might be a second
Solar elevation was varied between 0° and 90°@psstinput region. Arborizations of the ventral collater
of 1°. For each step, the averdgeector orientation were varicose, and therefore, possibly output region
within the visual field was calculated from the TIM1 neurons responded with polarization
individual E-vectors at each raster point, weighted lypponency to polarized light from dorsal directiba,
the respective degree of polarization. This they were maximally activated at a particuiavector
equivalent to calculating the second order meamean@® U L H Q W, R)VEndRv@re maximally inhibited at an
as described by [22]. The mean degree of polao@atorthogonalE- Y H F W,R)WFig- 2H). The neurons had
was calculated as the arithmetic mean of the iddai a mean background spiking activity of 14.2 + 7.B)S
degrees of polarization at each point within theusl LPSXOVHV V DQG DQ DYHUDJH PD[LPXP
field. MeanE-vector and mean degree of polarizatiosf 32.3 + 15.5 (SD) impulses/s during stimulatiaithw

were plotted against the elevation of the sun. dorsally presented polarized light. The distribatiof
-max orientations of the 9 recorded neurons was

Results significantly different from randomness (Rao’s
spacing test, p < 0.01) and ranged from 80° to 140°

Polarization-sensitive neurons in the optic lobe ZLWK DQ DyHdWD3YH 18° (SD) (Fig. 2J).

To analyze the processing of polarized light sigral Stationary polarized light at @fvector-orientation of
the optic lobe, neurons of the medulla were studied L H Q)Hed th phasic on-inhibition.

through intracellular recordings combined with dye A second tangential intrinsic medulla neuron,
injections. For detailed anatomical analysis akrmed TIM2 was studied in one experiment only. In
recorded neurons were imaged and were reconstrugiegtrast to TIM1, the branches of TIM2 were
in three dimensions. In addition to transmeduligoncentrated in the DRMe, dorsal regions of the
neurons that send polarization vision informatimnf medulla, and in a ventral area of the medulla (B,
the optic lobe into the central brain [10], we itit®d Movie S2). The cell body of TIM2 was located
three major classes of polarization-sensitive (PO&hteriorly in the optic lobe, dorsomedially from the

neurons in 57 recordings. AMe. Its primary neurite entered the medulla and
bifurcated into two main neurites. One neurite
Tangential intrinsic medulla neurons projected extensively into dorsal parts of the niiagu

The first class of POL-neurons, termed tangentiahd a few branches entered the DRMe. The second
intrinsic medulla neurons (TIM), had ramificatioms i main neurite ramified in the ventralmost regiortloé

the medulla and in the dorsal rim area of the maduthedulla. No arborizations were observed in the AMe.
(DRMe, Fig. 2, Movie S1). The tangential intrinsién contrast to the TIM1 neuron, the polarity of the
medulla neuron 1 (TIM1) was studied in 91IM2 neuron was well defined. Arborizations in the
experiments and was already introduced by [29]. THersal region of the medulla and in the DRMe were
morphologies of the 9 neurons were indistinguiskatiine (Fig. 2F), suggesting input synapses whereas
suggesting that all recordings were from the sareedings in the ventral region of the medulla were
neuron. It ramified through an entire layer of thikighly varicose (Fig. 2G).
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Figure 2. Morphology and physiology of tangentiaintrinsic medulla neurons (TIM1, TIM2). (A) Ramifications of a TIM1 neuron ir
the dorsal rim area of the medulla, maximum intyngew of confocal images. (B) Maximum intensitsojection of the arborizations of
different TIM1 neuron in the accessory medulla. @@@ximum intensity visualization of a TIM1 neurosa(ne neuron as shown in /
illustrates varicose and, thus, potential outpgiaes (labeled in red) that originate from a velir@rojecting neurite. (D) Three:
dimensional reconstruction of a TIM1 neuron withive medulla (Me, transparent), anterolateral vidfter entering the medulla, th
primary neurite splits into two main fibers. Ondlairal (arrow) projects dorsally, the other odeuble arrow) projects to the accessc
medulla (AMe) and the ventral medulla. DRMe, donsal area of the medulla; AMe, accessory meduls. Ramifications of a TIM2
neuron in the medulla (Me) reconstructed in thrieeedisions. Neuropils are shown in transparent greierolateral view. (F) Arborization
of the TIM2 neuron in dorsal regions of the medalfal in the DRMe, maximum intensity projection ofifocal image stack. (G) Maximur
intensity projection of ramifications of TIM2 inehventral medulla. The arborizations were morecese. (H) Firing rate of TIM1 neuror
shown in A and G, during stimulation with polarizeldie light. The polarizer was rotated 360° in &leise direction. Upper trace: mea
spike frequency during stimulation (moving averafspike rate in window size 1s); lower trace: spikain; right plot: circular diagram o
mean spiking frequency plotted agaiBstector orientation (bin size: 10°;, n=6HUURU EDUV VW RS 90 Bayle(ght¥st, P ¥
2.45 x 10). Red circle indicates background activity of tieuron. (I) Mean spiking frequency (upper traceyimg average of spike rate i
1s time windows) and spike train (lower trace)twd TIM2 neuron shown in D stimulated with polarizigght. The polarizer rotated 360° il
counter clockwise direction. Right panel: mean spictivity and background activity (red circle) thie TIM2 neuron from ten 360
rotations of the polarization filter (bin width: 4Grror ED UV & 42, Rayleigh test, p = 0.003). (J) Distributiontbé mean preferrec
RULHQWDWLRQV RI 7,0 QHXURGEWH QO GHXKUKW EQ@ XHG D QB KER.Elueskver@ caduldted frof
equal numbers of clockwise and counter clockwisatians of the polarizer. All TIM1 neurons were Bzad in the medulla of the left brai
KHPLVSKHUH 7KH GLWRWUHBXWDMRR @YV RI WKH UHFRUGH® W ®\ ®IHXHROYWZ DVRF
angle: 113° + 18° (SD), Rao’s spacing test, p <4,0léngth of mean vectar= 0.819). Scale bars: (A,B,E) 50um; (G) 100um; ((EP
200pm.

The neuron had a background spike rate of Gr&ximum of 22. LP S X OV H). MKkeDinwTIM1
impulses/s, and the spike frequency increased tmeurons, spiking activity in TIM2 was sinusoidally
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Figure 3. Anatomy and response properties of the tmential medulla-lamina neuron type 1 (TML1). (A) Three-dimensional
reconstruction of the TML1 neuron and innerved tiaieas (grey, transparent), anterolateral viewpAdtcessory medulla; DRMe, dorsal
rim area of the medulla; DRLa, dorsal rim area loé tamina; La, lamina; Me, medulla. (B) Maximumeinsity projection of the
arborizations of the TML1 neuron in the DRMe. (Carfification of the neuron in the AMe, maximum irgiép projection of an image
stack. (D) Three-dimensional reconstruction of L1 neuron shown in A-C; left side: anteromediaaw; right side: posteromedian
view. Ramifications labeled in blue have smoottefiberminals. The reconstructed red part of therorehas a varicose appearance ani
may, therefore, be the output region of the neuRsasumed output sites are in medulla layer 1 evdnitowhead) and in the same layer a
the presumed inputs (white arrow). (E) Spike tf@mer trace) and mean spiking frequency (uppaefaf the TML1 neuron shown in A-
D during stimulation with a rotating polarizer (mig average, bin size: 1s). Right panel: Circulagthm of the mean frequency plotted
against the stimulus orientation (bin size 1@, HUURU ERY8A°, Rayleigh test, p = 3.11 x 90 The background activity of
WKH QHXURQ LV LQGLFDWHG SB) HWHlbtitiatioRd ¢f the tecorded TMLDR Qeurons (n=8)e Values are means
from equal numbers of clockwise and counter closkwiotations of the polarizer. All neurons wereorded in the left medulla. The
GLVWULEXWDRIORV-GLIITHUV VLJQLILFDQ WaahgldJ R7P =3 6°QSDR R&pH SpHcing tédd, @ <1 Oléngth of
mean vector = 0.982). Scale bars: (A,D) 200um; (B,C) 50um.

modulated during stimulation with a rotatiegvector, narrow layer of the medulla and dense ramifications
but did not show polarization opponency, i.e. Bo the DRMe (Fig. 3B). The main neurite made a loop
vector orientation inhibited the TIM2 neuron (F&). and projected back toward the AMe (Fig. 3C) and the
7 K Hmax @angle of the recorded neuron was 4° (Figentral face of the medulla (Fig. 3D, red part loé t

2J). neuron). Several sidebranches from this looping
neurite again entered the narrow medulla layer (Fig
Tangential medulla-lamina neurons 3D, white arrow). Other processes gave rise to lzkade

Eight recordings were obtained from a tangentidrminals in the AMe. Another set of side branches
medulla neuron with projections to the lamina, tetdm from the looping fiber entered the most anterigefa
TML1. The strikingly similar morphology andof the medulla with varicose terminals (layer 1g.Fi
physiology strongly suggest that all recordings eveBD, white arrowhead). Many of these fibers contthue
from the same neuron. TML1 had wide arborizatiotisrough the first optic chiasm to the lamina. They
in the medulla, the DRMe, the AMe, and the lamirentered the lamina posteriorly and gave rise to
(Fig. 3A, Movie S3). The giant soma of TML1 wagxtensive varicose arborizations through the inostm
located anteromedially from the medulla. The primatstyer of the lamina, but did not invade the dorsal
neurite entered the medulla at the level of the AMegea of the lamina (DRLa) (Movie S3). The distinctly
and projected toward dorsal regions of the medultdfferent arborizations in different parts of thetic
Several fibers branched off from the main neuritd alobe suggest that TML1 neurons receive synaptictinpu
gave rise to an extensive meshwork throughoutimathe medulla and DRMe (Fig. 3D, blue part of the
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Figure 4. Morphology and physiology of intermedulh neurons (MeMel, MeMe2)(A) Maximum intensity view of the arborizations of
a MeMel neuron in the ipsilateral medulla. (B) Eadémensional visualization of the MeMel neuronetbgr with the medulla (Me),
accessory medulla (AMe), and dorsal rim area ofntieelulla (DRMe) (grey, transparent). Anterior vig®) Ramification of the MeMel
neuron in the contralateral medulla. (D) A few &ideches of the MeMel neuron arborize in the ctaigel AMe. (E) Maximum
intensity visualization of a MeMe2 neuron in theilateral medulla. (F) Anterior view of a three-@insionally reconstructed MeMe2
neuron. Neuropils of the optic lobes and brain siiagthe central brain (CB: central body; PB: peetebral bridge; POTu: posterior optic
tubercle) are shown in transparent grey. The nedidmot enter the CB, PB or the POTu. (G) Varic@ssifications of the MeMe2 neuron
in the posterior protocerebrum. (H) Axial sliceaatlepth of about 185 um shows arborizations ofMiedle2 neuron in the contralateral
medulla. (I) Physiology of the MeMel neuron, shawrA-D, during stimulation with polarized blue lighrotated in clockwise direction.
The neuron showed sinusoidal modulation of spikeviag (lower trace) during stimulation with a reitag polarizer. Upper trace: Mean
spike frequency (moving average, bin width: 1sgHRipanel: mean spike activity of the MeMel neuptoited in a circular diagram (bin
VL]H f Q HUURU EDUV RBXQdH G )L FMRa@dyR kedtUp < 16). (J) Response of MeMe2 neuron,
shown in E and G to polarized light. Lower laneikeptrain of the neuron. Upper lane: mean spikgudency during stimulation (moving
average of spike rate in 1s time windows). Thetriglinel shows a circular plot of the mean spikguemcy plotted again&-vector
orLHQWDWLRQ ELQ VL]H fmatP09°, RaWdigR tdstEDAD\037H 'Red circle repnés background activity of the neuron.

'LV W UL E xMotigd@tidRs from 37 MeMel neurons and one MeMa2Zon. Values are plotted for neurons with cellibsdn the
left brain hemisphere (n = 24, blue). Values frofnMeMel neurons with cell bodies in the right bragmisphere were mirrored against
WKH ORQJLWXGLQDO D[LV RKMWKRUIDHQW.R @ alIRIQeMeIVneEronX Hifferetl significantly from umiform
GLVWULE X W R%Y° H2B°0SD);- Rao’s spacing test, p < 0.0agth of mean vectar=0.784). The recorded MeMe2 neuron had a
preferrede-vector angle of 99° (dark blue). Scale bars: (AlBQum; (B,C,E,F,G) 200um; (D) 50um.
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3D-reconstructed neuron). Possible outputs mayée arborizations of the neuron were restricted to the
AMe, layer 1 of the medulla, and the lamina (FiD, 3 dorsalmost region of the medulla and parts of the
red regions of the neuron). DRMe. An axonal fiber left the optic lobe postelyor
TML1 neurons had a mean background activity ahd projected into the posterior central brairgdve
7.4 = 6.2 (SD) impulses/s. Zenithal stimulationhwitrise to varicose side branches in the median
polarized light led to strong tonic excitation, whi protocerebrum posteriorly from the central complex
was modulated sinusoidally during rotation of th@ig. 4F,G). Some processes entered the laterdhpce
polarizer (Fig. 3E). The neurons were maximalliyacts. The main neurite continued to the conteaddt
activated up to peak frequencies of 26.2 = 12oftic lobe, entered the optic lobe anteriorly, pdsthe
impulses/s. The preferred&-vector orientation of lobula and ran ventrally toward the medulla. Itezet
TML1 neurons was significantly different from ahe medulla, projected to the ventralmost parthef t
uniform distribution (Rao’s spacing test, p < 0.0ljnedulla and arborized in a single medulla layeg.(Fi
- max Orientations were tightly clustered between 7@H).
and 90° with a mean of 77° £ 5.5° (SD) (Fig. 3F). The background spiking rate of the MeMe2 neurons
ranged from 10.5 to 25.5 impulses/s. Both neurons
Intermedulla neurons responded with strong tonic excitation to stimalati
Intermedulla  neurons, termed medulla-meduligith polarized light E-vector at 0°) from the zenith.
neurons (MeMe) were recorded in 39 experimer$nusoidal modulation of spiking activity during
(Fig. 4). MeMe neurons connected the medullae @f trotation of the polarizer was significant in onlgeoof
right and left hemispheres of the brain. The medulthe two recordings and showed maximum activity of
medulla neuron 1 (MeMel) was studied in 37 LPSXOVHEMOY, Bigvad.K).
experiments. All stained neurons had indistinguiéha
morphology and similar physiological propertiesiagaPOL-neurons share innervation of medulla layer
suggesting that all recordings were from the same
neuron in different animals. MeMel neurons had thdio reveal possible sites of synaptic contact betwee
soma anteromedially from the medulla in the vicinitthe medulla POL-neurons, we compared the medulla
of the AMe. Their primary neurite projectedayers that were innervated by the different cgles.
posteriorly from the AMe into the ipsilateral meldul Furthermore, we wanted to find out how POL-neurons
(Fig.- 4A,B, Movie S4) and bifurcated into two mainvithout synaptic input in the DRMe, like the MeMel
neurites. One fiber projected into the ipsilaterakurons, receive polarized light information.
medulla and gave rise to smooth arborizations in aroward this goal, we rehydrated and sectioned the
single layer of the medulla (Fig. 4A). Thedrain preparations with the dye-injected neurond an
ramifications did not extend completely throughouabeled the brain sections, in addition, with antiles
the medulla layer but were restricted to asgainst the presynaptic vesicle protein synapsits T
anteromedian region of the layer. The second maillowed us to identify individual layers of the nudld
neurite left the medulla and ran toward the posteriand to define the medulla layers innervated by the
surface of the optic lobe. It entered the postesjgic different POL-neurons (Fig. 5). An anatomical
tract and commissure to the contralateral optielodandmark of the medulla that simplified the defunit
There, the fiber turned anteriorly again, enteree tof layers was a large dark spot that resulted feom
medulla and gave rise to a varicose meshwork fidfer bundle running horizontally along the equator
processes in a single medulla layer (Fig. 4C). Somteough the medulla (Fig. 5, asterisks). This fiber
varicose sidebranches entered the contralateral AMendle was located medially from layer 4 of the
(Fig. 4D). medulla (as defined by [33]) and facilitated distion
MeMel neurons had a mean background spikin§layers 4 and 5. Another relevant feature wakim t
rate of 14.1 £ 9.2 (SD) impulses/s in darkness asalient dark sheet that separated layers 3 and 4
showed no or only weak polarization opponency (Fiarrowheads in Fig. 5).
41). Presentation of polarized light at dakvector TIM1 and TIM2 neurons (Fig. 5A,B) and MeMel
orientation of 0° from dorsal direction led to phasiceurons (Fig. 5D) passed the medulla exclusively
on-inhibition that was followed by weak tonidhrough layer 4. TML1 and MeMe2 neurons mainly
excitation. During rotation of the polarizer thaunens extended via layer 3 but in both cell types numerous
ZHUH PD[LPDOO\ nIQXFthb ¥ AR spikBslebranches projected into medulla layer 4 (Fig 5
IUHTXHQF\ RI 6' LRSXENVHV V 7KH -
values of the MeMel neurons were significantly In additon to the neurons characterized
different from a random distribution (Rao’s spacinghysiologically, we studied the morphology of
test, p < 0.01) and had a me&ivector of 159° + 20° transmedulla neurons that link the DRMe to the
(SD) (Fig. 4K). anterior optic tubercle (AOTu) [10]. Owing to the
The second type of intermedulla neuron, callenall neurites of these neurons, recordings from
medulla-medulla neuron 2 (MeMe2) was encountergdnsmedulla neurons were not obtained. Injectafns
in two experiments (Fig. 4E-H, Movie S5). The somaiotinylated dextran into the lower unit of the AOT
of MeMe2 was located anteriorly close to the AMdabeled the polarization vision pathway from the
The primary neurite entered the medulla, ran dgrsaDRMe to the lateral accessory lobe (Fig. 6A). The
and ramified in a single layer (Fig. 4E). Theomata of the transmedulla neurons were clustered
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Figure 5. All polarization-sensitive neurons arborze in the same layer of the medullaA) Ramifications of the TIM1 neuron (of Fig.
2C) in the medulla. Frontal slices through the nladat a depth of about 304um. (B) Anterior viewtbé arborizations of the TIM2 neurol
at a depth of about 472.5um. (C) Axial slice througe medulla and the TML1 neuron at a depth ofiaB68um. (D) Ramifications of the
MeMel neuron in the ipsilateral medulla at a degftlabout 200um from the anterior surface. (E) Fabntew of the arborizations of the
recorded MeMe2 neuron in the ipsilateral medulla dvel of about 245um. Asterisks show a horiziytarojecting fiber bundle that
traversed the medulla medially from layer 4 andegras an anatomical landmark for the definitiotagers. White arrowheads point to
narrow dark sheet that separated layers 3 andl4eédrded POL-neurons arborized in medulla layersddefined by [33]. Scale bars
200pum.

near the anterior surface of the optic lobe digtitim was raised indoors under artificial illumination,
the medulla. The neurons arborized densely in tiwbereas the second group was raised in a greenhouse
DRMe, projected through a distinct layer of theith open view to the sky.
medulla and ran via the anterior optic tract to the33 of a total of 36 analyzed neurons (91%) (5
anterior lobula and into the AOTu. As in TIM1, TIMZTML1; 4 TIM1; 1 TIM2; 26 MeMel) responded with
and MeMe1l neurons, the ramifications of transmedult significant azimuth-dependent modulation of spike
neurons within the medulla were restricted to lagerrate (p > 0.05). 12 of these neurons were recorded i
(Fig. 6B). Taken together, our data suggest tretimals, reared with direct view of the blue sky (4
polarized light information is integrated in theabr TML1; 1 TIM1, 7 MeMel). During stimulation with a
via medulla layer 4. green or UV light spot, all 12 neurons showed an
increase in spike rate, when the stimulus was

Azimuth-dependent responses to unpolarized presented ipsilaterally, whereas in the contraddter
light field of view no response or an inhibition of fign
In the daylight sky, the ratio between light of donactivity was observed (Fig. 7). Two of the four
wavelengths (460-700 nm) and light of shodnalyzed TML1 neurons responded to both green and
wavelengths (300-460 nm) is higher in the sol&tV light in an azimuth dependent way, whereas two
hemisphere than in the antisolar hemisphere [3d}her neurons only responded to the green light. spo
POL-neurons of the AOTu respond, in addition tStimulation of the TML1 neurons with a circling gre
polarized light, to unpolarized green and ultragiollight spot led to activation when presented ipeiially
light. Their responses to those stimuli suggedttthey and to inhibition when presented contralaterallyjto
could aid in distinguishing the solar and antisoléwad no effect on the contralateral side (Fig. 7A,C)
hemispheres of the sky based on the respectivermontWhen stimulating TML1 neurons with UV light, the
of wavelengths [16]. Owing to the wide ramificattonneurons showed a similar but weaker response (Fig.
in the medulla of the POL-neurons studied here,7B,C). The TIM1 neuron was tonically activated
seemed likely that they, likewise, receive inforimat during the whole stimulus period, but excitatiorthie
about the spectral gradient of the sky. ipsilateral visual field was substantially strondEig

To explore this, we stimulated the POL-neurons @D). The response to the UV light spot was weaker,
the medulla with an unpolarized green (530nm) abdt again with a higher firing rate when the stiowul
UV (350nm) light spot that moved around the loctistivas in the ipsilateral visual field. Like the TIM1
head on a circular path at an elevation of 45°sflidy neuron, MeMel neurons were activated by green light
whether the tuning to chromatic properties of tke sfrom all azimuthal directions but most stronglytive
is hard-wired or requires learning, we performeesth ipsilateral field of view (Fig. 7E). Stimulation thi
experiments on two groups of animals. The firsugroUV light led to strong inhibition in four MeMel
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“igure 6. Transmedulla neurons connected to the aetior optic tubercle in the locust brain. (A) Volume rendering visualization o
Jextran injected into the lower unit of the antenptic tubercle (IAOTu) revealed the polarizatiosion pathway from the dorsal rim area
‘he medulla (DRMe) via the anterior lobula of thbula complex (Lox) and the AOTu to the lateradnigle (LT) and the median olive (MC
Jf the lateral accessory lobe. In addition, phateptors of the dorsal rim area were stained thraofgittion with dextran conjugated t
Alexa488 (blue). Cell bodies of the transmedullarnas are clustered anteromedially and distallyjnftbe medulla. Whether the addition
somata and associated fiber bundle dorso-medialip the medulla had ramifications in the DRMe orevstained by leakage of dye in
adjacent dorsal areas of the medulla, could notddiermined. The innerved brain areas are showmairsparent grey. AMe, accesso
nedulla; uAOTu, upper unit of the anterior optibéucle. (B) Axial view of the ramifications of theansmedulla neurons at a depth
390um. Asterisk points to landmark fiber bundleotigh the medulla; white arrowhead points to dageslseparating layers 3 and 4. T
ransmedulla neurons arborize in medulla layeiké,the recorded POL-neurons. Scale bars: 200um.

neurons when the stimulus was in the contralateredurons to unpolarized light spots was, unlike tifat
field of view (Fig 7E). POL-neurons of the AOTu [16], independent of the
The distribution of the azimuthal tunings to thevavelength tested. Interestingly, when analyzing th
unpolarized green light spot of all recorded medulpreferred azimuthal direction to unpolarized green
neurons from animals raised in the greenhoulgght in laboratory-reared animals, the distributiwas
differed significantly from randomness (Fig. 8Aftle not significantly different from randomness (Fig)8B
panel; Rao’s spacing test, p < 0.01) and had a m@dwerefore the azimuthal tuning differed between
preferred azimuth of 97° + 41.3° (SD). The preférr@nimals raised with direct view to the blue sky and
azimuthal tunings to the UV light spot of theskboratory-reared animals. In contrast, when
neurons also differed significantly from a randomomparing thée-vector tuning of the medulla neurons
distribution (Fig 8A, right panel; Rao’s spacingtiegp between these animals we found no difference
< 0.01) with a mean preferred direction at 103°5® 4between the preferre-vector orientations (Watson-
(SD). Thus, the azimuthal tuning of medulla POLWWilliams F-test, for MeMel: = 0.001; p = 0.972;
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Figure 7. Azimuth-dependent responses of medulla RGneurons to unpolarized light. All data are from animals raised in
greenhouse. (A,B) Responses of a TML1 neuron teangand an UV light spot that moved at an elematiod5° around the head. Upg
traces: Mean spike frequency visualized with a mg\average bin size of 1s. Lower trace: Spike @) Response of the TML1 neurc
to clockwise movement of a green light spot. (B) iRese of the same neuron to clockwise movementW¥ dight spot. (C-E) Circulal
diagrams of mean firing rates of medulla POL-nearplotted against stimulus position. Upper circydints show responses to a circli
green light spot, lower plots, to a circling UVHigspot. Bin size of all plots is 10°; error baSB; red circles indicate background activ
of the neurons. (CEHVSRQVHV RI D 70/ QHXURQ W Rp@redt H £2@°, § k I8)\WndviS & WV light spot (n=¢
-malUV = 136°, p<109). (D) 56HVSRQVHV RI D 7,0 QHXURQ W Rn.Qre2ty+e7Qpe 1)k tov S BMightEpo

Q malUV =91° p < 10?. (E) Responses of a MeMel neuron to a green $ight (n=4) revealed a mean azimuthal directiogréen
of 97° (p < 10 and during presentation of a UV light spot (na4hean azimuthal direction to UV of 101° (p <30

for TML1: F g = 0.442; p = 0.531). Because botlE-vector orientation has to be continuously
groups of animals originated from the same laboyataompensated during the course of day [16,35].
colony, it is likely that visual experience of thky =~ To examine these relations we shifted Exgector
had an effect on the azimuthal tuning of medulla PO&timulus along the left-right meridian to determthe
neurons in the greenhouse-reared locusts. center and bilateral extension of the receptivédgie
for polarized light in the recorded medulla neurdns
addition, we tested, whether the neurons received
Receptive field structure and ocular dominance monocular or binocular polarized-light input. To
For an appreciation of the relation between potarizdefine the strength of modulation to polarized tigh
light information and azimuthal information, it isdifferent positions in the visual field and betwepsi-
important to know the receptive field of the neurorend contralateral eye stimulation from dorsal dioeg
for polarized light. For neurons with a receptiv®ld we calculated the response amplitude value R. For a
centered to a point along the solar meridian, tigdea comparison of different recordings, R values were
between theirE-vector tuning and their azimuthalhormalized to the largest response value or, ie cds
tuning to an unpolarized light stimulus - if inteefed ocular dominance, to the response to dorsal
as sun - should be 90°. For all other points of the sktimulation of both eyes.
the absolute angular difference between those twdhe receptive field for polarized light of TIM1
directions is smaller than 90°. Moreover, owing teeurons was investigated in five animals. It was
diurnal changes of solar elevation, the angulaentered at an elevation of 60° contralaterally bad
difference between the solar azimuth and the dalesa width of about 85° along the left-right merididig.
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Polarization-sensitive medulla layer

Figure 8. Directional sensitivity to unpolarized lght spots in laboratory- and greenhouse-raised aniais. (A) Left panel: Distribution
R | mwgreen values of medulla neurons tested in greeh@ssed animals. Preferred directions are pldtiecieurons with cell body in
the left brain hemisphere (bright green). Valuesnfmeurons with somata in the right brain hemisplveere mirrored (dark green). The
G LV WU L ExlvdeRv@luRd differed significantly from randomngssl2; Rao’s spacing test, p < 0.01, length ofmeectorr = 0.771;
PHDQ SUHIHUUHG GLUHFWLRDQHO 'L WW QU XaNER®MRe same neurons as in the left pafaues
are plotted for cells with somata in the left braemisphere (light violet), values from neuronshwébmata in the right optic lobe wer¢
mirrored (dark violet). The distribution differe@gificantly from randomness (n=9; Rao’s spacirg,tp < 0.01, length of mean vector
0.735; mean preferred direction: 103° + 45° (SIB). 'L VW U L E X \WdréeQ vaies-of medulla POL-neurons analyzed iorébry-
raised animals. Values are plotted for neurons satiata in the left brain hemisphere (light gre®ajues from neurons with somata in th
right brain hemisphere were mirrored against thes@eentral axis of the animal (dark green). Thefgsred azimuthal directions of the
neurons are distributed randomly (n=21; Rao’s sgatast, p > 0.05, length of mean veater0.348).

9A). In contrast to TIM1 neurons, the receptivddfie of neurons recorded from animals raised in the
of TML1 neurons was centered to the ipsilateraé sigreenhouse 0 pa Fig. 10A-C). In these animals,
at an elevation between 30° and 60° (Fig. 9B). Thie-,ox vValues ranged from about 48° in the TIM1
width of the receptive field of the TML1 neuronssvaneuron to about 140° in TML1 neurons. The
about 90°. The receptive field along the left-righG L VW U L E X W v&u@s RIM&Mel neurons and
meridian of MeMel neurons was studied in teRML1 neurons was significantly different from
experiments. They had a large receptive field afuab randomness (Fig. 10D, Rao’s spacing test, p < 0.01).
110° along the left-right meridian which was, likat 7 KH . values of MeMel neurons were clustered
of TIM1 neurons, centered at an elevation of 6®¥tween 70° and 120° whereas the,,y distribution
contralaterally (Fig. 9C). In all three cell typds; of TML1 neurons ranged from 100 to 140°.
YHFWRU WX@d qod differ systematically atFurtherPRUH WK kaluis differed significantly
different positions along the left-right meridianof between the TML1 neurons and the MeMel neurons
shown). (Fig. 10E, Watson-Williams F-test,; b= 6.095; p =
The ocular dominance of three TIM1, one TMLD0.036). Whereas the TML1 neurons had a méapax
and three MeMe1l neurons was analyzed by monocutatue of 122.6° £ 12.5° (SD) (Fig. 10B,E), the mean
stimulation of the ipsi- and contralateral eye (BB). 0 -nain MeMel neurons was 96.6°+ 18.7° (SD) (Fig.
TIM1 and MeMel neurons showed a substantidOC,E). To examine, whethei -, changed during
difference in the response strength betweaWKH GD\ ZH S QRWWHxGaikgtkhe time
stimulation of the ipsilateral and contralateral €y of day when the recordings were performed (Fig.)10F
9D). In addition, the response to stimulation ofhbolf the neurons compensated the changifgector-
eyes did not differ from the response to stimulatid orientation during the day in a way similar to reng
only the ipsilateral eye. Ocular dominance of thef the AOTu (4 Values should be low at noon and
TML1 neuron was investigated in one animatise towards the evening [16]. Surprisingly, the
Whereas stimulation of the ipsilateral eye resuited medulla neurons did not show daytime-dependent
strong sinusoidal modulation, no spiking activitff KD QJHYV L Qax\(Fi§.HUOE). The values were
occurred during stimulation of the contralaterak ewimilar at noon and in the evening although the
with zenithal polarized light. neurons were recorded during the same time of year a
those of the AOTu. Furthermore, the response dtineng
No evidence for solar elevation compensation in (R values) of the neurons did not differ signifitgn
the medulla over the course of the day (not shown). The
Because the receptive fields of the medulla neuf@ns experiments suggest that circadian signals that are
polarized light are not centered to the zenith,ahgle essential to compensate celestial compass cues for
between the solar azimuth and the neurons’ preferdaytime changes in solar elevation are integratéal i
E-vector orientation (- becomes increasinglythe polarization vision system at a processing stage
different from 90° with increasing solar elevatiorbetween TML1/MeMel neurons and neurons of the
Assuming that the green light spot is interpretedhe AOTu.
sun, we, therefore calculated the angular relatiod To estimate changes in spiking activity with
its daytime dependence betweErvector tuning to changing solar elevation, we calculated the mEan
polarized blue light and azimuthal tuning to gréght vector and the mean degree of polarization withi t
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Figure 9. Receptive field size and position alonghé left-right meridian and ocular
dominance of medulla POL-neurons.(A-C) Receptive fields of the neurons. Respc
amplitudes R were measured at particular elevataoag the left-right meridian and we
normalized to the largest R value,{R). For better visualization, the averaged.Rvalues were
connected by lines. Error bars indicate standamor.efhe terms ipsilateral (i) and contralate
(c) were defined with respect to the position &f #toma of the analyzed cell. Horizontal lir
indicate normalized background variability of theunons, measured in a section of the s
train without stimulation. (A) Averaged receptivelfi of TIM1 neurons (n=5). The recepti
field is centered to an elevation of 60° contratatg. (B) Receptive field of TML1 neuror
(n=3). The center of the receptive field is posiéd in the ipsilateral field of view. (C) Tt
receptive field center of MeMel neurons (n=10)isaked at an elevation of 60° contralatere
(D) Ocular dominance of the medulla neurons. ThevdRuies were calculated for zenitt
monocular stimulation of the ipsilateral (ipsi) acohtralateral eye (contra) and were normali
to the R value during stimulation of both eyes. Tderaged Rm values for monocula
stimulation are shown as bars (error bars=SE)dtitian, in the TIM1- and MeMel-diagram t|
normalized R values of the individual neurons drews as black dots. Stimulation of both e'
(Rnorm =1.0) is indicated as dashed lines. Mean backgteaniability of the analyzed TIM1- ar
MeMel-neurons is shown as solid black line.

became lower and the me&n

vector differed increasingly
from the E-vector tuning of
TML1 (Fig. 11B). This should
result in an increasingly
smaller contribution of the
polarization channel to spiking
activity in TML1 at higher
solar elevations.

Discussion

Intracellular recordings

revealed five types of POL-
neuron with ramifications in

the medulla of the desert
locust. Some of these neurons
had additional processes in the
AMe and/or the DRMe. In

addition to responses to
polarized light, the neurons
showed azimuth-dependent
responses to green and UV
light spots. Outdoors, the most
likely sources of these stimuli
will be the sky polarization

pattern and the intensity
gradient and chromatic contrast
in the sky. Ramifications of all

neurons in medulla layer 4
suggest that this layer
integrates signals from the
polarization pattern of the sky
with unpolarized celestial cues
for sky compass signaling.

POL-neurons in the locust
medulla
Four neurons, TIM1, TML1

receptive field of MeMel and TML1 neurons aand MeMel and MeMe2, were studied through

different solar elevations (Fig. 11). Both calculago multiple recordings. |

n the TIM1, TML1, and MeMel

were performed for a solar azimuth identical to theeurons the distributions of . were different from
- magreen value (MeMel: 77.5° + 39.6° (SD); TML1randomness. The preferr&evector orientations of the

133.27° £ 7.6° (SD)). The receptive field centers fmeurons were clustered narrowly around their averag
polarized light were assumed as 60° contralatenal f- ... Combined with the striking similarities in
MeMel and 45° ipsilateral for TML1 (Fig. 9B,C). morphologies, this suggests that TIM1, TML1 and
In MeMel neurons, the medfvector within the MeMel and MeMe2 neurons occur as single neurons
receptive field was relatively constant (between©16per brain hemisphere. TML1- and MeMel neurons
and 180°) at all solar elevations (Fig. 11A) andselowere reported previously by [36] as “medulla
W R W K HpRfet pdlarized light of MeMel (159°). tangential with lamina projections” (TML1) and
The mean degree of polarization ranged from 0.28“medulla tangential with contralateral optic-lobe
0.54 with a maximum at 30°. Therefore, MeMeftrojections” (MeMel). Furthermore, the TIM1 cell
should respond most strongly when the sun was described by [29] as “intrinsic medulla neuron”.
ipsilaterally at an elevation of 30°. This coingddeith Those studies, however, presented data from single
the strongestE-vector at an elevation of 60°recordings only  with highly incomplete
contralaterally. In TML1 neurons the elevation of theharacterization. In another species, the criGgtius
sun had a substantial effect on the méawmector campestris medulla POL-neurons were studied
orientation, owing to the ipsilateral position dfet extensively [37-39]. One type, termed POLL,
receptive field for polarized light (Fig. 11B). Adw resembles MeMel cells but has additional
solar elevations (0°-30°) the degree of polarizatiwamifications in the ipsilateral AMe and DRMe [38].
was highest, and the meaB-vector within the In contrast to MeMel, POL1-neurons showed strong
receptive field was clos&V R,-of TML1 (77°). With polarization opponency and occurred as three sabtyp
higher solar elevations, the degree of polarizatiod L W, around 0°, 60° and 120° [38,40]. A second
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Figure 10. Relationship between tuning to zenithgbolarized blue light and azimuthal tuning to unpohrized light in medulla POL-
neurons of greenhouse-raised animal¢A-C) Tuning of individual neurons to polarizeédHt (blue bidirectional arrows) and to unpolarized
light (green light: green arrows; UV light: violetrrows). Red arrows indicate the calculated anbgletsveen the preferreli-vector
orientation and preferred azimuthaG L U H F Wyl )Rs@ownlin D-F (A) TIM1 neuron. (B) TML1 neuron. (C) MeMel neuro(D)
Distribution of the angular differences betwdemector tuning and azimuthal greedL J KW W ¢, Qdf @& TMLL (n=4) and the MeMel
neurons (n=7). Red lines sho! KH DYHWR MDD XHYV ,Q ERWK QHXUR Q¥ valuksHdifters \sightficaBth \WdorR (
randomness (bin size: 10°; Rao’s spacing testO@%). (E) 7 KH D Y H URJel@@s of the TIM1 neuron, the TML1 neurons (naAjl
the MeMel neurons Q #he differs significantly between TML1 neurons and MeMneurons (Watson-Williams F-test,oE 6.095; p

) 7Kg ¥BDOXHV RI WKH PHGXOOD QHANURD\VRS ORK\HVUHIIGF B I BLQV W,WBDERDbH |
MeMe QHXURQV EOXK YDROXWHWRH 70/ QHXURQV D RGaMeloHhd UMH®@UGIRW WKH G-

type of POL-neuron in the cricket brain, termed BOLmicrovilli are arranged in two blocks of orthogonal
had arborizations restricted to the medulla and AMeientation [6]. This has been suggested to be #isesb
[24] similar to the locust TIM1 neuron but, unlikgor polarization opponency found in POL-neurons of
TIM1, POL3 again showed polarization opponency. d¢rickets [42] and in central-brain neurons of ldsus
therefore appears that a similar inventory of POI8]. In contrast, most medulla neurons studied here
neurons is present in crickets and locusts, howevBH UH H[F L W Gut Dedked- an orthogonal
with species-specific differences in morphologies ainhibitory input. This could mean that these neston
physiological properties. perhaps unlike transmedulla neurons, are not atdire
Although not studied physiologically, transmedulliink in the polarization vision pathway, but rather
neurons are likely to transmit polarized-lightmodulate polarization vision in the medulla.
information from the medulla to the AOTu [10]. TIM1, TML1 and MeMel neurons received
Arborizations of the TIM1, TIM2 and MeMe1l neurongolarized light information from the ipsilateral eey
were, like those of the transmedulla neurons, cedfinTherefore, the commissural MeMe neurons do not
to layer 4 of the medulla. TML1 and MeMe2 neuronmovide input to the contralateral TIM1, TML1 and
mainly arborized in layer 3 but entered layer 4hwitMeMel neurons. Corresponding to the contralaterally
numerous sidebranches. Layer 4 of the medulla mdirected optical axes of DRA photoreceptors [6f th
therefore, be specialized to integrate sky compasseptive fields of the TIM1 and MeMel neurons were

information in the brain. centered at an elevation of 60° contralaterally.
Unexpectedly, the TML1 neuron had a receptive field
Sensitivity to polarized light centered in the ipsilateral hemisphere. Similarame

Behavioral studies in tethered flying locusts shdweentral-complex neurons and descending neurons
that polarotaxis is mediated by photoreceptorshim t[12,15], TML1 was still strongly polarization sengki
DRA [4]. The DRA consists of ommatidia with opticalvhen the stimulus was at the ipsilateral equatdr (0
axes directed upwards and up to 30° to thldevation), a position that can hardly be detedigd
contralateral side [6]. To avoid interference witle t DRA photoreceptors. It is, therefore, likely thabse
color vision system, DRA photoreceptors anesponses were mediated by photoreceptors in the
homochromatic with highest sensitivity in the blutateral eye. Behavioral experiments reported that
range [41]. In each DRA ommatidium, photorecepttwcusts detect polarized reflections of water sigfa
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opponent chromatic input
for a solar elevation-
independent compass
signal.

Rearing conditions had a
strong effect on the
azimuthal chromatic tuning
of the medulla POL-
neurons. Likewise, rearing
of locusts with or without
direct view to the blue sky
had considerable effect on

Figure 11. Models of mearE-vector and mean degree of polarization within the eceptive field the E-vector tuning of
of MeMel- and TML1 neurons at different elevationsof the sun. The model was calculater AQOTu neurons [16]. Both
according to the single scattering Rayleigh mo@8].[ The models are based on circular recept :

fields with a diameter of 110° for MeMe1 neuronsd &0° for TML1 neurons, corresponding to the obser_vatlons_ Sque.St that
width along the left-right meridian. Receptive dietenters were defined according to respo Meaningful mte_graﬂon of
amplitudes along the left-right meridian shown iig.F (MeMel: 60° contralateral; TML1: 45 SKky chromatic and
ipsilateral). The-magreen values (MeMel: 77.5° + 39.6° (SD); TML1: P33.+ 7.6° (SD)) were polarization signals
taken as the respective solar azimuths. (A) M&awector orientation (black line) and mee :
polarization degree (grey line) in the receptivadiof MeMel. (B) Meark-vector orientation (black strongly depends on visual
line) and mean degree of polarization (grey limejhie receptive field of TML1 plotted against sol E€XPerience of the sky
elevation. during development.

with ventral eye regions [43], which is knowrintegration of sky compass cues and circadian
particularly for insects living near water surfacests clock

as backswimmers [44]. Taken together, the dafée medulla POL-neurons showed cell-type specific
suggest the existence of eye regions in locusts thating to dorsal polarized light and to a particula
extend the field of view for polarized light towarcaizimuth of unpolarized light. In contrast to POL-

ventral directions. neurons of the AOTu, the next central stage in the
polarization vision pathway, we found no evidenoe f
Sensitivity to chromatic stimuli daytime dependent changes in tuning characteristics

All neurons had extensive arborizations in themedulla TML1 and MeMel neurons. Therefore, the
medulla, and these sites probably mediated thsignaling strength in medulla POL-neurons does not
responses to the unpolarized lights. Neurons of thely depend on solar azimuth, but also on solar
AOTu, likewise, responded to unpolarized light anelevation. Modeling sky polarization in the receptiv
showed color-opponent responses to UV and grefigids of MeMel and TML1 at solar azimuths
light [45] which was argued to aid in theFRUUHVSR QGte®n shdi that thE-vector
discrimination between the solar and antisolaesponse of TML1 will change much more
hemispheres [16]. POL-neurons of the medulla did ndtamatically with changing solar elevation thart thfa
show color opponency. Instead their azimuthal tgnifMeMel (Fig. 11). In contrast, the spike rate of TML1
to UV and green light was strikingly similar in theshould be less sensitive to changes in solar ahimut
ipsilateral field of view. Wavelength independendeecause the high degree of polarization in the
was also observed in the spectral responses of P@isilateral sky will provide substantial input whire
neurons of the monarch butterfly [35], suggestimat t sun is in the contralateral (non-preferred) herrasgeh
monarch butterflies use the solar azimuth itselfaasAn important function of the medulla neurons stddie
celestial cue. Color opponency in AOTu neuronkere probably lies in the communication between the
therefore, most likely results from convergence eky compass and the circadian systems. Both TML1
specific  color-coding and  polarization-codinggnd MeMel neurons had varicose and, therefore,
transmedulla neurons in the AOTu. presumably output processes in the AMe, the
Green light induced strong tonic excitation whepresumptive circadian clock of the brain [30,46heT
stimulating the ipsilateral eye. In contrast, wicdet different dependencies of medulla neurons on solar
light elicited inhibition at the contralateral eyeelevation and solar azimuth might, therefore, pdewa
Because polarization input in medulla neurons kéghly differentiated zeitgeber signal to the céiean
mediated through the ipsilateral eye, contralateidl clock and could also contribute to photoperiodic
inhibition must be provided through commissurdiming, which is probably associated with the citiea
neurons that are not sensitive to polarized liglisé®l clock [47]. If communication of the medulla witheth
on these data it will be interesting to analyzetigpa AMe is bidirectional, as suggested by the
tuning to spectral cues in the central complex.t@én ramifications of TIM1 in the AMe, the circadian clo
complex neurons receive bilateral polarization tnpoould, on the other hand, directly influence the
and have zenith-centered receptive fields for [medr integration of sky polarization and chromatic
light [12]. We, therefore, predict that these nesromformation at the entrance to the AOTu.
receive a combination of spatially opponent anarcol
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neuron illustrated in Figure 2E. The medulla isveho 19.
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Movie S4 Movie illustrating the three-dimensionally
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Receptive field properties and intensity-responseauhctions of polarization-
sensitive neurons of the anterior optic tubercle irgregarious and solitarious
locusts

Basil el Jundi* and Uwe Homberd
! Department of Biology, Animal Physiology, University of Marburg, 35032 Marburg,
Germany

el Jundi B, Homberg U.Many migrating insects rely spatial directions during seasonal migration or imgm
on the plane of sky polarization as a cue to deteqWehner and Labhart 2006). Celestial polarized light
spatial directions. In desert locustSchistocerca signals are detected by photoreceptors in a sjwsmial
gregaria), as in other insects, polarized light isregion of the compound eye, the dorsal rim area
perceived by photoreceptors in a specialized dorsgdDRA) (Labhart and Meyer 1999). While diurnal
eye region. Desert locusts occur in two phases, msects including ants, bees and monarch butterflie
gregarious swarming phase that migrates during theefer to polarized light generated by the sun (Faost
day and a solitarious, nocturnal phase. Neurors in Mouritson 2006; Wehner 1984), nocturnal dung
small brain area, the anterior optic tubercle (ADTu beetles rely on the dim polarization pattern produce
are critically involved in processing polarizedhign  around the moon (Dacke et al. 2003; 2004).
the locust brain. While polarization-sensitive (POL) Desert locustgSchistocerca gregariaperform
intertubercle cells, LoTul and TuTul, interconnectiong-distance migrations in huge swarms throughout
the AOTu of both hemispheres, TuLAL1 neuronsNorth Africa and the Middle East and have been used
transmit sky compass signals to a polarizatioras model organisms to analyze neural networks
compass in the central brain. To better understandnderlying the processing of sky compass signals in
possible adaptations of the polarization visiontesys the brain. Behavioral experiments on tethered @yin
to a diurnal vs. nocturnal life style we analyzedlocusts suggest that they are able to use polaligied
receptive  field  properties, intensity/responsesignals from the blue sky to define their coursardu
relationships and daytime dependence of resporises migration (Mappes and Homberg 2004). Like other
the AOTu neurons in gregarious and solitarioudocust species, desert locusts occur in two phases,
locusts. Surprisingly, no differences in the phigiy  gregarious and a solitarious phase, that show
of these neurons were found between the two locustubstantial differences in appearance and behavior
phases suggesting that both phases rely on the sarfi¢varov 1966, Simpson et al. 1999). While gregasiou
sky navigation system. Instead, clear differenceewe locusts migrate in swarms during the day, solitasio
observed between different types of AOTu neuronslocusts are nocturnal and preferentially migrate as
While TuTul and TuLAL1 neurons encodeevector individuals during the night (Waloff 1963; Roffey
orientation independent of light intensity and wbul 1963). Considerable differences in the size and
thus be operational in bright daylight, LoTul wasproportion of brain areas underlying the processihg
inhibited by high light intensity and provided sigp  visual signals were found between both phases (Ott
polarization signaling only at dim light conditions and Rogers 2010), and, at the neural level, difieze
The presence of a high and low intensity polarirati were demonstrated in the physiology of a looming-
channel might, therefore, allow both phases tothige sensitive interneuron (Rogers et al. 2010).
same polarization coding system despite their Polarized light information is processed in
different activity cycles. distinct areas in the locust brain (Homberg 2004,
Homberg et al. 2011). The anterior optic tubercle
(AOTu) is a major relay station for processing
INTRODUCTION polarized light information and transfers polarized
light signals from the optic lobe to the central
Many navigating animals rely on external visualcomplex (Homberg et al. 2003). The tubercle receive
signals for spatial orientation. Insects use mainlg t signals from the dorsal rim area of the medulla and
mechanisms to calculate moving directions durindayer 4 of the distal medulla via transmedulla oesr
flight or walking. In familiar areas they are abbeuse (el Jundi et al. submitted). Two classes of
visual landmarks as directional cues while inpolarization-sensitive (POL)-neurons, intertubercle
unknown terrains and during long-distancecells and neurons of the tubercle-lateral accessory
migrations, compass signals from the sky are moréobe tract, were identified in the AOTu (Pfeifferad.
relevant (Giurfa and Capaldi 1999; Collett and €ll 2005). Three intertubercle neurons, a single LoTul
2000). Besides the direct position of the sun, thegp and a pair of TuTul cells interconnect the AOTu of
of sky polarization serves as a crucial referenge foboth hemispheres (Pfeiffer et al. 2005). The second
class of neuron, TuLAL1-cells, transfers polariaati

Correspondence to: Uwe Homberg, Fachbereich Biologie, signals to input neurons of the central complex
Tierphysiologie, Universitat Marburg, D-35032 MarguGermany (Trager et al. 2008). POL-neurons typically are
(E-mail: homberg@biologie.uni-marburg.de). modulated sinusoidally during zenithal stimulation
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with a rotating polarizer (Labhart 1988). Except fo midline stripe along the dorsal thorax, which wassl
the LoTul cell, all POL-neurons of the AOTu showprominent in gregarious animals.

polarization opponency, i.e. they are maximally

activated at a distindE-vector orientation ¢, and i ]

are maximally inhibited at an orthogonal orientationPréparation and electrophysiology

(- min) (Pfeiffer et al. 2005). The LoTul neuron lacks

an inhibitory part at-,,, suggesting a particular role molt) were used for the experiments.

in the neur.all network of the AOTU' Recordings were performed from AOTu neurons dutiteg

In addition to polarized light, all POL-neurons of gypjective night and subjective day of the animaisboth
the AOTu also respond to unpolarized chromatiGases preparation of the animals was performed runde
stimuli which might allow them to distinguish identical conditions using a cold light source (agi KL
between the solar and antisolar hemispheres afiihe 1500, Leica Microsystems, Wetzlar, Germany) for
(Kinoshita et al. 2007; Pfeiffer and Homberg 2007).illumination. _ _
Orientational tuning of these neurons to polarized Animals were cold anesthetized for at least 30 min.

light signals varies in a daytime dependent manner9S and wings were cropped and stumps were cloitbd

suggesting that the neurons compensate for daytir’r%ue or wax. Mouthparts were sealed with wax, andhats

h : | I ) Preiff d Homb were mounted with tape to a metal holder in a watti
changes in solar elevation (Pfeiffer an OMDEIGientation. A ridge of wax was brought up frontall

2007; Homberg et al. 2011). between the mouthparts and the anterior edge of the
To further characterize the signaling properties otompound eyes. The head capsule was opened alyterior
the AOTu neurons, we have studied their receptivend fat and trachea surrounding the brain were vetholo
field properties, intensity/response functions, andbtain stable recordings, the esophagus was cwé, th
daytime dependent differences in sensitivity toabdomen was opened posteriorly, and the gut waeweuin
polarized light. To reveal possible adaptations td™om the opened abdomen. The abdomen was sealbdawit
different lifestyles, data were obtained fromtlghtly knotted thread. A wire platform was inserted

. s . etween the esophageal connectives and was fixddeat
gregarious an_d solitarious locusts. Sur_prl_smgly, Webidge of wax to increase stabilization. Electroéagtration
found no differences between solitarious an

) i . . as facilitated by removing the neural sheath atrigght
gregarious locusts in the physiological par_amettérs anterior optic tubercle. During the whole prepanati
these neurons. In contrast, the properties of thgrocedure, lasting for about 45 minutes and during
different types of AOTu neurons differed markedly.recording of neurons, the brain was immersed irugbc
TuTul and TuLAL1 neurons appeared to be adapteshline (Clements and May 1974).

to signal E-vector orientation during the day Neurons of the AOTu were recorded intracellularly
independent of light intensity, while LoTul showedUSing sharp microelectrodes (resistance: 60-090 The

an increased sensitivity and response amplitudg!eCtrOdes were drawn from. borosilicate capllla@emer
during the night suggesting optimal signaling Ef iameter: 0.75 mm; outer diameter: 1.5 mm; Hilgeghe

. . Malsfeld, Germany) using a Flaming/Brown horizontal
vector contrast under twilight conditions. Therefor puller (P-97, Sutter, Novata, CA). Tips of the glas

gregarious and solitarious locusts might possesgicropipettes were filed with 4% Neurobiotin (Vecto
similar adaptations for high and low light integsit Laboratories, Burlingame, UK) in 1 M KCI and shanks
detection of the sky polarization pattern. with 1 M KCI. A silver wire inserted into the hemyahph
solution served as reference electrode. Neuralipctof
neurons of the AOTu was amplified (10x) with a oust
METHODS made amplifier and monitored with an oscilloscodarfieg
HM 205-3, Frankfurt/Main, Germany). After digitigjrat a
) sampling rate of 5 kHz (CED 1401 plus, Cambridge
Locust rearing Electronic Design, UK), signals were stored on esqeal
computer using Spike2 software (version 6.02; Céagler
Gregarious desert locustSahistocerca gregariajere  Electronic Design, UK). After recording, a constant
raised under crowded conditions at a constant teatype  depolarizing current was used to inject Neurobiotin
of 28°C on a 12h:12h light/dark cycle. Rearing dtiads  iontophoretically into the neurons (2-3 nA, 1-5 jnin
for solitarious animals followed the procedures of
Roessingh et al. (1993). Animals were kept indivifui
small boxes at 26.5°C, 60% humidity and 12 h lighttda Stimulation
photoperiod and had neither visual nor olfactorgtaot. In
general, full transition to the solitarious phasgquired three Locusts of both phases were stimulated with padalriz
generations of animals kept in isolated conditiods. monochromatic blue light obtained from a xenon lamp
number of morphological markers were used as imgisa (XBO 150W, LOT-Oriel Group; Darmstadt, Germany,
for successful generation of solitarious animalsita&rious  photon flux 1.8 x1& photons/crs, 30.82 pWicrf), after
nymphs had a bright green coloration in contrastato passing a monochromatic filter (450 nm), a lightdgu
yellow-dark brown patterning of gregarious nymphs(Scholly Fiberoptic, Denzingen, Germany) and a moto
(Simpson et al. 1999). Freshly hatched adults Wigte driven linear polarizer (HNP’B, Polaroid, CambriddéA).
green in the solitarious state but had a pinkistoretion  The polarization filter was rotated through 360° in
when they were gregarious. Sexually mature males we  clockwise (0-360°) and counter clockwise (360-0°)
yellow color with black patches in the gregariotetes and  directions with a constant speed of 30°/s. A set enitral
were more uniformly brown-grey colored as solitaso density filters between the light guide and thearetamp
animals. Another marker for solitarious adults veaght  allowed changing the light intensity in logarithmsteps.

Only sexually mature locusts (1-3 weeks after imabi
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The polarization filter and the end of the lightidpiwere  response strength R (Labhart 1996). The stimulgtienod
attached to a perimeter device that enabled to ttest of the rotating polarizer was divided into 18 congere
neuronal responses to stimulation from varioustgaafiong  bins of 20°. In each bin we calculated the diffeen
the left-right meridian. In one experiment, oculdaminance  between the actual spike frequency and the meske spi
was tested by shielding one eye from the light s®with a  frequency during the total stimulation period. Téwen of
handheld piece of cardboard during stimulation withthe absolute value of all 18 bins was defined ag¢isponse
zenithal polarized light. Recordings were perfornedier  strength R. Background variabilities of the cellerav
dim ambient light conditions. During intensity/resjse  calculated in the same way in a section of theespi&in
measurements background light was reduced furtlyer bwithout stimulation. Relative R values were obtairtad
covering the front of the Faraday cage with a gt normalizing the modulation strength at a given posiof
curtain. the visual field to the maximum value (R). The widths of

Zenithal stimulation of the animal was defined 8 9 the receptive fields were determined by analyzihg t
elevation, lateral stimulations at an angular disgaof 90°  elevations of half-maximal response strength iatieh to
from the zenith were defined as 0° ipsilateral orthe background variability. For visualization, datints of
contralateral stimulation. The terms ipsi- and calateral the receptive fields were connected by lineSmay
refer to the position of the soma of the recordedran. The  distributions within the receptive field were oli by
angular size of the stimulus at the locust eye atmmit 4.7°.  subtracting WKH DEVROXWH GHaluebanveaéhQ RI1 WKH
For stimulation with zenithal polarized bright witight  elevation from the preferred zenithal orientation.

(39.17 mwWi/crf) the 450nm-monochromatic filter was In intensity/response diagrams, the response gtreng

moved out of the light beam. were normalized against the modulation strengthogtd
(Rnorm)- Intensity/response curves were fitted by apgyén

Histology modified Naka-Rushton function to the data (Naka an

Rushton 1966)
To determine the morphology of the recorded neuron,

Neurobiotin was injected into the recorded neurains |7
were dissected out of the head and were fixed oigit in Rom = Rnorm(max) X 1)
4% paraformaldehyde at 4 °C. Then, brains were adgh (I +K )

x 15 min with 0.1 M phosphate buffered saline (PBB,

7.4) and were incubated with streptavidin conjudateCy3  where | is the intensity of the stimulus, K is iheensity of
(1:1000; Dianova, Hamburg, Germany) in 0.1 M PBSthe stimulus at 50% Bmmax and #is an exponent.
containing 0.3% Triton X-100 (PBT). After an inctioa Box plots were created with the software Origin 6.0
period of three days, brains were again rinsedtimes in  (Microcal, Northhamton, CA, USA). The median valuas
0.1 M PBT and then in 0.1 M PBS and were dehydrated indicated through a horizontal line and boxes detdhe
an ascending ethanol series (25%-100%, 15 min each?5% and 75% quartiles of the data. The 5% and 9G%ger

After treatment with a solution of ethanol/methglisylate  of the data were visualized through whiskers.
(1:1, 15 min), brains were cleared in methyl sddityy for at

least 35 min. The wholemount preparations werellfina
embedded in Permount (Fisher Scientific, Pittsbu®h,  Statistics
USA) between two glass coverslips using ten reggorent
rings as spacers (Zweckform, Oberlaindern, Germany).  Circular statistics were performed in Oriana 2.02.
Responses of neurons to polarized light were aedlyz
. statistically through the Rayleigh test for axiabtal
Data analysis (Batschelet 1981). Neurons were defined as poléoizat
sensitive if the distribution of angles was sigrafitly
The sampled spike trains were evaluated by usisg thGLITHUHQW IURP U D QeRIBt@hdtioN of the
Spike2-software with a custom designed script (kind preferred orientations of different recordings frtme same
provided by Dr. K. Pfeiffer, Halifax, Canada). Amti  neuron type was analyzed through Rao’s spacing test
potentials were detected through threshold-baseehtev (significance level, 0.05). 7R WHVW ZKHWKHU WKH
detection. Events were visualized as mean spikinglistribution of corresponding neurons differed begw
frequency using a gliding average algorithm (movingsolitarious and gregarious animals, the Watsoni&vils F
average of firing rate in window size: 1s). Backgrd test (significance level, 0.05) was used.
activities of the recorded cells were measured daynting Further quantitative comparisons of the data were
of spikes divided by the respective time in a peEfrthe  made by using the SPSS software (Version 11.5). The
spike train without stimulation. To define tHevector  Shapiro-Wilk test (significance level, 0.05) wadido test
tuning of the neurons, events during clockwise emginter  for normality of data and the Levene test (sigaifice level,
clockwise rotations of the polarizer were assighedhe  0.05) to test for homogeneity of variance. For dag were
correspondingE-vectors and lists of these angles werenot distributed normally or if the variance was
analyzed using Oriana 2.02 software (Kovach Computi inhomogeneous the Mann-Whitndy test (significance
Services, Anglesey, UK). The angle of the meanorect level, 0.05) was applied. In the case of a nornsttidution
averaged from equal numbers of clockwise and counteof the data and homogeneity of variance, the twapdes
clockwise rotations of the polarizer was definedtlasE- were analyzed through a studertittst (significance level,
vector tuning ¢may Of that neuron. In addition, the length 0.05). If data were compared from the same recorded
of r describes the concentration of action potentiadsimdl  neuron, quantitative analysis was performed throwegh
-max @nd is, thus, a measure for the directedness ef thpaired student test (significance level, 0.05). For statistical
response during rotation of the polarizer (Batseh#&b81; evaluation of multiple groups a one-way ANOVA comdxl
Pfeiffer et al. 2011). with Tukey-honestly significant difference (HSPdst hoc
To quantify the modulation strength of the neuronstest was applied (significance level, 0.05). If tBkapiro-
during polarized-light stimulation, we calculatechet Wilk test or the Levene test were significant, AN®With
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Games-Howellpost hoctest was used (significance level, 110° and was centered eccentrically at an elevation
0.05). Linear regressions were calculated usingi®®.0.  60° in the contralateral hemisphere (Fig).1
The correlation coefficient (3,) was measured and the TuTul neurons of solitarious animals had a mean
significance of_ reg_ression was tested througheat against background activity of 29.1 + 10.87 (SD) imp/s and
a slope of 0 (significance level, 0.05). -
mean background variability of 44.9 + 23.52. Both
values did not differ significantly between solitaus
and gregarious animals (studertt¥®st, p = 0.38, p =
RESULTS 0.33, respectively). TuTul neurons from solitarious
locusts had an averaged response strength R ¢fd44.

This study presents electrophysiological datat 61 (SD), which was not significantly different imo
from 113 intracellular recordings from polarization- that of TuTul ceII_s from gregarious animals (Mann-
sensitive (POL) neurons of the anterior optic tuteerc WhitneyU test, p = 0.55)- ma Orientations of TuTul
(AOTu) in the locust brain. Four types of neurorreve NEUrons were distributed more randomly in solitagio
analyzed, two types of intertubercle neuron thatocusts (Fig. E), but this distribution did not differ
transfer polarization information from the ipsikete ~ Significantly from the distribution of ax Orientations
to the contralateral AOTu and two types of neurorPf TuTul cells in gregarious locusts (Watson-
that connect the AOTu to the lateral accessory.lobéVilliams F test, p = 0.8). Receptive field properties
The lobula-tubercle neuron 1 (LoTul) exists as aVere analyzed in 11 neurons at night and 2 neurons

single neuron per hemisphere. It arborizes in thduring the day, but as in gregarious animals no
lower units of both AOTus and has further differences were observed between the two groups.

ramifications in the ipsi- and contralateral argeri 1N€ averaged receptive field of all TuTul cells of
lobulae (Vitzthum et al. 2002). In contrast, the Solitarious anlmals_had_a width of about 120°. $m|
arborizations of the tubercle-tubercle neuron 110 the receptive field in gregarious locusts, it was
(TuTul, 2 neurons per hemisphere) are restricted feentered eccentrically between 60° and 30° in the
the lower units of the AOTus of both hemispherescontralateral hemisphere (Fig.ClL No significant
The other two types of neuron, termed tubercle-lateralifferences were observed between solitarious and
accessory lobe neurons (TuLAL) consist of about 10@r€garious locusts at any tested position in tiseali
neurons per brain hemisphere (Homberg et al. 20035'.3|d- _
TuLALla neurons connect the AOTu with the  1he LoTul neuron was analyzed in 69
ipsilateral lateral accessory lobe via the tubercle€XPeriments (Fig. 2). In contrast to TuTul neurons,
accessory lobe tract (Pfeiffer et al. 2005). TuLAL1 LOTul was most strongly activated ata but lacked
neurons ramify in the anterior lobula, the AOTu and®n_inhibition at - i, (Figs. 2A,B). In 40 recordings,

the lateral accessory lobe (Pfeiffer et al. 2005). LoTul properties were tested in gregarious animals.
The neurons had a background activity of 13.3 + 10.1

o _ (SD) imp/s, a mean background variability of 21.3 +
Receptlv_e field structure and ger)eral tuning of AOT 7 3 (SD), and a response strength R of 72.4 + 27.8
neurons in gregarious and solitarious locusts (SD) in the center of the receptive field. Thea

orientations of the recorded neurons in gregarious

TuTul intertubercle neurons were analyzed in 2@nimals showed a non-random distribution (Rao’s
recordings from gregarious animals and 13 recoslingspacingU test, p < 0.01) and ranged — with three
from solitarious locusts (Fig. 1). TuTul neuronsexceptions — from about 76° to 176°, with a mean
responded with polarization opponency to a dorsally- .« Orientation at 128.4° + 31.6 (SD) (FigoR The
rotating polarizer with excitation at-..x and receptive field structure of LoTul was analyze®@®
inhibition at -, (Figs. 1A,B). TuTul neurons from gregarious animals. 26 recordings were obtained
gregarious locusts had a background activity 0525. during the subjective day and in seven animals
11.4 (SD) imp/s and a background variability of88. recordings were performed during the night. No
+ 15.0 (SD). They showed an average absolutsignificant differences were found between receptiv
response strength R of 176.2 £ 98.9 (SD) to paddriz fields of both groups at any of the tested elevations
light stimulation. The -, values of the gregarious (ANOVA analysis with Games-Howelost hodest).
TuTul neurons had three preferred orientations, onBimilar to TuTul cells, the gregarious LoTul neuron
at approximately 36°, another around 120° and @ thirhad an eccentric receptive field with the strongest
at around 175°. Receptive field properties of TuTulresponse at an elevation of 60° contralaterally.(Fig
neurons of gregarious animals were analyzed in 19C). The width of the receptive field was about 130°
recordings. In 16 recordings the bilateral expamsib along the left-right meridian.
the receptive fields was analyzed during the  Physiological properties of the LoTul cell in
subjective day4eitgebertime 0h-12h), while in three solitarious locusts were analyzed in 26 animalse Th
gregarious locusts receptive field properties wereveraged background activity of 14.9 + 8.1 (SD)
analyzed betweenZeitgeber time 12 to 24h imp/s and the mean background variability of 19.4 +
(subjective night). No differences between the6.1 (SD) was not different from the corresponding
receptive fields of TuTul cells recorded at night o firing properties in gregarious animals (Mann-
during the day were noted. The averaged receptivé/hitney U test, p=0.34, p = 0.25, respectively). The
field of all 19 TuTul neurons had a width of aboutneurons showed an absolute response strength of 85.9
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FIG. 1. Physiology of TuTul neurons from gregariamsl solitarious locust#\: Spike train of a TuTul neuron from a gregarionsnal
during dorsal stimulation with polarized blue ligfithe polarizer was rotated in clockwise directitmwer trace: spike train; upper trace:
mean spiking frequency (moving average of spike iatls time window)B: Circular plot of the mean spiking rate of the r@ushown in

A plotted against thE-vector orientation of the polarizer (bin size: 1024; error bars = standard deviation.= 174°, Rayleigh test, p <
10%). Grey circle indicates the background activitytbé neuron in darknes§€: Mean response amplitudes of TuTul neurons from
gregarious 1f = 19, black) and solitarious & 13, grey) locusts along the left-right merididdormalized response strength,¢R) was
measured at different elevations in the ipsilatéjadnd contralateral (c) field of view. For bettésualization, data points are connected by
solid lines. Response amplitudes and mean backdrearabilites (dotted lines) were normalized te thaximum R value in the visual
field of each neuron. In gregarious animals, eigrons showed the strongest response at an elewitB0O° contralaterally (30c), seven
cells at an elevation of 60° contralaterally (6@c)e neuron at zenithal stimulation (90), and tirgrons in the ipsilateral visual field (60i).
Of a total of 13 receptive fields analyzed in solitus animals, five neurons showed the strongestutation at an elevation of 30°
contralaterally (30c), four neurons at 60° contextaly (60c), and three neurons at zenithal statoh (90). Error bars denote standard
errors.D: Distribution of - . orientations of TuTul neurons of gregarious loewditained during zenithal stimulatiom £ 16; bin width:
10°). E: Distribution of zenithaE-vector orientations of TuTul neurons from solites@animals plotted against the number of recordec
neurons 1§ = 13; bin size: 10°). All values are plotted for salith perikarya in the left brain hemispherg..x values of neurons with cell
bodies in the right hemisphere were mirrored agadireslongitudinal axis of the animal.

+ 33.16 (SD) in the center of the receptive fielich  solitarious locusts was centered at an elevation
did not differ significantly from the response sigth  between the zenith and 60° contralateral.

in gregarious locusts (studenttest, p = 0.1).- max Owing to the small diameter of TULALL neurites,
orientations of LoTul neurons in solitarious anienal recordings from these neurons were relatively diffic
were distributed more randomly (Figure€E)2 but and, thus, in previous work these types of neuron
statistically no differences were observed betwben were analyzed only rarely. We studied TuLAL1
E-vector tuning in gregarious and solitarious animalseurons in eleven recordings (Figs. 3,4). The eize
(Watson-WilliamsF test, p=0.07). The receptive field the receptive field along the left-right meridiaf o
properties of LoTul neurons from solitarious animalsTuLAL1a cells was analyzed in seven recordings (two
were studied in 25 recordings (nine cells at thegregarious and five solitarious locusts). In all
subjective day and 16 neuronsZaitgebertime 12- recordings, TuLALla neurons showed polarization
24h). Again, no significant differences were found opponency (Figs. 8B). The background activity of
the receptive field properties between gregariow a the two gregarious TuLALla neurons ranged from
solitarious locusts that were recorded during the36.2 to 45.5 imp/s and the background variability
subjective night or the subjective day (ANOVA ranged from 16.5 to 34. Both receptive fields were
analysis with Games-Howelbost hoctest). In all zenith-centered and quite narrow (about 60°) (Fig.
groups, LoTul neurons had a receptive field of lgigh 3C). The response strength R of both cells ranged
similar width (about 135°) and shape (Fig)2As in  from 105.49 to 115.74. The, Orientation of both
gregarious locusts, the strongest response of LaTul neurons was around 30° whereas thg, orientations
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FIG. 2. Analysis of LoTul neurons in gregariousl aplitarious locustsA: Unfiltered spike train (lower trace) and meainfirfrequency
(upper trace) of a LoTul neuron during stimulatiath polarized blue light (clockwise rotation) olstad from a gregarious animal (moving
average, bin size: 1siB: Circular diagram of the mean spike frequencyhaf heuron shown i plotted against the orientation of the
polarizer (bin size: 10% = 6; error bars = standard deviatioma= 94°, Rayleigh test, p = 5.74 x 90 Grey circle shows the background
activity of the LoTul neuronC: Averaged receptive field width along the leftirigmeridian of LoTul analyzed in gregarious= 33,
black) and solitariousn(= 25, grey) animals. Relative response strength+«{Rs plotted at different elevations of the polarialong the
right left meridian of the visual field. In eachumen, R and the mean background variability (doliteels) were normalized to the highest R
value in the visual field. In gregarious locustesgemeuron responded maximally to polarized ligbtrfrthe contralateral horizon (Oc), two
neurons at an elevation of 30° contralaterally }3@ad 16 neurons at an elevation of 60° contraliye(60c). Ten neurons showed the
strongest sinusoidal modulation during presentatigoolarized light from dorsal (90), two neurori$8@° ipsilaterally (60i), and two further
cells at an elevation of 30° in the ipsilateral fgghere (30i). In solitarious animals, eight nesroesponded maximally to polarized light at
an elevation of 30° in the contralateral field @w (30c), six neurons at a position of 60° in doatralateral hemisphere (60c), and eight
cells during zenithal stimulation with polarizedht (90). Three LoTul neurons from solitarious aalBrshowed the strongest responses il
the ipsilateral hemisphere (two neurons at 60i, @gleat 30i). Error bars show standard erfr. - max distribution of LoTul neuronsi(=
29) from gregarious animals. Only neurons that gtbgignificant responses during zenithal stimutatieere considered. The distribution
of the preferred orientations to polarized lighftetied significantly from a uniform distribution @an - n.x angle: 131° + 29.4° (SD); Rao’s
spacing test, p< 0.01, bin size: 1B). The distribution of- . from solitarious animalsn(= 24) did not differ from randomness (Rao’s
spacing test, p> 0.05; bin width: 10°). All valuesre treated as if originating from neurons witlmata in the left brain hemisphere. For
cells with cell bodies in the right hemisphere ues were mirrored against the longitudinal axithefanimal.

of the five TuLALla neurons from solitarious animal ipsilateral, contralateral, and bilateral polariigght
were distributed randomly (Fig. F3. Without stimulation (Fig. ).

stimulation, neurons in solitarious animals had amimea Recordings from TulLALlb neurons were
background activity of 38.7 + 19.66 (SD) imp/s and obtained from four gregarious animals (Fig. 4).&ehr
mean background variability of 38.5 + 9.2 (SD). Noof the four neurons showed polarization opponency
significant differences were observed in responséFigs. 4A,B), while one TuLAL1b neuron was only
strength, background activity, and backgroundactivated during stimulation with polarized lightll
variability of TuLALl1a neurons between solitarious four cells arborized in the lateral triangle ashaslin
and gregarious locusts. The receptive fields of théhe median olive of the lateral accessory lobe. The
solitarious TuLALl1a neurons varied considerably infour neurons had a background activity of 18.5& 5.
bilateral size and position and had centers in théSD) imp/s and a background variability of 34.24 +
contralateral or ipsilateral hemisphere (Figp)3In  16.9 (SD) in darkness. TuLAL1b neurons had a mean
one TuLALla cell from a gregarious locust, ocularresponse strength of about 155 + 46.8 (SD) in the
dominance was tested by monocular stimulation otenter of the receptive field. As in TuLALla neuspn
the ipsi- and contralateral eye (Fidg)3In contrast to  receptive field structures of individual TuLAL1bllse
the intertubercle neurons (Pfeiffer et al. 2008, t varied substantially in bilateral extension and posi
neuron responded with similar response strength tof the receptive field along the left-right meridia
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FIG. 3. Polarization-sensitive TuLAL1a neurons reledl in gregarious and solitarious locugtsNeural activity and mean firing rate of
TuLALla neuron during zenithal stimulation with @tating polarizer (clockwise rotation, blue ligd§Onm); lower trace shows the spik
train, whereas the mean spiking activity is vistedi in the upper trace with a moving average hia ef 1s.B: Circular diagram of mear
frequencies of action potentials of the neurod iplotted againsE-vector orientation of the polarizem € 4, error bars = SD, bin size: 10'
- max = 158°; Rayleigh test, p < 1. Grey circle indicates background firing activitithout stimulationC, D: The normalized modulatior
strength (Rom) of two gregarious @) and five solitarious ) animals plotted against the elevation of the shisialong the left-right
meridian. In each neuron, the R value was meastrdidferent elevations and was normalized to thengiest response of the neuron in t
visual field. Normalized variabilities of firing ity in darkness are shown as dotted lifesOcular dominance test of a TuLALla neurc
from a gregarious locust. Grey bar shows the backyt variability of the neuron. The response stiterig for zenithal monocular
stimulation of the ipsilateral eye (ipsi) and catdteral eye (contra) with a rotating polarizer wasmalized to the response strength (doti
line) for binocular stimulation. Error bars = SB. The distribution of -« orientation analyzed in the center of the recepfi®lds of seven
TuLALla neurons recorded from gregarious (blackspar= 2) and solitarious (grey bams,= 5) animals plotted against the number
recorded neurons (bin size: 10°). All values agtpll as if originating from neurons with somatahie left brain hemisphere.

The cells had receptive field centers in the zerite  over a range of 4 log units (Fig. 5). Neurons rdedr
ipsilateral or the contralateral hemisphere. Preter during the subjective dayZéitgebertime Oh-12h)
E-vector orientations in the receptive field cemere  were treated separately from neurons recorded glurin
between 130° to 180° in three neurons and about 5° ithe subjective nightZeitgebertime 12h-24h).
one neuron. TuTul neurons were analyzed during the
Taken together, no differences in the generasubjective day in 7 gregarious and 6 solitarious
physiological properties and in receptive fieldanimals (Fig. B). The response strengths of the
structures of POL-neurons of the AOTu betweergregarious TuTul neurons were saturated between log
gregarious and solitarious locusts were observed.= 0 and log | = -2 and showed a sharp drop to
Both intertubercle neurons had large receptive dield background levels between log | =-3 and -4 (F&.5
centered to the contralateral hemisphere. In cstitra The I/R function of solitarious animals was intepsit

the receptive fields of TuLAL1 neurons wereindependent between log | = 0 and -3, but at a
considerably more narrow and varied substantially i logarithmic step of -4 the response broke down to
shape and position. background levels (Fig. Aj. Statistically, no

differences were observed at each intensity stepeof t

I/R function of TuTul neurons between gregarious
Intensity-response functions of AOTu neurons irand solitarious locusts.
solitarious and gregarious locusts I/R functions of LoTul neurons are based on 24

recordings in gregarious locusts and 18 recordings

While gregarious locusts migrate during the dayfrom solitarious animals. 18 LoTul neurons of

solitarious animals preferentially migrate during th gregarious locusts and five LoTul neurons of
night (Walloff 1963; Roffey 1963). We were therefor solitarious animals that were recorded during tag d
interested to see whether these different lifestglee  (Fig. 5B) showed similar I/R curves that gradually
reflected in the polarization vision network in the decreased to background levels between log | = 0 and
locust AOTu. Intensity/response (I/R) functions &er log | = -4. In addition, recordings from seven LdTu
obtained by changing the intensity of the polarizecheurons in gregarious animals and 13 LoTul neurons
blue light stimulus in the center of the recepfildd  of solitarious animals during the night revealed
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FIG. 4. Physiological analysis of TULAL1b neuromsrh gregarious animal#\: Spike train (upper trace) and mean spiking frequen
(lower trace) of a TuLAL1b neuron during zenithtirailation with a polarizer that rotated in countéyckwise direction (moving average,
bin width: 1s).B: Circular plot of the mean firing rate of the TuLZb neuron inA plotted against the orientation of the polarizightt
stimulus = HUURU EDUV 6' &t Q; Rayldigh tesf, p = 1.22 x 10 Grey solid circle shows the background actiaty
the neuronC: Receptive field properties along the left-right idem of four neurons from gregarious locusts. Each neuron, the
modulation strength R was measured at differenadgiiens of the ipsilateral (i) and contralaterglfield of view and was normalized to the
maximum R value in the receptive field(R). Mean background variability is denoted as dotieel. D: The distribution of preferret-
vector orientations of the four TULAL1b neuronstlire center of the receptive fields. Data are pibtte if originating from neurons with
perikarya in the left brain hemisphere of the arima

similar sensitivity curves (Fig. §. As in TuTul neurons remained relatively constant between lag |

neurons, I/R curves from LoTul did not differ 0 and log | = -3 but declined to background levels
significantly between solitarious and gregariouswithin the final log unit (Fig. 8), the modulation
locusts. strength in the LoTul neuron decreased gradually

As mentioned earlier, the response value R is &#om one logarithmic intensity step to the next (Fig
measure for the modulation strength of firing atgiv  6B). This is also reflected in the statistical anelym
during stimulation but does not give information TuTul neurons the response at log | = O differdgt on
about the directedness of the response. Therefore vimmm the response at the lowest light intensityp ste
tested whether the length of the mean vectevhich  (log | = -4, Fig. &), whereas in the LoTul neuron the
serves as a measure for the directedness of thesponse to the highest analyzed light intensity
response to polarized light (Pfeiffer et al. 2011)differed significantly from all other light interig@s
differed between both locust phases (Fig,[®. No  (Fig. B). Furthermore several light intensity steps in
significant differences in the directedness of TuTu LoTul differed significantly among each other. The
(Fig. 5C) and LoTul neurons (Fig.C§ between I/R curves of the TuLALla and TuLAL1b neurons
solitarious and gregarious locusts were found. fakewere similar to the I/R function of TuTul neurongt b
together the data suggest that there are no diffeeen showed a slightly more shallow decline betweenllog
in the neural network of the AOTu underlying the= -2 and log | = -4 to baseline levels (Figs,B).
processing of polarized light between both locusfThus, in contrast to TuTul and TuLAL1 neurons
phases. which may signal E-vector orientation above

threshold levels independent from light intensttye
response in LoTul is strongly dependent on the
Differences in neural responses between AOTintensity of the polarized light throughout all
neurons intensities tested.
We next compared the response properties of the

The I/R curves between both types ofneurons in greater detail to further characterize th
intertubercle neurons differed substantially. Whsre distinct roles of the different cell types in the
the response strength to polarized light of the TuT processing of polarized light. Because no difference
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FIG. 5. Normalized intensity/response (I/R) funntoof intertubercle neurons of gregarious and a@ditis locusts to stimulation wi
polarized blue light in the center of their recegtfields. Maximum light intensity (log | = 0) was8 x13° photons/crfs. The respons
strength R A,B) and the length of mean vectofC,D) were calculated at each light intensity. SolidvesrinA andB are fitted through
modified Naka-Rushton function, and dotted linesate the background variability. ,D the data points are connected through solid |
for better visibility; broken lines show the diredhess of the cells without stimulation. Error barall diagrams indicate standard errdks.
No differences are observed in the I/R functiomoTul neurons from gregarious locusis=(7, black fit, Naka-Rushton fitting paramete
Rrommaxy= 1.02, K = -3.5 log units# DQDO\]HG G ZelildeReiTimel2T)®HE 2h) and solitarious animals (n gfey curve,
Rnorm(maxi= 1.01, K = - ORJ XQLWV # UHFR B G Feh)HogU+ Q,33\and HI @pe tddfed/ throughuaentt test; log
| = -2 tested through a Mann-WhitnEytest, p > 0.05)B: I/R functions of LoTul. Left figure shows the I/Brictions from gregarious locus
(n = 18, black line, Rmmaxy=1.12, K = - ORJ XQLWYV # DQG VR OLWDRIQRAHL.DQK £-D.COVog Qnits
# DQDO\VIHG GXULQJ WKM \GKERZV KH UK QKW LARM@V IRD /R7R XY HRUR Q \E OLDRGR, =X
1.05K=- ORJ XQLWYV # D Q GQV R O L WtPRM:RxAV0. (K -P-DOVORI XQLWYV # f
-24. No differences were found between gregarioassmlitarious LoTul neurons and between the liResiat ZT 0-12 and ZT 12-24 (log
=-1 and log | = -4 tested through an ANOVA anaysith Games-Howelbost hodest, log | = -2/-3 analyzed through an ANOVA congd
with Tukey-HSDpost hocest, p > 0.05)C,D: Directedness of the response at different intierssof polarized light; same set of neurons a
A,B. No significant differences are present in TuTuliroas C, log | = -1/-2 tested through a studerest; log | = -3/-4 tested by a Man
WhitneyU test) and in LoTul neuron®{ ANOVA analysis with Games-Howaghlost hodest) between the two locust phases.

between solitarious and gregarious locusts weradou (data not shown). However, in all other tuning
in general tuning characteristics and light intgnsi properties, no significant correlations were found
dependence, data from both forms were pooled for thexcept for a correlation between the background
following analyses. LoTul neurons showed aactivity and the length of mean vector While in
significantly lower background firing rate than TwlT TuTul neurons no correlation between the
and TuLALla neurons (Fig.Aj. Furthermore the background spiking activity and the length of the
background spiking rate in darkness was signiflgant mean vectorr was found (Fig. E), a linear
lower in TULAL1b cells than in TuLALla neurons. correlation was present in LoTul (Figr;7t test for
While LoTul neurons showed low backgroundslope = 0, R: -0.5, p=0.0001). A similar correlatio
variability and response strength to polarized tlighwas found, when all TuLAL1 cells were plotted
stimulation, TuTul neurons showed significantlytogether (Fig. @; t test for slope = 0, R: -0.65,
higher background firing variability and a higher p=0.03).
response strength R (Fig.B,©). No statistical In the next analysis, the distribution®R |
differences were observed between TuLALla andvithin the receptive field were investigated (F&).
TuLAL1lb neurons in background variability and In contrast to TuTul cells which did not show
response strength R and between the intertuberctystematic changes in the preferred-vector
cells and the TuLAL1 neurons. Finally, the orientation within the receptive field (Fig.AB the
directedness of the response showed no differencgseferredE-vector angle of LoTul increased within
between all AOTu neuron types (Fid)? the receptive field from ipsi- to contralateral piosis

In the next step we analyzed possible correlationé~ig. 8B, t test for slope = 0, R: 0.23, p=0.005).
between the tuning characteristics. Not surprigingl Likewise, in TuLALla neurons deviations from
the response strength of all cell types correlatedenithal -.,—values depended on the hemispheric
significantly with the length of the mean vector side of the stimulus (Fig.@ ttest for slope = 0, R:
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directionality, or response
strength (Fig. @) and the

time of day was observed in
TuLAL1 cells. LoTul cells

showed no  correlation
between background activity
or background variability and
the time of dayt(test against

slope = 0, correlation

coefficients R: 0.05 and -0.03
respectively, p=0.64, p=0.83,
data not shown). Although
the length of the mean vector
r in the center of the

receptive field did not change
systematically with daytime

(t test against slope = 0, R:
0.24, p=0.07, data not
shown), LoTul neuron

showed an increased
directedness in neurons that
were recorded at night
compared to neurons that
were recorded during the day

FIG. 6. Normalized intensity/response (I/R) funoscof AOTu neuron types to stimulation in (Flg' 9‘_5’ Mann Whlm.e.y U

center of the receptive fields. Maximum light irgén (log | = 0) was 1.8 x¥photons/crhis. Solic test, p__0'04)' In addition, a
curves are fitted through a modified Naka-Rushtancfion. Dotted lines indicate backgro. correlation between the
variability. Error bars in all diagrams indicateustlard errorsA: I/R function from all analyze response strength R in the
TuTul cells ( = 13, data are taken from Figh Rnommax= 1.01, K = -4 log units# B: I/IR ; ;

function from all measured LoTul neuroms<(43, data are the same as in Fi, Brormmaxy= 1.01, center of .the receptive field
K=- ORJ XQLWV # "KHUSIRY VD DRI ® L wx@HUHyF and the time of day of the
all intensity stepsH), the maximum response strength in TUTELi§ already reached at log | = recordings was found (Fig.
(ANOVA analysis combined with Games-Howplbst hodest; significance levels, *p < 0.05, *p 9B; t test for slope = 0, R:
0.01, ***p < 0.001).C: I/R function from twoTuLALla neurons (Bmmay= 1.02, K = -3.34 lo 0.41, p=0.002). LoTul also

units, # D: I/R plot from three TuLAL1b neurons max)= 0.95, K = - ORJ X L .
0.25). P B @ showed a significantly higher

response strength to

0.43, p=0.03), while in TULAL1b cells no changes ofpolarized blue light at night than during the d&ig(
W K ki« values within the field of view were found 9E, two tailed t test, p= 0.0004). To further
(Fig. D). substantiate the effect of daytime on the response

To elucidate further differences between thestrength and directionality in LoTul, we recorded
AOTu neurons, we next analyzed the correlatiorfrom a LoTul neuron over a period of two hours
between tuning characteristics and the time ofafay between theZeitgebertimes 10:50 h to 13:00 h and
the recording (Fig. 9). TuTul neurons did not showstimulated the neuron every 30 minutes with poéatiz
any systematic changes in background activitegt  blue light within the center of the receptive fi€kig.
for slope = 0, correlation coefficient R: 0.16, p3®) 9F,G). While no changes were noted in background
or variability ¢ test for slope = 0, R: 0.31, p=0.09) activity, background variability, and th&-vector
depending on the time of day (data not shown). Weuning during this time frame (FigF9, an increase in
also did not observe a correlation between theesponse strength to polarized light and directiyha
directedness of the response to polarized liglthén of the response were observed Zsitgeber times
center of the receptive field and the time of datgg¢t 11:50 and 12:20 (Fig.®. The response strength and
for slope = 0, R: 0.15, p=0.39, data not shown) nodirectedness decreased again 1 hour after the
between the response strength R in the centereof tlbeginning of the subjective night, but might alread
receptive field and th&eitgebertime (Fig. #; t test  have been affected by deterioration of the conadlitib
against slope = 0, R: 0.16, p=0.37). The neuronghe animal.
responded to polarized blue light during the subjec
day and subjective night with similar modulation
strength (Fig. B, Mann-WhitneyU test, p=0.63). Responses to high intensities of polarized light
Also, the response directedness did not differ betw
TuTul neurons recorded at night and during the day  After analyzing responses under low-light
(Mann-Whitney U test, p=0.89). Similar to the conditions, we were interested in how the
conditions observed in TuTul neurons, no corratatio interneurons of the AOTu responded to stimulation
between the general tuning characteristicaith polarized light at higher light intensities as
(background activity, background variability), occurring, e.g., at noon on a cloudless sky. Tloegef
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FIG. 7. General tuning characteristics, responsngths, and directedness of the response in tireA@Tu neuron types. All box plots
show the median (horizontal lines) and correspandiean values (squares), and the 25% and 75% lgadtibxes). The whiskers indicat
the 5-95% range of the dat&. Background activities of TuTul, LoTul, TuLAL1a, afidLAL1b neuronsB: Background varibilities of the
neurons of the AOTuC: Response strength of the AOTu neurons to polarizgd presented in the center of the receptivedfieD:
Directedness (length of mean vectprof the polarization response in the AOTu neurdnsall casesA-D), ANOVA analysis combined
with Games-Howellpost hoctest was applied for statistical analysis (sigaifice levels, *p < 0.05, **p < 0.01, ***p < 0.001f:
Background spiking frequency of TuTul neurons phbtagainst the directedness of the response (lefgthean vector). Gregarious
locusts are indicated as black circles, solitariansnals are shown as grey triangles. No correfatietween background frequency ai
directedness of the neurons was noted (31; R.or = -0.17,t test against slope of 0, p = 0.38). Correlation of the background firing
activity and the directedness in LoTul neuronsciblarcles: gregarious locusts; grey trianglesitanbus locustsn = 55; R.or = -0.49,t test
against slope of 0, p = 0.00043: Correlation between background activity and diréeéss in TULALL neurons. TuLALla neurons a
shown as circles, TuLAL1b cells are indicated asasgs. Data from gregarious animals are shownaicklédnd from solitarious animals, i
grey = 11; R.or = -0.65,t test against slope of 0, p = 0.02).HandG linear regressions are shown as solid lines, 958fidence bands
are shown as dotted lines.

we stimulated LoTul and TuTul neurons with highl0G). To further exclude the possibility that the effe
intensity polarized white light (about 26.8 x*18)  of the reduced response strength in LoTul neu®ns i
that ranged in a similar order of magnitude aghe result of the different spectral compositionttod
illumination from the sun at noon (see Appendixg.Fi stimuli, we determined I/R relationships for ditfet
A3A,D). As shown by Kinoshita et al. (2007) both intensities of white light stimulation (Fig. EM).
intertubercle neurons have broad spectral sen@tvit Five LoTul neurons showed a bell-shaped sensitivity
and are excited at-.. during presentation with curve with a maximum response strength at log2 = -
different wavelengths of polarized light. Whereasand reduced response strength at lower and higher
LoTul was activated during stimulation with intensities (Fig. 1B). Statistically, the response
polarized blue light, high-intensity polarized wehit strengths between log | = -1 and -3 were significantly
light resulted in strong inhibition of spiking adty  stronger than the background variability, wherdes t
without any action potentials in three out of 19modulation strengths at log | = 0 and -4 were not
recorded LoTul neurons. The other neuronglifferent from background variability. In one
responded with reduced modulation of spikinginvestigated TuTul neuron the response strength at
activity (Fig. 1A-D). An opposite light-on response - log | = 0 was similar to the modulation strength at
activation at low light intensities and inhibiticst  intensities between log | = -1 to -3, again exhitgjti
high light intensities - was typical for LoTul (Fig an intensity-independent response (FigHLOTaken
10A,0). Accordingly, the response strength of thetogether, these data confirm that the reduced
LoTul neuron was significantly higher during modulation strength in LoTul at bright white ligkt i
stimulation with polarized blue light compared to an effect of light intensity.
stimulation with polarized bright white light (Fig.
10E).

TuTul cells were analyzed in 7 experiments. IDISCUSSION
contrast to LoTul, TuTul cells showed no signiftcan
difference in the responses between blue light We have analyzed general neural activitigs,
stimulation and bright white light stimulation (Fig. vector-tuning, receptive field properties, and
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LoTul is tuned to signal
polarization information at
low light conditions during
sunset or sunrise.

General tuning properties

While the response
strength between TuTul and
LoTul neurons differed
significantly, no differences
were found in the averaged
directedness of the response
between any of the AOTu
cell types. This indicates that
the tuning width is similar in
all  AOTu neurons. In
addition, the higher
background variability of the
TuTul neurons compared to
the LoTul cell could mean
that TuTul neurons receive
synaptic input from a larger
number of neurons than the
LoTul cell. Furthermore, in
LoTul and TuLAL1
neurons, a correlation

). * macdistribution of AOTu neurons at different elevaisoalong the left-right meridian. Dat:
were obtained by subtracting the absolute deviaifdhe preferred orientation angle at each tes
SRVLWLRQ Ji\RIBe W Kkl zenith. Only neurons that showed aifstgnt response to

polarized light during zenithal stimulation (Ragkitest, p < 0.05) were included. In these analy:
we did not distinguish between solitarious and griemis locusts because we did not find a
GLIIHUHQFHV LQ WKH UHF HSHW 1 H QL MK QA T U, Bigdudioh\of [
TuTul cells f = 29) does not change systematically along theritgtit meridian Reor = -0.03,t
test against slope of 0, p = 0.78. LoTul neuronsr{ = 44) showed a significant correlatiol
betweenE-vector tuning and corresponding position alongléfieright meridian Reor = 0.23, p =
0.005). Linear regression is shown as solid limmfidence intervals (95%) are shown as dott
curves. For better visibility, only averaged prederdirection values are shownAnandB (error
bars = SE)C: Distribution of - nax values along the left-right meridian of TuLAL1dls€n = 5). A
correlation between the position of the polarizgtttstimuli along the lefftU LIKW PHU LG L
orientation of the neurons was observiegd (= 0.61, p = 0.01). Linear regression is shown #d sc
line, 95% confidence bands are shown as dotted.liDe No correlation between observéd
vector tuning and elevation of the polarized lighitauli was found in TuLAL1b cellsR¢. = -0.03,
p = 0.93).

intensity/response functions to polarized light éurf

between background activity
and directedness was found.
This implies that in these
cell types the background
activity has an effect on the
tuning width around - ax
For LoTul this is not
surprising because its
activity at -, is similar to
background levels.
Experiments in flies showed
that neural activities of

visual neurons in the brain are modified duringHti

classes of AOTu neurons in the locust brain. To ouor walking (Rosner et al. 2010; Maimon et al. 2010;
surprise, we found no difference in theseChiappe et al. 2010). In visual neurons of locusts
physiological parameters between gregarious andhange of firing activity dependent on the behalior
solitarious locusts despite their different lifeyles  state was also observed (Homberg 1994). If the
and activity patterns. Consistent differences inspiking rate of LoTul and TuLALl1l neurons were,
physiological parameters were, however, found whetikewise, modified during walking or flight, the
comparing the different neuronal cell types. LoTuldirectedness of the response to polarized lightlshou
was exclusively activated by polarized light atalso be modified in a behavior dependent context.
moderate light intensities, while TuTul and TuLAL1 The E-vector tuning of LoTul in gregarious
neurons showed polarization opponency. Above animals was significantly different from a random
certain threshold of light intensity, TuTul and distribution. It had a mean value of about 128°jclvh
TuLAL1 cells showed invariance to changing lightis similar to the mean-.x of 134° reported for
intensities and daytime, while thevector response LoTul by Pfeiffer et al. (2005). The TuTul neurons
of LoTul was highly dependent on light levels aslwel from gregarious animals, likewise, showed two tgnin
as on time of day. In addition, stimulation with peaks around 120° and 180° as reported by Pfedffer
polarized light intensities mimicking illuminance al. (2005), but, in addition, we found a thirg,, peak
levels of midday sunlight led to strong reductidrEe  near 35°. While the uniform tuning of LoTul supports
vector dependent responses in LoTul but not imnatomical evidence for the presence of only alesing
TuTul neurons. Taken together, these observatiomeuron per hemisphere, the thiEeiector tuning type
suggest that TuTul and TuLAL1 neurons provide dor TuTul neurons is not supported by anatomical
robust compass signal throughout the day, whilelata which did not reveal more than two neurons per
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FIG. 9. Changes of the response strength R andithetedness in the center of the receptive field of TuTuA D), LoTul B, E) and
TuLAL cells (C) during the time of day. IB and E the mean (squares) and median (horizontal lireg)anse strength R and the 25% ar
75% quartiles (boxes) are shown. The whiskers @tdithe 5-95% range of the data.The response strength R of TuTul neurons plott
against the time of the recording. Data from griegar locusts are indicated as black circles, data solitarious animals are shown as gre
triangles. No correlation between response streagthrecording time was observed< 32; R.or = 0.09,t test against slope of 0, p = 0.63)
B: Analysis of response strength R of LoTul duringtthee of day. Data from gregarious animals aredatdid as black circles, data fron
solitarious animals are shown as grey triangled.diful the modulation strength R correlated sigaifitly with the time of day of the
recording 0 = 58; Reor = 0.41,t test against slope of 0, p = 0.001). The linearaggjon is shown as solid line, 95% confidence bard
denoted as dotted lineS: Response strength R of TULAL neurons plotted aggaire time of day of the recording € 11; R, = -0.36,t test
against slope of 0, p = 0.27: Comparison of the response strength (left paneheRveen TuTul neurons analyzed during the d
(ZeitgeberTime: 0-12h) and TuTul neurons that were recordsaiden ZT 12-24. The data are the same as thesliaten inA. TuTul cells
recorded during the dap € 18) do not differ significantly from TuTul nem®recorded between ZT 12-24h= 14; Mann-Whitney test,
p= 0.68). Right plot: Analysis of the directednefshe same set of TuTul neurons ad\irThe length of the mean vectodoes not differ
statistically between TuTul cells recorded during tlay and TuTul neurons recorded at night (ManitAdhU test, p= 0.94)E: Left
diagram: The response strength of LoTul is sigaifity stronger at nighin(= 23) than during the day € 35; student test, p = 0.0004).
LoTul showed a higher directedness at night thaimgthe day (right plot; Mann-Whitnay test, p = 0.042). The data are from the same :
of LoTul neurons as iB. G: Recording from a single LoTul neuron over a penb@bout 2 hours, showing background activityeygr
circles, grey solid line), background variabilityldck squares, solid black line), aievector tuning (black circles, black dotted ling) &
different Zeitgebertimes.H: Diagram of the response strength R (black bars)tiaadength of mean vector(grey circles, grey solid line)
plotted against the time of day of the same LoTeuron as irG.

brain hemisphere (Homberg et al. 2003). In contast Receptive fields

LoTul and TuTul, the preferr&dvector orientations

of the TuLAL1 neurons varied considerably. This is  The receptive fields of the intertubercle neurons
in accordance with the existence of 40-50 TuLALlare directed to the contralateral hemisphere with
neurons as suggested from fiber counts (Homberg @aximum response strength at an elevation of 60°
al. 2003). along the left-right meridian. This fits very waelb
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FIG. 10. Response strength of intertubercle neutormenithal stimulation with polarized blue ligf&0.82 pwW/cnd) and high intensity
polarized white light (39.17 mWi/cin A: Spike train (upper trace) and mean firing actiViiywer trace) of a LoTul neuron during
stimulation with polarized blue light (moving avgea bin size: 1s). The duration of the polarizethtistimulus is denoted by a solid line.
The start and the direction of the rotation of ploéarization filter are indicated by the ramBs.Circular plot of the mean spiking rate of the
neuron to polarized light shown i plotted against th&-vector orientation of the polarizer (bin size: 18°= 2; error bars = standard
deviation, - ma= 138°, Rayleigh test, p = 1.08 x 90 Grey circle indicates background activity of theuron in darknes<: The same
neuron as irA stimulated with high intensity polarized white lig: Circular diagram from the recording @illustrates the mean firing
rate as a function dE-vector orientation (bin size: 108;= 2; error bars = standard deviationsa= 121°, Rayleigh test, p = 0.008), G:
Comparison of the absolute response strength ReleetwoTul(E) and TuTul neuron&) to stimulation with zenithal polarized blue light
and polarized bright white light. The median resgostrengths R are shown as horizontal lines, #@nmalues as square and the 25% and
75% quartiles boxes are indicated by boxes. Theskeins denote the 5-95% range of the d&ta.LoTul neurons responded stronger to
polarized blue light than to bright polarized whight (n = 19; paired studerittest, p = 0.000F: Normalized I/R function of the LoTul
neuron @ = 5) to stimulation with zenithal white light. Miaum light intensity: 39.17 mW/ctData points are connected by solid lines for
better visibility. Dotted line indicates backgrounakiability. Error bars show the standard erréiar. statistical analysis ANOVA combined
with Games-Howelpost hoctest was used (significance levels, *p < 0.05, #0.01, ***p < 0.001). ).G: Response strength R of TuTul
neurons during zenithal stimulation with polarizgde light and bright white lighin(= 7). No differences are observed in the modutatio
strength (paired studentest, p = 0.42)H: Normalized I/R function of one TuTul neuron stimathwith white polarized light from dorsal
direction (light intensity at log 0: 39.17 mW/@mData points are connected by solid lines foualization. Dotted line indicates the
background variability of the neuron.

data from Pfeiffer et al. (2005), who showed thatlikewise binocular (Heinze et al. 2009). TuLAL1b
LoTul and TuTul receive polarization input from theneurons, in contrast, might receive ipsilaterauals
ipsilateral eye (Pfeiffer et al. 2005) and to an@ital  input only, because their likely postsynaptic parsn
data showing contralaterally pointing visual axés oTL3 tangential neurons of the lower division of the
DRA ommatidia (Homberg and Paech 2002). Thecentral body (Tréger et al. 2008) are also domiahate
extent of the receptive fields of TuTul (110°-120°)by ipsilateral visual input (Heinze et al. 2009).
and LoTul (130°-135°) along the left-right meridian In contrast to TuTul and TuLAL1b neurons,
was considerably wider than the receptive fields ofrector tuning in LoTul and TulLALla neurons
DRA photoreceptor neurons (about 30°; Eggers andhanged systematically along the left-right mendia
Gewecke 1993). This suggests that photoreceptdn both types of neuron an increasdcivector tuning
neurons with different spatial tuning are recruitgd from the ipsilateral to the contralateral hemisgher
the intertubercle cells. In contrast to the inteeicle was observed. As already illustrated for neurons of
neurons, TuLAL1 neurons differed widely in the protocerebral bridge, this shift of.., values
receptive field properties including receptive diel within the receptive field suggests that neuronthef
orientation and bilateral expansion. This is notright AOTu respond more strongly when the sun is
surprising in view of the high number of TuLAL1 behind the animal and neurons of the left AOTu,
cells per brain hemisphere (Homberg et al. 2008& T when the locust faces the sun (Heinze et al. 2009).
receptive fields had centers in the contra- ofapmial  Together with input from the sky chromatic contrast
hemisphere with strongest responses at elevatioqmsoposed by Pfeiffer and Homberg (2007) the
ranging from 30° contralaterally to 30° ipsilatéyal vector tuning shift may further aid in distinguisbi
One of the main functions of the intertuberclebetween the solar and antisolar hemisphere ofihe s
neurons is probably to provide contralateral visual
input to postsynaptic TULALL neurons. As shownResponses of intertubercle neurons to differentt ligh
here in one example, TuLALl1a neurons do receivgntensities
binocular input, and their postsynaptic partneypet
TL2 tangential neurons with projections to the lowe Intensity/response  (I/R) functions of the
division of the central body (Trager et al. 200&)¢  intertubercle cells were determined in the center o
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their receptive fields. The response thresholdhithv  direction (Kinoshita et al. 2007). This correlatesliw
the neurons showed no differences to firing agtigit with our data indicating intensity independent
darkness was at a light intensity of about 18 ®x10responses of TuTul to zenithal polarized light.
photons/crfs. This corresponds to the sensitivity of
the intertubercle neurons analyzed during zenithal
stimulation (Kinoshita et al. 2007). Clear diffeces = Comparison between gregarious and solitarious
were observed in I/R functions between LoTul andocusts
the remaining AOTu neurons. In TuTul, TuLALla
and TuLAL1b neurons the response strength remained The transformation in locusts from the solitarious
relatively constant and showed a sharp drop withén t to the gregarious form is strongly dependent on
final 2 log intensity steps. This is in accordarioe population density and is mediated by the level of
data from cricket POL1 neurons, which were alscserotonin in the thoracic ganglia (Anstey et aD20
intensity independent above a certain thresholdllev Field experiments suggest that solitarious locusts
of polarized light intensity (Labhart and Petzo®D3; prefer to migrate as individuals during the night
Labhart et al. 2001; Petzold 2001). These neuron8Naloff 1963; Roffey 1963). While Roffey (1963)
should, therefore, not be susceptible to changes iobserved flight activity at night of locusts ranging
clouding conditions and are thus, ideally suited tdrom solitarious to transiens and gregarious, Waloff
process polarized light signals for spatial oritata  (1963) reported that flight of solitarious locust
In contrast, the response of LoTul was intensityoccurred exclusively at night. He observed
dependent over at least four log units of lightlsy spontaneous flight activity of solitarious locusts
LoTul but not TuTul neurons were moreranging from sunset to about 5 hours after
sensitive at night than during the day as shown bdisappearance of the sun. In both field studies,
higher response strength and increased directettnesshowever, migrating solitarious locusts were also
polarized light. No difference, however, was obsdrve observed during the day, but their flight activitias
in the absolute sensitivity of LoTul during the dayinterpreted as forced flights or as exceptions.
and at night. As shown by Pfeiffer et al (2005), Substantial differences in the size and proportion
Kinoshita et al. (2007) and in this study, LoTulof brain areas involved in visual processing were
receives at least two visual inputs from dorsalobserved between gregarious and solitarious locusts
direction: (1) a low threshold excitatory input thes  (Ott and Rogers 2010). Thus, gregarious locustg hav
polarization sensitive, and (2) a higher thresholdarger brains than solitarious locusts, a noticeabl
inhibitory input that is insensitive toE-vector larger optic lobe and central complex and, in additi
orientation. The lack of inhibition by unpolarizedgit  a smaller optic lobe to midbrain ratio than soldas
at low light levels leads to stronger responses tdocusts (Ott and Rogers 2010).
polarized light at night than during the day andato We did not find significant differences in the
steeper I/R function of LoTul at night without physiological responses of POL-neurons of the AOTu
affecting its absolute threshold for polarized tigh between both forms. Receptive field structures elé w
When increasing the intensity of polarized light,as absolute sensitivities were analyzed extensively
however, the increasing contribution of the infdbjt  the intertubercle cells and in both, no correlation
unpolarized light input eventually dominates thebetween physiological responses and locust phases
response. It leads to a reduction and finally towere found. Thee-vector tunings of the intertubercle
complete elimination of theE-vector dependent cells were distributed more randomly in the
response (Fig. ). Based on these characteristics,solitarious phase, but did not differ significantly
LoTul is probably adapted to signal polarized light between both forms. Furthermore, no differencern |
low light conditions during sunset or sunrise, whil functions were found between the two phases. The
high light intensities at noon should inhibit LoTul data therefore suggest that the significance of
and strongly reduce its polarization sensitivity. Apolarized light signals as navigational cues doés no
model proposed by Pfeiffer et al. (2011) suggdsis t differ between both forms. Although solitarious
the temporal dynamics of neural responses mighanimals have larger eyes than gregarious locusts
largely account for the reversal of responses dfulo  (Rogers et al. 2010), this difference is not rééddn
with increasing light intensities. According to thatthe width and alignment of the receptive fields of
model, stimulus-dependent release of histamine bjOTu intertubercle cells. The size and orientatién o
photoreceptors of the dorsal rim area combined witlintertubercle receptive fields suggest that the size
dynamic membrane properties of lamina neurontshe DRA as well as the number of DRA
could explain the opposing effects of high and lowphotoreceptors may not be different between both
intensity polarized light on LoTul. locust phases and thus, the increased eye size of
In contrast, the responses of TuTul to high andolitarious locusts might be restricted to the main
low intensity polarized light did not differ retina. It is, however, conceivable that different
significantly. As shown in Kinoshita et al. (2008,  adaptations of AOTu neurons may be present in their
inhibition of TuTul by dorsal unpolarized light was responses to unpolarized chromatic stimuli, which
observed in only one of a total of four recordirmsd  were not tested here.
TuTul neurons did not show significant responses to
UV or green unpolarized light presented from dorsal
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Possible functional role of AOTu neurons

LoTul and TuTul neurons receive polarized ligh

signals mainly from the ipsilateral eye (Pfeiffeérad
2005), thus an interconnection between
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Appendix

Calculation of sky compass signals with MatLab

Within the context of possible functional roles of interneurons ofattterior optic tubercle
during my PhD thesis | modeled compass signals of the skyhispratscript was written in
the software program MatLab (MathWorks) that allows the calmx of the changes of the
solar elevation at a particular year/day and geographical docdurthermore, changes of
sky compass signals, like the light illumination of the sun, the gdwarmf theE-vector
orientation and degree of polarization in a distinct observed point iskihecan also be
evaluated by the script. As basis for the model calculationsotleeving publications were
used:

Brines ML, Gould JL (1982) Skylight polarizationtfns and animal orientatiod.Exp Biol96: 69-
91.

Elvegard E, Sjostedt G (1940) The calculation lofiination from sun and skyllum Engin35: 333-
342.

Pfeiffer K, Homberg U (2007) Coding of azimuthatetditions via time-compensated combination of
celestial compass cuesurr Biol 17: 960-965.

Pfeiffer K, Negrello M, Homberg U (2011) Conditidngerception under stimulus ambiguity:
polarization- and azimuth-sensitive neurons in theust brain are inhibited by low degrees of
polarization. Neurophysioll05: 28-35.

Strutt JW (1871) On the light from the sky, itsgriation and coloPhil Mag41: 274-279.
Suhai B, Horvath G (2004) How well does the Rayleigodel describe the E-vector distribution of

skylight in clear and cloudy conditions? A full-skplarimetric studyJ Opt Soc Am A Opt Image Sci
Vis 21: 1669-1676.

For a simple application of the script for each user, an intuitiyehical user interface (GUI)
was created. Here, a small introduction of the script is gaemell as the used equations are
given.

Equations for calculations of sky compass signals

Equations for the calculation of the changes of the solar elevation

As a basis for all further calculations, at first the changekseogolar elevation at an arbitrary
year/day and geographical position on earth were modeled. Foreteemchation of the

changes of solar elevation, the equation of tiB@®T), the declination/ and the hour angle
(HA) are important physical values. Therefore, first the equatioriinné EOT) was
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determinedEOT is the difference between the apparent solar time and the suar time
and can be calculated with the following equation:

286.000075+ (0.001868<odB)) - (0.032077sin(B))- &0

(1) EOT=2292 (0.014615c0¢2B))- 0.04089sin(2B)

8§

with

3600
2 B=(n-1)x—=
@) (n )e365g

The solar declinatioris defined through the next equation:

MQ (n = number of days)

(3)  d= 2345sin
& 365 4

The hour angleHA, angular distance between sun and local meridian) can be
determined as follows:

(4)  HA=-1x180- LATx5)
LAT is the local apparent time and can be evaluated with equation 5:

(5)  LAT =24XLT +(4X/ - 15)+ EOT)/ 24/ 60)
In this equationl.T is the local time and is the geographical longitude.
Based on all this equations, the changes of the solar elevagjara be modeled:

(6) ag =arcsir{sin(d)sin(j )+ cofHA)>codd)xcod] ))
3is the latitude of the geographical coordinates.

Equations for the calculation of the illumination from the sun at diffenésolar elevations
The sun illumination is dependent from the air n{éadg).

1

) AM = de0- a2)

The sun illuminatiorBwas modeled for a horizontally oriented surface:

(8)  S=1.23240"ssin(ag )0V
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Equation for the determination of the degree of polarization as a function of theasol
elevation

The changes of the degree of polarization the zenith can be calculated as follows:

&- cos’s 0
1+cos s 4
lis the angular distance between the sun and the zenith

(99 d=075

Equations for modeling of sky compass signals in distinct observed points

The coordinates of the solar position are given by the vector

asin(90 - a;)>codj ¢)o
(10) §=Csin(90 - a)ssin{ ()

& cod90-a.)
where 3% is the azimuthal direction of the sun.

In the same manner, the coordinates (azimuth and elevation)obksarved poin(c')) can be
defined:
2sin(90 - a, )xcodj )6
r ¢ . o\
(11) 0=¢sin(90 - a,)>sin( o)+
& cod90-a,) 4

TheE-vector e was evaluated as the product of the veckoend 0.

(12) e=5%

The E-vector orientationf in a distinct observed point can now be calculated with the
following equation:

a3) f= arctar?lg
€ g

e; ande, are components of tHevector e .

For the degree of polarization, first the angular distantmetween the observed point and the
sun was calculated:
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rro.
& 0

(14) g = arcogﬁﬁi

[sI%0/

By replacing 1with in equation 9, the changes of the degree of polarization in a particular

observed point were defined.

Application of the sky compass calculator scrigcjs

The application of the script is
simplified by a GUI.
Unzip files and copy both files
(ssc01_BeJ.m, ssc01_BeJ.fig) in
one folder. Open the M-ile
(ssc01_Bed.m) and run the
script. Now automatically the
GUI will open (Figure Al). In
the first lines, now the
geographical position (longitude,
latitude) as well as the date (day,
month, and year) has to be
entered. Exemplary, we used as
input values now the coordinates
of the Tropic of Cancer (23.4° N,
5.2°E) to calculate the changes
of the solar elevation in the
natural habitat of the locusts in
northern Africa. As date we used
the day August 1, 2011. Now the
changes of the solar elevation at
this particular day can be
evaluated in the line ‘Calculate
solar elevation during the day’
by pressing the button ‘DO IT’
in the same line. A new window
will then open in which the solar
elevation at a distinct day and
geographical location is plotted
against the time of day (Figure
A2).
Simultaneously the script
saves automatically three dataFigure Al: Graphical user interface of the MatLab script 1
files in the same folder as the calculation of compass signals of the sky. The gmogallows the
script exists (solar-elevation). calculation of the changes of the solar elevatioa particular day/year
The first data file is a bitmap-file and geographical I_ocati(_)n as wgll as the modelfrt@e)correspon_ding
of the plot, according to the changes of the light |IIur_n|nat|_on and the degree pnilarl_zatlpn.
generated figure. The SecondFurthermore, thE—vect_or orientation and_ the degree of polarizatian
data file is again the figure, be calculated at any given observed point at tlge sk

however, as eps-file (eps-files

are ideal for further processing of the plots iapic software programs). The third created déddi

a text-file (txt) in which a list of times of dayd the corresponding elevations of the sun aredsave
Note: If you will create a new figure of the chasgd the solar elevation during the day with other
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parameters, the saved data files will be
overwritten with new values and figures of
the new generated plot.

The further user interface is in
general divided into two subparts. In the
upper subpart, sky compass signals can be
calculated as a function of the time of day.
In the lower part of the interface, celestial
compass cues can be plotted against the
solar elevation. Both subparts calculate
sky compass clues dependent on the
entered input parameters in the first line.
The structure of both subparts is similar.
At first, the changes of the light
illumination for a horizontal surface
during the day (or at different elevations

of the sun) can be plotted when pressImi]"igure A2: Output file of the sky compass scrip

t_he (‘:orrespondlr)g ‘D,O IT_, bgtton at_ the Calculation of the course of the sun during Audys2011
line ‘Calculate light illumination during j, Tropic of Cancer (23.4°N, 5.4°E).

the day’ (or ‘Calculate light illumination
at different solar elevations’). Again, a new figwyill be created and, the program autosaves tee th
data files for the corresponding created plot.

Next, the changes of the degree of polarizatioinduhe day (or at different solar elevations) in
the zenith can be calculated when pressing themi@alculate degree of polarization during the'day
(or ‘Calculate degree of polarization at differentar elevations’).

In the small inserted boxes (‘Plots for distincsetved points at the sky’), the changes ofgthe
vector orientation as well as of the degree of qmdéion in an observed point at the sky can be
measured. To do this, the azimuthal position of sbe has to be defined in the input box ‘solar

Figure A3: Output data files of the sky compass calculatioipscAll calculations are dependent on the coul
of the sun as shown in Figure A2. B, C, E F wereuwated for an observed point at 90° azimuthal &g
distance to the solar azimuth, and 60° elevationlight illumination of the sun on a horizontal faee plotted
against the time of day. (B) Degree of polarizatioran observed point plotted against the time of. &)
ObservecE-vector at different times of day. (D) Light illumation as a function of the solar elevation. (Eg T
degree of polarization as a function of the eleratf the sun. (F) The changes of t&ector orientation at
different solar elevations.
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azimuth’. In our example in Figure 1 we defined sladar position as 0°, which means that the sun is
during the whole day in front of the locust. Nove thzimuth and the elevation of the observed point
have to be determined (‘observed point in the skidte: The azimuth of the observed point is
defined as the angular distance to the solar ahinfutcording to the center of the receptive fiebdis
the intertubercle neurons of the AOTu, in our exlEnwe used an observed point at an elevation of
60° and in an azimuthal distance of 90° from the. $dow we can model how sky compass signals
changes during the day, when the sun is in fronheflocust. When pressing now the DO IT button,
in each case, the changes of the obseBEredctor orientation or of the degree of polarizataan be
calculated as a function of the time of day. Ag#ne created plot is autosaved as bitmap-file and a
eps-file and as a table of the corresponding valmethe lower subpart, the changeses¥ector and
the alteration of the degree of polarization cawdleulated as a function of the solar elevation.
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