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Zusammenfassung
In der vorliegenden Dissertation habe ich mich mit der Anatomie und der
Visualisierung neuronaler Daten des Gehirns der Heuschrecke Schistocerca gregaria befasst.
Der erste Teil dieser Arbeit liefert eine detaillierte Analyse der Verteilung des
Stickstoffmonoxid‐produzierenden Enzyms NOS im Zentralgehirn der Heuschrecke. Unter
anderem wurde mit der Kartierung NOS‐exprimierender Neurone im Zentralkomplex ein
wichtiger Beitrag zur Untersuchung dieses hochgeordneten Neuropils, das eine
herausragende Bedeutung für die räumliche Orientierung einnimmt, geleistet. Die untere
Einheit des Zentralkörpers, der zusammen mit der Protocerebralbrücke und den Noduli den
Zentralkomplex bildet, ist physiologisch und anatomisch gut untersucht. Die Organisation
und Funktion der oberen Einheit ist dagegen noch weitgehend ungeklärt (Homberg, 2004).
Bislang basierten morphologische Untersuchungen im Gehirn der Heuschrecke auf
gesamter, beispielsweise mittels Immunfärbung markierter Neuronensysteme, oder auf
zweidimensionalen Rekonstruktionen einzelner Neurone, die während physiologischer
Studien injiziert wurden. Während die erste Methode nicht ohne weiteres zulässt, einzelne
Neurone zu verfolgen und potentielle Verbindungen mit anderen Neuronen zu untersuchen,
erlaubt die andere Herangehensweise zwar die Rekonstruktion individueller Neurone,
jedoch nur ein Neuron pro Gehirn. Die morphologische Untersuchung kompletter
Neuronennetzwerke bedingt allerdings die Darstellung mehrerer Neurone in einem
gemeinsamen System. Dieses muss sich in erster Linie dadurch auszeichnen, dass es
interindividuelle Unterschiede verschiedener Gehirne und Gehirnstrukturen in Form und
Größe kompensiert. Fortschrittliche bildgebende Methoden und leistungsfähige
Computerprogramme haben bereits die Erstellung standardisierter, dreidimensionaler
digitaler Gehirnmodelle der Honigbiene und der Fruchtfliege ermöglicht (Rein et al. 2002;
Brandt et al., 2005). Die Erstellung eines adäquaten Referenzsystems, beziehungsweise eines
Standardgehirns der Heuschrecke, in welches einzelne dreidimensional rekonstruierte
Neurone integriert und visualisiert werden können, wird im zweiten Teil dieser Arbeit
behandelt. Im dritten Kapitel wird eine Auswahl rekonstruierter und in das Standardgehirn
registrierter Neurone vorgestellt. Dabei handelt es sich vorwiegend um Neurone des
Zentralkomplexes, die in die Himmelskompassnavigation involviert sind. Zusätzlich wurde
eine detailreiche Rekonstruktion des Zentralkomplexes in das Standardgehirn registriert.
Der letzte Teil dieser Dissertation liefert eine ausführliche Anleitung zur Registrierung
detaillierter Gehirnstrukturen und von Neuronen in das Standardgehirn.

Im folgenden werden die vier Kapitel dieser Arbeit genauer vorgestellt.
Kapitel I: Lokalisierung von Stickstoffmonoxid‐Synthase im Zentralkomplex und in
umliegenden Neuropilen des Zentralhirns der Heuschrecke Schistocerca gregaria
(Localization of nitric oxide synthase in the central complex and surrounding midbrain
neuropils of the locust Schistocerca gregaria)
Das gasförmige Signalmolekül Stickstoffmonoxid (NO) nimmt eine bedeutende Rolle
im Nervensystem der Vertebraten und Invertebraten ein. Neben seiner Funktion in der
Entwicklung des Nervensystems ist NO an einer Vielzahl sensorischer Prozesse beteiligt. Die
Implikation von NO als Botenstoff im visuellen und olfaktorischen System der Heuschrecke

3

Zusammenfassung
konnte bereits nachgewiesen werden (Bicker, 1998). Gebildet wird NO durch eine Ca2+/CaM‐
abhängige NO‐Synthase (NOS), welche im aktivierten Zustand unter Verwendung des
Kofaktors NADPH L‐Arginin zu L‐Zitrullin konvertiert und dabei NO freisetzt. Über die
Aktivierung löslicher Guanylatzyklasen bewirkt NO die Bildung des sekundären Botenstoffs
zyklisches 3´5´‐Guanosinmonophosphat (cGMP) und wirkt so auf die Modulation von
Ionenkanälen, Proteinkinasen und Phosphodiesterasen ein. Der Nachweis von NOS‐
enthaltenden Zellen stellt einen wichtigen Beitrag zur Untersuchung der Funktion von NO
im Nervensystem dar. Eine bewährte Methode, NOS‐enthaltende Neurone nachzuweisen, ist
die Diaphorse‐Färbung. Als Diaphorasen werden Enzyme bezeichnet, die zusammen mit
einem Kofaktor, z.B. NADPH, Chromogene in ein gefärbtes Reaktionsprodukt konvertieren
können.
In
dieser
Arbeit
wurde
mittels
NADPH‐Diaphorase
Färbung
nach
Methanol/Formaldehyd‐Fixierung an Kryostatschnitten und NOS‐Immuncytochemie die
Verteilung von NOS im Zentralgehirn der Heuschrecke Schistocerca gregaria untersucht.
Beide Techniken resultierten in übereinstimmendem Färbemuster, wobei die NADPHd‐
Färbung sehr viel kräftiger und distinkter färbte. Eine Ausnahme bilden mediane
neurosekretorische Zellen, welche eine intensive Immunfärbung zeigten, aber nur schwache
NADPHd‐Färbung. Fast alle Neuropile enthielten stark NADPHd‐gefärbte Verzweigungen
und über 470 NADPHd‐positive neuronale Zellkörper wurden im Zentralgehirn der
Heuschrecke nachgewiesen. Zusätzlich wurden bislang unbekannte NOS‐exprimierende
Neuronentypen beschrieben, darunter kleine Interneurone der Ozellen und sensorische
Neurone aus der Antenne, welche an den Antennalloben vorbeiziehen. Prominente Färbung
im Zentralkomplex, einem Gehirnareal, welches in der Himmelskompassnavigation
impliziert ist, wurde intensiv analysiert. Die untere und obere Zentralkörpereinheit, die
lateralen akzessorischen Loben und die Noduli wurden von stark NOS‐exprimierenden
Neuronen innerviert. Unter diesen circa 170 NAPHd‐positiven Neuronen waren fünf
Klassen tangentialer, zwei Systeme pontiner und ein System kolumnärer Neurone.
Mit der detaillierten Analyse des Färbemusters werden neue Einsichten in die
Neuroarchitektur des Zentralkomplexes geliefert. Darüber hinaus deuten die Ergebnisse
darauf hin, dass NO eine bedeutende Signalfunktion im Zentralkomplex einnehmen könnte.

Kapitel II: Standardisierter Atlas des Gehirns der Wüstenheuschrecke Schistocerca
gregaria
(Standardized atlas of the brain of the desert locust, Schistocerca gregaria)
Um zu einem besseren Verständnis der Verschaltungsprinzipien neuronaler Netzwerke
zu gelangen, ist die Visualisierung einzelner Neurone in einem gemeinsamen System von
zentraler Bedeutung. In der Regel stammen morphologische Daten von Neuronen, die in
verschiedenen individuellen Gehirnen physiologisch untersucht und anschließend gefärbt
wurden. Um diese Neurone in einem gemeinsamen System darstellen zu können, ist die
Kompensierung der natürlich auftretenden interindividuellen Schwankungen in Form und
Größe der einzelnen Gehirne Voraussetzung. Eine optimale Lösung hierfür ist ein
repräsentatives, gemitteltes Referenzsystem, welches die natürliche Variabilität einzelner
Gehirne kompensiert. Moderne bildgebende Verfahren und fortschrittliche Färbemethoden
ermöglichen die Erstellung vielfältiger, flexibler standardisierter Referenz‐Gehirne. So wurde
für die Fruchtfliege Drosophila melanogaster ein dreidimensionaler Gehirnatlas erstellt, der
vorwiegend als Grundlage zur vergleichenden Untersuchung von Gen‐Expressionsmustern
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oder zur phänotypischen Charakterisierung mutierter Gehirnstrukturen dienen soll. Das
Standardgehirn der Honigbiene Apis mellifera hingegen soll die Basis eines Neuronenatlas
werden, in dem neuronale Daten fortwährend integriert und somit neuronale Netzwerke
visualisiert werden können.
In dieser Arbeit wurde ein Standardgehirn der Heuschrecke Schistocerca gregaria erstellt.
Diese Insektenart ist ein beliebtes und weit verbreitetes Forschungsobjekt für Studien der
olfaktorischen und visuellen Signalverarbeitung, endokriner Funktionen und der
Neuromotorik. Die Bereitstellung einer gemeinsamen Plattform ermöglicht globalen
Austausch, Integration und Zusammenführung der immer weiter ansteigenden Datenmenge
und dadurch eine effektivere und effizientere Analyse neuronaler Netzwerke.
Als Grundlage zur Erstellung des Standardgehirns dienten konfokal aufgenommene
Bilder von zehn Gehirnen (Wholemounts). Anhand dieser wurden 34 Gehirnareale
rekonstruiert, aus denen ein standardisiertes Durchschnittsgehirn errechnet wurde. Dazu
verglichen wir zwei Methoden: 1. das „iterative shape averaging“ (ISA)‐Verfahren, bei dem
einer affinen Ausrichtung der Gehirne mehrere Durchgänge nichtrigider Registrierung
folgen und somit schrittweise ein optimales Durchschnittsgehirn errechnet wurde; 2. das
„Virtual Insect Brain“(VIB)‐Protokoll, bei dem die Gehirne zunächst global rigide
ausgerichtet werden und anschließend die Gehirnstrukturen lokal mittels rigider und
nichtrigider Transformationen angepasst wurden. Die resultierenden standardisierten
Gehirne erfüllen unterschiedliche Anforderungen. Da die VIB‐Technik die
Volumenverhältnisse während der Registrierung weitgehend beibehält, dient das hieraus
resultierende Standardgehirn zur Visualisierung und zum Vergleich anatomischer
Variabilität zwischen Gehirnen. Im Gegensatz dazu werden mittels des ISA‐Verfahrens diese
Unterschiede zwischen den individuellen Gehirnen ausgelöscht. Dadurch erfüllt das ISA‐
Standardgehirn besser den Zweck, einzelne Neurone zu registrieren, um diese in einem
gemeinsamen Neuronennetzwerk darzustellen.
Die Registrierung eines Neurons, welches die Lobula des optischen Lobus mit dem
Zentralenhirn und dem Deutocerebrum verbindet, demonstriert die Verwendbarkeit des
ISA‐Gehirns als Grundlage für zukünftige Analysen neuronaler Netzwerke. Um die
Standardgehirne und zusätzliche Informationen und Daten weltweit zugänglich zu machen,
wurde eigens eine Internetseite erstellt (www.3D‐insectbrain.com).

Kapitel III: Standardisierte 3‐D Rekonstruktion von Untereinheiten und einer Auswahl
von Zelltypen des Zentralkomplexes im Gehirn der Heuschrecke Schistocerca gregaria
(3‐D standard reconstruction of subunits and selected cell types of the central complex in
the brain of the locust Schistocerca gregaria)
Wie viele andere Insekten nutzt auch die Heuschrecke Schistocerca gregaria das
Polarisationsmuster des blauen Himmels zur Orientierung. In der Polarisationssehbahn
involviert sind die dorsalen Randregionen der Lamina und der Medulla, der anteriore Lobus
des Lobula‐Komplexes, der anteriore optische Tuberkel, der laterale akzessorische Lobus
und der Zentralkomplex. Polarisations‐sensitive Neurone verschalten in den im medianen
Protocerebrum gelegenen anterioren optischen Tuberkel, von wo die Information zum
Zentralkomplex weitergeleitet wird. Dieser stellt ein bedeutendes integratives Zentrum im
Insektengehirn dar.
Bisherige morphologische Studien der Polaristationssehbahn basieren vorwiegend auf
Tracingstudien neuronaler Trakte, oder aber auf der Untersuchung einzelner Neurone.
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Aufgrund starker Korrelation zwischen funktionellen Eigenschaften und der Morphologie
von Neuronen ist die Visualisierung einzelner Neurone eine wichtige Disziplin in der
Neurobiologie. Um aber zu einem besseren Verständnis der neuronalen Verschaltung von
Neuronen zu gelangen, ist die Integration neuronaler Bestandteile in einem gemeinsamen
System von herausragender Bedeutung. Hierfür müssen die Daten einzelner Neurone, die
aus unterschiedlichen Gehirnpräparaten stammen, in einem Referenzgehirn eingebunden
werden. In diesem Kapitel diente das Standardgehirn der Heuschrecke, welches
interindividuelle Form‐ und Größenunterschiede verschiedener Gehirne kompensiert, als
Grundlage zur Integrierung einer Auswahl polarisations‐sensitiver Neurone. Darüber
hinaus wurde das Standardgehirn mit einer detaillierteren Rekonstruktion des
Zentralkomplexes ergänzt. Damit wurde der erste Schritt hin zu einer stets anwachsenden
neuronalen Datenbank in einem digitalen dreidimensionalen Atlas mit obendrein
zunehmender Detailgenauigkeit geliefert. Die registrierten Neuronenrekonstruktionen sowie
eine Anleitung zur Anwendung des Standardgehirns wurden auf der Internetseite www.3D‐
insectbrain.com zugänglich gemacht.

Kapitel IV: Erstellung und Anwendung eines digitalen 3‐D Atlasses des Gehirns der
Heuschrecke Schistocerca gregaria mithilfe der 3‐D Software AMIRA
(Construction and application of a digital 3‐D atlas of the brain of the locust Schistocerca
gregaria using the 3‐D software AMIRA)
Dieses Kapitel fasst die wichtigsten Schritte von der Aufarbeitung der präparierten
Gehirne bis hin zur Rekonstruktion und Standardisierung mit Hilfe des 3‐D‐
Softwareprogramms AMIRA zusammen. Hierbei werden die für die Standardisierung eines
Insektengehirns (oder auch anderer spezieller Strukturen) notwendigen Schritte
herauskristallisiert.
Essentiell für spätere Rekonstruktionen ist die Erstellung einer möglichst gleichmäßig
im Gehirn verteilten, selektiven und ausgeprägten Markierung der Gehirnareale. Da das
Heuschreckengehirn vergleichsweise groß ist, stellte sowohl die Antikörperpenetration als
auch die konfokale Mikroskopie eine besondere Herausforderung dar. In diesem Kapitel
werden Methoden vorgestellt, mit denen dieser Problematik begegnet wurde. Anschließend
werden Anregungen für eine effiziente und effektive Datenaufarbeitung geliefert. Um das
gesamte Heuschreckengehirn zu erfassen, wurden mehrere konfokale Bildstapel erstellt, die
anschließend wieder zusammengesetzt werden mussten. Verschiedene Funktionen der
Software AMIRA, die hierfür Hilfestellung bieten, werden vorgestellt. Das Zusammenfügen
der zusammengesetzten Bildstapel zu einem Datensatz führte meist zu einer sehr großen
Datei. Um mit dem Segmentierungs‐Programm von AMIRA arbeiten zu können, ist das
Verkleinern der Dateigröße durch Verringern der Auflösung unumgänglich. Durch die
geringere Pixelzahl erscheinen jedoch an manchen Strukturen die Grenzen klarer, was bei
der Segmentierung ein großer Vorteil sein kann. In dem vorliegenden Kapitel werden einige
Punkte eingehender besprochen, die bei der Segmentierung, d.h. bei der Erstellung der
sogenannten LabelFields, zu beachten sind. Weiterhin werden Möglichkeiten bezüglich der
affinen und elastischen Registrierung mit AMIRA erläutert. In diesem Zusammenhang wird
eine detaillierte Anleitung zur Applikation des Standardgehirns am Beispiel der Integration
informationsreicher Rekonstruktionen von Gehirnstrukturen und von Neuronen gegeben.
Der letzte Abschnitt dieses Kapitel beschreibt die Erstellung von Videoclips und des
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interaktiven dreidimensionalen Gehirnmodells, welche für die Internetseite angefertigt
wurden.
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Introduction
Advancing our understanding of neuronal network function has been of great interest to
neurobiologists over the last few decades. As there is a strong correlation between the
functional properties of a neuron and its morphological structure, visualization of neuronal
structures is an integral part of modern neurosciences. Considerable technical advances,
especially over the last few years, have led to substantial improvements in neuroimaging
techniques. This has allowed scientists to gain ever deeper insights into neuronal brain
structures and their functional circuitries. Nevertheless, considerable challenges still exist,
when it comes to the study of the neuronal functions within such a complex system as the
vertebrate brain. The degree of accuracy, when investigating the mammalian cortex,
generally does not reach below the level of neuron‐classes. However, understanding
neuronal microcircuits depends on a detailed analysis of the physiology and morphology of
individually identified neurons and their connectivity to other neurons. In principle, the
nervous systems of vertebrates and insects are quite similar in structure and functionality.
However, in contrast to vertebrates, insect brains permit the identification of single neurons,
which perform certain physiological tasks. Additionally, insects have a comparatively small
number of neurons, and already identified neurons are reliably recognizable. Therefore,
insect brains serve as popular model systems in neuroscience. One of these model systems is
the brain of the locust Schistocerca gregaria.

The locust Schistocerca gregaria as model system in neuroscience
Scientific classification of the species
Schistocerca gregaria (Forsskål, 1775):
Kingdom: Animalia
Phylum: Arthropoda
Class: Insecta
Order: Orthoptera
Suborder: Caelifera
Family: Acrididae
Genus: Schistocerca

Fig. 1: The locust Schistocerca gregaria. (Picture from
Achim Werckenthin)

The desert locust Schistocerca gregaria (Fig. 1) is a migratory locust species whose life
cycle shows two distinct phases, a solitary phase and a gregarious one. During the solitary
phase, the animals are restricted to a certain area. Good environmental conditions (e.g., rain),
which cause vegetation growth and thereof increased availability of food, result in an
enormous increase of the population. Once a certain population density is reached, metabolic
and behavioral changes occur in the animals effecting a transformation from the solitary to
the gregarious form. In the gregarious form, animals congregate while foraging for food
resulting in the formation of swarms of up to 50 billion animals. In the course of their
migration, these swarms can cause crop damage. The fact that the destructiveness of these
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swarms seriously affects agricultural outputs, is reflected in the extensive research of the
biology and ecology of this species (Hassanali et al., 2005).
Since the locust brain is quite large and therefore easy accessible compared to other
insect species, it has been a preferred subject for comprehensive studies of several neuronal
mechanisms. These include studies of the visual system (Rind, 1987, 2002; Simmons, 2002),
the olfactory system (Laurent, 1996, 2002), brain development (Ludwig et al., 2001; Boyan et
al., 2003), endocrine functions (Veelaert, et al., 1998), the control of flight and walking
(Burrows, 1996), and mechanisms of spatial orientation (Homberg, 2004; Pfeiffer and
Homberg, 2007; Heinze and Homberg, 2007).
Spatial orientation mechanisms are of interest as during their migration, locusts
orientate using landmarks, the sun, and different celestial cues such as brightness, colour or
the polarization pattern of the blue sky (Kennedy, 1951). Research by the group of Prof. Dr.
Uwe Homberg has focused on sun compass navigation in gregarious animals. Besides
analyzing the physiology of polarization‐sensitive neurons, an understanding of the
anatomical correlates of the underlying neural circuits is of considerable interest.

Anatomy of the brain of the locust Schistocerca gregaria
Since a major part of this study addresses the visualization of brain anatomy of the
locust brain, the following chapter provides an overview of locust brain anatomy. The insect
nervous system is composed of the ventral cord, an array of bilaterally symmetric ventrally
located ganglions and the brain. Like the brain of other insects, the locust brain consists of
three divisions termed protocerebrum, deutocerebrum and tritocerebrum. An overview of
the arrangement of neuropils described below is given in Fig. 2.

Protocerebrum
The protocerebrum forms the largest part of the brain. Its main components are the
optic lobes, the mushroom bodies and the central complex, but there are also several other
distinct areas in the inferior, ventral, and superior protocerebrum.

Optic lobes
Each optic lobe is divided into the retinotopic organized lamina, the medulla and the
lobula‐complex. The majority of photoreceptor axons originating in the complex eyes
terminate within the lamina. The remaining projections run along the first optical chiasma
and extend into the medulla, thereby maintaining the retinotopic organisation of the
ommatidia. The medulla is connected to the lobula‐complex via the second optical chiasma
(Homberg, 1994). The lobula‐complex is further subdivided into an anterior, a dorsal, an
inner, and an outer lobe (Elphick et al., 1996), of which only the outer lobe is organized
retinotopically (Gouranton, 1964). The dorsal lobe is connected to the medulla via dorsal
uncrossed bundles. Adjacent to the lamina and medulla are the dorsal rim areas, which are
connected to the dorsal rim areas of the complex eye and are part of the polarization vision
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pathway (Labhart and Petzold, 1993; Homberg and Paech, 2002). The accessory medulla is
located close to the medulla and functions as pacemaker of the circadian clock as previously
shown in cockroaches (Stengl and Homberg, 1994; Reischig et al., 2004; Schneider and Stengl,
2005).

Mushroom bodies
The paired mushroom bodies are the most prominent neuropils in the median
protocerebrum. Each consists of a primary and an accessory calyx, a stalk (also called
peduncle) and two lobes. The calyces, the main input region of the mushroom bodies, are
surrounded by Kenyon cell bodies. The mushroom bodies are predominantly innervated by
projection neurons of the antennal lobes (Mobbs, 1982; Homberg et al., 1989; Boeckh et al.,
1990; Milde, 1999). Thus, the mushroom bodies are implicated in olfactory coding (Jortner et
al., 2007) and, as demonstrated in other species, would be essential for olfactory learning and
memory (Davis, 1993; Heisenberg, 1998; Rybak und Menzel, 1998; Müller, 1999; Farris et al.,
2001; Lozano et al., 2001; Malun et al., 2002). The axons projecting from the Kenyon cells run
in parallel and straight, thus forming the peduncle, and then bifurcate to form two lobes, the
medial and vertical lobe. At the peduncle and the lobes, the Kenyon cells form synapses to
output neurons, a majority of which connect to premotor centers. From here, descending

Fig. 2: Frontal diagram of the locust brain. The optic lobe on the left side has been omitted. ACa, accessory
calyx; AL, antennal lobe; AN antennal nerve; AOTu, anterior optic tubercle; CBL, lower division of the
central body; CBU, upper division of the central body; La, lamina; LAL, lateral accessory lobe; LFN,
labrofrontal nerve; LH, lateral horn; Lo, lobula complex; Me, medulla; mL, medial lobe of the mushroom
body; ON ocellar nerve; P, peduncle; PB, protocerebral bridge; PCa, primary calyx of the mushroom body;
TC, tritocerebrum; vL, vertical lobe of the mushroom body. Scale bar: 200 μm. (Adapted from Homberg,
1994)

10

Introduction
projection fibers supply thoracic motor centers (Strausfeld, 1976; Schürmann, 1987).

Central complex
A prominent structure in the middle of the brain is the central complex. This midline‐
spanning neuropil consists of the protocerebral bridge and the central body. The central
body is divided into an upper and a lower division and a pair of noduli. So far, a division of
the noduli into upper and lower units has been recognized (Homberg, 1991), but NADPHd
staining revealed a further partitioning of the upper unit into three distinct layers (Chapter
I). Neurons of the central body and the protocerebral bridge are arranged in 16 vertical
columns (Williams, 1975). In addition, the central body is arranged in layers with the lower
division of the central body consisting of six horizontal layers and the upper division of three
major layers (Homberg, 1991). The upper division of the central body extends to the anterior
lip. According to the matrix‐like pattern, neurons of the central complex are divided into
columnar, tangential and pontine neurons (Müller et al., 1997). The central complex is
involved in sky compass orientation (Heinze and Homberg, 2007), and, as shown in flies, in
right‐left motor coordination (Strauss and Heisenberg, 1993; Strauss, 2002) as well as visual
memory (Liu et al., 2006).

Further protocerebral areas
The bilaterally symmetric anterior and posterior optic tubercles are visual centers of the
protocerebrum. The anterior optic tubercle receives input from the medulla and lobula
complex via the anterior optic tract. Recent anatomical and electrophysiological studies have
indicated that the anterior optic tubercle is involved in the polarization vision pathway
(Homberg et al., 2003; Pfeiffer et al., 2005). The posterior optic tract contains axonal fibers of
tangential neurons and interconnects both medullae of both brain hemispheres. The paired
lateral accessory lobes, which are located ventrolaterally to the central body, are closely
associated with the central complex. They communicate with the central complex via
tangential and columnar neurons (Homberg, 1991; Vitzthum et al., 1996; Vitzthum and
Homberg 1998; Homberg et al., 1999). According to the branching domain of tangential
neurons, the locust lateral accessory lobe is subdivided into a dorsal and ventral shell, the
lateral triangle and the median olive. The lateral horns, which are located in the lateral
superior protocerebrum, are mainly innervated by neuronal projections from the antennal
lobe (Laurent, 1996; Anton and Hansson, 1996) and are thought to instruct mating behavior
in Drosophila (Jefferis et al., 2007). Together with the mushroom bodies, they comprise the
higher‐ordered olfactory center (Marin et al., 2002).

Deutocerebrum
The antennal lobes, the antennal mechanosensory and motor centers, and the
glomerular lobes are subdivisions of the deutocerebrum (Homberg, 1994). The antennal
mechanosensory and motor centers receive inputs from mechanosensory axons of the scape
and pedicel of the antenna and from mechanoreceptors on the head´s surface. The antennal
lobes, which are the primary olfactory centers, consist of glomerular components. The

11

Introduction
antennal lobe of Schistocerca gregaria contains up to 1000 of these glomeruli (Anton and
Homberg, 1999). The glomeruli get input from olfactory receptor neurons, which project onto
local interneurons as well as onto projection neurons of the antennal lobe. Antennal‐lobe
projection neurons provide direct olfactory input to the calyces of the mushroom body and,
as mentioned above, to the lateral horn of the protocerebrum. For the locust Locusta
migratoria about 950 somata were identified, which are concentrated in an anterior cell group
(Ernst et al., 1977).

Tritocerebrum
The tritocerebrum, the smallest part of the brain, lies posterior and ventral to the
deutocerebrum. It connects the brain to the stomatogastric nervous system, where it acts as a
higher‐ordered center (Homberg, 1994). Besides its connection with the retrocerebral
complex (corpora cardiaca und corpora allata), it also contains tritocerebral motoneurons
innervating the labrum.

Nitric oxide and its detection
via NADPH diaphorase histochemistry
Although one of the simplest molecules in nature, the importance of the biological
effects of nitric oxide (NO) is reflected by the great scientific and public interest it has
generated in recent years. For their pioneering work on the role of NO in the cardiovascular
system, the Nobel Prize in Physiology or Medicine was awarded in 1998 to Robert F.
Furchgott, Louis J. Ignarro and Ferid Murad. In addition, a wide range of books and journals
are dedicated to NO and several thousand papers concerning the biological effects of NO
being published worldwide every year in almost all fields of biology and medicine.
To stay within the limited scope of this introduction, only some key aspects of the
function of NO will be covered. The main focus of this section will be the function of NO in
the nervous system and its detection through localization of its synthesizing enzyme nitric
oxide synthase (NOS) in the locust brain.

Functions of NO
Two decades ago, NO was identified to be acting as neuronal messenger (Garthwaite et
al., 1988). This finding has as since spawn numerous studies concerned with the function of
NO in neuronal processes. As one of its functions, NO serves as endogenous regulator of
blood flow and thrombosis. Furthermore, it acts as a major pathophysiological mediator of
inflammation and host defense. The physiological and pathophysiological functions of NO in
the cardiovascular, nervous, and immune systems have been the topic of a multitude of
studies (Toda et al., 2007). NO is also thought to be a major signaling molecule in the nervous
system of vertebrates as well as of invertebrates. As such, it acts as an important modulator
in the nervous system with roles in sensory signal processing (e.g., olfactory, visually and
sensory‐motor integration) as well as learning and memory formation and development
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(Garthwaite and Boulton 1995; Jaffrey and Synder, 1995; Bredt, 1999; Davies, 2000; Bicker,
2001a,b). In the vertebrate brain, NO functions as a retrograde mediator in relation to long‐
term potentiation in the hippocampus (Garthwaite et al., 1988; Schuman and Madison, 1991).
The nitric oxide‐cGMP pathway may also be involved in the regulation of sleep (Gautier‐
Sauvigne et al., 2005) and in the circadian system (Golombek et al., 2004).

NO in the locust brain
In the locust nervous system, NO has been implicated in synaptogenesis and the growth
of axons during development of the nervous system (Bicker, 2001a, b, 2007; Haase and
Bicker, 2003; Stern and Bicker, 2007). Further studies revealed a role in vision, e.g. during
dark adaptation processes. NO synthesized in lamina monopolar cells has been found to act
as a retrograde messenger to the presynaptic photoreceptor neurons of the compound eye
(Elphick et al., 1996; Bicker and Schmachtenberg, 1997; Elphick and Jones, 1998;
Schmachtenberg and Bicker, 1999; Bicker 2001a). Moreover, it plays a role in olfactory
processing by synchronizing neural activity in the first integration center of the olfactory
system (Elphick et al., 1995; Bicker, 1998) as well as in mechanosensory and gustatory
information processing in the thoracic ganglia (Ott and Burrows, 1998, 1999; Newland et al.,
2000; Bullerjahn and Pflüger, 2003). The discovery of several putative NOS‐containing
neuronal cell types located in the central complex (Chapter I) supports the assertion that this
highly ordered neuropil contains cells which are candidates for producing NO (Müller,
1997).

NO and the enzyme nitric oxide synthase
NO is generated by the enzyme NOS (Fig. 3 A). Activity‐dependent Ca2+‐calmodulin
stimulates NOS to convert L‐arginine to L‐citrulline, whereby NO is released. This requires
the cofactor NADPH (Nathan and Xie, 1994). Once NO is released, it can diffuse to
neighboring cells where it affects different targets. The major task of NO is to activate soluble
guanylyl cyclases (sGC), which synthezise cyclic guanosine monophosphate (cGMP; Bicker,
2001a, b; Friebe and Koesling, 2003). The second messenger cGMP activates protein kinase G
and cGMP‐dependent phosphodiesterases, gates ion channels, and modulates other
downstream signal transduction cascades (Fig. 3 B). In the nervous system of vertebrates
(including humans) three isoforms of NOS exist: neuronal (nNOS), inducible (iNOS) and
endothelial NOS (eNOS). Each are encoded by three identified genes NOS1, NOS2 and NOS3
(Hall et al., 1994; Davies, 2000). So far, in insects only one NOS gene has been found, which,
beside generating the active form of NOS, produces several splice transcripts (Regulsky and
Tully, 1995; Stasiv et al., 2001; Luckhart and Li, 2001).

Detection of NOS via NADPH diaphorase histochemistry
One established method for studying the role of NO in the nervous system is its
detection by means of localizing the NO‐synthesizing enzyme NOS. NOS belongs to a group
of redox enzymes, called diaphorases, which are able to reduce chromogens (e.g.,
nitrobluetetrazolium or NBT) by using a cofactor (e.g., NADPH) to produce a staining
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Fig. 3: NOS, NO/cGMP signal transduction and NADPH diaphorase reaction. A: Neuronal activity in the
donor cell increases the intracellular Ca2+‐concentration. Binding with calmodulin (CaM) initiates electron
transfer from nicotinamide adenine dinucleotide phosphate (NADPH) via flavin adenine dinucleotide (FAD)
and flavin mononucleotide (FMN), to heme and tetrahydrobiopterin (BH4). This stimulates nitric oxide
synthase (NOS) to convert arginine into citrulline, whereby nitric oxide (NO) is produced. B: The main target
of NO is the enzyme soluble guanylyl cyclase (s‐GC), which catalyzes the formation of cyclic guanosine
monophosphate (cGMP). cGMP regulates ion channels, activates protein kinases and phosphodiesterases
(PDE) which degrades cGMP. C: The NADPH diaphorase staining technique utilizes the reduction of nitro
blue tetrazolium (NBT) thereby producing the visible reaction product diformazan.

histochemical product (Levine et al., 1960; Altmann, 1972; Bredt et al., 1991; Dawson et al.,
1991; Hope et al., 1991; Müller, 1994; Müller and Bicker, 1994). Thus, detection of NOS‐
containing cells via NADPHd histochemistry is a promising possibility for detecting NOS‐
containing cells. The activation of NOS requires a Ca2+ ‐dependent protein‐protein interaction
with calmodulin, which is located at the N‐terminal half of NOS. Thereupon, the electron
flow runs from NADPH via FAD and FMN to heme and oxygen, where NO is generated
(Fig. 3 A). In the case of the reaction with NBT, the electron transfer moves from NADPH to
NBT, thereby reducing NBT to its blue reaction product diformazan (Fig. 3 C).
NADPH‐dependent diaphorases in the brain of vertebrates were detected for the first
time by Thomas and Pearse (1961). Thirty years later, it was found that NOS is a neuronal
NADPHd (Bredt et al., 1991; Dawson et al., 1991; Hope et al., 1991). The fact that other
enzymes can also show NADPHd‐activity necessitates specificity of NOS‐related diaphorase
staining. For example, cytochrome P450 reductase is able to catalyze a similar NBT‐reaction.
However, in contrast to most other NADPH oxidoreductases, the diaphorase activity of
vertebrate NOS is resistant against aldehyd‐based protein fixatives used in histochemistry
(Bredt et al., 1991; Hope et al., 1991; Dawson et al., 1991; Matsumoto et. al, 1993; Norris et al.,
1995; Weinberg et al., 1994, 1996). Unfortunately, formaldehyde sensitivity of NOS as well as
of NOS‐unrelated diaphorases varies for different invertebrate species (Ott and Burrows,
1999; Ott et al., 2001; Ott and Elphick, 2002). Methanol/formalin fixation, however, enhanced
the sensitivity and specificity of NOS‐detection via NADPHd staining in insects (Ott and
Elphick, 2002, 2003).
Utilization of immunohistochemistry techniques and/or the histochemical reaction for
NADPHd has provided indirect anatomical evidence for NO modulation in every animal
model so far examined. Using these methods, for example, the role of NO in the olfactory
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pathway was studied in sheeps (Kendrick et al. 1997), in rats and monkeys (Bredt et al., 1991;
Hopkins et al., 1996; Alonso et al., 1998), in the slug Limax marginatus (Fujie et al., 2002) as
well as in insects including the honeybee Apis mellifera (Müller and Hildebrandt, 1995), the
moth species Manduca sexta (Nighorn et al., 1998) and the locust Schistocerca gregaria (Elphick
et al., 1995). Close matching of NADPH staining and NOS immunostaining in the nervous
system of the locust (Bicker, 2001a; Bullerjahn and Pflüger, 2003), in the larval stage of
Manduca sexta (Zayas et al., 2000) and in the developing nervous system of Drosophila
melanogaster (Gibbs and Truman, 1998) as well as photometric and fluorescent detection of
NO (Müller and Bicker, 1994; Elphick et al., 1995; Champlin and Truman, 2000) has further
substantiated the usefulness of NADPHd staining in insects.
In the locust nervous system, NADPHd staining has already been successfully used for
analyzing the antennal lobe (Müller and Bicker, 1994; Elphick et al., 1995), the optic lobe
(Elphick et al., 1996), the mushroom body (O’Shea et al., 1998), and the ventral nerve cord
(Müller and Bicker, 1994; Ott and Burrows, 1998; Bullerjahn and Pflüger, 2003) and there is
also evidence that NOS is present in the central complex (Müller, 1997). Detailed analysis of
NOS‐expressing neurons in the midbrain of the locust Schistocerca gregaria, as described in
this thesis (Chapter I), is based on NADPHd staining technique validated by NOS
immunostaining.

Digital three‐dimensional imaging
To increase our understanding of the function of neuronal networks, it is a critical and
ongoing challenge for medical researchers to develop new ways to visualize their data. The
first attempt at elucidating the complex anatomy of the vertebrate brain was made by the
German neurologist Korbinian Brodmann, who in 1909 subdivided the cerebral cortex of a
single human brain into 52 distinct regions based on their cytoarchitectonic characteristics
(Brodmann, 1909). Since then, enormous technical advancements of imaging acquisition
methods, particularly over the last few decades, an ever increasing capability of computer
technology, and the development of the World Wide Web have led to tremendous progress
in neuroanatomy. The development of different approaches for brain mapping and
computational anatomy resulted in a wide range of brain maps and new imaging methods
(Toga and Thompson, 2001; Toga, 2002; Van Essen, 2002; Martone et al., 2004; Toga 2005;
Toga et al., 2006). This has since then lead to the compilation of an immense variety of brain
maps and atlases of the human brain as well as of other species (e.g., sheep, mouse, dolphin,
honeybee and fruitfly), all of which are accessible via the internet (see, for example: Marino
et al., 2001; Rein et al., 2002; Abbott, 2003a,b; Martone et al., 2004; Boguski and Jones, 2004;
Brandt et al., 2005; Kovacevic et al., 2005; Ma et al., 2005) as well as on the following websites
(the reader should please note that the following list is not exhaustive):
FLYBRAIN Online Atlas and Database of the Drosophila Nervous System: flybrain.neurobio.arizona.edu
The Virtual Atlas of the Honeybee Brain: www.neurobiologie.fu‐berlin.de/beebrain
3‐D MRI Digital Atlas Database of an Adult C57BL/6J Mouse Brain: www.bnl.gov/CTN/mouse
High Resolution Mouse Brain Atlas: www.hms.harvard.edu/research/brain
Allen Brain Atlas (mouse): www.brainatlas.org
GENSAT Gene Expression Nervous System Atlas (mouse): www.gensat.org
Brain Biodiversity Bank: www.msu.edu/user/brains/sheepatlas
Brain Biodiversity Bank: www.msu.edu/user/brains/humanatlas
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Electronic Atlas of the Developing Human Brain: www.ncl.ac.uk/ihg/EADHB
BMAP Brain Molecular Anatomy Project (human): trans.nih.gov/bmap
HUPO Human Proteome Organisation (human and mouse): www.hbpp.org

Such newly acquired digital data sets of whole brains or parts of the brain not only
contribute to an ever‐increasing general database of anatomical data, but also are very useful
for teaching purposes (see, for example: www.neuropat.dote.hu). Of particular importance
are human brain maps, which serve as a basis for an comprehensive understanding of the
healthy brain and diseases such as stroke, brain tumors, Alzheimer´s disease as well as a
variety of inflammatory or infectious diseases.
Analysis of the anatomical correlates of neural circuits requires the selective staining of
the contributing neurons, the reconstruction of their 3‐D morphology and the visualization
of these neurons within a common frame. In order to integrate single neurons from different
brains into the same space, the establishment of standardized brains is required to
compensate for interindividual variability, an area where great progress has been made over
the last few years (Toga and Thompson 2001, Toga 2005). So far, 3‐D standard insect brains
have been generated for the fruitfly Drosophila melanogaster (Rein et al., 2002) and for the
honeybee Apis mellifera (Brandt et al., 2005). The process of generating a standard brain
generally is comprised of several different steps among which there are (1) import of the raw
data, (2) segmentation of the images, (3) statistic analysis of the data, (4) re‐sampling of the
data (optional), (5) registration using different transformation steps, (6) averaging of the
registered brains, and finally (7) visualization of the resulting standard brain. This chapter
will provide some basic information about the digital imaging process with emphasis on
confocal imaging, 3‐D reconstruction, registration, and standardization.

Confocal imaging
There are several possibilities for visualizing brain structures in order to reconstruct
insect brains. One is to prepare a series of thin paraffin sections of the brain. These sections
are then photographed and subsequently aligned to establish a 3‐D brain atlas, such as it was
recently done for the cockroach Leucophaea maderae (Reischig and Stengl, 2002). More
promising and less labor‐intensive are approaches for 3‐D imaging. Several non‐invasive
methods have been successfully applied, such as nuclear magnetic resonance imaging in the
case of the honeybee brain (Haddad et al., 2004), magnetic resonance imaging for the moth
species Manduca sexta (Michaelis et al., 2005), and recently optical projection tomography for
the fruitfly Drosophila melanogaster (MC Gurk et al., 2007). These approaches allow the
visualization of structures in their natural shape within the intact head capsule. But since
they are rather low in resolution, they can only serve as reference brain model close in terms
of natural shape, upon which results from other imaging techniques can be superimposed.
A well‐established method for 3‐D imaging is confocal microscopy, an optical imaging
technique that was developed 1957 by Marvin Minsky (Minsky, 1957, 1988). By eliminating
stray light that is out‐of‐focus, high depth of sharpness of a 3‐D object can be achieved. In
contrast to ordinary light microscopy, for which the whole specimen is illuminated
uniformly, in confocal microscopy a light ray illuminates only a small part of the object (Fig.
4). However, this reduces stray light only in part, because regions above and below the target
focus also reflect diffuse light. In order to suppress these out‐of‐focus rays, only light of the
target focus passes through a pinhole that is located in front of a photodetector. Finally, a
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Fig. 4: The principle of confocal laser scanning microscopy. A light source emits a laser beam that passes
through a light source aperture and is focused using a system of lenses and pinholes. The emitted fluorescent
light is detected by a light detector, which transforms the light signal into an electrical signal. (Picture from
http://www.microscopyu.com)

photo multiplying receptor transforms the emitted light into electrical signals, which are
displayed on a computer screen. Because only one point is illuminated at one time, imaging a
3‐D object requires scanning over a regular grid with the signals being reassembled
pointwise to optical sections. Thereby, for each coordinate of the plane one value is recorded
and represented in the form of pixels. However, the optical properties of the light detector as
well as the particular refraction and absorption of the recorded object are potential sources of
errors (Pawley, 1995). Both the light emitted by the laser and the excited fluorescence wave
have to pass through dense matter, resulting in high loss of photons. Thus, to minimize this
effect an adequate treatment of the tissue prior to imaging is essential (Bucher et al., 2000).

Prerequisite for high‐quality imaging
An essential prerequisite to achieving high‐quality confocal images that are suitable for
subsequent reconstruction and registration is to prepare wholemounted brains. Thereby,
shrinking artefacts that are inevitable for cut edges of sections can be avoided. However, this
requires a staining protocol, that guarantees penetration of antibodies up to the middle of the
wholemounted brain and distinct marking of the structures of interest. This posed a
challenge insofar as the locust brain is comparatively large (Fig. 5). The creation of the locust
standard brain is based on the immunostaining of the neuropiles. To label this brain
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structures, which are characterized by high synaptic density, a monoclonal antibody against
the synaptic protein synapsin was used. Synapsins constitute a family of phylogenetically
conserved and highly abundant presynaptic phosphoproteins. They are associated with the
cytoplasmic side of synaptic vesicles and as such are thought to participate in the regulation
of neurotransmitter release (Hilfiker et al., 1999; Sudhof, 2004). The antibody used in this
study, designed to detect the Drosophila synapsin (SYNORF1, Klagges et al., 1996), had been
previously successfully utilized to study the expression of synapsin in the locust nervous
system (Schäffer and Lakes‐Harlan, 2001; Watson and Schürmann, 2002; Leitinger et al., 2004;

500 µm

Schistocerca gregaria

Apis mellifera

Drosophila melanogaster

Fig. 5: Standard brains of the locust Schistocerca gregaria, the honeybee Apis mellifera (Brandt et al., 2005)
and the fruitfly Drosophila melanogaster (Rein et al., 2002). The difference in size is clearly visible.

Kononenko and Pflüger, 2007). A secondary antibody, goat anti mouse, conjugated with a
fluorescent dye of the cyanine dye family CY5 (Ernst et al., 1989) was used for visualization.
CY5 is typically excited by the 633 nm line of a HeNe laser, and emission is collected at about
680 nm. In the course of this thesis, a reliable protocol for the preparation and staining of the
locust brain was developed and optimized (Chapter IV). Since then, this protocol has been
used routinely in our laboratory to produce properly labeled neurons in locusts. Moreover,
this staining protocol has also been used successfully to prepare appropriate neuropil stains
as the basis for creating a standard brain of the cockroach Leucophaea maderae (in
preparation).

3‐D‐reconstruction
The most important requirement for standardization is the reconstruction of selected
brain structures, which has to be done respectively for each segment of the image by
assigning a semantic label to each of the pixels or voxels of the image. Generally, this is a
manual and thus very time‐consuming process. Moreover, since the labeling process
depends on the operater, it is not reliably reproducible. Thus, the necessity to find a solution
for this problem initiated the development of semi‐ or fully‐automated segmentation
strategies. Examples of such strategies are edge detection filters, which detect outlines by
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finding high gray‐value gradients at pixels near borders (Argyle, 1971), denoising strategies
based on similar intensity and error distributions in the neighborhood of a pixel (Lehmann et
al., 1999), and registration based on voxel similarity measures (Studholme et al., 1997).
Several techniques for automated segmentation were recently tested on Drosophila brains
(Schindelin, 2005). The development of such an optimtized and fully automated
segmentation method has been highly sought after, since it will be applicable in various
research areas. In addition to neurosciences, this method would be highly useful, for
example, in the fields of medicine, mineralogy, as well as surface and material sciences. The
long‐term goal in the field of neuronal research is the development of an automated, time‐
saving 3‐D volume segmentation, with the aim to achieve consistency in 3‐D‐reconstruction
with at least the accuracy of a human operator (Lee and Bajcsy, 2006). A so far promising
approach to performing a fully automated segmentation of an image is to compute a
registration between the current image and an already segmented image atlas. This,
however, requires an already generated appropriate average atlas that meets the
requirements for maximum segmentation accuracy (Rohlfing et al., 2004), which then again
necessitates previous manual segmentation of the images incorporated into the atlas.
The reconstruction of entire neuronal circuits requires in the first instance the
reconstruction of single neurons. Several approaches have already been developed to quickly
and accurately process neuron images with little user intervention (Schmitt et al., 2004; Evers
et al., 2005; Cheng et al., 2007). Generally, the user defines axonal and dendritic start‐, end‐
and branching points. By means of this initialization and the image data, specialized
software reconstructs the course and surface of the neuron. Additional manual adjustments
of the results are possible. For example, a tool available in AMIRA was developed to allow
reconstruction of fluorescently‐labeled neurons from confocal image stacks (Schmitt et al.,
2004; Evers et al., 2005).
For the task of manual 3‐D reconstruction, besides commercial software such as AMIRA
(Mercury Computer Systems), Imaris (BitPlane), Metamorph (Universal Imaging Corp.),
Neurolucida (MicroBrightField), there are also a number of non‐commercial 3‐D
reconstruction tools available (Huijsmans et al., 1986). AMIRA, a multi‐purpose software, can
be easily utilized for investigating 3‐D data. It provides versatile tools for visualization as
well as other manipulations, such as volumetric calculations and registration. However,
because of the multitude of functions and settings available, it is somewhat difficult to
choose intuitively the optimal functions and settings when using this software. One recent
attempt to facilitate the use of AMIRA is the design of the Virtual Insect Brain (VIB) protocol
(Schindelin, 2005; Jenett et al., 2006). Here the user is automatically guided through the entire
standardization process from importing the data to the visualization of the averaged
registrated images. However, this script suite does not meet all the requirements arising
when analyzing large brains and does not sufficiently serve the need for accurate registration
of supplemental data. Therefore, detailed instruction for creating standardized brains, from
the preparation and editing of the raw image data to the application of an already
established standard brain using AMIRA will be provided in Chapter IV.

Registration methods
Registration research is a relatively new field, but with a wide range of potential
applications. The procedure of registration is the most important step in the generation of a
standard brain. In general terms, this method fits together data obtained from two brains
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original

global

local

Fig. 6: Transformations can be applied onto the entire image
(global) or onto subregions (local). (Adapted from Maintz and
Viergever, 1998)

using a transformation function, which maps coordinates from one brain to the
corresponding coordinates in the other brain. The process of determining such a mapping
process is called registration, a term made popular by Ashburner and Friston (1999).
Transformations can be applied globally, that is the entire image is transformed, or locally,
where subsections of the image are deformed (Fig. 6). Transformations can either be rigid,
affine, or non‐rigid in nature. During a rigid transformation, the angles and proportion are
preserved by exclusively translating, rotating and isotropically scaling an object. An affine
transformation allows additionally anisotropical scaling and shearing. In contrast to these
linear transformations, a non‐rigid or elastic transformation deforms the object via arbitrary
functions, such as spline‐functions (Fig. 7). With an elastic registration, maximum
consistency between two images can be achieved, which is important for neuron registration.
Alternatively, the neuropil structures of the brain, from which the reconstructed neuron was
derived, have to be mapped into the standard brain. Here, the main focus lies on maximum
adjustment of the neuropils containing arborizations of the neuron, rather than their
preservation of their shape and size. A major problem with non‐rigid registrations is,
however, their high computational cost. This problem can be solved by using shared
memory multiprocessor (Rohlfing and Maurer, 2003). Unfortunately this is rarely practical.
Therefore a more obvious solution is to resample the data with the downside of reducing the
image’s resolution.

original

rigid

affine

non-rigid

Fig. 7: Examples of transformations. A rigid transformation is
restricted to rotation, translation and scaling. In addition to these, an
affine transformation uses shearing to adjust an object. With a
non‐rigid transformation, an object can be deformed without
restrictions.
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Quantitative and qualitative aspects
A quantitative measurement of the similarity of the images is essential for successful
registration. Depending on whether original grey images or segmented label images are
registrated, different similarity metrics are used. The underlying similarity metric for the
registration of grey images can be intensity‐based, such as it is the case with mutual
information. This is a quantity that measures the reciprocal dependence of two variables.
Suitable for registration of label images is a feature‐based similarity metric that calculates the
distance between corresponding points. Also, an attribute vector can be associated with each
voxel, which takes into account some spatial information related to the neighborhood of the
voxel (Xue et al., 2004). Finally, anatomical landmarks such as points or surfaces can be
matched (Cachier et al., 2001; Hellier and Barillot, 2003).
A multitude of different registration algorithms for computer‐assisted imaging exists
(Ashburner et al., 2003; Pluim et al., 2003). The decision of which registration method may be
appropriate depends on several factors, such as the image spatial size, computational
resources, the scientific question, and the transformation model. Considering the multitude
and complexity of registration methods makes it quite difficult for the user to decide how to
generate a standard brain. As support in the decision making process, a methodology for
optimal registration decisions has been provided by Bajcsy et al. (2006). Another helpful
approach is the mainly automated script suite of the VIB‐protocol (Jenett et al., 2006), that
guides the user through all neccessary steps of standardization and allows selection from a
variety of transformation methods.
Also important for creating a standard brain is the averaging process. One major
problem during averaging arises from the dependency on the choice of an individual brain
as the template. Generally, this leads to biasing of the average image. In terms of existing
registration methods, there are on the one hand affine transformations using twelve degrees
of freedom, which usually lead to an unbiased but rather blurry average image (Woods et al.,
1998). On the other hand, elastic transformations with maximum degrees of freedom result
in a crisp image. However, depending on the choice of a single group member as template,
this can still lead to biasing (Guimond et al., 2000). Novel methods are the groupwise
registration, where an unbiased and geometrically centered average from a group of images
is created (Kovacevic et al., 2004) or the probabilistic atlas methodology, that simultaneously
estimates the transformations and an unbiased template in the large deformation setting
(Joshi et al., 2004).
Finally, the accuracy of a registration needs to be quantified, which is often very
difficult to achieve. A detailed survey of validation studies of image registration strategies is
given in Maintz and Viergever (1998). For creating a locust standard brain that will serve as a
basis for compiling 3‐D digital neuronal networks (Chapter II), we used an improved version
of a technique introduced by Rohlfing et al. (2001). This technique utilizes the repeated
application of an intensity‐based non‐rigid registration algorithm, whereupon successively
refined average images were generated. The registration procedure starts with the alignment
of all images using affine transformations. In subsequent iterations, inter‐individual shape
differences are averaged out using a non‐rigid alignment of the individual images to the
current average image (Fig. 8). The underlying algorithm is a fully automated, image
intensity‐based, non‐rigid registration algorithm (Rueckert et al., 1999; Rohlfing and Maurer,
2003). The quantification of the convergence was carried out by measuring groupwise image
overlap (Crum et al., 2005). For the purpose of fitting neurons onto it, a standard brain
should assure that the deformation of an individual image to match the average is smaller
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average
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Fig. 8: Iterative registration procedure. After initial affine alignment a first average image is generated, which
is the initial estimate for the next iteration: Now, all individual images were transformed onto this reference.
The second and all following iterations use non‐rigid registration for generating a successively refined
average image. (Adapted from Rohlfing et al., 2001)

than the mean inter‐subject deformation. This requires that the averaging procedure results
in an approximated average shape of the input sample. To validate this requirement, the
deformation between the locust standard brain and each of the input brains was compared
with the deformation required to map the individual brains onto each other (Brandt et al.,
2005).
Similarly, during neuron registration into a brain map, because of the algorithm chosen
or the biological variation of individual neurons, errors can occur while processing.
Quantitative assessment of accuracy of neuron registration can for example be carried out by
comparing branch points or axon positions of several registered neurons of the same type. A
potential approach for evaluating the quality of neuron registration might be measuring the
densitiy of the neurons arbours or boutons within a particular neuropil before and after
registration (Jefferis et al., 2007).

Databases ‐ gateways for visualizing and navigating neuroscientific data
Three‐D atlasses have more visualization and computational power than classical two‐
dimensional paper or digital atlases as shapes and volumes of brain structures can be
illustrated vividly by a digital 3‐D atlas. Moreover the user´s own images can be registered
and compared directly with the 3‐D representation of the corresponding brain structures.
Therefore, the digital atlas can serve as a basis for supplementing data for more detailed
anatomical characterization. Quantitative information on volumes, surface areas or local
geometric variations can be computed and integrated efficiently. This can assist with the

22

Introduction
investigation of how brain structures vary across individuals or how they change during
development. Moreover, the recent trend for interdisciplinary research, reflected by the
combination of such diverse disciplines as genetics, behavioral biology, neural modelling
and electrophysiology, emphasizes the necessity of model system databases. Sophisticated
imaging techniques, brain mapping methods and analytical strategies permit the
incorporation of multiple aspects at different scales, such as morphology, function, gene and
protein expression patterns, from different subjects into the same framework (Toga et al.,
1989, Mazziotta et al., 1997; Toga et al., 2006). Thus, electronically accessible 3‐D brain atlases
allow visualization of a wide range of neuroscientific data and are therefore having an ever‐
increasing impact in the neurosciences. As a precondition for combining research across
different animal groups, digital atlases should be linked within a species and across species
to one another and to an emerging amalgamation of databases. In order to succeed in
providing an overview of the overwhelming amount of data, databases should allow rapid
and user‐friendly access, i.e., options for searching, selecting and visualizing should be
powerful and flexible. This requires high‐speed internet connectivity and well‐designed user
interfaces. Several studies have already attempted to provide an overview of established
methods for generation and application of brain atlases (Toga and Thompson, 2001; Toga
2005; Maye et al., 2006; Gholipour et al., 2007). Equally important are efforts to develop
methods and software facilitating data sharing, data and model exchange, database creation,
model publication, and data archiving (Novotni and Klein, 2001; Amari et al., 2002; Gardner
et al., 2003; Martone et al., 2004; Crook et al., 2007).
One of the major aims of this doctoral thesis was to establish the basis for a common
multi‐user platform for analysing neural circuits in the brain of the insect species Schistocerca
gregaria. For this purpose, we have standardized the brain of the locust using two different
registration techniques. Each approach generated a 3‐D average brain suitable for different
purposes. Over the course of this thesis, an internet page was designed, which allows
universal access via the internet and provides an easy‐to‐use application. The locust standard
brains can be downloaded from this website. To facilitate the generation of prospective
standard brains and their application, instructions for using AMIRA, aimed at the novice user,
are provided (Chapter IV). In addition, the website contains detailed 3‐D reconstructions of
an individual brain, of the central complex and of several registered neurons. As a start point
for an ever‐increasing collection of neuroanatomical data within a digital atlas, a selection of
reconstructed polarization‐sensitive neurons that were registered into the locust standard
brain is presented.

Polarization vision in the locust Schistocerca gregaria
As mentioned above, the registration of reconstructed polarization‐sensitive neurons
into the locust standard brain is one part of this thesis. Therefore, the following chapter
outlines some principal aspects of polarization vision.
Like many other animal species including birds, fishes, cephalopods and arthropods,
the locust Schistocerca gregaria uses the polarization pattern of the blue sky for navigation
(Wehner, 2001; Horváth and Varjú, 2004). In our laboratory we focus on the study of the
anatomical correlates and the physiology of polarization‐sensitive neurons.

23

Introduction
Light is electromagnetic radiation in the visible spectral range. Thus it can be described
as a transverse wave with an electric field vector (E‐vector) oscillating perpendicularly to the
direction of its propagation. Direct sunlight is unpolarized, i.e., it consists of waves in all
possible planes of oscillation. Due to scattering, reflection or birefringence, light can be
linearly polarized, i.e., waves oscillate in the same plane. Since sunlight is scattered by the
atmosphere, skylight exhibits a pattern of polarization (Strutt, 1871). The orientation of any
E‐vector in the sky can be defined with respect to the sun. Thus, in case of lacking landmarks
or, when the view to the sun is obstructed by clouds or obstacles, detection of polarized light
can be utilized for direction finding in navigation.
The basic principles and requirements of a neuronal system that allows animals to
navigate by using polarized light are adequate perception, integration of significant
information and transmission to instruct appropriate behavior. One important step in
integrating information is time compensation. Since the polarization pattern has a fixed
geometrical relation to the position of the sun, it changes throughout the day. To be able to
correctly signal directions, a compass based on polarized light, analogous to a compass
based on the sun’s position, needs to account for the diurnal changes in the polarization
pattern. This therefore requires an internal timing signal, i.e. a biological clock.
Our current state of knowledge with regard to the polarization vision pathway in the
locust Schistocerca gregaria is mainly based on morphological studies (Müller et al., 1997;
Homberg et al., 2003; Homberg et al., 2004; Homberg, 2004; Träger et al., 2008) as well as
some physiological studies (Vitzthum et al., 2002; Pfeiffer et al., 2005; Heinze and Homberg,
2007; Kinoshita et al., 2007). The perception of polarized light occurs in a specialized region
in the locust´s compound eye, the dorsal rim area (Homberg and Paech, 2002).
Photoreceptors from this region terminate in the dorsal rim areas of the lamina and the
medulla, which send axonal projections through the anterior lobe of the lobula complex (Fig.
9). Further central processing stages include the lower unit of the anterior optic tubercle and
the central complex. The lower division of the central body as well as the lateral triangle and
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Fig. 9: Polarization pathway of the locust Schistocerca gregaria. AOTu, anterior optic tubercle; CB, central
body; DRLa, DRMe dorsal rim areas of the lamina and medulla; La, lamina; LAL, lateral accessory lobe; Lo,
lobula complex; LT, lateral triangle; Me, medulla; MO, median olive; PB protocerebral bridge; POTu,
posterior optic tubercle. Scale bar: 200 μm. (Adapted from Homberg et al., 2003)
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the median olive in the lateral accessory lobes are also implicated in the polarization vision
pathway. The protocerebral bridge of the central complex is connected to the accessory
medulla of the optic lobe via the posterior optic tubercle. Since the accessory medulla is
assumed to be the pacemaker of the circadian clock in several insect species, including the
cockroach Leucophaea maderae, the fruitfly Drosophila melanogaster and the beetle Anthia
sexguttata (Stengl and Homberg, 1994; Reischig et al., 2004; Fleissner, 1982; Helfrich‐Förster,
2004; Schneider and Stengl, 2005), it is highly probable that it serves this function also in the
locust.
In summary, a variety of structures throughout the locust brain are involved in the
polarization vision pathway. This therefore emphasizes the need to study these brain areas
in their entirety, rather than examining them as isolated structures. The 3‐D reconstruction
and registration into the locust standard brain of several neurons implicated in the
polarization vision pathway (Chapter III) presents a first step towards the goal of
reconstructing entire neuronal circuitries.
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ABSTRACT
Nitric oxide (NO), generated enzymatically by NO synthase (NOS), acts as an important
signaling molecule in the nervous systems of vertebrates and invertebrates. In insects, NO has
been implicated in development and in various aspects of sensory processing. To understand
better the contribution of NO signaling to higher level brain functions, we analyzed the distribution of NOS in the midbrain of a model insect species, the locust Schistocerca gregaria, by using
NADPH diaphorase (NADPHd) histochemistry after methanol/formalin ﬁxation; results were
validated by NOS immunohistochemistry. NADPHd yielded much higher sensitivity and resolution, but otherwise the two techniques resulted in corresponding labeling patterns throughout
the brain, except for intense immunostaining but only weak NADPHd staining in median
neurosecretory cells. About 470 neuronal cell bodies in the locust midbrain were NADPHdpositive positive, and nearly all major neuropil centers contained dense, sharply stained arborizations. We report several novel types of NOS-expressing neurons, including small ocellar interneurons and antennal sensory neurons that bypass the antennal lobe. Highly prominent labeling
occurred in the central complex, a brain area involved in sky-compass orientation, and was
analyzed in detail. Innervation by NOS-expressing ﬁbers was most notable in the central body
upper and lower divisions, the lateral accessory lobes, and the noduli. About 170 NADPHdpositive neurons contributed to this innervation, including ﬁve classes of tangential neuron, two
systems of pontine neuron, and a system of columnar neurons. The results provide new insights
into the neurochemical architecture of the central complex and suggest a prominent role for NO
signaling in this brain area. J. Comp. Neurol. 484:206 –223, 2005. © 2005 Wiley-Liss, Inc.
Indexing terms: NADPH diaphorase; central body; ocellar neurons; antennal afferents; insect brain

Nitric oxide (NO), a gaseous molecule generated by enzymatic action of NO synthase (NOS), functions as a cellular messenger in the nervous systems of vertebrates and
invertebrates (Dawson and Snyder, 1994; Garthwaite and
Boulton, 1995; Müller, 1997; Bicker, 1998, 2001a,b; Davies, 2000). Activity-dependent Ca2⫹-calmodulin stimulates NOS to convert L-arginine to L-citrulline, whereby
NO is produced. Unlike conventional transmitters, NO
diffuses readily through cell membranes into the surrounding volume of tissue, and its release and action,
therefore, do not depend on synaptic specializations. The
best characterized and most sensitive NO receptor known
to date is soluble guanylyl cyclase, with an estimated
half-maximal effective concentration (EC50) of about 1 nM
NO (Wykes and Garthwaite, 2004). NO may interact with
a host of other proteins (for review see Boehning and
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NOS IN THE LOCUST MIDBRAIN
Snyder, 2003), but these at present less well understood
actions may require substantially higher concentrations,
and the most widely quoted example, modulation of
N-methyl-D-aspartate (NMDA) receptors by NO-mediated
S-nitrosation, is now being questioned (Hopper et al.,
2004). Studies on vertebrates and invertebrates indicate
that NO has a multitude of functions in the nervous system, including roles in sensory signal processing, memory
formation, and development (Garthwaite and Boulton,
1995; Jaffrey and Snyder, 1995; Davies, 2000; Bicker,
2001a,b). In insects, NO is thought to play an important
role in sensory integration (Ott et al., 2001a; Bicker,
2001b). Consistently with this notion, NOS is highly expressed in the insect olfactory system and, in the honeybee, is involved in various forms of learning-associated
synaptic plasticity (Müller and Hildebrandt, 1995; Müller,
1996). In the compound eye of the locust, NO released
from lamina monopolar cells may act as a retrograde
messenger, enhancing the light sensitivity of photoreceptor cells during dark adaptation (Elphick et al., 1996;
Bicker and Schmachtenberg, 1997; Elphick and Jones,
1998; Schmachtenberg and Bicker, 1999). Furthermore, in
locusts, crickets, and cockroaches, there is evidence for a
role for NO in mechanosensory and gustatory information
processing in thoracic ganglia (Ott and Burrows, 1998,
1999; Newland et al., 2000; Ott et al., 2000, 2001a; Bullerjahn and Pﬂüger, 2003).
NOS belongs to a group of redox enzymes (so-called
diaphorases) that require NADPH as a cofactor (Nathan
and Xie, 1994). Unlike the case with most other NADPHoxidoreductases, the diaphorase activity of vertebrate
NOS is insensitive to formaldehyde ﬁxation, and cells that
express NOS can therefore be detected by NADPH diaphorase (NADPHd) histochemistry (Bredt et al., 1991; Hope
et al., 1991; Dawson et al., 1991; Norris et al., 1995;
Weinberg et al., 1996). Several early studies (Müller,
1994; Müller and Bicker, 1994; Elphick et al., 1994) suggested that in insects, too, formaldehyde-insensitive NADPHd corresponds to NOS. Photometric and ﬂuorescent
detection of NO (Müller and Bicker, 1994; Elphick et al.,
1995; Champlin and Truman, 2000) and close matching of
NADPHd staining and NOS immunostaining in the nervous systems of locusts (Bicker, 2001a; Bullerjahn and
Pﬂüger, 2003), in larval Manduca sexta (Zayas et al.,
2000), and in the developing visual system of Drosophila
melanogaster (Gibbs and Truman, 1998) conﬁrm further
that NADPHd staining is a useful marker for NOS in
insects. However, the technique is not infallible, and
species-speciﬁc differences in the formaldehyde sensitivity
of NOS and NOS-unrelated diaphorases can yield grossly
misleading results in some invertebrates; examples include cockroach, cricket, and crayﬁsh (Ott and Burrows,
1999; Ott et al., 2001b; Ott and Elphick, 2002). In the
locust, too, the NADPHd activity of NOS shows considerable sensitivity to formaldehyde ﬁxation. This problem
can be circumvened by a powerful alternative technique,
methanol/formalin ﬁxation, which dramatically increases
the sensitivity and speciﬁcity of NOS detection (Ott and
Elphick, 2002, 2003).
In the locust nervous system, histochemical staining for
NADPHd has been analyzed in great detail in the antennal lobe (Müller and Bicker, 1994; Elphick et al., 1995),
optic lobe (Elphick et al., 1996), mushroom body (O’Shea
et al., 1998), and ventral nerve cord (Müller and Bicker,
1994; Ott and Burrows, 1998; Bullerjahn and Pﬂüger,
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2003). There is also evidence that NOS is present in the
central complex (Müller, 1997), but little is known about
the distribution of NOS/NADPHd and the functional role
of NO in this brain area.
The central complex is a midline-spanning neuropil in
the center of the insect brain. It consists of four interconnected neuropils, the protocerebral bridge, the upper and
lower divisions of the central body, and a pair of noduli.
The organization of the central complex is characterized
by a precise topographical architecture (Williams, 1975;
Homberg, 1987; Müller et al., 1997). The upper and lower
divisions of the central body are substructured into several layers. The protocerebral bridge and each of these
layers consist of linear arrays of 16 columns. Tangential
neurons provide input from several areas of the median
protocerebrum to all columns of a particular array, and
columnar neurons interconnect single columns of different
layers in a regular pattern of right–left interactions and
send axonal projections to the surrounding lateral accessory lobes. Evidence from several species suggests that the
central complex serves a role in right–left motor coordination and spatial orientation. Drosophila mutants with defects in the central complex are impaired in the control of
walking direction and speed, in goal-oriented walking,
and in right–left orientation (Strauss, 2002). Intracellular
recordings in the locust showed that central-complex neurons are sensitive to dorsally presented polarized light,
suggesting a speciﬁc role of this brain area in spatial
orientation and sky-compass navigation (Vitzthum et al.,
2002; Homberg, 2004). To understand better the neuronal
signaling mechanisms in the locust central complex, its
chemoarchitecture has been studied in detail. Distinct
systems of columnar and tangential neurons have been
characterized by immunocytochemical staining for
␥-aminobutyric acid (GABA), serotonin, dopamine, octopamine, histamine, and a variety of neuropeptides that
are partially colocalized with classical transmitters
(Homberg, 1991, 2002; Wendt and Homberg, 1992; Vitzthum et al., 1996; Vitzthum and Homberg, 1998; Homberg
et al., 1999, 2004; Gebhardt and Homberg, 2004). To investigate putative novel roles for NO in the insect brain
and to advance our understanding of the neurochemical
compartmentation of the central complex, we have analyzed the distribution of NOS immunostaining and NADPHd labeling in this brain area and in surrounding midbrain neuropils of the locust.

MATERIALS AND METHODS
Animals
Adult male and female locusts, Schistocerca gregaria
(gregarious phase), were taken from crowded laboratory
colonies at the University of Marburg or were purchased
from Blades Biological (Cowden, Kent, United Kingdom)
and maintained at Queen Mary, University of London.
Animals were reared and kept under 12L:12D photoperiod
in both cases.

NADPHd histochemistry on frozen sections
Histochemical staining for NADPHd on cryosections
was based on the methods described by Ott and Elphick
(2002). Brains were dissected on ice in hypotonic saline
(Clements and May, 1974) and ﬁxed in ice-cold methanol/
formalin for 45 minutes (Ott and Elphick, 2002). After
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being washed in ice-cold Tris-HCl (0.1 M, pH 7.2), brains
were incubated for at least 4 hours in ice-cold 20% sucrose
in 0.01 M phosphate buffer, pH 7.4, for cryoprotection.
Brains were embedded in Jung Tissue Freezing Medium
(Leica, Nussloch, Germany) and frozen at –50°C. They
were sectioned at 35 m with a cryomicrotome (Leica
CM3050 or CM1800) and mounted on chrome alum/
gelatin-coated microscope slides.
To enhance the speciﬁcity of staining for NOS-related
diaphorases, the sections were treated with cold 0.1 M
sodium acetate/acetic acid buffer, pH 4.0 (Ott and Elphick,
2002), and subsequently washed in Tris-HCl. For the diaphorase reaction, the sections were incubated with 0.2–
1.0 mM ␤-NADPH (Biomol, Hamburg, Germany, or
Sigma-Aldrich, Poole, United Kingdom) and 0.2 mM nitroblue tetrazolium (Sigma, Deisenhofen, Germany, or
Sigma-Aldrich) in 0.1 M Tris-HCl containing 0.2% Triton
X-100, pH 8.0. The incubation time varied between 45
minutes and 5 hours. After the reaction was stopped in
distilled water, the sections shown in Figures 5B and 6A,B
were dehydrated in an ascending alcohol series and embedded in Entellan (Merck, Darmstadt, Germany) under
coverslips; sections for Figures 2A,C,E, 3, 4, 5A, and 6C–F
were mounted without dehydration in glycerol-gelatin (5 g
gelatin, 25 ml distilled water, 35 ml glycerol, 0.03 g sodium azide, and 0.01 g thimerosal). In control experiments, the substrate ␤-NADPH was omitted, which resulted in complete lack of staining.

High-resolution preembedding NADPHd
histochemistry
In frozen sections, tissue preservation is compromised
by freeze artefacts, and sections ﬁne enough to resolve
dense ﬁber aggregates are difﬁcult to obtain. We therefore
employed a novel high-resolution NADPHd technique (Ott
and Elphick, unpublished) that utilizes the structural
preservation afforded by polyester wax (PEW) histology
(Steedman, 1957). Because PEW embedding destroys the
NADPHd activity of NOS, staining was performed en bloc
prior to embedding. The protocol was modiﬁed from the
whole-mount technique of Ott and Elphick (2003). Brains
were ﬁxed and washed as described above, treated with
ice-cold acetate buffer for 30 –50 minutes to suppress
NOS-unrelated NADPHd, and washed again, on ice, ﬁrst
in 0.1 M Tris, pH 7.2, and then in 0.1 M Tris, pH 8.0,
containing 0.2% Triton X-100. They were then incubated
on a rocking table in NADPH/nitroblue tetrazolium staining solution (as described above) overnight on ice. Development of the staining was completed in fresh NADPH/
nitroblue tetrazolium solution at room temperature for
3– 4 hours on a rocking table and terminated in distilled
water. The brains were dehydrated in absolute methanol
(2 ⫻ 15 minutes) after a single intermediary step of 15–30
minutes in a fresh 3:1 mixture of absolute methanol and
glacial acetic acid (Ott and Elphick, 2003). Inﬁltration
with PEW (BDH, Poole, United Kingdom) was carried out
at 37– 40°C via 20%, 40%, 60% and 80% PEW in methanol
(15 minutes each), followed by freshly molten PEW (2 ⫻ 1
hour). Sections 2–10 m thick were cut on a rotary microtome in a cold room, mounted on freshly coated chrome
alum/gelatin slides, and dried overnight at room temperature in a desiccator. The PEW was then removed in
methanol, and the sections were rehydrated in water via
90%, 70%, and 50% methanol and mounted in ImmuMount (Shandon, Pittsburgh, PA) or glycerol-gelatin.
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NOS immunocytochemistry
For immunocytochemical detection of NOS, we used
either the indirect peroxidase-antiperoxidase (PAP; Sternberger, 1979) technique or the indirect immunoﬂuorescence technique. Afﬁnity-puriﬁed polyclonal “universal
NOS” (uNOS) antibodies, raised in rabbits against the
highly conserved amino acid sequence QKRYHEDIFG of
the NADPH-cytochrome P450 reductase domain of NOS,
were obtained from two different commercial sources (see
below). PAP immunostaining was performed on freeﬂoating vibratome sections as described by Vitzthum et al.
(1996), with the following modiﬁcations. Brains were ﬁxed
overnight at 4°C in picric acid-formaldehyde (Zamboni
and De Martino, 1967). Anti-uNOS antibodies (PA1-039;
Afﬁnity Bioreagents, Golden, CO) were applied overnight
or up to 3 days at a dilution of 1:100 –1:500 in Trisbuffered saline (TBS; 0.1 M Tris-HCl/0.3 M NaCl, pH 7.4)
containing 0.5% Triton X-100 (TrX) and 7.5% milk powder
(Heirler, München, Germany). Secondary antiserum (goat
anti-rabbit IgG; Sigma, Deisenhofen, Germany) was used
at a dilution of 1:40 and rabbit PAP (Dako, Hamburg,
Germany) at a dilution of 1:300 in TBS containing 0.5%
TrX and 1% normal goat serum. After being washed, the
sections were stained with 0.03% 3,3⬘-diaminobenzidine
tetrahydrochloride (Sigma) and 0.025% H2O2 in sodium
phosphate buffer (0.1 M, pH 7.4) for 20 –30 minutes and
mounted on chrome alum/gelatin-coated microscope
slides.
The detailled protocol used for indirect uNOS immunoﬂuorescence detection is given in Ott and Elphick (2002).
In brief, brains were ﬁxed (2– 6 hours at 4°C) in 4%
formaldehyde/0.1 M phosphate buffer, pH 7.4. Frozen sections 30 m thick were collected on chrome alum/gelatincoated slides and air dried. Polyclonal, afﬁnity-puriﬁed
uNOS antibodies (1:100 –1:400; Oncogene Research Products, Cambridge, MA) were applied overnight at 4°C and
made visible with afﬁnity-puriﬁed, Alexa Fluor 546conjugated goat anti-rabbit-IgG antibodies (1:250; Molecular Probes, Leiden, The Netherlands).

Image processing and reconstructions
Brightﬁeld microscopy. For Figures 2, 3A, 4B, 5, and
6A,B, sections were photographed with a Zeiss Axioskop
compound microscope equipped with a Polaroid DMC Ie
digital camera (Polaroid, Cambridge, MA). For Figures
3B–E, 4A,C–E, and 6C–F, digital images were aquired
with a Retiga 1300 12-bit monochrome camera (QImaging,
Burnaby, British Columbia, Canada) and QCapture 1.1.6
(QImaging) software on a Macintosh G4 platform. For
Figures 3A,C,D, 4C, and 6E,F, the XY resolution was
increased by capturing overlapping camera frames for
stitching into high-resolution montages; the Z-resolution
was increased by capturing images in multiple focal
planes for Figure 6C,E,F and/or by combining images from
two consecutive sections for Figures 3E and 6C. All processing was carried out in Adobe Photoshop 7.0 (Adobe
Systems, San Jose, CA). A blank image frame taken at the
same magniﬁcation was subtracted from each frame to
compensate for uneven illumination of the camera ﬁeld.
Preliminary histogram corrections were made on the 12bit images before downsampling to eight-bit resolution.
Sets of individual camera frames were then XY- and/or
Z-merged as applicable; the latter was done by using
Layer Masks to combine in-focus structures within each
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Z-stack. Merged montages were unsharp-masked, and
tones were adjusted by using gradation curves.
The image in Figure 2E was captured at 14-bit amplitude resolution with an AxioCam HRc digital camera
(Carl Zeiss Vision, München-Hallbergmoos, Germany;
controlled by Zeiss AxioVision 3.1 software) on a Zeiss
Axiophot compound microscope. Intensities (pixel values)
were inverted and logarithmically transformed in ImageJ
software (developed at the U.S. National Institutes of
Health and available freely at http://rsb.info.nih.gov/ij/;
ImageJ is in the public domain). The image was then
down-sampled to eight-bit resolution and adjusted by using gradation curves in Photoshop.
Immunoﬂuorescence microscopy. Fluorescence images were acquired under epiﬂuorescence illumination,
either on the Leica DMRA2 microscope with the Retiga
camera (inset in Fig. 5A) or on a Leica DMRB compound
microscope ﬁtted with a C4742-95 monochrome digital
camera (Figs. 2F, 4E,G; Hamamatsu Photonics, Japan;
see Ott and Elphick, 2002). Images were adjusted by using
gradation curves and unsharp-masked in Photoshop.
Reconstructions. Cell body positions (Fig. 1) and arborization patterns (Fig. 7) of NADPHd-reactive neurons
were reconstructed from serial sections with the aid of a
camera lucida attachment on a Leitz compound microscope. The terminology for brain structures is based on the
nomenclature of Strausfeld (1976) and for central-complex
subdivisions on Müller et al. (1997). The orientation of
brain structures is given with respect to the body axis of
the animal.

RESULTS
General pattern of NADPHd staining
NADPHd histochemistry after ﬁxation in methanol/
formalin (Ott and Elphick, 2002) revealed extensive and
distinct staining throughout the brain of the locust Schistocerca gregaria. Somata as well as neurites showed selective NADPHd activity in the protocerebrum, deutocerebrum, and tritocerebrum. In total, about 470 somata
showed NADPHd staining in the midbrain (Fig. 1). Among
these, about 106 neurons were counted in the anterior cell
cortex of the deutocerebrum and belonged to local interneurons of the antennal lobes (Müller and Bicker, 1994;
Elphick et al., 1995; Bicker and Hähnlein, 1995). About 20
NADPHd-reactive somata were scattered in the lateral
tritocerebrum. The largest group of cell bodies in the protocerebrum was located in the pars intercerebralis, including about 56 neurosecretory cells with ﬁbers in the median
bundle. Another group of about 20 NADPHd-reactive neurons had somata in the inferior median cortex of the
protocerebrum. The remaining cell bodies were distributed in the lateral and superior cell cortices of the brain.
The NADPHd staining pattern in the optic lobes corresponded to what has been described in detail by Elphick et
al. (1996).

Comparison of NADPHd staining and NOS
immunostaining
To conﬁrm that NADPHd activity in methanol/formalinﬁxed brain tissue is a marker for neuronal NOS, we examined the distribution of NOS immunostaining in the
locust brain with “universal NOS” antibodies that target a
conserved sequence of amino acids in the C-terminal
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NADPH-cytochrome P450 reductase domain (Davies,
2000). Throughout the locust brain, NADPHd histochemistry (Fig. 2A,C,E) and NOS immunocytochemistry (Fig.
2B,D,F) led to similar staining patterns but differed
greatly in staining intensity and contrast. Whereas
NADPHd-reactive neurons showed intense, crisp staining
against a virtually unstained background, NOS immunostaining was of low intensity and poor contrast. A conspicuous mismatch between the staining techniques was
strongly immunostained median neurosecretory neurons,
which showed only weak NADPHd activity (arrowheads in
Fig. 2A,B). In nearly all other brain areas, immunostaining and histochemical staining corresponded in relative
intensity and pattern. Both NADPHd activity and NOS
immunostaining were strongest in the antennal lobes
(Fig. 2A,B). As with NADPHd staining, NOS immunoreactivity was present in a large group of local antennal-lobe
interneurons with stained cell bodies distributed in identical patterns in the anterior cell cortex of the antennal
lobe. In the optic lobe, NOS immunostaining, like NADPHd staining, was present in clusters of lamina monopolar cells, and corresponding layers in the proximal medulla and lobula complex were labelled with both
techniques (not shown).
In the median protocerebrum, the mushroom bodies and
the central body showed the most prominent NOS immunostaining, again corresponding to strong NADPHd activity in the same brain regions. The distinct pattern of
immunostaining in the central body closely matched that
seen with NADPHd (CB in Fig. 2C,D and also Fig. 5A). In
the peduncle (P in Fig. 2C,D) and lobes (aL, bL in Fig.
2A,B) of the mushroom bodies, NOS immunoreactivity
displayed the characteristic tubular compartmentation
ﬁrst discovered by using NADPHd after ﬁxation in buffered formaldehyde (Bicker and Hähnlein, 1995; O’Shea et
al., 1998). After methanol/formalin ﬁxation, the NADPHd
staining in the stalk and lobes appears nearly uniform
throughout the structure (aL, bL in Fig. 2A). However,
this appearance is caused by signal saturation resulting
from the thickness of the sections, the exceedingly intense
staining, and the linear response function of the digital
camera. Logarithmic transformation of the inverted digital image (Fig. 2E), which expands the dynamic range for
high intensities at the cost of sensitivity for low intensities, reveals unambiguously a tubular compartmentation
as seen for NOS immunoreactivity (Fig. 2F). In fact, the
log-transformed signal shows that NADPHd staining differentiates more between different substructures of the
mushroom body lobes than does the NOS antibody. Considerable immunoreactivity occurred in modules that derive from peduncular column III (Fig. 2F, asterisks) that is
associated with the accessory calyx (Weiss, 1981). In the
log-transformed NADPHd signal, these modules showed
exceedingly low levels of NADPHd (Fig. 2E, asterisks)
relative to the modules that derive from columns I and II.
Sparse but very brightly immunoﬂuorescent ﬁbers medial
to the mushroom bodies (Fig. 2F, arrowheads) are arborizations of median neurosecretory cells that had no
match in the log-transformed NADPHd signal.
The antennal mechanosensory and motor center showed
similar patterns of NOS immunoreactivity and NADPHd
activity (MC in Fig. 2C,D); a matching distribution of NOS
immunoreactivity and NADPHd in the ocelli is shown in
more detail below. In brain areas that were more sparsely
supplied by NADPHd-positive neurons, such as the supe-
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Fig. 1. Frontal diagram of the midbrain of the locust Schistocerca
gregaria showing the distribution of NADPHd-reactive somata. For
clarity, somata in the posterior protocerebrum are shown separately
(top). Several cell groups of central-complex neurons could be identiﬁed: TL1 cells (drawn in outline) and TL2 cells (green) are two types
of tangential neuron of the lower division of the central body (CB); cell
bodies of neurons connecting the posterior optic tubercles and the
protocerebral bridge (PB) are shown in red; columnar neurons of the
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upper division of the central body are shown in blue; pontine neurons
of the central body are shown in yellow. Perikarya of median neurosecretory cells in the pars intercerebralis are shown in orange, and the
remaining NADPHd-stained perikarya are shown in black. aL, bL, ␣and ␤-lobes of the mushroom body; AL, antennal lobe; AN, antennal
nerve; Ca, calyx and P, peduncle of the mushroom body. Scale bar ⫽
200 m.

Fig. 2. Comparison of NADPHd activity (A,C,E) and NOS immunoreactivity (B,D,F) in the brain of the locust; frontal sections, anterior is upward. A,B: NADPHd activity (A) and NOS immunostaining
(B) in the anterior brain. Intense staining in the ␣- and ␤-lobes (aL,
bL) of the mushroom bodies displays a characteristic tubular compartmentalization with both techniques (see also E,F). The glomerular
neuropil of the antennal lobes (AL) shows strong NADPHd staining
and NOS immunoreactivity. Neurosecretory cells of the pars intercerebralis (PI; arrowheads in A,B) with ﬁbers in the median bundle
(arrows in A) are strongly immunoreactive with the NOS antiserum
(B) but show only weak NADPHd staining (A). C,D: NADPHd activity
(C) and NOS immunostaining (D) in the median protocerebrum and
deutocerebrum. The peduncles (P) of the mushroom bodies, the central body (CB), the antennal lobes (AL), and the microglomerular
crescent (MC) of the deutocerebrum are strongly stained. Numerous
ﬁbers and a loose meshwork of ramiﬁcations in protocerebral areas

surrounding the mushroom bodies and the central body are NADPHd
reactive (C). Only the most prominent of these ﬁbers are visible in the
immunostaining (arrows in D; cf. arrows in C pointing to corresponding ﬁbers). E,F: Comparison of NADPHd activity (E) and NOS immunoﬂuorescence (F) in the mushroom body. The image in E has been
inverted and logarithmically transformed to increase the amplitude
resolution within the intensely stained ␣- and ␤-lobe. Note tubular
compartmentation matching that seen in F but masked in linear
image data (cf. A) by saturation resulting from high signal intensities.
Modules derived from peduncular column III (asterisks) show very
weak relative signal intensity in E but considerable intensity in F.
Bright beaded ﬁbers in F (arrowheads) are arborizations of median
neurosecretory cells that have no correspondence in E. Ca, calyces;
ILP, inferior lateral protocerebrum; SLP, superior lateral protocerebrum. Scale bars ⫽ 200 m in A–D; 100 m in E,F.
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rior and lateral protocerebrum, NOS immunostaining was
faint and resolved only the most prominent NADPHdreactive ﬁbers individually (Fig. 2C,D, arrows). Because of
the far better anatomical resolution of NADPHd staining,
compared with NOS immunostaining, the subsequent detailed descriptions of the distribution of NOS/NADPHd in
the locust midbrain are based on NADPHd-stained sections.

NADPHd staining in the locust midbrain
In the median protocerebrum, the mushroom bodies and
the central complex exhibited the most intense NADPHd
staining (Fig. 3A). Numerous NADPHd-reactive neural
processes formed a loose meshwork of ramiﬁcations in
neuropil areas surrounding the mushroom bodies and the
central complex (Fig. 3A–D). Most conspicuous were ramiﬁcations in the lateral and medial accessory lobes, in
areas surrounding the ␣-lobes, and in the ventrolateral
and superior protocerebrum (Fig. 3A,C,D). The two subunits of the anterior optic tubercle were differently supplied by NADPHd-reactive processes (Fig. 3B). Although
the upper unit showed sparse staining (UU in Fig. 3B), the
lower unit was densely supplied with varicose terminals,
which were largely derived from exceedingly ﬁne ﬁbers in
the anterior optic tract (LU in Fig. 3B). In contrast, the
tubercle-accessory lobe tract that connects the anterior
optic tubercle with the lateral accessory lobe was unstained (Fig. 3B, arrow). The intertubercle tract, which
connects both anterior optic tubercles, contained a few
intensely NADPHd-reactive ﬁbers of unknown origin (Fig.
3C). The ventrolateral protocerebrum was densely supplied with ramiﬁcations and varicosities, whereas NADPHd activity was conspicuously sparse in the lateral horn
(Fig. 3D). The posterior optic tract and commissure carried strongly NADPHd-reactive ﬁbers (Fig. 3E) that originated from commissural medulla tangential neurons
with somata near the accessory medulla (cell group 8 of
Elphick et al., 1996).
Recent improvements in the selectivity and sensitivity
in NADPHd histochemistry (Ott and Elphick, 2002) allowed us to analyze the distribution of NADPHd in various brain areas in unprecedented detail. In addition to
previously reported NADPHd staining in local interneurons of the antennal lobe (Müller and Bicker, 1994; Elphick et al., 1995), intense staining also occurred in other
areas of the deutocerebrum, which has not been reported
previously. Whereas antennal afferent ﬁbers that enter
the antennal lobe sensu stricto were unstained, as has
been observed before (Müller and Bicker, 1994; Elphick et
al., 1995), numerous exceedingly ﬁne but sharply stained
axons in the antennal nerve could be traced to an area
posterior-ventral to the antennal lobe (Figs. 3A, 4A,C).
The stained afferents ran in a lateromedial direction
around the posterior face of the antennal lobe (Fig. 4A,
arrowheads) and terminated in a distinct crescent-shaped
microglomerular domain of neuropil that curved dorsomedially in the horizontal plane. It apparently corresponds to
the “medial neuropil area of the antennal lobe” described
by Ignell et al. (2001). Because of its prominence and
distinct nature (see Discussion) it is here given the more
evocative name microglomerular crescent (MC in Figs. 3A,
4A,C). This area was not invaded by NADPHd-stained
local antennal lobe neurons, and staining appeared to be
derived exclusively from primary sensory afferents. Posterior and lateral to this domain, in the antennal mech-
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anosensory and motor center (AMMC in Fig. 4B), a zone of
homogeneous staining of intermediate intensity was
formed by a large array of putatively afferent ﬁbers that
showed comparatively weak NADPHd staining. This zone
was intersected by a loose meshwork of sharply stained,
coarsely beaded ﬁbers of interneuronal origin. In contrast
to these densely stained deutocerebral areas, the glomerular lobe was one of the few regions of the brain that was
almost totally void of stained arborizations, except for
very ﬁne and sparsely beaded ﬁbers in its outer zone (Figs.
3A, 4B,C). Several prominent, heavily stained neurites
belonging to intersegmental interneurons passed through
the tritocerebrum and gave rise to extensive arborizations
in the protocerebrum (Fig. 4C). Fibers were also stained in
the labrofrontal nerve and gave rise to staining in the
tritocerebrum (Fig. 4C).
In the ocellar nerves, ﬁbers of small ocellar interneurons showed sharp and intense NADPHd labeling,
whereas the axons of the large ocellar interneurons were
unstained (Fig. 4D,F). Precisely the same pattern of staining was observed with NOS immunoﬂuorescence labeling
(Fig. 4E,G). After entering the brain, the stained ocellar
interneurons gave rise to loose meshworks within the
ocellar tracts, which wrapped around the unstained axons
of large ocellar interneurons. This observation is intriguing in light of the fact that large ocellar interneurons have
synapses along their axons within the ocellar tracts (Simmons, 2002). Peripherally, the NADPHd-positive ocellar
interneurons invaded the neuropils in the ocellar cup.
Here, they gave rise to dense and ﬁne meshworks that
were organized into separate compartments: in tangential
sections through the ocellar cup, they appeared as a row of
well-separated circular proﬁles akin to glomeruli in the
antennal lobe (Fig. 4D,E). These meshwork compartments
were, however, not spherical but elongated plexi fanning
out from the base of the cup (Fig. 4F,G).

Fig. 3. NADPHd staining in the locust midbrain in frontal sections; dorsal is upward in all panels. A: Median protocerebrum and
surrounding brain regions. NADPHd staining is widespread and most
prominent in the pedunculi (P) of the mushroom bodies, the central
body (CB), and the antennal lobes (AL). Arrows point to large
NADPHd-reactive ﬁbers in the superior protocerebrum (SP).
NADPHd-stained antennal afferent ﬁbers (arrowheads) project to the
microglomerular crescent (MC) between the AL proper and the
largely unstained glomerular lobe (GL). Ca, calyx of mushroom body;
LP, lateral protocerebrum. B: Inferior lateral protocerebrum; lateral
is to the left. The upper unit (UU) and the lower unit (LU) of the
anterior optic tubercle show beaded NADPHd-reactive processes. The
tubercle-accessory lobe tract is not stained (arrow); aL, ␣-lobe of
mushroom body. C: Anterior protocerebrum. The neuropil surrounding the ␣-lobes of the mushroom body (aL) shows particularly dense
staining. A few ﬁbers in the intertubercle tract (ITT), which connects
the anterior optic tubercles of both hemispheres, are heavily NADPHd
reactive. Several small ﬁber proﬁles in the median ocellar tract show
NADPHd activity (arrows), whereas the conspicuous proﬁles of the
large ocellar interneurons are unstained. D: Lateral protocerebrum,
lateral is to the left. Only sparse staining is present in the lateral horn
(LH). Strongly NADPHd-stained ﬁbers arborize in the ventrolateral
protocerebrum (VLP). P, peduncle of mushroom body. E: Posterior
median protocerebrum. The posterior optic commissure (POC) is
strongly NADPHd stained. Arrows point to the cell bodies of
NADPHd-reactive neurons that connect the protocerebral bridge with
the posterior optic tubercles (cf. Fig. 6C). Scale bars ⫽ 200 m in A;
100 m in B,C; 50 m in D,E.
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Fig. 4. NADPHd staining in the deutocerebrum (A–C) and NADPHd staining and NOS immunostaining in the ocellar system (D–G).
A: Polyester wax section; B–E: frozen sections. A: Frontal section near
the posterior face of the antennal lobe (AL); lateral is to the left; dorsal
is upward. Intensely stained antennal afferent ﬁbers (arrowheads)
bypass the AL and terminate in glomerular domains of the microglomerular crescent (MC) between the AL and the glomerular lobe.
B: Frontal section at a level posterior to A; lateral is to the left; dorsal
is upward. Dense staining is seen in a distinct domain of neuropil in
the antennal mechanosensory and motor center (AMMC) just posterior and lateral to the microglomerular crescent. It originates from a
compact bundle of weakly stained (putatively antennal afferent) ﬁbers that is intersected by a loose meshwork of sharply stained interneuronal arborizations. The glomerular lobe (GL) is largely free of
NADPHd staining. Arrow points to the soma of a TL1 neuron of the
central body. C: Deutocerebrum and tritocerebrum (TC) in parasag-

ittal section through the circumoesophageal connective (COC); anterior (a) is to the left; dorsal is upward. The AL and MC of the
deutocerebrum are strongly stained, whereas the GL is devoid of
staining. Prominent NADPHd-reactive intersegmental axons in the
COC pass through the tritocerebrum and ramify profoundly in the
posterior brain (arrowheads). Arrows point to strong staining in the
root of the labrofrontal nerve. D–G: NADPHd staining (D,F) and NOS
immunoﬂuorescence (E,G) in sections through the lateral ocellus.
Both markers yield identical patterns of staining. Intense staining in
the ocellar cup neuropil (OCN) is arranged in distinct plexi of neuropil
that fan out from the base of the cup (F,G) and appear as a series of
ellipsoid proﬁles in tangential sections (D,E). These stained plexi
originate from small ocellar interneurons with axonal ﬁbers in the
lateral ocellar nerve (LON in F,G). Ocellar photoreceptor cells and
large ocellar interneurons are unstained with both techniques. Scale
bars ⫽ 50 m in A,E,F; 100 m in B,C,G; 25 m in D.

NADPHd staining in the central complex

ent patterns and intensities of NADPHd staining. The
uppermost layer I showed uniform labeling of moderate
intensity, layer IIb showed intense staining in coarse varicose ﬁbers and layer IIa staining in ﬁner beaded ﬁbers,
whereas the posterior layer III exhibited the weakest
staining, concentrated in large-diameter ﬁbers (Figs. 5B,

The upper and lower divisions of the central body
showed particularly strong NADPHd staining (Fig. 5) and
NOS immunoﬂuorescence (Fig. 5A, inset). The three layers of the upper division of the central body (I, II, III in
Fig. 5C), introduced by Homberg (1991), exhibited differ-

NOS IN THE LOCUST MIDBRAIN

Fig. 5. NADPHd staining and NOS immunostaining in the central
body. A: Frontal section through the central body and the lateral
accessory lobes (LAL) showing NADPHd labeling; dorsal is upward.
Columns and layers of the central body show distinct NADPHd activity. Beaded staining throughout the lower division of the central body
(CBL) originates from a pair of TL1 tangential neurons sending axonal ﬁbers through isthmus tract 1 (IT1) to the central body. Another
system of NADPHd-reactive tangential neurons (TL2) enters the CBL
ventrally and gives rise to dense staining in layer 2 of the lower
division of the central body (arrowheads). Most areas of the LAL are
invaded by NADPHd-stained ﬁbers, but the median olives (MO) are
free of staining. P, peduncle of the mushroom body. Inset: NOS
immunoﬂuorescence in the central body. The distribution of immunostaining in the upper and lower divisions of the central body (CBU,
CBL) closely corresponds to the pattern of NADPHd activity. B: Sagittal section through the central body showing NADPHd labeling;
dorsal is upward, anterior is to the left. Pontine neurons with ﬁber
proﬁles along the dorsal face (small solid arrowheads) and posterior
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face (open arrowheads) of the central body innervate layer I and IIb of
the upper division of the central body. Columnar neurons with arborizations in the upper subunits of the noduli (NU) show particularly
weak staining in this preparation in their processes in layer III and in
the posterior chiasma (PCh). Note the near-absence of staining in the
lower unit of the noduli (NL). Tangential neurons innervating the
lower division (CBL) enter the central body via the posterior groove
(PG in C; TL1 neurons, large arrow) or from its ventral face (TL2
neurons, large solid arrowhead). Double arrowhead points to ﬁbers
from tangential neurons with arborizations in the dorsal shell of the
LAL (see Fig. 6B) and projections to the CBU. Fibers in the ventral
groove (small arrows) originate from the anterior bundles and innervate the anterior lip of the central body (AnL) and layer I of the upper
division. Neurites in commissure PC II interconnect both lateral
accessory lobes. C: Sagittal diagram of the central body, illustrating
the different layers and subunits. For abbreviations see above; a,
anterior. Scale bars ⫽ 100 m.
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6E). Among the six layers of the lower division of the
central body, introduced by Müller et al. (1997), the uppermost layer, layer 1, was unstained, layer 2 showed
dense uniform staining, and layers 3– 6 were invaded by a
loose meshwork of sharply stained, ﬁne, beaded processes
(CBL in Fig. 5). A corresponding, but less distinct pattern
of staining was observed with NOS immunoﬂuorescence
labeling (Fig. 5A, inset). The two subunits of the noduli
also showed differential NOS immunolabeling and NADPHd activity. The lower units were sparsely stained (NL
in Fig. 5B,C), whereas, in the upper units (NU in Fig.
5B,C), three layers could be distinguished based on differential NADPHd labeling: an uppermost layer with no
NADPHd activity, a median layer with faint staining, and
a lower layer with most intense staining. The protocerebral bridge exhibited faint and sparse granular labeling,
except for strongly stained neurites, which ran horizontally along its posteriorly curved face (Fig. 6D,F).
NADPHd-stained ﬁbers in three bundles, termed isthmus tracts 1–3, connected the central body with the lateral
accessory lobes (IT1 in Fig. 5A; IT2 in Fig. 6A; IT3 in Fig.
6B). Stained commissural ﬁbers in the ventral groove of
the central body corresponded to posterior commissure II
of Boyan et al. (1993) and interconnected the right and left
lateral accessory lobe (PCII in Fig. 5B), but the location of
their cell bodies could not be identiﬁed. The lateral accessory lobes showed NADPHd reactivity in all subregions
(Figs. 5A, 6A,B) except for the median olives, which were
free of staining (MO in Figs. 5A, 6B). The lateral triangles
and the dorsal and ventral shells of the lateral accessory
lobes were particularly densely innervated by NADPHdreactive ﬁbers (LT, DS, VS in Fig. 6A,B).

Identiﬁcation of NADPHd-stained cell types
in the central complex
Eight systems of NADPHd-stained neurons associated
with the central complex could be identiﬁed as contributing to this staining pattern. They comprise a total of about
170 neurons with somata in the pars intercerebralis and
in the inferior median and ventromedian protocerebrum
(Fig. 1). Six of these systems we were able to link to cell
bodies in the soma cortex and reconstruct by means of
camera lucida drawings (Fig. 7). The remaining two types
of neuron were identiﬁed as distinct and separate ﬁber
systems, but cell bodies could not be assigned with certainty.
Two types of NADPHd-stained tangential neuron innervated the lower division of the central body (Fig. 7A). They
were identiﬁed as a single bilateral pair of TL1 neurons
and about nine pairs of TL2 neurons (terminology adopted
from Müller et al., 1997). The somata of the TL1 neurons
were located in the ventromedian protocerebrum (Fig. 1,
single pair of somata drawn in outline; Fig. 4B, arrow).
Their primary neurites passed through the ventromedian
protocerebrum and densely ramiﬁed in the lateral triangles of the lateral accessory lobes (Figs. 5A, 6A). Their
axons continued via isthmus tract 1 (IT1 in Fig. 5A) to the
posterior groove between the noduli and the lower division
of the central body (large arrow in Fig. 5B; arrow in Fig.
6E) and gave rise to the very ﬁne but sharply stained
beaded ramiﬁcations that occur throughout layers 2– 6 of
the lower division of the central body.
The somata of TL2 neurons were located in the inferior
median protocerebrum (green somata in Fig. 1). Their
primary neurites ran dorsally along the antennal lobes
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into the lateral accessory lobes. TL2 neurons had ﬁne
arborizations in the lateral triangles (LT in Fig. 6A). Their
axons ran through isthmus tract 2 (IT2 in Fig. 6A), entered the lower division of the central body ventrally (TL2
in Fig. 5A; large black arrowhead in Fig. 5B), and sent
densely stained ramiﬁcations into layer 2 of the lower
division (Figs. 5A,B, 6A).
A third group of NADPHd-reactive tangential neurons
connected the posterior optic tubercles with the protocerebral bridge (red somata in Fig. 1; reconstruction in Fig.
7B). About 20 somata per hemisphere were located posterior to the protocerebral bridge (Fig. 3E, arrows). Primary
neurites entered the optic tubercle-protocerebral bridge
tract. Within the posterior optic tubercle, the neurons
arborized in a meshwork with regular condensations of
terminals that surrounded numerous spherical lacunae
void of stained ﬁbers (POTu in Fig. 6C). Axonal ﬁbers ran
along the posterior face of the protocerebral bridge and
sent off side branches into the bridge (PB in Fig. 6D). In
comparison with that in the posterior optic tubercles,
staining was weak in the protocerebral bridge neuropil
itself and largely concentrated in the tangentially projecting major neurites.
A group of about 45 neurons with somata in the anterior
pars intercerebralis supplied all columns of layers I and
IIb of the upper division of the central body (yellow somata
in Fig. 1; arrowheads in Fig. 6E). These neurons are two
types of intrinsic pontine neurons of the central body that
interconnect different columns of layer I and IIb in a
regular fashion. Because their processes could not be
traced separately, they were reconstructed as a single
ensemble (Fig. 7C). The major neurites of one of the two
cell types ran along the dorsal ridge of the central body
(Fig. 5B, small solid arrowheads; anterior commissure III
of Boyan et al., 1993); these neurons invaded layer I (I in
Fig. 5B). The neurites of the second type ran along the
posterior face of layer IIb (Fig. 5B, open arrowheads);
these neurons gave rise to the strongly stained, coarsely
beaded processes in layer IIb (Fig. 5A; IIb in Fig. 5B, 6E),
but whether their processes also extended to layer I could
not be determined.
A system of about 50 NADPHd-stained columnar neurons had the somata in the posterior pars intercerebralis
(blue somata in Fig. 1; arrowheads in Fig. 6F; reconstruction in Fig. 7D). The primary neurites entered the protocerebral bridge posteriorly and gave off side branches into
the bridge. The main ﬁbers ran via four pairs of ﬁber
bundles, the w-, x-, y-, and z-bundles (Williams, 1975),
through the posterior chiasma between the protocerebral
bridge and the central body (PCh in Figs. 5B, 6F). Two
ﬁbers could be distinguished in the w-bundle and six to
eight ﬁbers in each of the remaining bundles. The ﬁbers
innervated layer III of the upper division of the central
body (III in Fig. 5B). They continued through the posterior
groove and gave rise to the staining in the lower layer of
the upper units of the noduli (NU in Fig. 5B; N in Fig. 6F).
Staining of these neurons in the protocerebral bridge and
in layer III of the central body was extremely weak, so
that often only their main neurites could be traced in
these areas.
Two additional systems of tangential neuron showed
NADPHd staining, but, because their terminal arborizations and cell bodies could not be identiﬁed, they were not
reconstructed. The ﬁrst system of neurons showed similarity to previously studied dopamine-immunoreactive
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Fig. 6. NADPHd staining in the central body and associated neuropils; frontal sections, dorsal is upward. A,B: Frontal sections
through the lateral accessory lobe. The dorsal and ventral shell (DS,
VS) and the lateral triangle (LT in A) of the lateral accessory lobe are
densely supplied with NADPHd-stained ramiﬁcations. Fibers of TL2
neurons run through the isthmus tract 2 (IT2 in A) to the lower
division of the central body (CBL). Tangential neurons with arborizations in the dorsal shell enter the posterior groove of the central body
via isthmus tract 3 (IT3 in B); MO, median olive. C: Frontal section
through the posterior optic tubercle (POTu); lateral is to the right.
Fine neurites (arrow) enter the POTu medially and give rise to a
lacunated meshwork of stained ﬁbers. The neurites belong to a class
of tangential neuron (reconstructed in Fig. 7B) that connect the POTu

with the protocerebral bridge (cf. D). D: NADPHd-reactive ﬁbers run
along the posterior face of the protocerebral bridge (PB). These ﬁbers
are the neurites of tangential neurons that connect the bridge to the
posterior optic tubercle (cf. E and Fig. 7B). E: Section through layers
IIb and III of the upper division of the central body (CBU). Arrowheads point to perikarya of NADPHd-stained pontine neurons of the
CBU. Neurites of columnar neurons are visible in layer III of the CBU
(see F). Arrow points to axonal ﬁbers of TL1 neurons. F: Section
posterior to E. NADPHd-reactive neurites from columnar neurons
(arrowheads) pass through the posterior chiasma (PCh) between the
protocerebral bridge (PB) and the posterior face of the central body
and continue to the upper units of the noduli (N). Scale bars ⫽ 100 m
in A,B,D–F; 50 m in C.

neurons (type DP2; Wendt and Homberg, 1992). Fasciculated primary neurites of about six bilateral pairs of neurons ran along the w-bundles to the lateral accessory
lobes, where they ramiﬁed in the dorsal shell (DS in Fig.
6B). Axonal ﬁbers continued via isthmus tract 3 (IT3 in
Fig. 6B) to the posterior groove (Fig. 5B, double arrowhead) and sent processes into the upper division of the
central body. Terminal arborizations in the upper division were probably concentrated in layer IIa but could

not be identiﬁed clearly. The second system of tangential neuron originated from two or three stained ﬁbers
in each anterior bundle that entered the ventral groove
of the central body (VG in Fig. 5B; equivalent to posterior commissure I of Boyan et al., 1993; the ﬁbers are
indicated by arrows in Fig. 5B). The neurons appeared
to ramify widely in the anterior lip and in layer IIa of
the upper division of the central body (AnL, IIa in Fig.
5B). Their cell bodies most likely were among somata in

Figure 7
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the superior lateral protocerebrum below the mushroom
body calyces.

DISCUSSION
The present study demonstrates that NADPHd staining
is distributed widely in the midbrain of the locust Schistocerca gregaria. Methanol/formalin (MF) ﬁxation and
other technical modiﬁcations in NADPHd histochemistry,
introduced by Ott and Elphick (2002), resulted in neuronal NADPHd staining of unmatched sensitivity and selectivity in the locust brain. This facilitated visualization of
NADPHd-reactive brain structures in unprecedented detail and allowed the mapping and identiﬁcation of many of
the stained cell types in the central complex and surrounding brain areas. However, before we consider the
results in detail, the question of correspondence between
NADPHd and NOS warrants a critical discussion.

NADPHd staining and NOS immunostaining
Since the ﬁnding that NOS accounts for formaldehydeﬁxation-resistant NADPHd activity in the brains of mammals (Hope et al., 1991; Dawson et al., 1991) and insects
(Elphick et al., 1994; Müller and Bicker, 1994), NADPHd
histochemistry has become a widely used marker for NOS.
However, it soon became apparent that other enzymes
may also cause NADPHd staining, particularly in nonneural tissue (see, e.g., Young et al., 1997), although reported
cases of NADPHd activity in NOS-immunonegative neurons are frequently resolved by adequate ﬁxation, at least
in mammals (Vincent, 2000; Alonso et al., 2000). In insects, considerably more caution is called for, because the
histochemical properties of NOS and other NADPHoxidoreductases have been less well characterized. Moreover, NOS itself is seemingly formaldehyde-sensitive in a
number of species (Ott and Burrows, 1999; Ott et al.,
2001b; Ott and Elphick, 2002). MF ﬁxation was introduced as a novel tool for the selective preservation of
putatively NOS-related NADPHd in locusts and cockroaches (MF-NADPHd technique; Ott and Elphick, 2002).
In the locust nervous system, at least three types of NADPHd can be differentiated by their histochemical properties (Ott and Elphick, 2002). They occur, respectively, 1) in
individual neuronal cell bodies and their sharply stained
arborizations, 2) in the perineurium, and 3) in the glial
layer that separates soma cortex and neuropil core. Correspondence between sharp neuronal staining and immunoreactivity with “universal NOS” (uNOS) antibodies has
been conﬁrmed for the antennal lobe (Elphick et al., 1995;
Bicker, 2001a; Ott and Elphick, 2002; this study) and

Fig. 7. Frontal reconstructions of NADPHd-stained neurons of the
central complex. A: NADPHd-reactive tangential neurons TL1 (somata drawn in outline in Fig. 1) and TL2 (green somata in Fig. 1)
ramify in the lateral triangles (LT) of the lateral accessory lobes (LAL)
and send axonal ﬁbers via isthmus tracts 1 and 2 (IT1, IT2) to the
lower division of the central body (CBL). B: Tangential neurons with
somata posterior to the protocerebral bridge (PB; red somata in Fig. 1;
arrows in Fig. 3E) connect the posterior optic tubercles (POTu) with
the PB. C: Pontine neurons with somata in the anterior pars intercerebralis (yellow somata in Fig. 1; arrowheads in Fig. 6E) innervate
layer I and IIb of the CBU. D: A system of about 48 NADPHd-reactive
neurons (blue somata in Fig. 1; arrowheads in Fig. 6F) innervates the
PB, layer III of the CBU, and the noduli (N). Scale bars ⫽ 100 m.
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throughout the metathoracic, free abdominal, and terminal ganglia of the ventral cord (Bullerjahn and Pﬂüger,
2003). For the remaining two types of NADPHd, correspondence to NOS remains questionable (Ott and Elphick,
2002). In the present study, we have used uNOS antibodies to validate further the sharp neuronal MF-NADPHd
staining in locust brain tissue. Despite a good overall
match between the two methods, we observed two kinds of
discrepancy. First, MF-NADPHd revealed a plethora of
sharply positive ﬁbers that were not recognizable within
the rather weak and noisy uNOS signal. Second, uNOS
immunoreactivity occurred in neurosecretory cells with
little or no MF-NADPHd activity. It is important to differentiate between these two points, and we will consider
them in turn.
Throughout the brain, the neuronal structures that displayed the strongest MF-NADPHd were distinctly uNOS
immunoreactive. This includes tubular substructures of
the mushroom body stalk and lobes, ﬁber systems of the
central body, systems of large-diameter neurites in lateral
protocerebral neuropils, and meshworks in the ocellar
cup. The MF-NADPHd staining in all these structures
was, however, exceedingly more intense than the immunostaining. We are thus compelled to conclude either that
this higher intensity of the NADPHd staining, in these
structures, reﬂects a correspondingly higher sensitivity
(though not necessarily speciﬁcity) for NOS or that the
match between distinct uNOS immunostaining and intense NADPHd in all these structures is coincidental. We
suggest that the latter conclusion is less likely and that
the uNOS antibodies used in the present study have only
limited sensitivity. Several different batches of antibodies
from two different commercial sources failed to yield the
clarity and resolution necessary to validate speciﬁcity directly for the plethora of ﬁner processes that were revealed by the MF-NADPHd method. The NADPHd staining in these processes was weaker than that in the
mushroom body and antennal lobe, as is evident from
log-transformed image data (Fig. 2E); comparison of relative intensities across Figure 2E,F suggests that a significant part of the fuzzy immunoreactivity outside the
mushroom body and antennal lobe is nonspeciﬁc and
strong enough to mask the possible presence of NOSrelated immunoreactivity in ﬁner NADPHd-positive processes. Therefore, for now, the case for speciﬁcity in these
ﬁner processes rests on the indirect argument that the
sharp neuronal MF-NADPHd appears to be histochemically homogeneous (Ott and Elphick, 2002) and hence
caused by the same enzyme throughout the brain.
If we accept the above argument that, in the locust
nervous system, MF-NADPHd is more sensitive (though
not necessarily more speciﬁc) for NOS than the antibodies
used, a corollary is that NOS-like-immunoreactive stuctures that lack distinct NADPHd are unlikely to contain
functional NOS. A conspicuous mismatch of this kind
occurred in neurosecretory cells of the median domain.
Members of this cell type were the most strongly immunopositive cells in the entire brain but displayed only
moderate MF-NADPHd; we do not know whether this
MF-NADPHd and the intense NOS-like immunoreactivity
actually colocalize at the cellular level. This situation has
a striking parallel in the ventral nerve cord. Figure 5A of
Bullerjahn and Pﬂüger (2003) shows intense uNOS immunoreactivity in what they assumed to be members of the
posterior lateral neurosecretory cells that project into the
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median nerves, but this cell type does not stain for NADPHd (Ott et al., 1998; Fig. 2G of Ott and Elphick, 2003).
The reason for this mismatch is currently not known.
Strong NOS immunolabeling of neurosecretory cells may
be caused by cross-reactivity of the antiserum with
epitopes unrelated to NOS, such as neuropeptides or peptide precursors in these neurons, although known peptide
hormones of median neurosecretory cells in the locust,
such as accessory gland myotropin II (Lom-Ag-MT II),
diuretic peptide (Lom-DP), ovary-maturating parsin, and
neuroparsin A (Veelaert et al., 1998), bear no sequence
similarity to the NADPH binding domain of NOS (Schoofs
et al., 1997). Alternatively, immunostaining might result
from the presence of NOS gene products that are recognized by the antiserum but show only little or no NADPHd
activity. Although there is only one NOS gene in Drosophila melanogaster (dNOS; Regulski and Tully, 1995; Adams
et al., 2000; Stasiv et al., 2001) and in Anopheles stephensi
(Luckhardt and Li, 2001), multiple alternative splicing of
the NOS gene has been demonstrated in both species.
Mammalian NOS genes show a similar transcriptional
complexity. In Drosophila, at least nine alternative dNOS
transcripts give rise to gene products that cannot generate
NO, although some act as dominant negative regulators of
the full-length protein (Stasiv et al., 2001, 2004). These
splice variants present a formidable challenge for the histolocalization of NOS gene products by NADPHd staining,
immunohistochemistry (discussion in Ott and Elphick,
2002), and mRNA in situ hybridization (Stasiv et al.,
2001). The DNOS2 and DNOS10 proteins are predicted to
contain the RYHEDIFG motif detected by uNOS antibodies, but the exon–intron organization of the NOS reductase domain is not conserved between D. melanogaster
and A. stephensi (Stasiv et al., 2001), preempting speculation about homologous splice products in locust. Nevertheless, it is conceivable that products of alternative transcripts in locust neurosecretory cells are recognized by the
“universal” NOS antiserum but show little or no NADPHd
activity.

Novel features of NOS expression in the
locust brain
NADPHd histochemistry revealed an abundance of
stained neurons, ﬁber tracts, and areas of arborizations in
the locust brain. This not only is interesting for anatomical studies but also shows that NO is more widely involved
in neuronal signaling in the insect brain than hitherto
recognized. This study shows for the ﬁrst time a prominent presence of NOS in the insect ocellar system. As in
the lamina of the locust optic lobe (Elphick et al., 1996),
NOS is expressed in a subpopulation of ﬁrst-order visual
interneurons, known as small ocellar interneurons or
S-neurons, suggesting that NO serves similar functions in
both visual systems. Ocellar S-neurons have previously
been shown to be ␥-aminobutyric acid (GABA) immunoreactive (Ammermüller and Weiler, 1985), but whether
those are the same cells as the NADPHd-reactive neurons
remains to be seen. If so, this would constitute a further
instance of cellular colocalization of NOS and GABA (see
Seidel and Bicker, 1997, and below). It is interesting that
the ␣-subunit of soluble guanylyl cyclase (SGC␣), the principal target of NO, has been detected immunocytochemically in locust ocellar photoreceptors and in large ocellar
L-neurons (Elphick and Jones, 1998). Therefore, NO released from ocellar S-neurons might act retrogradely on
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photoreceptors, similar to its action in the retina, and, in
addition, on ocellar L-neurons (Ott et al., 2001a).
Several novel features of NOS expression were revealed
in the deutocerebrum. The strikingly intense NADPHd
activity in the antennal lobe has been reported before; it
derives from a subpopulation of GABAergic local interneurons that arborize exclusively in the neuropil of the antennal lobe proper (Müller and Bicker, 1994; Elphick et
al., 1995; Bicker and Hähnlein, 1995; Bicker et al., 1996;
Seidel and Bicker, 1997). Expression of NOS in other
domains of the deutocerebrum has not been described and
is reported here for the ﬁrst time. Of particular interest is
our discovery of NADPHd staining in antennal afferent
ﬁbers that project into two neuropil areas adjacent to and
distinct from the antennal lobe proper. The crescentshaped microglomerular neuropil was identiﬁed only recently by Ignell et al. (2001). It was described as the
“medial neuropil area” and was considered to be part of
the antennal lobe, but, as we show here, it is not invaded
by NADPHd-stained local antennal lobe neurons. The
physiological nature of its sensory afferents remains to be
determined. The second area shown here to be targeted by
NADPHd-labelled antennal afferents is clearly part of the
mechanosensory and motor center of the deutocerebrum,
suggesting that these afferents are mechanosensory. Elphick and Jones (1998) reported strong immunostaining
for SGC␣ in antennal mechanosensory afferents, suggesting that these sensory ﬁbers could be sources and targets
of NO.
Beyond a role in sensory systems, demonstrated previously and speciﬁed here in more detail, NO is likely to be
equally important for a variety of higher order brain areas
in the locust as well as in intersegmental communication.
Strong NADPHd staining in the mushroom bodies not
only in the locust but in several other insect species has
been analyzed before (Müller, 1996, 1997; O’Shea et al.,
1998) and implicates NO in olfactory processing and/or
learning and memory. With the MF-NADPHd method
used here, the staining in the stalk and lobes appears at
ﬁrst glance nearly uniform throughout the structure; however, this appearance is caused by signal saturation. Logarithmic transformation of the signal revealed unambiguously the tubular substructures that were originally
identiﬁed with conventional NADPHd (Bicker and Hähnlein, 1995; O’Shea et al., 1998). A matching tubular compartmentation is thus apparent with conventional NADPHd, MF-NADPHd, and NOS immunostaining. However,
substantial immunoreactivity occurred in modules that
are associated with the accessory calyx. These modules
showed only little NADPHd relative to the modules associated with the primary calyx, so it seems not unreasonable to suggest that their immunoreactivity is unrelated
to NOS. The function of most brain areas surrounding the
mushroom body and central complex is currently understood only poorly, with the exception of certain anatomically discrete centers. The anterior and posterior optic
tubercles and the lateral accessory lobes are closely connected to the central complex and are, thus, likely to
participate in certain aspects of central-complex function.
The anterior optic tubercles are parts of the polarization
vision pathway from the compound eye to the central
complex (Vitzthum et al., 2002; Homberg et al., 2003;
Homberg, 2004), whereas the posterior optic tubercles are
thought to receive circadian signals from the accessory
medulla (Homberg and Würden, 1997).
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Central complex
The central complex of the locust shows prominent
NADPHd staining in all subunits of the central body and
in the protocerebral bridge. Staining in the central body
closely reﬂects the layered architecture of both the upper
and the lower divisions (Homberg, 1991; Müller et al.,
1997; Vitzthum and Homberg, 1998). Subunits of the
paired noduli also show differential staining. So far, a
division of the noduli into upper and lower units has been
recognized (Homberg, 1991), but NADPHd staining revealed a further partitioning of the upper unit into three
layers.
NADPHd histochemistry in the central complex revealed distinct and selective staining of at least eight
different systems of interneurons, comprising ﬁve types of
tangential neuron, one type of columnar and two types of
pontine neuron. Interestingly, except for one system of
pontine neurons, all of these cell types have been described before, based on immunostaining with a variety of
antisera against neurotransmitters and neuropeptides.
NADPHd staining in the lower division of the central
body originates from one bilateral pair of TL1 cells and
nine pairs of TL2 neurons (Müller et al., 1997). Both cell
types are known to be sensitive to polarized light (Vitzthum et al., 2002). The neurons apparently participate in
analysis of the polarization pattern of the blue sky and,
together with other neurons of the central complex, are
thought to be part of the sky-compass navigation circuitry
(Vitzthum et al., 2002; Homberg et al., 2003; Homberg,
2004). Many if not all TL2 neurons are GABA immunoreactive (Homberg et al., 1999). Subpopulations of these
neurons are, in addition, immunoreactive for locustatachykinin (Vitzthum and Homberg, 1998) and orcokinin
(Homberg, unpublished) and thus may contain peptide
cotransmitters. Colocalization of neuropeptides with the
inhibitory transmitter GABA, detected immunocytochemically, is a widespread phenomenon in the insect brain
(Homberg et al., 1999). The distinct staining for NADPHd
suggests that NO might act as a further cotransmitter in
GABA-containing TL2 neurons. Such a neurochemical organization corresponds strikingly with the situation in the
antennal lobe, where subpopulations of GABAergic local
interneurons likewise coexpress NOS and peptide cotransmitters (Seidel and Bicker, 1997; Homberg, 2002; also see
above for possible colocalization of GABA and NOS in
ocellar S-neurons).
At least ﬁve types of interneuron contribute to the
prominent NADPHd staining in the upper division of the
central body. Two types of tangential neuron that enter
the central body via the anterior bundle and isthmus tract
3, respectively, are morphologically similar to previously
described dopamine-immunoreactive neuron types DC1
and DP2 (Wendt and Homberg, 1992). The system of
NADPHd-stained columnar neurons is strikingly similar,
and probably identical, to previously identiﬁed neurons
immunostained for serotonin (S1; Homberg, 1991) and
Dip-allatostatin (ASC2; Vitzthum et al., 1996). Both the
Dip-allatostatin/serotonin and the NADPHd-stained neuron system innervate the protocerebral bridge, layer III of
the upper division of the central body, and the upper units
of the noduli and, if indeed identical, may contain three
different neuronal messenger molecules.
NADPHd-reactive arborizations in layer I and IIa of the
upper division of the central body originate from two types
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of intrinsic pontine neurons. Judged from the number of
stained neurons, each of the 16 columns would be supplied
by at least three of these neurons. A system of pontine
neurons with neurites along the dorsal ridge of the central
body and arborizations in layer I, resembling one of the
two systems of NADPHd-stained neurons, was immunostained in the migratory locust Locusta migratoria with
an antiserum against the cardioactive peptide CCAP
(Dircksen and Homberg, 1995). Single cell stainings show
that pontine neurons in the locust central body interconnect heterolateral columns in a highly regular pattern
(Homberg, 1994a), similar to that described for D. melanogaster (Hanesch et al., 1989).
Tangential neurons connecting the posterior optic tubercle with the protocerebral bridge were found with antisera against serotonin, Dip-allatostatin, and Masallatotropin (S2, Homberg, 1991; AST4, Vitzthum et al.,
1996; Homberg et al., 2004). Double-labeling experiments
showed that the S2 serotonin- and AST4 Dip-allatostatin
I-immunostained neurons are identical (Vitzthum et al.,
1996), but the relation of these neurons with the Masallatotropin- and NADPHd-stained neurons remains to be
established.
The large variety of neuronal cell types contributing to
the central complex architecture is reﬂected by an equally
large variety of neuronal messenger molecules that have
been detected in this structure. This study provides the
ﬁrst classiﬁcation of neuronal cell types of the central
complex that are candidates for producing NO. A future
analysis of the distribution of guanylyl cyclase and/or NOstimulated cGMP formation promises to reveal insights
into the target cell populations affected by NO and thus to
aspects of neuronal wiring in the central complex. The
striking resemblance of most NADPHd-stained cell types
in the central complex with neurons previously immunostained for other neurotransmitters and peptides calls for
double-labeling experiments and adds considerably to the
complexity of neuronal communication within this brain
area.
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Abstract
In order to understand the connectivity of neuronal networks, their constituent
neurons are ideally studied in a common framework. Since morphological data from
physiologically characterized and stained neurons usually arise from different individual
brains, this can only be performed in a virtual standardized brain that compensates for
interindividual variability. The desert locust, Schistocerca gregaria is an insect species
used widely for the analysis of olfactory and visual signal processing, endocrine
functions, and neural networks controlling motor output. To provide a common multi‐
user platform for neural circuit analysis in the brain of this species, we have generated a
standardized 3D brain of the desert locust. Serial confocal images from wholemount
locust brains were used to reconstruct 34 neuropil areas in ten brains. For standardization,
we compared two different methods: an iterative shape averaging (ISA) procedure using
affine transformations followed by iterative nonrigid registrations, and the Virtual Insect
Brain (VIB) protocol, using global and local rigid transformations, followed by local
nonrigid transformations. Both methods generated a standard brain, however for different
applications. While the VIB technique was designed to visualize anatomical variability
between the input brains, the purpose of the ISA method was the opposite, to remove this
variability. A novel individually labeled neuron, connecting the lobula to the midbrain
and deutocerebrum, was registered into the ISA atlas and demonstrates its usefulness and
accuracy for future analysis of neural networks. The locust standard brain is accessible at
www.3d‐insectbrain.com.
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Introduction
Neural networks are composed of synaptically connected and functionally associated
neurons. Analysis of neural circuits, therefore, requires to stain the participating neurons
selectively, to reconstruct their three‐dimensional (3D) morphology and to visualize them
within a common frame. Although the anatomical and functional properties of the brains of
a particular species follow a common structural design, interindividual differences in shape
and size do exist. In order to combine neuronal data from different individual brains, it is
highly desirable to do this in a representative reference brain model that compensates these
differences in shape and size. With the use of special averaging procedures, we established a
locust brain atlas that can be used to integrate neuronal structures from different individual
brains.
Three‐dimensional visualization of neuronal structures and the embedding of
functional data into standardized brain maps of humans as well as other vertebrate species
have greatly advanced neuroinformatics efforts to analyze brain complexity (Toga, 2002; Van
Essen, 2002; Martone et al., 2004). The small size of insect brains together with their uniquely
identifiable neurons renders them ideally suited for an analysis of functional circuits within
the frame of the whole brain. Toward this goal, 3D standard insect brains have been
generated for the fruitfly, Drosophila melanogaster (Rein et al., 2002) and for the honeybee,
Apis mellifera (Brandt et al., 2005). In addition, individual 3D maps of whole brains or
reconstructions of single brain structures like the antennal lobe have been established for
different species, including the cockroaches Diploptera punctata (Chiang et al., 2001) and
Leucophaea maderae (Reischig and Stengl, 2002), the moths Lobesia botrana (Masante‐Roca et al.,
2005), Manduca sexta (Rospars and Hildebrand, 2000; Huetteroth and Schachtner, 2005),
Helicoverpa assulta, and Heliothis virescens (Berg et al., 2002; Rø et al., 2007), Agrotis ipsilon
(Greiner et al., 2004), and Spodoptera littoralis (Sadek et al., 2002), the honeybee (Galizia et al.,
1999), the fruit fly (Laissue et al., 1999; Iyengar et al., 2006; Jefferis et al., 2007), and the
parasitoid wasps Cotesia glomerata and C. rubecula (Smid et al., 2003).
Besides fruit flies, honeybees, and moths, locusts are well‐established model systems in
neuroscience. Locusts are major pest insects. Since their large brain is easily accessible, they
have been favorable subjects for studies of the visual system (Rind, 1987, 2002; Simmons,
2002), the olfactory system (Laurent 1996, 2002), brain development (Ludwig et al., 2001;
Boyan et al., 2003), endocrine functions (Veelaert et al., 1998), the control of flight and
walking (Burrows, 1996), and mechanisms of spatial orientation (Homberg, 2004; Pfeiffer and
Homberg, 2007; Heinze and Homberg, 2007). The locust brain, like that of other insects,
consists of three divisions termed protocerebrum, deutocerebrum and tritocerebrum. The
largest part of the brain, the protocerebrum, includes the optic lobes, the mushroom bodies,
the central complex, and various areas in the inferior, ventral, and superior protocerebrum
(Homberg, 1994). The two optic lobes are the primary visual centers of the brain. Each optic
lobe is divided into lamina, medulla, and lobula complex. The lobula complex is subdivided
into an anterior, a dorsal, an inner, and an outer lobe (Elphick et al., 1996). Visual projection
areas in the median protocerebrum include the anterior optic tubercles (AOTu), consisting of
upper and lower units. The lower unit is part of the polarization vision pathway (Homberg
et al., 2003; Pfeiffer et al., 2005). The paired mushroom bodies are conspicuous neuropil
structures in the median protocerebrum; they consist of a stalk, two lobes, and a primary and
an accessory calyx. The mushroom bodies are implicated in olfactory coding (Jortner et al.,
2007; Cassenaer and Laurent, 2007) and, as demonstrated in other species, are essential for
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olfactory learning and memory (Davis, 1993; Heisenberg, 1998; Rybak und Menzel, 1998;
Müller, 1999; Farris et al., 2001; Lozano et al., 2001; Malun et al., 2002). The central complex is
a prominent structure in the center of the brain. It consists of the protocerebral bridge and
the central body. The central body is divided into an upper and lower division and a pair of
noduli. The central complex serves a role in sky compass orientation (Heinze and Homberg,
2007) and, as shown in flies, in right‐left motor coordination (Strauss and Heisenberg, 1993;
Strauss, 2002) and visual memory (Liu et al., 2006). The paired lateral accessory lobes are
closely associated with the central complex. The antennal lobes, the antennal
mechanosensory and motor centers, and the glomerular lobes are subdivisions of the
deutocerebrum. Antennal‐lobe projection neurons provide direct olfactory input to the
calyces of the mushroom body and to the lateral horn of the protocerebrum (Laurent, 1996;
Anton and Hansson, 1996). The tritocerebrum, posterior and ventral to the deutocerebrum,
connects the brain to the stomatogastric nervous system (Homberg, 1994).
In the present study, we established two 3D standard brain atlases of the locust,
Schistocerca gregaria as a basis for future analysis of the neuroarchitecture of the locust brain.
A standard brain must faithfully represent shapes and sizes of the brain and its substructures
that are characteristic for the particular species in order to facilitate mapping the morphology
of additional, individual elements into the spatial representation of the atlas. To meet these
requirements, various approaches of imaging and mapping methods have been developed
(reviewed in Toga and Thompson 2001, Toga 2005). To establish a locust standard brain, we
evaluated two different published techniques: a) the Virtual Insect Brain (VIB) protocol as
used for the Drosophila standard brain (Rein et al., 2002; Jenett et al., 2006), and b) the
iterative shape averaging (ISA) technique, based on the method used for the honeybee
standard brain (Rohlfing et al., 2001; Brandt et al., 2005). The results obtained by either
technique are compared and the usefulness of both standards for different purposes is
discussed.
To demonstrate the value of the locust standard brain, we registered a single neuron
into the locust ISA standard. The selected neuron, an interneuron connecting the lobula
complex to the midbrain and deutocerebrum, is related to a group of lobula‐protocerebrum‐
neurons reported in the migratory locust Locusta migratoria (Gewecke and Hou, 1992;
Gewecke and Hou, 1993; Stern and Gewecke, 1993).

Materials and methods
Animals
Experiments were performed on adult males (n=29) and females (n=12) of the desert
locust, Schistocerca gregaria in the gregarious phase. Animals were reared under crowded
conditions at the University of Marburg at 28°C and on a 12:12 light/dark cycle. For
comparison of body size of the animals, we measured the length of the pronotum and the
distance between the eyes using digital vernier calipers (accuracy 10 μm; Guogen,
Matatakitoyo, Taiwan). After preparation, photographs of the brains were taken with a Zeiss
Axioskop compound microscope equipped with a Polaroid DMC Ie digital camera (Polaroid,
Cambridge, MA, USA). Brain sizes were quantified by measuring the distances between both
optic stalks and the distances between the dorsal and ventral midline furrows. We tested for
a correlation between body size and brain size (Pearson´s correlation) and compared body
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and brain sizes of male and female locusts (two‐sided t‐test, unpaired; Fig. 1). We ensured
that the brains used for the standardization were an adequate sample of the 41 locusts with
respect to their size. The ultimate choice was made in favour of the brains that exhibited the
most intense staining and thus were an appropriate basis for segmentation. Statistical
evaluation was performed using Excel XP (Microsoft, Redmond, WA) and Origin 6.0
(Microcal Software, Northampton, MA).

Reconstruction of locust brains
Histology
For construction of the standard brain, ten adult male locusts were immobilized with ice
and decapitated. The heads were prefixed for about 60 minutes in 4% formaldehyde/0.1 M
phosphate buffer (4% FA/PBS; pH 7.4) at room temperature to minimize tissue distortions
and dislocation of the optic lobes. After dissection in hyptotonic saline (Clements and May,
1974), brains were fixed overnight in 4% FA/PBS at 4°C. After rinsing in 0.1 M PBS
containing 0.3% Triton X‐100 (PBT; pH 7.4), the ganglionic sheath was made permeable by
treatment with 1 mg/ml collagenase‐dispase (in 0.05 Tris‐HCL, pH 7.6) for 1 hour. Following
another washing step, the brains were preincubated over night with 5% normal goat serum
(NGS) and 0.02% sodium azide in PBT at 4°C. To visualize their subdivisions, the brains
were incubated with a monoclonal antibody against the synaptic protein synapsin
(SYNORF1, kindly provided by Dr. E. Buchner, Würzburg, Germany) diluted at 1:50 in 0.1 M
PBT, 1% NGS, and 0.02% sodium azide for five to six days at 4°C. The brains were then
washed thoroughly with PBT. Secondary antibody (Cy5‐conjugated goat anti mouse; Jackson
Immunoresearch, Westgrove, PA), was used at a dilution of 1:300 in PBT, 1% NGS, and
0.02% sodium azide for up to three days. After washing, brains were dehydrated in an
ethanol series (25%, 50%, 70%, 90%, 95%, 100%, 15 minutes each), prepared for clearing in a
solution of 50% ethanol/50% methyl salicylate, and cleared with methyl salicylate (Merck,
Darmstadt, Germany) until transparent (at least 40 minutes). Finally, the brains were
mounted in Permount (Fisher Scientific, Pittsburgh, PA) between two glass cover slides,
which were separated by spacing rings to avoid squeezing.

Confocal microscopy
Optical sections were obtained using a confocal laser scanning microscope (CLSM, Leica
TCS SP2) equipped with a 10× oil objective (HC PL APO 10×/0.4 Imm Corr CS; Leica,
Bensheim, Germany). Fluorescence was excited with the 633 nm line of a HeNe laser,
detected with an emission spectrum of 650‐750 nm, and quantized with a resolution of 8 bits.
We estimated the scaling factor in the z‐direction to be 1.6 (Bucher et al., 2000; Brandt et al.,
2005). Owing to their large size (about 4.1 × 2.7 × 0.8 mm), brains were imaged sequentially in
2 × 3 partially overlapping single scans (three stacks from anterior and from posterior,
respectively). Each stack was scanned at 512 × 512 pixel resolution in the xy‐plane and 68‐214
optical sections (3 μm) axially. Stacks were combined semi‐automatically with the help of the
AlignSlices editor and the Transform editor in the Amira 3.1 software (Mercury Computer
Systems, San Diego, CA). The merged image data had a final size of about 300 MBytes per
image. For further processing, it was necessary to downsample the image data laterally to
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half of the original dimensions. This resulted in final image volumes of 241‐278 slices in z
direction, with each slice consisting of 616‐731 pixels in x direction and 396‐502 pixels in y
direction and a voxel size of 5.9 × 5.9 × 3 μm.

Image segmentation and reconstruction
Neuropil areas of interest were labeled with the segmentation editor in Amira 3.1 on a
PC (AMD Athlon64 3000+ processor, 1.81 GHz, 1 GB RAM running Windows XP; graphics
card: ATI Radeon X800XL; ATI Technologies, Ontario, CA). In this procedure, each voxel
was assigned to a particular neuropil, thereby providing anatomical meaning to each voxel
in addition to the merely physical property of its staining intensity. The label fields created
were regular cubic grids with the same dimensions as the underlying microscopy images.
The reconstruction of polygonal surface models, morphometric analysis and shape averaging
were mainly based on these label fields. In some brains, we reconstructed 48 neuropils, but
only 34 of these could be reconstructed reproducibly and thus were used to compose the
standard brain. The volumes of segmented neuropils of our sample of ten brains were
determined using the “TissueStatistics” tool in Amira. It enabled to count the number of
voxels contained in a region, the volume of a particular neuropil, and the coordinates of the
neuropil center. Conventional statistical analysis was performed on these data using Excel
XP. We averaged the volumes and the coordinates of the centers of the reconstructed
neuropils. The brain that most closely resembled the averages in neuropil volumes and
locations, was defined as the template brain. In addition, we ensured that its neuropil
counterstaining was most suitable for the iterative registration process.
The terminology for general brain structures is based on the nomenclature of Strausfeld
(1976), for central‐complex subdivisions on Müller et al. (1997), and for lobula complex
subdivisions on Gouranton (1964). The orientation of brain structures is given with respect to
the body axis of the animal.

Creating the standard brain/registration
The goal for constructing the locust standard brain was to create an approximation to
the typical brain shape for this species. We achieved this by computing an average shape
brain from ten individual male brains. Two different methods for establishing the standard
brain were used. For comparison of the resulting averaged label images of either technique,
we performed a comparative analysis based on relative volumes and relative distances. For
volumetric analysis, we compared the mean relative volumes of each segmented structure of
the individual brains with the relative volumes of the VIB‐ and ISA results. Relative volumes
were obtained by normalizing the volume of a particular structure to the sum of all
structures. Relative distances were calculated by normalizing the distances of the centers of
each segmented structure relative to the center of the entire label field. For analyzing the
relative locations, we compared the averaged relative distances for a particular brain
structure of the individual brains with the relative distances of the VIB‐ and the ISA
structures. The required centers of gravity for the respective segmented structures were
obtained with the “TissueStatistics” tool in Amira. The analysis was performed using Excel
XP and Origin 6.0.
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Virtual Insect Brain (VIB) protocol
The registration method and application of the VIB protocol have been described in
detail elsewhere (Zöckler et al., 2001; Rein et al., 2002; Schindelin 2005; Jenett et al., 2006).
Therefore, we will summarize only briefly the components of the VIB protocol that we used
to create the locust standard brain. The VIB protocol was implemented using Amira 3.1.
First, due to computational limitations of PC resources, the image data were downsampled
once again. The final image volume for this procedure contained 121‐139 slices in z direction,
while single slices consisted of 308‐365 pixels in x direction and 198‐251 pixels in y direction
with a voxel size of 11.7 × 11.7 × 6 μm. Second, for each segmented neuropil structure the
mean and standard deviation of its volume as well as its center of gravity were computed
automatically in the VIB protocol. The alignment is a three‐step approach. For initial
alignment of the brains, a global rigid transformation (rotation, translation, and isotropic
scaling) was calculated according to the centers of gravity of the label fields. Next, the
labeled structures were aligned more accurately with a local rigid transformation. Hereby
the structures were matched individually by maximizing the overlap volume with the
corresponding template structure without taking into account the other structures. Thereby,
as many contradictory rigid transformations were computed as structures were defined
during the segmentation. In the last step, the contradictory transformations were merged
and extrapolated to the areas in between using a diffusion algorithm (Jenett et al., 2006). The
resulting vector field of this nonrigid transformation was applied to the 3D images, thereby
bringing them into a common coordinate system. Finally, two 3D images were computed: an
average grey‐level image and a probabilistic atlas of the labeled neuropil structures. The
latter encodes the probability of each structure being present at a given location. These
probability maps were also used as a measure of transformation quality, as they represent
the degree of overlap between the individual images through the registration process.

Iterative shape averaging (ISA) method
The shape averaging method is an improved version of a technique introduced by
Rohlfing et al. (2001) and applied to the brain of the honeybee, Apis mellifera, by Brandt et al.
(2005). In an iterative procedure, successively refined average images were generated,
starting with a fuzzy average after aligning all input CLSM images by translation, rotation,
and anisotropic scaling, i.e., using affine transformations. In subsequent iterations,
increasingly finer inter‐individual shape differences were averaged out using nonrigid
alignment of the individual images to the current average image.
To align the individual CLSM images with each other and with the evolving standard
brain is an image registration problem, i.e., it requires finding the set of coordinate
transformations that maps anatomically corresponding points in all images onto each other.
We solved this problem by applying a fully automatic, image intensity‐based nonrigid
registration algorithm similar to the one introduced by Rueckert et al. (1999). The particular
implementation used herein has been described in detail by Rohlfing and Maurer (2003).
Developments in image registration methodology have led to improved robustness of the
procedure. Therefore, we used CLSM images directly for the averaging procedure, unlike
prior work (Rohlfing et al., 2001), which applied the averaging to segmented label images. As
an immediate benefit, coordinate transformations inside anatomical structures (which have
no internal texture in label images) were no longer determined exclusively by the properties
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of the coordinate transformation model, but instead took advantage of the rich local
structure visible in the CLSM images. We quantified the convergence through a recently
developed measure of groupwise image overlap (Crum et al., 2005) that was computed from
the ensemble of individual label maps, transformed into the standard image space. To
substantiate the claim that the result of the averaging procedure indeed approximates the
“average” shape of the input sample of locust brains, we computed the magnitudes of the
deformation between the standard brain and each of the input brains and compared these
numbers with the deformation magnitudes required to map each of the individual brains
onto each of the others. This is analogous to Fig. 9 in Brandt et al. (2005).

Lobula projection neuron
Histology
The neuron was dye‐injected during intracellular recording. The tip of the recording
electrode (resistance: 60‐140 MΩ) was filled with 4% Neurobiotin in 1M KCl. By passing a
positive current (3 nA for 3 minutes) through the tip of the electrode, Neurobiotin was
injected into the neuron. A diffusion time of about one hour was allowed before the brain
was dissected out of the animal, fixed over night in 4% FA/PBS at 4°C, and rinsed in
phosphate‐buffered saline (0.1 M PBS).
Since the registration of the neuron depends on the transformation of corresponding
labels of neuropils, a neuropil counterstaining was performed using the anti‐SYNORF1
monoclonal antibody. The immunostaining procedure was the same as that used for the
standard brain individuals, with the exception that, during incubation with the secondary
antibody Cy5‐GAM (1:300 in PBT, 1% NGS and 0.02% sodium azide), visualization of the
neuron was achieved by adding Cy3‐conjugated streptavidin (1:1000; Jackson
Immunoresearch Westgrove, PA). After thorough rinsing with PBS, the brain was
dehydrated in an increasing ethanol series (15 minutes each) and cleared in methylsalicylate
for 35 minutes. Finally, the brain was mounted in Permount between cover slips. Spacers
were used to prevent squeezing.

Confocal imaging
The wholemount preparation was evaluated using confocal microscopy (Leica TCS‐
SP2). In order to register the neuron into the standard brain by applying the transformation
of labeled neuropil structures (see below), we scanned neuron‐ and neuropil‐staining with
two channels simultaneously. Neuropil fluorescence was excited with the 633 nm line of a
HeNe laser, and was detected with an emission spectrum of 650‐750 nm. Fluorescence of the
neuron was excited with the 543 nm line of the HeNe laser and detected with an emission
spectrum of 550‐620 nm. We scanned the brain sequentially at 10× magnification (HC PL
APO 10x/0.4 oil lens) in two partially overlapping single scans. The resolution in the xy‐
plane was 1024 × 1024 pixel with a step size in z direction of 3 μm.
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Reconstruction
The tiled scans obtained from the CLSM were combined to a complete dataset for both
channels. For neuron reconstruction, a semi‐automated tool was used (Schmitt et al., 2004,
Evers et al., 2005). The tool is implemented as a custom module in Amira 3.1 (Mercury
Computer Systems, San Diego, CA; Schmitt et al., 2004). The neuron was reconstructed by
selecting branching points and end points of the cell. The centerline and diameter of each
neuronal branch was fitted by using local intensity gradients (described in detail in Schmitt
et al., 2004, Evers et al., 2005). Finally, a surface was assigned to the fitted skeleton using the
local intensity gradients of the original dataset.

Fitting of neuron into the standard brain
The procedure for mapping the neuron into the standard brain followed the procedure
described by Brandt et al. (2005). The neuron was registered into the standard brain by
applying the transformation parameter calculated for the registration of the corresponding
label field of the neuropils into the locust standard brain. Therefore, we segmented the same
neuropil structures as were used for the standard brain. As described in Brandt et al. (2005),
the registration of the labeled neuropils into the standard brain was then determined using a
two‐step registration. First, the label fields were aligned by translation, rotation, and
anisotropic scaling, using a 9‐degree of freedom affine registration. Second, a nonrigid
registration was performed to compensate local shape differences. The underlying metric
takes the spatial correspondence of two label fields into account. The resulting
transformation matrix and the deformation field (vector field) containing the nonrigid
component of the transformation were applied to the geometric representation of the neuron
image.

Results
We have constructed a locust standard brain from ten individual male brains. For
establishing the locust standard brain, neuropils with high synaptic density were
reconstructed. We used the antibody SYNORF1 for staining of synaptic areas, while somata
and tracts largely remained unstained. We applied and compared two different
standardization methods. The body size between male and female locusts differed
significantly, but no differences in brain size were observed (two‐sided t‐test, unpaired; Fig.
1). The choice of the ten male brains was a representative sample of our population of 41
locusts with respect to their brain size (Fig. 1).

Reconstructed neuropils of the locust brain
Because the intensity of synapsin immunostaining was similar in different neuropils,
the specification of particular neuropils by distinct grey values failed. Therefore, we
manually assigned each voxel to a defined label field, representing one of the preselected
brain structures (Fig. 2). We used data from 34 neuropils to compose the standard brain. A
conventional volumetric analysis was performed with the labeled images of our sample of
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Fig. 1: Comparison of body and brain size between female (n=12) and male (n=29) locusts, and the selection of male
locusts used to create the standard brain (sample, n=10). For quantification of body size, the length of the pronotum
(P) and the distance between the outer rims of the compound eyes (interocular distance, IO) were measured (see
body scheme, top view). Means and standard deviation: P males 8.41 ± 0.39 mm, females 9.06 ± 0.47 mm, sample
8.39 ± 0.39 mm; IO males 5.91 ± 0.22 mm, females 6.18 ± 0.18 mm, sample 5.93 ± 0.21 mm. For quantification of brain
size, the distance between the optical stalks (OS) and the distance between the dorsal and ventral midline furrows
(F) were measured (see black brain scheme, frontal view). Means and standard deviation: OS males 1.47 ± 0.08 mm,
females 1.50 ± 0.10 mm, sample 1.49 ± 0.08 mm; F males 0.98 ± 0.07 mm, females 0.95 ± 0.09 mm, sample 0.95 ± 0.09
mm. Differences in body size between male and female locusts are significant, but no significant differences were
observed in brain size. The ten brains used for the standardization were a representative sample of all locust brains
measured.

ten brains (Table 1); additionally, we calculated means and standard deviations of the
absolute and relative volumes of the brain compartments. For some individual brains it was
possible to reconstruct 48 neuropils (Fig. 3), but owing to technical difficulties, some
neuropils could not be reconstructed reproducibly (see below).
Distinct immunostaining allowed us to reliably distinguish seven neuropils in the optic
lobe, the medulla, the dorsal rim area of the medulla, the accessory medulla, and the
anterior, dorsal, outer, and inner lobes of the lobula complex (Fig. 4a,e,f). Small remains of
retina led to confocal scan artefacts in the lamina so that black “spots” in the lamina made it
impossible to reconstruct it completely. The reconstruction of the lamina shown in Fig. 3 was
performed by interpolating these parts without staining information. However, this
procedure was judged inadequate to create a representative standard brain. Therefore, the
lamina and its dorsal rim area (Fig. 3) were not included in the standard brain.
In the median protocerebrum, we reconstructed and included in the standard atlas the
lateral horns, the anterior optic tubercles (upper and lower subunits), the mushroom bodies
(primary calyces, secondary calyces, and combined peduncle‐lobes; Fig. 4b,g,h), and the
central complex (protocerebral bridge, upper and lower division of the central body,
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Fig. 2: Confocal images from a locust brain immunostained for synapsin. Neuropil regions were labeled manually
and were stored in separate image volumes, which were related to defined colour codes. a Image from a frontal
slice through the brain at 190 μm below the brain surface. b Frontal section at the level of the central body at
approximately 340 μm depth. c Horizontal slice at 90 μm from the top of the midbrain and about 700 μm depth
from the top of the optic lobes. d Horizontal slice at approximately 430 μm from the top of the midbrain. ACa,
accessory calyx of the mushroom body; AL, antennal lobe; ALo, anterior lobe of the lobula complex; AMe,
accessory medulla; AOTu, anterior optic tubercle (LU, lower and UU, upper unit); CBL, lower division of the
central body; CBU, upper division of the central body; DLo, dorsal lobe of the lobula complex; DRMe, dorsal rim
area of the medulla; ILo, inner lobe of the lobula complex; LH, lateral horn; Me, medulla; mL, medial lobe of the
mushroom body; MN, midbrain neuropil; No, noduli; OLo, outer lobe of the lobula complex; P, peduncle; PB,
protocerebral bridge; PCa, primary calyx of the mushroom body; vL, vertical lobe of the mushroom body. Scale
bar in d 200 μm (also applies to a‐c).
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Table 1. Mean Volume (MV), Standard Deviation (SD), Standard Error (SE), Relative Volume (RV), Relative Standard
Deviation (RSD), and Relative Standard Error (RSE) of 34 segmented locust brain compartments (n = 10). Grey columns:
Volume (V) and Relative Volume of the ISA and VIB results.

Structure

Midbrain neuropil
Medulla (right)
Medulla (left)
Accessory medulla (right)
Accessory medulla (left)
Anterior lobe of the lobula complex
(right)
Anterior lobe of the lobula complex
(left)
Dorsal lobe of the lobula complex
(right)
Dorsal lobe of the lobula complex
(left)
Inner lobe of the lobula complex
(right)
Inner lobe of the lobula complex
(left)
Outer lobe of the lobula complex
(right)
Outer lobe of the lobula complex
(left)
Dorsal rim area of the medulla
(right)
Dorsal rim area of the medulla (left)
Lower unit of the central body
Upper unit of the central body
Nodulus (right)
Nodulus (left)
Protocerebral bridge
Pedunculus (right)
Pedunculus (left)
Primary calyx (right)
Primary calyx (left)
Accessory calyx (right)
Accessory calyx (left)
Lateral horn (right)
Lateral horn (left)
Lower unit of the anterior optic
tubercle (right)
Lower unit of the anterior optic
tubercle (left)
Upper unit of the anterior optic
tubercle (right)
Upper unit of the anterior optic
tubercle (left)
Antennal lobe (right)
Antennal lobe (left)

ISA
V
RV
(µm3)
(%)

VIB
V
RV
(µm3)
(%)

6.22
6.28
6.94
6.29
6.52

2.78 × 108
1.19 × 108
1.2 × 108
4.41 × 105
3.83 × 105

41.77
17.95
17.98
0.07
0.06

3.23 × 108
1.26 × 108
1.27 × 108
7.05 × 105
5.90 × 105

43.11
16.81
16.99
0.09
0.08

33.63

5.85

3.7 × 106

0.56

4.73 × 106

0.63

25.94

4.52

4.82 × 106

0.72

5.07 × 106

0.67

24.67

4.30

9.42 × 10

5

0.14

1.49 × 10

6

0.20

29.98

5.22

1.16 × 106

0.18

1.63 × 106

0.22

6

6

0.57

MV
(µm3)

SD
(µm3)

SE
(µm3)

RV
(%)

RSD
(%)

RSE
(%)

MN
Me-r
Me-l
AMe-r
AMe-l

2.90 × 108
1.22 × 108
1.23 × 108
6.29 × 105
5.30 × 105

1.04 × 108
4.40 × 107
4.91 × 107
2.27 × 105
1.98 × 105

1.81 × 107
7.65 × 106
8.56 × 106
3.95 × 104
3.45 × 104

41.65
17.48
17.67
0.09
0.08

35.74
36.06
39.89
36.11
37.43

ALo-r

4.25 × 106

1.43 × 106

2.49 × 105

0.61

ALo-l

4.55 × 106

1.18 × 106

2.06 × 105

0.65

DLo-r

1.27 × 10

6

5

4

0.18

DLo-l

1.46 × 106

4.37 × 105

7.61 × 104

0.21

6

6

5

Abbreviations

3.14 × 10

5.46 × 10

ILo-r

3.92 × 10

0.56

29.05

5.06

3.36 × 10

0.51

4.31 × 10

ILo-l

4.19 × 106

1.44 × 106

2.50 × 105

0.60

34.32

5.97

4.51 × 106

0.68

4.48 × 106

0.60

OLo-r

1.28 × 107

4.74 × 106

8.24 × 105

1.84

37.00

6.44

1.09 × 107

1.63

1.34 × 107

1.79

OLo-l

1.32 × 10

7

6

6

1.89

44.24

7.70

1.21 × 10

7

1.82

1.38 × 10

7

1.84

DRMe-r

8.83 × 105

2.66 × 105

4.63 × 104

0.13

30.11

5.24

4.32 × 105

0.06

9.76 × 105

0.13

DRMe-l
CBL
CBU
No-r
No-l
PB
P-r
P-l
PCa-r
PCa-l
ACa-r
ACa-l
LH-r
LH-l

9.27 × 105
8.17 × 105
5.83 × 106
9.42 × 104
9.64 × 104
1.66 × 106
1.33 × 107
1.20 × 107
1.25 × 107
1.17 × 107
5.70 × 106
5.66 × 106
1.66 × 106
1.78 × 106

3.28 × 105
3.55 × 105
2.69 × 106
5.81 × 104
5.71 × 104
5.86 × 105
4.94 × 106
3.80 × 106
4.25 × 106
3.42 × 106
2.57 × 106
2.47 × 106
7.47 × 105
9.32 × 105

5.70 × 104
6.17 × 104
4.68 × 105
1.01 × 104
9.93 × 103
1.02 × 105
8.60 × 105
6.62 × 105
7.40 × 105
5.95 × 105
4.47 × 105
4.29 × 105
1.30 × 105
1.62 × 105

0.13
0.12
0.84
0.01
0.01
0.24
1.91
1.72
1.80
1.68
0.82
0.81
0.24
0.26

35.37
43.40
46.13
61.63
59.19
35.21
37.09
31.80
33.90
29.10
45.07
43.63
44.95
52.33

6.16
7.56
8.03
10.73
10.30
6.13
6.46
5.54
5.90
5.06
7.84
7.59
7.82
9.11

6.55 × 105
7.54 × 105
4.83 × 106
8.13 × 104
7.65 × 104
1.37 × 106
1.31 × 107
1.19 × 107
1.13 × 107
1.03 × 107
4.13 × 106
4.58 × 106
9.09 × 105
1.11 × 106

0.10
0.11
0.73
0.01
0.01
0.21
1.97
1.79
1.70
1.55
0.62
0.69
0.14
0.17

1.01 × 106
8.85 × 105
6.07 × 106
8.63 × 104
8.98 × 104
1.78 × 106
1.42 × 107
1.30 × 107
1.38 × 107
1.32 × 107
6.01 × 106
6.17 × 106
1.67 × 106
1.81 × 106

0.13
0.12
0.81
0.01
0.01
0.24
1.90
1.74
1.84
1.75
0.80
0.82
0.23
0.24

AOTuLU-r

2.31 × 105

7.27 × 104

1.26 × 104

0.03

31.41

5.47

4.54 × 105

0.07

2.02 × 105

0.03

AOTuLU-l

5

3.03 × 10

1.09 × 10

5

4

0.04

35.96

6.26

3.97 × 10

5

0.06

2.74 × 105

0.04

AOTuUU-r

7.26 × 105

3.05 × 105

5.30 × 104

0.10

41.94

7.30

1.14 × 106

0.17

7.23 × 105

0.10

AOTuUU-l

5

7.27 × 10

2.61 × 10

5

4

0.10

35.88

6.25

1.12 × 10

6

0.17

7.50 × 10

5

0.10

AL-r
AL-l

1.89 × 107
1.94 × 107

7.34 × 106
6.51 × 106

1.28 × 106
1.13 × 106

2.72
2.78

38.76
33.63

6.75
5.85

1.85 × 107
1.89 × 107

2.78
2.84

1.97 × 107
2.05 × 107

2.63
2.73

1.14 × 10

5.84 × 10

1.98 × 10

1.02 × 10

1.90 × 10

4.54 × 10

noduli; Fig. 4c,i,j). In the deutocerebrum, the antennal lobes were included in the standard
brain. The remaining neuropil areas of the brain were difficult to distinguish reproducibly
and were, therefore, segmented and assigned collectively as “midbrain neuropil”. These
include the lateral accessory lobes of the protocerebrum (Fig. 4d,i), the glomerular lobes, the
median crescents and the antennal mechanosensory and motor centers of the
deutocerebrum, and the tritocerebrum (Fig. 4d,k,l).

The locust standard brain
We compared two different methods to establish a locust standard brain: the Virtual
Insect Brain (VIB) protocol (Rein et al., 2002; Jenett et al., 2006), and the iterative shape
averaging (ISA) procedure modified from the technique used by Rohlfing et al. (2001). After
reconstruction of all brains, a representative template brain was selected for both registration
methods. We selected the brain that most closely resembled the averaged label fields in
neuropil volumes and location of centers of gravity. An additional criterion was the quality
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Fig. 3: Surface reconstruction of an individual locust brain, anterior view (top), posterior view (bottom).
Neuropils that were not included in the standard brain are: lamina (La), dorsal rim area of the lamina (DRLa),
antennal mechanosensory and motor center (AMMC), glomerular lobe (GL), median crescent (MC), lateral
accessory lobe (LAL), and tritocerebrum (TC). AL, antennal lobe; AMe, accessory medulla; AOTu, anterior optic
tubercle; Ca, calyx; CC, central complex; DRMe, dorsal rim area of the medulla; Lox, lobula complex; LH, lateral
horn; MB, mushroom body; Me, medulla; PC, protocerebrum. Scale bar 400 μm.
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Fig. 4: Surface reconstruction of neuropils of an individual locust brain, anterior views. a‐d 3D polygonal surface
models of a the lobula complex, b the mushroom body, c the central complex, and d ventro‐median areas of the
brain. a Four subdivisions were distinguished in the lobula complex: the anterior (ALo), dorsal (DLo), inner (ILo),
and outer (OLo) lobe of the lobula complex. b The primary (PCa) and the accessory calyces (ACa) of the
mushroom body were segmented separately, whereas the peduncle (P) and the medial and vertical lobes (mL, vL)
were assigned to a common label field. c In the central complex, the protocerebral bridge (PB), the upper (CBU)
and lower (CBL) divisions of the central body and the two noduli (No) could be distinguished. The upper division
of the central body is transparent, to visualize the posteriorly located paired noduli. d Neuropil areas in the
ventro‐median brain. For better visualization the antennal lobe was omitted. e,f Confocal images of the anti‐
synapsin stained lobula complex at approximately 180 μm in e and 350 μm in f beneath the frontal surface of the
optic lobe. g,h Confocal images of the mushroom body at approximately 130 μm in g and 350 μm in h depth from
the frontal brain surface. i,j Confocal images of the central complex at approximately 320 μm in i and 390 μm j
depth below the frontal brain surface. k Confocal image of the deutocerebrum at approximately 360 μm depth
from the frontal brain surface. l Confocal image at approximately 480 μm depth from the frontal brain surface.
AMMC, antennal mechanosensory and motor center; GL, glomerular lobe; LAL, lateral accessory lobe; MC,
median crescent; TC, tritocerebrum. Scale bars 100 μm in a (also applies to e,f), c, i‐l; 200 μm in b (also applies to
g,h), d.
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Fig. 5: Locust standard brain obtained using the VIB protocol. a‐c Surface reconstruction of the resulting average
label images (left panel) and a direct volume rendering of the corresponding average intensity map (right panel).
For better visualization the midbrain neuropil (MN) is shown transparently. a Anterior view, b horizontal view, c
posterior view . d,e Direct volume rendering of the resulting average label images, d anterior view, e posterior
view. For visualization of brain neuropils, the midbrain neuropil has been omitted. f The probability map for the
labeled structures indicates variations in position and shape. The color code indicates the probability to find a
single structure at a particular position (red: 100%, dark blue: 0%). ACa, accessory calyx; AL, antennal lobe;
AOTu, anterior optic tubercle; CX, central complex; DRMe, dorsal rim area of the medulla; LH, lateral horn; Lox,
lobula complex; MB, mushroom body; Me, medulla; No, noduli; PCa, primary calyx. Scale bars 600 μm (a‐c); 400
μm in d (also applies to e), f.
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of neuropil staining regarding intensity and distinctness. The latter criterion was important
for the iterative registration, because the CLSM images were used directly in our averaging
procedure.

VIB protocol
The resulting data files of the VIB protocol were an average grey image and probability
maps that contained all transformed neuropils of all brains in a common file (Fig. 5). To
generate a 3D polygonal surface model from the probability maps (Fig. 5a‐c), the average
label field was calculated by applying an adaptive thresholding procedure. To assign certain
voxels to a corresponding label, a threshold for the respective probability value was
determined, in the best case 100%. With some exceptions (the threshold for the noduli and
the anterior optic tubercles were 30 %) this threshold was about 50%. A direct volume
rendering of the resulting average label images displays the standardized label images in a
common view without manually interfering by determining a threshold (Fig. 5d,e). Hereby,
nonconformity of labels like the lower subunits of the anterior optic tubercles or the noduli is
visible. The probability map for the averaged labeled structures, used as a measure of
transformation quality (Fig. 5f), indicates the variation of position and shape.

ISA method
The resulting standard brain of the ISA method was an average image, which, in the
process of the iterative procedure, converges to become increasingly sharp and well defined
and at last was successively refined (Fig. 6). As illustrated in Fig. 7, the overlap between the
transformed individual label fields, which has a maximum value of 1.0 for perfect overlap of
all label fields, increased monotonically through the iteration and appears to reach an upper

Fig. 6: Frontal slices at the center of the brain through the evolving standard brain as the ISA procedure
progresses. a After affine alignment to the template brain. b‐e Successively refined nonrigid registrations to the
respective preceding average image. f Average label field corresponding to the CLSM image in e. Scale bar in a
400 μm (also applies to b‐f).
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Fig. 7: Evolution of groupwise label field overlap
through the iterative standard brain (ISA)
generation
procedure.
The
upper
curve
corresponds to volume‐weighted overlap, i.e.,
larger neuropil structures contribute more to the
overlap measure, which is a result of all pixels
receiving equal weight independent of their label.
The lower curve represents equal weighting of
neuropil structures, i.e., the contribution of all
structures is normalized relative to the others. The
equally‐weighted overlap numbers are generally at
a lower level, because smaller structures are harder
to align, and misalignment at their surface results
in relatively larger overlap reduction (relative to
the structure’s volume).

Fig. 8: Locust standard brain obtained using the ISA method. The left panel shows the surface reconstruction, the
right panel displays a direct volume rendering of the corresponding average grey image. For better visualization
the midbrain neuropil (MN) is shown transparently. a anterior view, b horizontal view, c posterior view. ACa,
accessory calyx; AL, antennal lobe; AOTu, anterior optic tubercle; CX, central complex; DRMe, dorsal rim area of
the medulla; LH, lateral horn; Lox, lobula complex; MB, mushroom body; Me, medulla; No, Noduli; PCa, primary
calyx. Scale bar in c 600 μm (also applies to a,b).
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limit at the end of the fourth (and final) nonrigid registration pass. The resulting images of
the fourth nonrigid registration iteration were selected as the standard brain. The resulting
files of the ISA method were an average grey image and an average label image (Fig. 8). The
surface reconstruction and a direct volume rendering of the corresponding average grey
image of the locust standard brain is shown in Fig. 8 in different views. To quantitatively
confirm that the deformation of an individual image to match the average is smaller than the
mean inter‐subject deformation, we calculated nonrigid distances between the ISA standard
brain and each of the individual brains, and for comparison between each pair of two
individual brains (Fig. 9). The “nonrigidity” of each deformation was measured by its
second‐order bending energy (Wahba, 1990). It was computed as the integral
2
2
2
⎡⎛ ∂ 2T ⎞ 2 ⎛ ∂ 2T ⎞ 2 ⎛ ∂ 2T ⎞ 2 ⎤
⎛ ∂ 2T ⎞ ⎛ ∂ 2T ⎞ ⎛ ∂ 2T ⎞
∫ ⎜⎜⎝ ∂x 2 ⎟⎟⎠ + ⎜⎜⎝ ∂y 2 ⎟⎟⎠ + ⎜⎜⎝ ∂z 2 ⎟⎟⎠ + 2⎢⎢⎜⎜⎝ ∂x∂y ⎟⎟⎠ + ⎜⎜⎝ ∂y∂z ⎟⎟⎠ + ⎜⎜⎝ ∂z∂x ⎟⎟⎠ ⎥⎥ d ( x, y, z )
⎣
⎦

over the entire reference image coordinate space of the respective deformation field. This
energy is related to the physical bending energy of a thin metal plate. It is zero for affine
transformations, which makes it appropriate to quantify the degree of “nonrigidity” of a
deformation.

Fig. 9: Plot of nonrigid distances between
individual brains and between individual brains
and the ISA standard brain. Each box‐and‐whisker
plot shows the distribution of distances from one
of the individual brains to the remaining 9 brains.
The boxes represent the 25th and 75th percentiles,
the whiskers represent minimum and maximum.
The horizontal black bars represent the medians.
The ʺXʺs mark the distances to the ISA standard.
The rightmost plot labeled ʺPopulationʺ represents
the statistics and averages of the entire set of 10
brains. The ISA standard brain has relatively
smaller distances from each of the individual
brains than the individual brains have from each
other.
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Comparison of the VIB and ISA results
For comparison of the results of both standardization methods, we analyzed their
relative volumes and relative distances in relation to the respective means of the individual
brains (Fig. 10). Relative volumes are the normalized volume of a particular structure to the
sum of all structures. Relative distances are the normalized distances of the center of each
segmented structure relative to the center of the entire label field. The relative volumes of
structures of the VIB standard show less deviation from the mean relative volumes of
individual brain structures than those of the ISA standard (Fig. 10 a,c). This is no surprise
because preservation of structure volumes is built into the design of the VIB method.
However, the ISA brain shows larger invariance in relative distances (Fig. 10 b,d).

Fig. 10: Comparison of the standardized label images resulting from the VIB protocol (white bars) and the ISA
method (black bars) with means from the individual reconstructed brains. a Deviation of relative volumes and b
relative distances of the centers of each segmented structure to the centers of the entire label field of the structures
of the ISA result and of the VIB result from the means of the individual brains. For abbreviations of the neuropils
(x‐axis) see Table 1. c Frequency distribution of the deviations of relative volumes and d relative distances of the
structures of the ISA result and of the VIB result from the means of the individual brains. The VIB standard
performs better with respect to relative volumes, whereas the ISA standard shows smaller variance in relative
distances.
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Fig. 11: Fitting of a lobula projection neuron into the locust standard brain (ISA). a‐e The skeleton graph of the
neuron derived from reconstruction of aligned scans at 10× magnification. a Frontal view of the neuron
reconstruction registered into the ISA standard brain. The soma of the neuron is located in the optic stalk. The
primary neurite runs dorsally and gives rise to wide‐field arborizations in the anterior (ALo) and outer lobe (OLo)
of the lobula complex. The axon runs toward the brain midline and gives rise to two major collaterals. One fiber
projects with beaded terminals to the posterior and ventro‐median protocerebrum, the second branch joins the
inner antenno‐cerebral tract and projects with beaded endings to the antennal mechanosensory and motor center
(arrowhead).
(continued on next page)
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Registration of a single neuron into the ISA standard
To elucidate central nervous mechanisms underlying sensory processing and motor
control, electrophysiological recordings combined with intracellular staining of neurons in
the locust brain are performed routinely (Anton and Hansson, 1996; Heinze and Homberg
2007; Jortner et al., 2007; Kinoshita et al., 2007). Typically, only data from a single neuron are
obtained from an individual brain. For analysis of neural networks it is, therefore, desirable
to fit neuronal morphologies obtained from different preparations into a standardized
reference brain. Because of interindividual shape differences between brains, the brains
containing the respective neurons have to be merged to the same shape. Additionally, the
local relation between neuropils has to be preserved.
To demonstrate the usefulness of the locust standard brain, we have registered a visual
interneuron into the locust ISA standard (Fig. 11). The neuron derived from an
electrophysiological recording; it showed phasic‐tonic excitations to frontal and dorsal
illumination, but was not sensitive to the E‐vector orientation of polarized light (data not
shown). The neuron was labeled by intracellular injection of Neurobiotin, and the brain was
additionally treated with the neuropil marker anti‐synapsin. The transformation parameters
were calculated by registration of the corresponding segmented neuropils and were applied
to the reconstructed neuron. The neuron is a projection neuron from the lobula complex to
the proto‐ and deutocerebrum (Fig. 11). Its soma lies anterior‐ventrally in the optic stalk. The
neuron has wide‐field dendritic arborizations in the ventral hemisphere of the inner layer of
the outer lobe of the lobula and has a second dendritic arbor in dorsal stratum 2 of the
anterior lobe of the lobula (Fig. 11 a,b,d,e,g; for terminology see Homberg et al., 2003). Its
axon runs toward the brain midline and gives rise to two major collaterals. One fiber projects
with beaded terminals to the ventro‐median protocerebrum, the second fiber projects
anteriorly and joins the inner antenno‐cerebral tract toward the deutocerebrum. Beaded
terminals are concentrated in the antennal mechanosensory and motor center (arrowheads in
Fig. 11 a,c,h).

(continued from Fig. 11)
b Frontal view of the neuron reconstruction before registration displayed together with the corresponding
reconstructed neuropils. c Sagittal view showing the two axon collaterals in the posterior brain. One collateral
runs straight downward to the ventro‐median protocerebrum (arrow), while the second branch joins the inner
antenno‐cerebral tract to targets in the antennal mechanosensory and motor center (arrowhead). d Enlarged
frontal view of the lobula complex. For a better view of the lobula arborizations, the anterior lobe of the lobula
complex has been omitted. e Sagittal view. The neuron has two main fields of arborizations, one in the ventral
hemisphere of the inner layer of the OLo and a second one posteriorly in the upper stratum 2 of the ALo. f‐h
Confocal images of the neuron. f Maximum projection of the aligned and merged confocal image stack. Boxed
areas are enlarged in g and h. g,h Stacks of confocal images at about 405‐555 μm depth from the frontal surface of
the optic lobe. g Arrow points to the arborizations in the outer lobe (OLo) of the lobula complex. h The axon gives
rise to two major collaterals, one projecting to the ventro‐median protocerebrum (arrow), the second runs toward
the antennal mechanosensory and motor center (AMMC) of the deutocerebrum (arrowhead). a, anterior; AL,
antennal lobe; d, dorsal; DLo, dorsal lobe of the lobula complex; ILo, inner lobe of the lobula complex; l, lateral.
Scale bars 250 μm (a,c); 500 μm (b); 200 μm (d‐h).
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Discussion
To provide a digital basis and common framework for future anatomical analysis, we
have generated, using different procedures, two standardized 3D brain atlases of the locust
Schistocerca gregaria. Both atlases are based on the same set of 10 individual male brains
immunostained as wholemounts. For quantification, 34 neuropil structures were segmented
and incorporated into the atlas with the aid of confocal microscopic images. For
standardization, we used two different methods, the iterative shape averaging (ISA)
procedure and the Virtual Insect Brain (VIB) protocol. A comparison of both methods
revealed that the VIB and ISA standards are suitable for different purposes. As an example
for future application of the ISA atlas, we registered a lobula projection neuron into the
locust ISA standard brain.

Immunostaining
Confocal microscopy is an established imaging method for investigating 3D structures.
For imaging of the large wholemount locust brains, however, penetration of antibodies and
fluorescent compounds was a major problem. We developed a wholemount protocol that
resulted in distinct and reproducible neuropil staining throughout the locust brain. This was
achieved by treatment with enzymatic digestion by collagenase‐dispase and incubation in
primary antibody for up to six days. Additionally, treatment with different temperatures,
addition of Triton X‐100 and sodium azide led to improved staining results. The use of the
10× oil objective made imaging possible up to a depth of about 600 μm, when scanning the
brain from both sides. To visualize the immunostaining, the brains had to be dehydrated and
cleared in methyl salicylate. Tissue dehydration, clearing and the fixation procedure lead to
considerably tissue shrinking as shown by Bucher et al. (2000), but are essential for confocal
imaging. Because the immunostaining procedure for single neurons requires similar
treatments, leading to similar spatial distortions, this might not be a severe limitation when
integrating neurons from different preparations into the ISA standard brain.

Sexual differences in brain anatomy
Although females have a significantly larger body size, we found no significant
differences in overall brain size between male and female locusts. Although the locust
standard brain is based on male brains only, future registration of single neurons into the
standard brain, might, therefore, be obtained from both female and male locusts. However,
sex‐specific differences might still exist for particular brain compartments. To analyze this,
neuropils of interest can now be segmented in female locusts and can be compared
statistically with their male counterparts for volumetric differences.

Comparison of the ISA method and the VIB protocol
Two different registration methods to establish an insect standard brain have been used,
the VIB protocol (Rein et al., 2002; Jenett et al., 2006), and the ISA method based on the
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procedure introduced by Rohlfing et al. (2001). We applied and compared both methods. The
VIB protocol distinguishes itself by its relatively easy application, a benefit of its integration
within the graphical user interface of the Amira software. It guides the operator reliably
through all necessary steps, which are, in addition to data‐processing and statistical
calculations, three registration steps. After initial global alignment of the label fields, the
segmented neuropils were aligned using a local rigid transformation. The last step is an
extrapolation that uses a diffusion algorithm to transform unlabeled neuropil regions. By this
task structures in the gaps between labeled neuropils become transformed according to the
previous transformation of the neighbouring labeled structures (Jenett et al., 2006). The VIB
protocol (Jenett et al., 2006) is accessible at http://www.neurofly.de, and is supplied with
detailed instructions.
The ISA method results in more distinct and less fuzzy brain structures than the VIB
protocol (Figs. 5, 8). The main criteria for a representative standard brain that meets our
purpose is the property that the deformation, that occurs when a single brain is fit into the
standard brain, is smaller than the deformation that occurs when mapping two individual
brains. This requirement was served with the ISA method, as shown in Fig. 9. With the ISA
method we obtained an average label image with higher resolution. In contrast to the VIB
protocol, it used stand‐alone tools written by one of the authors (available free of charge for
selected computing platforms from http://flybrain.stanford.edu). Further application,
primarily registration of single neurons into the ISA standard, can be performed by using
commercially available software such as the registration tools provided by Amira.
At first glance, the resulting ISA label average image appears to be more symmetrical
and more detailed. The right and left anterior optic tubercles more closely match each other
in the ISA standard that in the VIB standard (Figs. 5, 8). For unknown reasons the
ellipsoidally shaped lateral horn (Fig. 3) is long drawn out particularly in the ISA standard
brain. The two noduli (Fig. 4c) appear very different in size in the VIB standard (Fig. 5c).
After resampling, which was performed for the VIB protocol, each nodulus is represented by
100‐150 voxels only. In general small neuropils will be more poorly represented after
transformation, because smaller structures are already harder to align owing to the low
resolution of scans obtained with the 10× objective, and misalignment at their surface results
in relatively larger overlap reduction (Fig. 7). The registration of the lobula projection neuron
provided in this study was not affected by these problems, since it is based on the use of
larger neuropils (Fig. 11). Nevertheless, in future studies, small neuropils that display poor
matching results, should be reconstructed and standardized independently in more detail by
means of high‐resolution scans. The resulting standardized structure can then be integrated
into the standard brain. For the subdivisions of the central complex this task just got started.
Statistical comparison revealed different advantages of the ISA and VIP methods.
Therefore, each standard may be useful for a different purpose. Although, both methods
were applied at different resolutions, the comparison is valid since the ratio of the volume of
a particular neuropil to the summed volume of all neuropils does not change significantly in
resampled data. The same applies to the relative distances, which were based on the centers
of gravity that remain largely unchanged in resampled data.
The volumetric consistency is preserved in a standard brain generated with the VIB
protocol. Therefore, it is ideal for inter‐ and intraspecific comparisons of variability at the
level of neuropil structures or other organs (McGurk et al., 2007). With the aid of the VIB
protocol, sex‐specific volumetric differences of neuropils can be analyzed. Since the locust
standard brain was created exclusively from male brains, it can serve as counterpart for
neuropils segmented in female locusts. Moreover, the VIB standard brain will be a valuable
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tool to study anatomical differences between solitary and gregarious locusts. Anton et al.
(2002), e.g., assumed the antennal lobes to be slightly larger in solitary than in gregarious
locusts, as they observed that more antennal receptor neurons projected into the antennal
lobe in solitary locusts.
In comparison to the VIB standard brain, the ISA standard provides a better
representation of relative locations of brain areas. This means that the ISA standard is
predestined to combine neuronal data from different individual brains. In addition, it may be
used as a template to standardize immunostaining patterns. The small deformations of the
registered lobula projection neuron support the suitability of this brain atlas. From the
registration of a single neuron, however, a quantitative assessment of accuracy of the
registration is not possible. For quantifying deformations, identical neurons from different
preparations need to be reconstructed and registered into the standard brain (Jefferis et al.,
2007). An alternative approach might be to compare the location of the labeled neuron in
relation to the innervated neuropil in the original image data with its relative location in the
standard brain. This requires reading out coordinates of the neuron skeleton, which is not
yet feasible, but is being developed for Amira (Anja Kuss, Zuse Institute Berlin, personal
communication).
The standard brain is available to the scientific community, and other laboratories are
encouraged to integrate their neuronal data into this common frame. The lobula projection
neuron registered into the ISA standard is related to a group of motion‐sensitive lobula‐
protocerebrum neurons (termed LP1 – LP16) characterized in the migratory locust Locusta
migratoria (Gewecke and Hou, 1992; Gewecke and Hou, 1993; Stern and Gewecke, 1993).
Unlike shown for the LP neurons in L. migratoria, the 3D analysis of the projection neuron in
S. gregaria demonstrates dendritic ramifications in two subunits of the lobula complex and
axonal projections to the deep median protocerebrum and mechanosensory and motor center
of the deutocerebrum. Neurons of this type might, therefore, be involved in visually guided
antennal movements, which have been studied in several insect species (Erber and
Schildberger, 1980; Honegger, 1981; Erber et al., 1997; Kwon et al., 2004).
To conclude, the main difference between the ISA and the VIB standard brain is that the
VIB technique is designed to visualize anatomical variability between the input brains,
whereas the purpose of the ISA method is the opposite, to remove this variability. The ISA
method, however, does not completely remove variability, but instead moves it from the
image domain to the domain of coordinate correspondences between the images. Population
variability is, therefore, not lost and can, e.g., be analyzed by means of a statistical
deformation model (Rueckert et al., 2003) in which the major modes of shape variation
within the population are decoupled and extracted from the deformation fields using a
principal component analysis.

Comparison with the honeybee‐ and the fruit fly standard brains
The standard brain of Drosophila melanogaster was generated from 28 brains, for the
honeybee 20 individual brains were used. For the comparatively large locust brain, the
immunostaining procedure and the reconstruction took disproportionately more time than it
did for the two other species. The ten brains used to establish the locust standard brain were
a well‐balanced choice taking into account limited time resources as well as the maximum
possible quality.
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Unlike the case with the honeybee and the locust, the transformations used for the
Drosophila standard brain were restricted to isotropic scaling. The resulting standard brain
was represented by an individual brain that was defined as the label image closest to the
average label image. As an enhancement, the VIB protocol introduces nonrigid
transformations. Like the ISA method, it is capable of handling multiple channels and
working on different platforms. For the task of analyzing biological variability of gene
expression patterns, as intended for Drosophila, the VIB protocol meets all requirements
(Schindelin, 2005; Jenett et al., 2006).
The ISA method as applied here, is a standard brain generation technique that is exactly
complementary to the one described by Rohlfing et al. (2001). Whereas Rohlfing et al. (2001)
performed registration on the label fields and then applied the resulting transformations to
the CLSM images, we registered the CLSM images and applied the resulting transformation
to the label fields. Interestingly, Brandt et al. (2005) observed that, while the label field
overlap increased monotonically, the resulting average intensity images gained sharpness
only through the first two iterations but then turned fuzzy again. In our case, both the label
overlaps and the sharpness of the intensity images increased monotonically, which illustrates
the advantages of using the intensity images for registration rather than the texture‐free label
fields.
Analogous to Brandt et al. (2005) we verified the ʺmean shapeʺ property of the ISA
standard brain by computing its ʺdistanceʺ from all individual brains and comparing these
distances to the distances between the individual brains. This reflects the common definition
of a mean as the object that minimizes the total distance from all the objects in the original
set. Unlike Brandt et al. (2005), however, who used the total nonrigid deformation
magnitude as their distance metric, we considered the second‐order bending energy (Wahba,
1990) of registrations between brains. This is necessary because total deformation as
computed by Brandt et al. (2005) is affected by scale differences, and the locust brains in this
study have relatively larger scale differences than the bee brains. The bending energy, on the
other hand, is zero for affine transformations, i.e., it is in particular insensitive to scale
differences between the brains. Similar to Brandt et al. (2005), the standard brain generated
by the iterative shape averaging procedure has relatively smaller distances from each of the
individual brains than the individual brains have from each other (Fig. 9). The results
provide sufficient evidence that the locust standard brain achieves its goal of greatly
reducing the deformation required to map an individual brain onto it, compared with the
deformation required to map one individual onto another.

Conclusions
We calculated a standardized brain of the desert locust using two different methods. A
comparison of both methods revealed that the VIB and ISA standards are suitable for
different purposes. Due to the volumetric consistency, the VIB standard is ideal for inter‐ and
intraspecific comparative analysis of interindividual variability on the level of the neuropils.
The ISA standard, on the other hand, shows larger invariance in relative distances. The ISA
standard is, therefore, predestined to combine neuronal data from different individual
brains. The availability of a locust 3D standard brain atlas is an important prerequisite to
visualize the complexity of neuronal networks in this species and to accomplish comparative
studies. Much like the existing standard brains of Drosophila melanogaster and Apis mellifera,
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the locust atlases will serve as a useful tool to combine and consolidate existing data, and to
embed new findings. The locust standard brains and an instruction on how data can be
contributed, are available from http://www.3d‐insectbrain.com.
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3‐D standard reconstruction of subunits and selected cell types of
the central complex in the brain of the locust Schistocerca gregaria

Abstract
As many insects, the locust Schistocerca gregaria uses the polarization pattern of the
blue sky for spatial orientation. The central stages of the polarization vision pathway
include the dorsal rim areas of the lamina and medulla, the anterior lobe of the lobula‐
complex, the anterior tubercle, the lateral accessory lobes and the central complex. The
anterior optic tubercle is located in the median protocerebrum and serves as relay station
from polarization‐sensitve photoreceptors to the central complex, which is a prominent
integrative brain area in the center of the insect brain. Analysis of the wiring of a brain is
an elementary task in order to understand neural function. Since data about single
neurons typically are available in different preparations, the visualization of anatomical
constituents of neuronal networks requires a common framework. Modern functional
imaging techniques and advanced staining methods allow the establishment of versatiles
and standardized spatial references of whole brains. In insects, standardized three‐
dimensional brain atlases have been generated for the fruitfly, Drosophila melanogaster,
and the honeybee, Apis mellifera, and recently for the desert locust, Schistocerca gregaria.
As a start for an ever‐increasing collection of neuroanatomical data within a digital atlas,
we present here a selection of reconstructed polarization‐sensitive neurons, that were
registered into the locust standard brain. In addition, we supplement the locust standard
brain by adding a more detailed reconstruction of the central complex. The locust
standard brain and the integrated neuronal data are accessible at www.3d‐
insectbrain.com.

Introduction
The polarization pattern of the blue sky serves an important role in insect compass
navigation and spatial organization (Wehner, 2001; Horváth and Varjú, 2004). Polarotactic
orientation in locusts as in other insects depends on a specialized region in their compound
eye, the dorsal rim area (Homberg and Paech, 2002). The dorsal rim area is characterized by a
highly parallel alignment of microvilli along the long‐axis of the rhabdomer (Labhardt and
Meyer, 1999). Its photoreceptors innervate the dorsal rim areas of the lamina and the
medulla, which sends axonal projections through the anterior lobe of the lobula‐complex.
Further central processing stages of the polarization vision pathway, revealed via anatomical
studies, include the lower unit of the anterior optic tubercle, the lateral triangle and the
median olive of the lateral accessory lobes and the lower division of the central body (Müller
et al., 1997; Homberg et al., 2003; Homberg et al., 2004b; reviewed in Homberg, 2004).
Recent electrophysiological studies have indicated that the anterior optic tubercle
(AOTu) is implicated in the polarization vision pathway (Pfeiffer et al., 2005) and that the
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central complex serves as navigation center in sky compass orientation (Heinze and
Homberg, 2007). The AOTu is a small bilateral neuropil in the anterior part of the central
brain and is subdivided into an upper and a lower unit, the latter of which plays an
important role in interhemispheric exchange of polarized light information and provides
input for polarization‐sensitive neurons of the central complex. Polarization‐sensitive neuron
types associated with the AOTu are the lobula‐tubercle neuron 1 (LoTu1) and the tubercle‐
tubercle neuron type 1 (TuTu1; Pfeiffer et al., 2005).
The central complex is a prominent group of neuropils in the center of the brain. It
consists of the protocerebral bridge and the central body. The central body is divided into an
upper and lower division and a pair of noduli. An outstanding feature of the central complex
is its topographically highly ordered arrangement of layers, each composed of a linear
arrangement of 16 columns (Williams, 1975; Hanesch et al., 1989; Müller et al., 1997).
Neuronal cell types of the central complex can be distinguished by their arborization
patterns and include tangential, columnar, and pontine neurons. The paired lateral accessory
lobes are closely associated with the central complex. They are arranged in the dorsal and
ventral shells, the median olives and the lateral triangles. The understanding of the
functional organization and significance of the central complex, especially at the neuronal
level, is still highly incomplete. We, therefore, established a 3D reconstruction of the central
complex to serve as a basis for the analysis of its internal neural circuitries and connections to
other brain areas.
In order to understand the connectivity between neurons and their relations to
neuropils, it is helpful to visualize them within a common frame. In locust neuroanatomy,
typical data are electrophysiological recordings combined with intracellular staining of
neurons. Normally, data from one single neuron are obtained from an individual brain. In
order to compensate interindividual shape differences between brains and to preserve the
local relation between neuropils, it is desirable for analysing neural networks to fit neuronal
morphologies obtained from different preparations into a standardized reference brain. The
locust standard brain complies with these requirements (Chapter II).
As a start for visualizing and documenting single neurons of the locust Schistocerca
gregaria within a 3D digital atlas, we registered six reconstructed neurons obtained from
electrophysiological recordings into the locust standard brain. Thereof, four neurons belong
to the central complex system. The other two neurons innervate the anterior optic tubercle. A
digital 3D virtual atlas should allow open access not only for documentation, collection and
assembly, but also refinement in terms of incorporating data of brain structures received via
higher resolution imaging or which are not included in the standard brain yet. Therefore, we
registered a detailed 3D reconstruction of the central complex and the lateral accessory lobes
into the locust standard brain.
The integration of a detailed reconstruction of the central complex and neurons of the
polarization vision pathway into the previously established locust standard brain, allows to
analyse data of different brains and serves as first step of establishing an ever‐growing
database of the neuronal network in the locust brain.
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Methods

Animals
Experiments were performed on adult males and females of the desert locust,
Schistocerca gregaria in the gregarious phase. Animals were reared under crowded conditions
at the University of Marburg at 28°C and on a 12:12 light/dark cycle.

3‐D reconstruction and registration of the central complex
Histology
The brain was dissected in hypotonic saline (Clements and May, 1974) and washed in
phosphate‐buffered saline (0.1 M PBS). After embedding in gelatin‐albumin it was sectioned
at 200 μm in the frontal plane with a vibrating‐blade microtome (VT1000 S, Leica). The
sections were washed and were preincubated for two hours with 5% normal goat serum
(NGS) in 0.1 M PBS containing 0.3% Triton X‐100 (PBT0.3; pH 7.4). To visualize the
subdivisions of the central complex, the free‐floating sections were stained with an
antiserum against the synaptic protein synapsin (SYNORF1, kindly provided by Dr.
E. Buchner, Würzburg, Germany) diluted at 1:50 in 0.1 M PBT0.3 containing 1% NGS for five
days at 4°C together with with Alexa Fluor 488 conjugated phalloidin (0.2 units; Molecular
Probes, Eugene, OR) to reveal the distribution of f‐actin. Secondary antibody (Cy5‐
conjugated goat anti mouse; Jackson Immunoresearch, Westgrove, PA) was used at a
dilution of 1:300 in PBT0.3, 1% NGS over night at 4°C. After washing, sections were
dehydrated in an ethanol series (25%, 50%, 70%, 90%, 95%, 100%, 5 minutes each), prepared
for clearing in a solution of 50% ethanol/50% methyl salicylate, and cleared with methyl
salicylate (Merck, Darmstadt, Germany) until transparent. Finally, the sections were
mounted in Permount (Fisher Scientific, Pittsburgh, PA).

Confocal imaging and reconstruction
Optical sections were obtained using a confocal laser scanning microscope (CLSM, Leica
TCS SP2) equipped with a 20× objective (HC PL Apo 20×/0.7 CORR/IMM; Leica, Bensheim,
Germany). Anti‐synapsin and phalloidin staining were imaged with two channels
simultaneously. For neuropil fluorescence, Cy5 was excited with the 633 nm line of a HeNe
laser and was detected with an emission spectrum of 650‐750 nm. Alexa‐488 was excited by
using the 488 nm line of the Ar laser and was detected with an emission spectrum of 500‐535
nm. The images were quantized with a resolution of 8 bits. The central complex was imaged
in a stack of 163 optical sections at 1024 × 1024 pixel resolution and a voxel size of 0.73× 0.73 ×
1 μm.
Neuropils of interest were labeled with Amira 3.1 software (Mercury Computer
Systems, San Diego, CA) on a PC (AMD Athlon64 3000+ processor, 1.81 GHz, 1 GB RAM
running Windows XP; graphics card: ATI Radeon X800XL; ATI Technologies, Ontario, CA).
The reconstruction based on the phalloidin and the anti‐synapsin stainings equally.
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Boundaries were more clearly visible with either the one or the other staining. Therefore, the
segmentation was mainly performed using both markers simultaneously by displaying both
channels with the MultiChannelField module in Amira. In total 17 neuropils were segmented
in a particular label field (Table 1). The volumes of segmented neuropils were determined
directly in Amira. Conventional volumetric analysis was performed on these data using
Excel XP. Relative volumes were obtained by normalizing the volume of a particular central
complex structure to the sum of all structures.
The terminology for central‐complex subdivisions is based on the nomenclature of
Müller et al. (1997). The orientation of brain structures is given with respect to the body axis
of the animal. The outlines of the central complex subdivisions in Fig. 2 B,C were performed
using Adobe Illustrator 10.0.3 (Adobe Systems, San Jose, CA).

Structure

Abbreviations

V
(µm3)

RV
(%)

RV*
(%)

Protocerebral bridge

PB

6.67 × 105

10.96

Layer I of the CBU

I

2.32 × 106

38.22

48.13

Layer II of the CBU

II

1.33 × 106

21.90

27.57

Layer III of the CBU

III

3.70 × 105

6.09

7.66

Lower division of the central body

CBL

7.20 × 105

11.84

Upper unit of the No (right)

NU-r

8.16 × 104

1.34

Upper unit of the No (left)

NU-l

9.32 × 104

1.53

Lower unit of the No (right)

NL-r

3.41 × 104

0.56

Lower unit of the No (left)

NL-l

2.81 × 104

0.46

Dorsal shell of the LAL (right)

DS-r

9.61 × 105

15.80

Dorsal shell of the LAL (left)

DS-l

8.02 × 105

13.19

Ventral shell of the LAL (right)

VS-r

3.29 × 106

54.02

Ventral shell of the LAL (left)

VS-l

2.84 × 106

46.72

Lateral Triangle (right)

LT-r

8.37 × 104

1.38

Lateral Triangle (left)

LT-l

8.23 × 104

1.35

Median Olive (right)

MO-r

5.25 × 104

0.86

Median Olive (left)

MO-l

3.12 × 104

0.51

Table 1. Volume (V) and Relative Volume
(RV), of the segmented central complex
subdivisions and substructures of the lateral
accessory lobes (LAL) of the of the registered
individual central complex. In addition the
Relative Volume of the layers of the upper
division of the central body (CBU) relative to
the volume of the CBU was calculated (RV*).

Registration of the central complex into the standard brain
In order to fit the central complex into the standard brain, we applied an affine
transformation for registration, using an iterative optimization algorithm. The registration of
the respective label fields into the standard brain was determined by means of a 9‐degree of
freedom transformation aided with a custom module within Amira. No elastic registration
was performed to maintain the more detailed and thus more realistic information of the
reconstruction obtained via higher resolution. We first registered the same segmented
neuropil structures as were used for the standard brain. These were the protocerebral bridge,
the upper and lower division of the central body, and the paired noduli (Table 2).
Registration of the further central‐complex subdivisions into the standard brain was done by
applying the transformation parameter calculated for the registration of the corresponding
label field of the neuropils into the locust standard brain. The resulting transformation
matrix was applied to the geometric representation of the central‐complex subdivisions. The
different steps are summarized in Fig. 1A.
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3‐D reconstruction and registration of neurons
Histology
The neurons were dye‐injected during intracellular recordings. The tip of the recording
electrode (resistance: 60‐140 MΩ) was filled with 4% Neurobiotin in 1M KCl. By passing a
positive current (3 nA for 3 minutes) through the tip of the electrode, Neurobiotin was
injected into the neuron. A diffusion time of about one hour was allowed before the brain
was dissected out of the animal, fixed over night in 4% FA/PBS at 4°C, and rinsed in
phosphate‐buffered saline (0.1 M PBS).
Since the registration of the neurons depends on the transformation of corresponding
labels of neuropils, a neuropil counterstaining was performed using anti‐synapsin
immunostaining. The ganglionic sheath was made permeable by treatment with 1 mg/ml
collagenase‐dispase (in 0.05 Tris‐HCL, pH 7.6) for 1 hour. Following another washing step,
the brains were preincubated over night with 5% normal goat serum (NGS) and 0.02%
sodium azide in PBT0.3 at 4°C. To visualize the neuropils, brains were incubated with a
monoclonal antibody against the synaptic protein synapsin (1:50; SYNORF1, kindly
provided by Dr. E. Buchner, Würzburg, Germany), in 0.1 M PBT0.3, 1% NGS, and 0.02%
sodium azide for five to six days at 4°C. The brains were then washed thoroughly with
PBT0.3. Secondary antibody (Cy5‐conjugated goat anti mouse; Jackson Immunoresearch,
Westgrove, PA), was used at a dilution of 1:300 in PBT0.3, 1% NGS, and 0.02% sodium azide
for up to three days. Labelling of the neuron was achieved by adding Cy3‐conjugated

Fig. 1: Simplified schemes of registration procedures. A: In order to fit central‐complex (CX) substructures into
the locust standard brain (LSB), the same segmented neuropil structures as were used for the LSB were registered
affine into the LSB. The resulting transformation parameters were then applied onto the label fields of the CX
substructures. B: Neurons were registered into the LSB by applying the transformation parameters calculated for
the two step registration of the corresponding label field of the neuropils into the locust standard brain. C: In
order to fit neuron data of high‐resolution scans into the LSB, their associated neuropil reconstructions were
registered into the neuropils of the 10 × magnification scan using the two‐step registration. The resulting
transformation parameters gained from this registration were applied to the detailed neuron reconstruction.
Finally, the corresponding transformation parameters obtained in (B) were applied to the data of the neuron.
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streptavidin (1:1000; Jackson Immunoresearch Westgrove, PA). After washing, brains were
dehydrated in an increasing ethanol series (25%, 50%, 70%, 90%, 95%, 100%, 15 minutes
each), prepared for clearing in a solution of 50% ethanol/50% methyl salicylate, and cleared
with methyl salicylate (Merck, Darmstadt, Germany) until transparent (at least 40 minutes).
Finally, the brains were mounted in Permount (Fisher Scientific, Pittsburgh, PA) between
two glass cover slips, which were separated by spacing rings to avoid squeezing. Brains were
imaged with a confocal laser scanning microscope (Leica TCS‐SP2).
For high‐resolution confocal imaging, selected preparations were rehydrated after
wholemount evaluation and scanning . Mounted brains were incubated in xylene to remove
the embedding medium. Brains were rehydrated in a decreasing ethanol series, embedded in
gelatin‐albumin, and fixed in 8% formalin solution over night at 4°C. The brains were
sectioned with the vibrating blade microtome. Section thickness was adjusted (140‐200 μm)
so that one section contained the whole neuron. To achieve higher fluorescence signals,
neuronal labelling (Cy3‐streptavidin) and neuropil staining (anti‐synapsin or fluorescently
labelled phalloidin) were repeated. After rinsing the sections in 0.1M PBS, they were
preincubated with 5% NGS in 0.1M PBS containing 0.5% TritonX (PBT0.5) for 5 hours.
Incubation with anti‐synapsin antibody (1:50) in 0.1M PBT0.5 and 1% NGS together with
Cy3‐conjugated streptavidin (1:1000) lasted for 3 days. The secondary antibody (goat anti
mouse, Cy5‐conjugated, concentration 1:300) was applied over night at 4°C. Brain sections
with labelled TL neurons were incubated with Alexa Fluor 488 conjugated phalloidin (0.2
units) together with Cy3‐conjugated streptavidin. Hereafter the sections were dehydrated in
an increasing ethanol series (5 minutes per step) and cleared in methylsalicylate for 15
minutes. The sections were mounted in Permount between cover slips, squeezing was
prevented by adding spacers.

Confocal imaging
The wholemount preparations and microtome sections were evaluated using confocal
microscopy at 10 × magnification (HC PL Apo CS 10x/0.4 IMM), 20 × magnification (HC PL
Apo 20×/0.7 CORR/IMM), or 40 × magnification (HCX PL Apo 40x/1.25 Oil). Neuropil
fluorescence was excited with the 633 nm line of a HeNe laser, and was detected with an
emission spectrum of 650‐750 nm. Fluorescence of neurons was excited with the 543 nm line
of the HeNe laser and detected with an emission spectrum of 550‐620 nm. Depending on the
location of the respective neuron within the brain, different scan procedures were
performed. To achieve the whole course of the neurons, all wholemounted brains were
scanned at 10 × magnification, with the exception of the TL4 neurons, which were imaged
exclusively by means of the vibratome section at 20 × magnification. Since LoTu1 and the
TuTu1 neurons are located near the anterior surface of the brain, superficial parts of the
wholemounted brain (Lotu1) or of the vibratome section (TuTu1) were also scanned at 20x
magnification. For more detailed neuron information within the central body, the CPU1
neuron was scanned using the vibratome section at 40 × magnification. In some cases, the
images were scanned in multiple partially overlapping stacks and were subsequently
combined in Amira. All images were obtained with lateral dimensions of 512 × 512 voxels or
1024 × 1024 voxels lateral, with voxel sizes ranging from 0.23 to 2.93 μm per voxel. Optical
sections were 0.49 to 4 μm apart (for more details see figure legends).
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Reconstruction
For neuron reconstructions, a semi‐automated tool was used (Schmitt et al., 2004). The
tool is implemented in Amira 3.1. The neurons were reconstructed by selecting branching
points and end points of the cell. The centerline and diameter of each neuronal branch was
fitted by using local intensity gradients (described in detail in Schmitt et al., 2004). Finally, a
surface was assigned to the fitted skeleton using the local intensity gradients of the original
dataset. The corresponding label field of the neuropils was created by means of the
segmentation editor in Amira. Data on tree geometries were obtained by selecting the
respective parts of the reconstructed neuron. Data on length, volume and surface were
calculated in Amira, data on mean radius were obtained using the SkeletonStat‐ module of
Amira and processed in Excel XP.

Registration of neurons into the standard brain
The procedure for mapping neurons into the standard brain followed the procedure
described by Brandt et al. (2005) and was previously performed successfully for a single
locust neuron (Chapter II). Neurons were registered into the locust standard brain by
applying the transformation parameter calculated for the registration of the label fields of the
corresponding neuropils into the locust standard brain. Therefore, we segmented the same
neuropil structures as were used for the standard brain. Some scans of neuropil
counterstaining of an according neuron contain only few neuropil information. In that case
the volume of the label image of the locust standard brain was cropped to the corresponding
area of the neuron image. The registration of the labeled neuropils into the locust standard
brain was then determined using a two‐step registration aided with a custom module within
Amira. The first step was a 9‐degree of freedom affine registration, followed by a nonrigid
transformation. The underlying metric takes the spatial correspondence of two label fields
into account. The resulting transformation matrix and the deformation field (vector field),
containing the nonrigid component of the transformation, was applied to the geometric
representation of the neuron image.
For some neurons, more detailed information was obtained through high resolution
scans of microtome sections. However, these scans contained sparse neuropil information
and therefore the neuron reconstructions could not be fitted directly into the locust standard
brain. To fit these neurons, the available associated neuropil reconstructions were first
registered into the label fields derived from the data of the 10 × magnification scan using the
two‐step registration described above. Hereafter, the transformation matrix and the
deformation field of the transformation resulting from the registration of the low‐
magnifcation image data was applied to the high magnification neuron image. The different
steps are summarized in Fig. 1 B,C.
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Results
This study is a first step of upgrading the virtual brain atlas of the locust Schistocerca
gregaria (Chapter II). We reconstructed substructures of the central complex and lateral
accessory lobes and registered these structures into the locust standard brain (Fig. 2).
Furthermore, reconstructions of single neurons of the polarization vision system were
registered into the locust standard brain.

Labeling, 3‐D reconstruction and registration of the central complex
In this study we established a 3‐D reconstruction of the central complex of the locust
Schistocerca gregaria. Subdivisions of the central complex were visualized in a 200 μm‐thick
vibratome section, that were stained with an antiserum against the synaptic protein synapsin
and with Alexa Fluor 488‐conjugated phalloidin, to reveal the distribution of f‐actin (Fig. 2A‐
D). Labelling for phalloidin led to intense and widespread staining in the locust brain (Fig.
2A, C). Synaptic structures were especially labeled, but some axonal fibers and somata were
also stained lightly. Anti‐synapsin staining was less intense (Fig. 2B, D), but was helpful to
recognize subdivisions of the central complex and lateral accessory lobe. The latter was
connected via strong phalloidin‐stained fiber bundles. Therefore, the posterior boundaries
could be distinguished less well by phalloidin labelling, which displayed more extensive
staining than anti‐synapsin. Altogether, both markers were not alwalys congruently.
Nevertheless, simultaneous visualization of both markers accented the neuropil boundaries.
Either phalloidin or anti‐synapsin staining showed different staining intensities within
particular neuropils. Thus, the combination of both markers serve the purpose to be useful
for reconstructing.
Based on distinct phalloidin and anti‐synapsin staining, we reconstructed the
protocerebral bridge, three layers of the upper division of the central body (CBU), the lower
division of the central body (CBL), and the paired noduli (Fig. 2E). In addition, four
subdivisions were recognized and reconstructed in the lateral accessory lobe (LAL): a dorsal
and a ventral shell and the median olive and lateral triangle, which lie between the dorsal
and ventral shells (Fig. 2F). Anti‐synapsin and phalloidin labelling did not reveal
substructures of the protocerebral bridge. Although composed of an array of 16 columns
(Williams, 1975) columnar boundaries could not be determined. Both stainings revealed that
the protocerebral bridge consisted of two hemispheres with a gap across the midline (Fig.
2C,D), suggesting that synapse‐free commissural fibers interconnect the two hemispheres.
Concerning the CBL, both staining procedures failed to identify layers and columns. Indeed,
a weak intensity gradient could be observed at the dorsal part of the CBL (Fig. 2 A,B), but
this was not sufficient for reliable reconstruction. In contrast to that, both markers serve a
different purpose for distinguishing the three layers of the CBU. Anti‐synapsin staining
revealed a well‐defined intensity gradient between layer I and II (Fig. 2B), whereas labeling
for phalloidin resulted in a higher contrast between layer II and III (Fig. 2C). Although,
phalloidin staining made the characteristical stratification of the CBU visible (Williams,
1975), single columns could not be reconstructed, because their boundaries became blurred
and indistinct. The upper and lower units of the noduli were distinguishable with both
markers (Fig. 2C,D).The LALs are crossed by several isthmus tracts, which remained
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unstained (Fig. 2A). This allowed to segment the lateral triangle, the median olive and the
anterior parts of the dorsal and ventral shells. To identify the posterior edges of the shells
was difficult, because no distinct border to the surrounding protocerebral area exist. By
means of an overlay of both neuropil markers, the posterior boundaries were reconstructed
as good as possible.
Owing to limited focal distance of the 20 x objective used for confocal scanning, section
thickness could not extend 200 μm. This was slightly less than the anterior‐posterior
dimension of the central complex, which is about 300 μm including the posterior extension of
the protocerebral bridge. The selected section displays cut surfaces at the anterior and
posterior edge of the central complex/lateral accessory lobe and thus led to incomplete
reconstructions (Fig. 2G). The volume of the protocerebral bridge for example was about 50
% smaller compared to the volume of the standardized protocebral bridge (Table 2). The
anterior lip of the central body was completely missing. Nevertheless, after applying the
affine registration onto the corresponding label fields, the central complex substructures and
the LAL fits well into the locust standard brain (Fig. 2H, I). In order to visualize individual
neurons with more detailed neuropil information, we supplemented the locust standard
brain by adding the registered high‐resolution substructures of the central complex and
lateral accessory lobes.

Table 2. Volume (V) and Relative Volume (RV), of the segmented central complex compartments
of the locust standard brain (grey columns) and of the registered individual central complex.

Structure

V
(µm3)

Abbreviations

Protocerebral bridge
Upper division of the central body

PB

RV
(%)

6.67 × 105
6

CBU

4.03 × 10

Lower division of the central body

CBL

5

7.2 × 10

Nodulus (right)

No-r

1.21 × 105

No-l

5

Nodulus (left)

11.80

1.16 × 10
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V
(µm3)

RV
(%)

1.37 × 106

19.26

6

71.26

4.83 × 10

67.92

12.74

7.54 × 105

10.60

2.15

8.13 × 104

1.14

4

2.05

7.65 × 10

1.08
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Fig. 2: Reconstruction and registration of the central complex and the lateral accessory lobes, which are closely
associated with the central complex, into the locust standard brain. A‐D: Frontal optical sections showing
fluorophore‐conjugated phalloidin (A, C) and anti‐synapsin (B, D). A and B show a section at about 45 μm from
the frontal surface of the central body, C and D at about 80 μm from the frontal surface of the central body. The
slight intensity gradient in the dorsalmost layer of the lower division of the central body (CBL; arrows in A, B)
was insufficient for more detailed segmentation. By contrast, defined staining within the lateral accessory lobes
(arrowheads in A) allowed to distinguish four subdivisions (dashed lines in B): the dorsal (DS) and ventral shell
(VS), the median olive (MO) and the lateral triangle (LT). The intensity gradient within the upper division of the
central body (CBU) allowed to identify three layers (I‐III in B, C). In addition, the upper (NU) and lower units
(NL) of the noduli could be segmented. E: Sagittal surface view of the 3D reconstruction of the central body and
the noduli. Layer I of the CBU appear hollowly, because it is truncated to show the arrangement of layer II, layer
III. The volume of layer I took up almost half of the total volume of the CBU (cp. Table 1). F: Almost anterior
surface view of the detailed reconstruction of the central complex and the lateral accessory lobes. G: Almost
dorsal view onto the central complex and the lateral accessory lobes. Arrows point to the anterior and posterior
edge of the vibratome section. H, I: Surface generation of the reconstructed central complex and the lateral
accessory lobes after affine registration into the locust standard brain (transparent), H frontal view, I posterior
view. Ca calyx, P pedunculus. Scale bars: A (applies to A‐D) and F‐H = 200 μm (scale bar in H applies to I), E =
100 μm.
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Fitting single neurons into the standard brain
In this study we fitted a selection of six individually labeled neurons, derived from
electrophysiological recordings, into the locust standard brain. The neurons are part of the
polarization vision pathway (Vitzthum et al, 2002; Heinze and Homberg, 2007). All neurons
originated from different preparations, with the exception of the two TL neurons that were
stained in the same brain. We compared the tree geometry of the neurons by quantifying
their length, volume, surface and mean radius (Fig. 3; Table 3,4).

Table 3. Whole tree metric of the neurons. White columns: values of the reconstructed neurons, grey columns:
values of the registered neuron reconstructions, d = absolute difference between the respective values of the
original and the registered neuron reconstructions.

Neuron
TL4 left
TL4 right
CL1
CPU1 10 ×
CPU1 40 ×
LoTu1 10 ×
LoTu1 left 20 ×
LoTu1 right 20 ×
TuTu1

length (µm)
1739.92
1083.22
1384.99
3980.84
5239.7
1546.2
3069.08
2588.02
1990.14

surface (µm2)

d (µm)

1890.61
1050.94
1351.58
3838.58
4127.61
1242.31
2886.08
2892.99
1690.39

150.69
32.28
33.41
142.26
1112.09
303.89
183
304.97
299.75

16166.9
9748.56
16189.7
53823.6
24846.9
21541.7
16092.5
26623.4
15137.4

d (µm2)

17547.4
9858.2
15590.1
49109.4
18893.2
16377.5
14458.8
32900.5
14279

1380.5
109.64
599.6
4714.2
5953.7
5164.2
1633.7
6277.1
858.4

volume (µm3)
14372.5
8274.93
21024.5
67209.2
17139.9
28299
77226.1
27533.3
12490.9

16435.4
8686.32
20918.1
60816.3
14974.2
21243
71471.1
38152.9
15390

d (µm3)
2062.9
411.39
106.4
6392.9
2165.7
7056
5755
10619.6
2899.1

Table 4. Tree metric of the neurons. The parts of the high‐resolution images were compared with the
corresponding segments out of the low‐resolution image data by means of the minimum and
maximum mean radius.

Neuron - objective
CPU1 - 40 ×
CPU1 - 10×
LoTu1 left - 10 ×
LoTu1 left - 20 ×
LoTu1 - 10 ×
LoTu1 right - 20 ×

minimum mean radius(µm)

maximum mean radius (µm)

0.14
1.54
2.29
0.9
2.91
0.72

3.33
4.22
10.44
4.36
10.32
6.34

Neurons of the central complex
We reconstructed, registered and analyzed four identified neuron types with
arborizations in the central complex. Two of these are columnar neurons with ramifications
in the upper division of the central body (type CPU1) resp. lower division (type CL1), and
two cells are tangential neurons (TL4) ramifying in the lower divison of the central body.

CPU1 neuron
One neuron that was registered into the locust standard brain was an identified
columnar neuron of the protocerebral bridge/upper division of the central body, type 1
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(CPU1; Fig. 4; Vitzthum et al, 2002). Its soma was located in the pars intercerebralis, anterior
to the protocerebral bridge. The neuron had dense arborizations in a single column of the
protocerebral bridge, presumably column R7 (Williams, 1975). A fiber projected through the
posterior chiasm of the central complex and innervated the contralateral layer I and dorsal
parts of layer II of the upper division of the central body. Please note that the description of
the arborization patterns on the level of single columns can only be an approximation, since
the arrangement of columns was not yet be considered for the reconstruction. An axonal
process gave rise to spacious arborizations throughout the contralateral accessory lobe
(LAL). The image data obtained with the 10× objective allowed to reconstruct and register an
overview of the whole neuron processing (Fig. 4A‐G,M,N), but lacked more detailed
information. With the aid of the higher resolution, it was possible to reconstruct
arborizations down to a mean radius of 0.14 μm (Fig. 4H‐L,O,P, Table 4). During the
registation procedure, the arborization areas were maintained, but some deformations
occured regarding the location of the soma (Fig. 4C, D, L).

Fig. 3: Whole tree metric of the neurons: Relative deviations of length, surface and volume of the registered
neurons from the normalized original neuron data. The deformation of neurons obtained via high‐resolution
imaging is throughout higher compared to the data obtained via 10 × magnification.

CL1 neuron
The second type of columnar neuron could be assigned to be a columnar neuron of the
lower division of the central body (CBL), type 1 (CL1; Fig. 5; Müller et al., 1997). The CL1
neuron corresponds to a member of 64 CC1 neurons described by Williams (1975). The
neurons provided precise topographical connections between columns of the protocerebral
bridge and columns of the CBL (Müller et al., 1997). The soma of the CL1 neuron presented
here was located in the pars interecerebralis, anterior to the protocerebral bridge (Fig. 5A,B).
Its primary neurite gave rise to arborizations within the innermost column (L8) of the
protocerebral bridge. The neuron ran ventral to the protocerebral bridge through the
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Fig. 4: Reconstruction and registration into the locust standard brain of a columnar neuron (CPU1) of the central
complex. A‐G: Data derived from two aligned stacks scanned at 10 × magnification, one of 42 optical sections
(voxel size of 1.13 × 1.13 × 4 μm) from anterior direction, starting in front of the most anterior part of the neuron,
the other of 32 optical sections from posterior direction, starting behind the most posterior part of the neuron. A:
3D visualization by direct volume rendering. B: Surface generation of the reconstructed neuron displayed
together with a polygonal model of reconstructed brain structures. The soma lies anterior to the protocerebral
bridge (PB). The neuron has ramifications in columns of the ipsilateral PB, the contralateral upper division of the
central body (CBU) and in the contralateral accessory lobe (LAL). C: Fitting of the CPU1 neuron into the locust
standard brain, anterior view (C), posterior view (D). E, F: The registered neuron and registered subdivisions of
the individual central complex (green) displayed together with the locust standard brain (grey), anterior view (E),
posterior view (F).
(continued on next page)
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Fig. 5: Reconstruction and registration into the locust standard brain of a columnar neuron (CL1) of the lower
division of the central body. A: 3D visualization by direct volume rendering. The anterior central part of the
wholemounted brain were imaged at 10× magnification using126 optical sections and a voxel size of 1.47 × 1.47 ×
3 μm. B: Surface generation of the reconstructed neuron displayed together with a polygonal model of
corresponding reconstructed brain structures. The soma lies anterior to the protocerebral bridge (PB). The neuron
innervates single columns of the PB and the contralateral lower division of the central body (CBL), and sends an
axon into the lateral triangle (LT) of the contralateral accessory lobe (LAL). C: Two‐dimensional tree “classical”
diagram of the dendritic branching pattern of the reconstructed neuron. Yellow dot indicates the position of the
soma. D, E: Fitting of the CL1 neuron into the locust standard brain, anterior view (D), posterior view (E). F: The
registered neuron and the registered LAL (red) displayed together with the locust standard brain (grey). AL,
antennal lobe; P, peduncle. Scale bars: A, B, D‐F = 200 μm, C = 100 μm.

posterior chiasma and into the second column of the contralateral CBL. The axon continued
along the ventral groove and gave rise to arborizations in the lateral triangle of the
contralateral accessory lobe (Fig. 5 A‐C). After registration into the locust standard brain, the
neuron fits the respective arborization areas well, but the part of the axon running through
the upper division of the central body appeared squeezed (Fig. 5D‐F).

(continued from Fig. 4)
The axon runs through the isthmus tract between the dorsal (DS) and ventral shell (VS) and gives rise to
arborizations into the lateral accessory lobe. G: Sagittal view of the CBU. The neuron innervates layer I (I) of the
CBU, which is shown transparently and dorsal parts of layer II (II, green). H‐L: Data of a part of the CPU1 neuron
derived from one scan with of 178 optical sections at 40× magnification (voxel size 0.23 × 0.23 × 0.49 μm). H, I:
Combined 3D visualization by direct volume rendering of the neuropil data and maximum projection of the
neuron data, frontal (H) and sagittal view (I). J: Surface generation of the reconstructed neuron displayed together
with the corresponding reconstructed brain structures. K: Enlarged view of the reconstruction shown in J. L:
Fitting of the more detailed reconstructed part of the CPU1 neuron into the locust standard brain. M‐P: “Sorted
order branching” diagrams (M,P) and corresponding morphological view (N,O) showing the branching pattern of
the reconstructed neuron obtained via 10 × magnification (M,N) and 40 × magnification (O,P). Yellow dot
indicates the location of the soma, blue dots indicates branching points. III, layer III of the CBU; AL, antennal
lobe; No, nodulus; P, peduncle.Scale bars: A‐F = 200 μm, G, O = 50 μm, H‐N, P = 100 μm.
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TL4 neurons
Two types of tangential neuron of the lower division of the central body that were
stained in the same brain were reconstructed and registered into the locust standard brain
(Fig. 6). Both neurons were tangential neurons type 4 (TL4; Müller et al., 1997; Homberg et
al., 1999). The somata were located in the inferior median protocerebrum. Their primary
neurits ran dorsally and gave off sidebranches into the dorsal shell of the LAL (Fig. 6A,B).
The axons ran through the isthmus tract and along the ventral edge of CBL to the midline of
the brain. Here they turned dorsally and contralaterally and ramified in layer 1 of the CBL in
umbrella‐like fashion. Since the neurons had overlapping arborizations in the CBL, it was
difficult to assign fine neurites to the respective neurons. One of the neurons appeared to
ramify only in the contralateral CBL, but this may be owing to the failure to clearly assign

Fig. 6: Reconstruction and registration into the locust standard brain of two tangential neurons (TL4) of the lower
division of the central body. A: 3D visualization of the neuron image data by direct volume rendering. Confocal
images were obtained from a thick vibratome section (200 μm) in one scan of 132 optical sections and a voxel size
of 0.73 × 0.73 × 1.5 μm. B: Surface generation of the reconstructed neurons displayed together with a polygonal
model of the corresponding reconstructed brain structures. The somata are located in the inferior median
protocerebrum. The neurons innervate layer 1 of the lower unit of the central body (CBL) and send projections
into the lateral accessory lobes (LAL). C, D: The registered neurons and registered subdivisions of the individual
central complex (green). displayed together with the locust standard brain (grey), anterior view (C), posterior
view (D). The neurons arborize in the anterior dorsal shell (DS) of the LAL. E‐H: Morphological view (E,G) and
corresponding “classical” diagrams (F,H) showing the branching pattern of the reconstructed neurons. The
position of the somata are indicated by yellow dots. Asterisks indicate corresponding arborizations. VS, ventral
shell of the LAL. Scale bars: A‐D = 200 μm, E, G = 100 μm (scale bars in E applies to F, in G applies to H).
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Fig. 7: Reconstruction and registration into the locust standard brain of a tubercle‐tubercle neuron 1 (TuTu1) and
a lobula‐tubercle neuron 1 (LoTu1). A: Direct volume rendering of the TuTu1 neuron image data displayed
together with the maximum projection of the anterior part of the wholemounted brain (161 optical sections
scanned at 10 × magnification). The neuron data were imaged by means of the vibratome section at 20 ×
magnification in six partially overlapping scans in the x‐y plane with 31‐53 optical sections (voxel size 0.73 × 0.73
× 2 μm). B: Direct volume rendering of the LoTu1 neuron image data displayed together with the maximum
projection of the anti‐synapsin stained neuropils. The aligned confocal image stacks were scanned at 10 ×
magnification and originate from respectively three tiled stacks of 148 optical sections from the anterior surface of
the brain, and of 126 optical sections from the posterior surface of the brain, each with a voxel size of 2.93 × 2.93 ×
3 μm The white boxes indicate the parts that are shown at 20 × magnification in C and D. C, D: Maximum
projection of confocal image stacks of the LoTu1 neuron at 20 x magnification obtained with two scans with 63 or
43 optical sections, each with a voxel size of 0.73 × 0.73 × 1.5 μm. Terminals in the lower unit of the contralateral
(in respect to the location of the soma) anterior optic tubercle (LU) form a dense meshwork of varicosities (C).
Arborizations in the lower unit of the ipsilateral tubercle are of fine smooth appearance (D). E: Fitting of the
reconstructed neurons into the locust standard brain. Arborizations of the TuTu1 neurons are restricted to the
lower units of the optic tubercle (see also A). The LoTu1 neuron ramifies in the anterior lobe of the lobula
(continued on next page)
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fine arborizations to one or the other neuron (Fig. 6A,B,E‐H). During the registration
procedure, no conspicuous deformations of the reconstructed neurons occurred. However,
the location of the arborizations within the LAL do not fit within the registered LAL (Fig.
6C,D).

Neurons of the anterior optic tubercle
Recent anatomical and electrophysiological studies have indicated that the anterior
optic tubercle (AOTu), a small bilateral neuropil in the anterior part of the central brain, is
implicated in the polarization vision pathway (Homberg et al., 2003; Pfeiffer et al., 2005). The
AOTu is subdivided into an upper and a lower unit. The lower unit plays an important role
in interhemispheric exchange of polarized light information and provides input to
polarization‐sensitive neurons of the central complex. Two polarization‐sensitive neuron
types innervating the AOTu, the lobula‐tubercle neuron 1 and the tubercle‐tubercle neuron 1
(LoTu1, TuTu1; Pfeiffer et al., 2005) were reconstructed and registered into the locust
standard brain (Fig. 7).
Both neurons, the tubercle‐tubercle neuron type 1 (TuTu1) and the lobula‐tubercle
neuron type 1 (LoTu1) had their cell bodies in the inferior protocerebrum close to the
antennal lobe (Fig. 7A‐C). The neurons interconnected the lower units of the anterior optic
tubercles of both brain hemispheres via the intertubercle tract. In addition, the LoTu1 neuron
connected the anterior lobes of the lobula complex of both brain hemispheres via fibers in the
anterior tract with the lower units of the anterior optic tubercles (Fig. 7B,C) .The image data
obtained with the 10× objective enabled to reconstruct and register the coarse pattern of
arborizations of the LoTu1 neuron, but lacked detailed information. The high‐resolution
image data facilitated the precise reconstruction of fine arborizations (Fig. 7D‐O; Table 4).
The arborizations of the two neurons showed overlapping branching patterns within the
AOTu (Fig. 7F,G).

(continued from Fig. 7)
complex (ALo) and in the lower unit (LU) of the anterior optic tubercle (see also B). The somata of both neurons
are located in the inferior lateral protocerebrum near the antennal lobes (AL). Asterisks indicate the position of
the corresponding branches shwon as tree diagram in H‐M. F, G: After registration into the locust standard brain,
the arborizations of TuTu1 and LoTu1 fit the standardized AOTu (F, contralateral; G, ipsilateral). Green dots
indicate the corresponding branches of the LoTu1 neuron shown as tree diagram in N and O. H‐O: Two‐
dimensional “classical” tree diagrams of the dendritic branching patterns of TuTu1 (H‐J) and LoTu1 (K‐O). The
white boxes and the asterisks in H and K indicate the parts that are zoomed in in I and J, respectively in L and M.
Red balls indicate the first branching point, blue balls the remaining branching points. N, O: Tree diagrams of the
reconstructed ramifications of the LoTu1 neuron in the contralateral (N) and ipsilateral anterior optic tubercle (O)
obtained via high‐resolution imaging. l, length; s, surface; v, volume. Scale bars: A,B,E,H,K = 200 μm, C,D,F,G =
100 μm, I,N,O = 50 μm, L = 25 μm (applies to M).
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Discussion
In the present study, we expanded the locust standard brain by integrating
reconstructions of subunits of the central complex and the lateral accessory lobes of the
brain. As a start for a growing multimodal database, we have reconstructed physiologically
characterized neurons of the polarization vision system of the locust in three dimension and
have registered these neurons into the standard brain.

Fitting the central complex into the locust standard brain
In this study we present a detailed 3D‐reconstruction of the locust central complex and
the associated lateral accessory lobes that was registered into the locust standard brain. All
subdivisions of the central complex were reconstructed, including the protocerebral bridge,
the upper and lower divisions of the central body, and the noduli. Three layers could be
distinguished in the upper division of the central body. The differentiation of the lower
division of the central body into six layers as described by Müller et al. (1997) was not visible
with the staining techniques used here. In addition, four subunits of the lateral accessory
lobes, brain areas closely associated with the central complex, were reconstructed. For
registration into the standard brain we used an affine registration to maintain the accuracy of
this reconstruction. Since the reconstruction was obtained from just one specimen,
interindividual differences in shape on the level of the arrangement of columns and layers
were not yet taken into account. Therefore, a standardized central complex needs to be
established, at best containing more information about the arrangement of columns and
layers of the central complex subdivisions. For this purpose, neuronal structures could be
visualized by performing adequate multiple staining experiments. For further refinement in
the differentiation of central‐body layers and subregions of the lateral accessory lobe, double
or triple immunolabeling will be performed with neuronal markers selective for neurons of
particular layers. In addition to neuropil markers, staining against allatotropin, allatostatin or
serotonin (Homberg, 1991; Vitzthum et al., 1996; Homberg et al., 2004a) will help to reveal
the organization of the central complex. Once, several reconstructions by means of a suitable
multiple staining‐combination will be available, an average shape image from this
reconstructions can be calculated. The resulting average image could then nonrigidly be
registered into the locust standard brain. The standard 3D‐atlas of the central complex will
serve as a basis for 3D reconstructions of neurons associated with the central‐complex in
order to study the connectivity of these neurons at the level of columns and layers or in even
higher detail. This will serve as an important step to analyze information processing
pathways associated with the central complex and therefore to understand better the role of
this prominent insect brain area.

High‐resolution imaging in thick sections
Detailed neuropil reconstruction was possible through a combination of phalloidin‐
staining and anti‐synapsin immunostaining. The development of a staining technique, that
allows to stain and image neuronal structures in sections with up to 300 μm thickness, is a
great progress in locust neuronanatomy. Indeed, imaging wholemounted locust brains is
practicable, but not sufficient to visualize neuronal processes in adequate detail. In order to
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obtain high‐resolution images, that is at least using a 20 x lens, the maximal focal distance to
be available is 160 μm. Hence, high resolution confocal imaging by scanning thick sections
from both sides is now feasible. Traditionally single dye injected neurons were reconstructed
from single sections in two dimensions by means of camera lucida‐drawings. In contrast to
these drawings, three‐dimensional reconstructions have several advantages. Neurons can be
visualized in all planes, which allows the observer to relate the 3D structure of the neurons to
the innervated neuropils. Visualization of neurons within a common frame is an important
prerequisite to point out the complexity of neuronal networks and to accomplish
comparative studies. Herfore, 3D reconstructions of neurons are essential. Furthermore, the
development and continually improvement (Schmitt et al., 2004, Evers et al., 2005) of semi‐
automatic tools enables to generate three‐dimensional reconstructions of neurons in a time‐
saving and precise way. In order to reconstruct neurons threedimensionally, thin sections are
not suitable. Distribution of neuronal processes across several sections requires laborious
alignment. Often, the course of the neuron cannot be reconstructed due to shrinkage artefacts
at the sections edges. This also occurs in thick sections, but in the majority of cases a neurons
course is restricted to only one, at most two thick sections. Meanwhile, the staining technique
for thick sections is used routinely in our lab.

Compiling an atlas from individual neurons
In locust neuroanatomy, typical data are single neurons that arise from different
electrophysiological recordings. Visualization of multiple reconstructed neurons within a
common frame, like the locust standard brain, offers the possibility to relate anatomical to
functional connectivity. In this study we initiated the establishment of a digital 3‐D atlas of
identified neurons that were registered into the locust standard brain. Therefore, we
registered neuron reconstructions, that derived from high resolution images, into the locust
standard brain. Hereby, it must be considered that resolution and size of the neuropils
composing the locust standard brain have been chosen to cover the gross anatomy of the
locust brain. In order to combine detailed neuronal information within a particular neuropil,
it is necessary to establish a respective reference neuropil from image data with higher
spatial resolution. This also regards the analysis of the neuronal branching pattern on the
level of columns and layers of the central complex. Hence, distinct standardized neuropils
obtained via high‐resolution imaging need to be stablished and integrated into the locust
standard brain, as we have shown for the individual central complex reconstruction.
Likewise, regarding the combined visualization of the neurons together with the
reconstruction of the lateral accessory lobes, it must be considered that this neuropil was not
yet a part of the locust standard brain. Thus, the registration of neurons into the standard
brain were performed without this information. To reliably analyze arborizations of different
neuron reconstructions within this neuropil also requires the standardization of this
structure. But, so far repeatable reconstruction based on anti‐synapsin or phalloidin staining
was impossible due to the lack of defined neuropil borders at the posterior edge. Again,
double‐ or triplestaining experiments with adequate markers could solve this problem.
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Reconstruction and registration of selected neurons
Here we presented the visualization of neurons associated with the polarization
pathway, that were registered into the locust standard brain. So far, the quality of neuron
registration based on the comparison of length, surface and volumes of the registered and
the original neuron reconstruction. A more significant quantification would be to analyze the
deformation of the registered neuron reconstruction by comparing the location of a neuron
in relation to the innervated neuropil in the original image data with the respective relative
location of the registered neuron within the standard brain. However, a possibility to read
out the required coordinates of the neuron skeleton in Amira is being developed at the
moment (personal communication with Anja Kuss, ZIB, Berlin).
Columnar neurons like the CPU1 neuron are ideal candidates to associate visual
features like elevation in the panorama and contour orientation with information on their
azimuthal direction (Heinze and Homberg, 2007). During the registation procedure, the
arborization areas were maintained, but some deformations occured regarding the location
of the soma (Fig. 4). On the basis of the high resolution image, high‐precision reconstruction
of fine arborizations up to a power of ten compared to the lower resolution was possible
(Table 4). However, the deformation relating to length, surface and volume of the neurons
was larger for the high‐resolution images (Fig. 3). This could be caused by the subsequent
repeated treatment of the preparations after wholemount evaluation in order to create thin
vibratome sections for high‐resolution imaging. Histochemical procedures such as treatment
with formalin, TritonX, ethanol or methylsalicylate can variously affect the tissue (Bucher et
al., 2000), much less repeated treatment of the same tissue.
With the reconstruction of the CL1 neuron shown in this study, we complemented the
collection of neurons (Müller et al., 1997) belonging to the system of 64 CC1 neurons
described by Williams (1975). The neuron shown here innervates column L8 of the
protocerebral bridge and column 2 of the CBL. Compared to the other neurons, the
registered CL1 neuron shows the smallest deformation (Figs. 3,5). However, in particular the
part of the axon running through the upper division of the central body appeared squeezed.
As described previously (Müller et al., 1997), CL1 fibers pass as parts of the posterior verticle
bundles (Williams 1972) through layer III of the CBU to the dorsal surface of the CBL. As
long as a standardized central complex comprising more detailed information is not
available, such undesirably deformations of axonal projections have to be accepted.
Occasionally, more than one neuron is stained during electrophysiological recordings.
This can be an advantage, in terms of providing the opportunity to reconstruct two or more
neurons from one single brain, at best revealing potentially synaptic contacts. In the case of
the TL4 neurons shown here, this was rather a disadvantage, since both neurons ramified
similarly in the same layer of the CBL. It was quite difficult to distinguish the arborizations,
much less to assign them to the respective neuron. Anyway, the left TL4 neuron displayed
more intense staining and was therefore favored for reconstruction. This is reflected in the
morphometric values, which are about twice regarding the arborizations within the CBL
(Fig. 6 E,G) as well as for the whole neuron (Table 3). Obviously, the less information a
neuron reconstruction has, the smaller is the deformation during registration (Table 3, Fig. 3).
After registration the arborizations within the registered LAL are displaced compared to the
original LAL (Fig. 6B‐D). Hereby, it must be considered, that the registered LAL made up
from just one reconstruction and was not yet included in the standard brain. In addition, as
can be seen in Fig. 6B, the right LAL appears already slightly displaced in the original
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reconstruction. Since no information about the general location of the LAL in the locust
standard brain exist, this parts of the neurons were barely implicated during registration.
The LoTu1‐ and TuTu1 neurons are excellent candidates to demonstrate the fitting of
single neurons from different individual brains into a common spatial reference system. The
structural relationship between neurons innervating the same neuropil can be revealed from
reconstructions of neurons obtained from different brains. However, the axon of the LoTu1
neuron running to the left anterior lobe of the lobula‐complex do not fit. This may be due to
the fact, that the left ventral anterior part near the antennal lobe of the corresponding brain
was injured during injection. Obviously, the heavy deformation of this brain area could not
be compensated by the nonrigid registration. The “classical” tree diagrams demonstrate, that
the reconstruction of arborizations within the anterior optic tubercle by means of the high‐
resolution image revealed considerably more details compared to the reconstruction
performed by means of the 10 × magnification. The finest mean radius of the reconstruction
by means of the 20 × magnification is up to four times smaller compared to the
reconstruction resulted from the lower resolution (Table 4). Even the total length of the
numerous reconstructed branches was up to four times higher in the left anterior optic
tubercle compared to the low‐resolution reconstruction, the volume of the latter was higher
(Fig. 7L,N). This may be due to the coarse measurement of the maximum mean radius, that
was almost two and a half times larger compared to the high‐resoultion images (Table 4).
Nevertheless, the deformation during registration of the high‐resolution neuron data was
comparatively heavy. The anterior optic tubercle was standardized using 10 × magnification.
Since the anterior optic tubercle is a relative small neuropil, this led to only sparse label
information. Therefore it is a rather unreliable reference in order to fit neuronal data
obtained via high‐resolution imaging. This accentuates the need for standardized neuropils
with more detailed information obtained via higher spatial resolution, where the respective
neurons can be registered in. The integration of these standardized structures into the locust
standard brain will expand the digital atlas with important details, resulting in an ever‐
growing multimodal database with increasingly refined resolution.
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Creation and application of a digital 3‐D atlas of the brain of the
locust Schistocerca gregaria
using the 3‐D software AMIRA

The need of a standard brain in studies of neurology results from the necessity of
visualizing neuronal networks within a common framework. Morphological data from
stained neurons typically arise from different individual brains during
electrophysiological studies. The variability of intra‐species‐specific differences can be
compensated using a digital standardized brain. For the generation of a standard brain,
appropriate staining of whole‐mounted brains and high‐quality imaging of a set of brains
are essential. The obtained data have to be processed adequately and, finally, a proper
standardization procedure has to be performed.
In the following sections, the three‐dimensional (3‐D) reconstruction of brain areas
with the aid of the 3‐D‐software AMIRA is summarized. Necessary steps of data processing
and creating the locust standard brain are emphasized by including important aspects
concerning whole‐mounted brain preparation, obtaining confocal images, and essential
steps of further image processing. Moreover, this chapter supplies a detailed instruction
for integrating neurons into a standard brain and for incorporating data of brain
structures obtained via high resolution imaging.

Preparation of whole‐mounted brains
The basic prerequisite for establishing a standard brain is to stain the respective brain
compartments adequately. Obtaining 3‐D data with confocal microscopy is an established
method. The large brain of the locust Schistocerca gregaria has posed a challenge in several
ways, as will be described in the following chapters.

Staining
In order to achieve homogeneous, distinct and intensive staining of locust brain
neuropils, a reliable whole‐mount protocol was developed. First, to avoid changes in the
natural position and orientation of the optic lobes during dissection, the brains were
stabilized by fixation within the head. Better penetration of antibodies was achieved by
enhancing the permeability of the tissue through treatment with enzymatic digestion
(1 mg/ml collagenase‐dispase in 0.05 Tris‐HCL, pH 7.6) for 1 hour at room temperature.
Furthermore, incubation of the brains with reagents (i.e. antibodies) was prolonged up to six
days. Additionally, the treatment with different temperatures, the use of sodium azide and
thoroughly washing between different steps led to improved staining results (Fig. 1 A,B).
Finally, to visualize immunostaining, brains were dehydrated and cleared in methyl
salicylate. The detailed staining protocol is listed in Appendix A. Meanwhile, this staining
protocol as well as the following description of data processing are used routinely in our
laboratory even for other species like Leucophaea maderae and Manduca sexta.

104

Chapter IV: AMIRA applications
Confocal imaging
Optical sections were obtained by means of confocal microscopy. Recording of the
whole‐mounted locust brains was performed using a 10× oil objective (HC PL APO 10×/0.4
Imm Corr CS; Leica, Bensheim, Germany). Since the large brains exceeded the maximal field
of view, they were imaged by scanning multiple image stacks (Fig. 1 C‐H). Thereof, both
optic lobes and the central brain were scanned in three or four image stacks from the anterior
edge to the middle of the brain. Afterwards, the object plate was turned and the procedure
was repeated with identical setting parameters, now imaging the brain from the center up to
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H

Fig. 1: Confocal images of the locust brain. A, B: Frontal slices through the center of the immunostained brains. A:
Optimization of the staining protocol leads to uniformly distributed distinct and intensive staining. B: Before
improvement of the staining procedure, the staining was restricted to the outside margin of the brain. C‐H:
Projection views of six confocal image stacks, obtained from one brain. The brain was imaged in partially
overlapping scans from the anterior surface up to the middle of the brain (C‐E) and from the center to the
posterior edge of the brain (F‐H). Scales: 200 μm in A, applies to A and B; 400 μm in C, applies to C‐H.
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the posterior edge. For the subsequent alignment it was crucial to scan each adjacent image
stack with overlapping parts.

Data processing of confocal image stacks
The obtained confocal images were imported into the 3‐D software AMIRA by opening
the menu “File‐load” and selecting the respective data. Before starting the reconstruction of
the neuropils of interest, the different confocal image stacks were aligned and merged to a
single data file.

Alignment
The confocal image stacks were combined with the aid of the modules AlignSlices and
TransformEditor in AMIRA. First, the respective anterior and posterior stacks were aligned by
finding the corresponding slices. As a first approximation, the slices to be considered were
compared by displaying both stacks in the 2 viewer mode and were manually arranged by
using the TransformEditor (see below). In order to avoid irregularity in the combined final
data set, more precise alignment was performed using the module AlignSlices (right mouse
click – Compute – AlignSlices –Action: Edit). Here, as a crucial help, the quality of the
alignment was permanently indicated in the status bar of the align window (Fig. 2 A,B).
Once the identical slices in z‐direction were found, the whole image stacks were
automatically aligned with the AlignSlice module using the buttons Transform all and Align
current slices and were saved as new AmiraMesh file. In many cases, the cut edge was visible
in the sagittal view (Fig. 2 C), but this was negligible for the reconstruction.
To find identical slices for the x‐y‐align, the same procedure was performed as for the z‐
align. Since the automatic alignment failed due to the comparatively small overlap of these
slices, the image stacks to be adjusted were moved using the TransformEditor (Fig. 3).
Connecting Colorwash modules to the underlying Orthoslice was helpful for better
visualization. Therefore, different colormaps were connected to each Orthoslice, and at least
one of the Orthoslices was shown transparently. The TransformEditor allowed manual

A

C

B

Fig. 2: Alignment of confocal image stacks. A: Accurate alignment of two selective slices with the aid of the
AlignSlices module. B: After automatic alignment, the slices matches about 96 %. C: Sagittal view of the aligned
image stacks. Arrows indicate the cut edge.
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translation in three directions, rotation, and scaling. Before saving, the transformation had to
be applied. This could be performed by either right pop up – Compute – ApplyTransform, or
executing the Tcl command:
>object‐nameSPACEapplyTransform.

A
A

C

B

B

Fig. 3: Alignment of three different image stacks in the x‐y plane. A: Arrangement of modules, ports and
connections corresponding to the images in B to exemplify the use of the TransformEditor. B: Orange areas
indicate the overlapping parts of the two transformed image stacks (red) and the fixed image stack (yellow). The
TransformEditor is activated by right pop up the indicated button (arrow).
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Merging
The arranged confocal image stacks
were merged to a single file using the Merge
module (Fig. 4). Especially in the event of
working with two or more channels, it was
highly important to preserve the voxel size.
Therefore, either the MultichannelField could
be used or it had to be considered that the
first input determines the voxel size of the
result fields. Logically, this should be the
fixed object data. Since the confocal image
data set was the base of all following
procedures, it was recommended to use the
most accurate (though time‐consuming)
interpolation method Lanczos. An individual
aligned and merged brain is depicted in
Figure 5.
Fig. 4: Merging of the aligned image data with
the Merge module. To preserve the voxel size, the
fixed unmodified data set has to be the first input
data.
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Fig. 5: Aligned and merged confocal image stacks. A: Projection view of all three planes. B, C: Direct
rendering of the merged confocal images, almost frontal view (B) and almost posterior view (C).
Global axis in E, F: x = 3750 μm, y = 3000 μm, z = 1500 μm.
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Resampling
After the alignment and merging procedure, the resulting new data file was generally
too big for further image processing. To efficiently work with the Segmentation Editor the
image file required resampling (Fig. 6). This was performed by using the Resample module. It
was sufficient to halve the voxel size in x‐y‐direction using the Maximum filter. This resulted
in a smaller resolution with a maximum file size of around 100 megabytes, but also led to a
quite pixelated image (Fig. 6 D). However, being an advantage rather than a disadvantage, in
some cases the neuropil boundaries became more clearly visible. An Orthoslice module
connected to the original higher resolution image can be displayed at any time in the 3‐D
viewer of the 4 viewer display in the Segmentation Editor (Fig. 7 A).

A

B

C

D

Fig. 6: Confocal images of an aligned and merged images stack at about 300 μm from the frontal brain surface
before (A,B) and after resampling the data (C,D). Boxed area in A and C are enlarged in B and D. The voxelsize
before resampling amounts 2.929 × 2.929 × 3 μm, after resampling 5.858 × 5.858 × 3 μm. Scales: 500 μm in A
applies to A,C; 100 μm in B applies to B,D.

Image segmentation
The neuropil areas of interest were labeled with the Segmentation Editor in AMIRA. (Fig. 7
A‐D). Segmentation means assigning a voxel to a certain LabelField coding for a particular
neuropil, so that each voxel no longer represents the staining intensity. The structures to be
reconstructed, respectively the corresponding voxels, were marked manually with the aid of
a virtual brush. Each labeled area was assigned to a particular Material with a defined color
code. The labeled structures of an object, respectively the Materials were summed up in the
LabelField. Paired structures got the same color code, but needed to be assigned to different
Materials. To avoid problems during the registration procedure, it was very important to
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choose color codes and the arrangement of the Material list identically for each label field of
the objects. For this purpose it was useful to generate a template LabelField with an
appropriate Material list and defined color codes (cp. Appendix B). This template was
connected with the object data to be reconstructed by using the Relabel module.
Due to the fact that manual segmentation is very time‐consuming, the Wrap tool was
used. This filter interpolates a selection of several manually traced slices using a special
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Fig. 7: Image Segmentation. A‐D: Exemplary arrangement of the 4 viewer display of the Segmentation Editor. A: In
the 3D viewer, the original data set can be placed in order to support the segmentation procedure. B‐C: Three 2D
viewers show a single slice in different orientations: frontal (B), sagittal (C) and horitzontal (D). Here, the
structures of interest can be labeled. E‐H: Only a selection of slices in all planes need to be labeled manually with
the aid of the Wrap tool. E: frontal slices. F: Added horizontal slices (yellow). G: Added sagittal slices (blue). H:
Automatically, a 3D surface was fitted onto the scaffold. Global axis in E‐H: x, y = 800 μm, z = 600 μm.
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algorithm (Fig. 7 E‐H). This was helpful particular for large structures, because they could be
reconstructed much faster. Here, it was highly important to choose representative sections
and to label them carefully in all three planes in the 4viewer mode (Fig. 7 E‐F). The manual
tracing had to be performed appropriately, so that the resulting 3‐D scaffold represented the
actual structure. A 3‐D surface was then fitted automatically onto this 3‐D scaffold (Fig. 7 H).
The volumes of segmented neuropils were read out with the module TissueStatistics.
This tool quantifies amongst others the number of voxels contained in a region, the volume
of a particular Material, and the X‐, Y‐ and Z‐ coordinates of the regions center. Some
statistical calculations could be performed directly in AMIRA by connecting an additional
scalar field to the TissueStatistics module (right mouse click – Measure – TissueStatistics). If
more extensive statistical analysis was required, the resulting data could be easily imported
and further processed with an appropriate software, for example Microsoft Excel.

Registration
Generally, creating a standardized brain (or any other standardized structure) aims to
establish a reference map that compensates interindividual differences in shape and size.
This is a necessary precondition in order to combine and to integrate neuronal data from
different individual brains within a common space. At present, different standardization
methods are available, whereof the VIB‐protocol (Jenett et al., 2006) provides the most user‐
friendly working space. However, depending on the aims and objectives of certain studies,
an appropriate standardization method has to be found. The VIB technique is rather
designed to visualize and analyze anatomical variability, which is an important task in order
to study genetic variability, changes in size during development or gender‐related
differences. On the other hand, visualizing neuronal networks within a common space
requires to remove this variability. Since studies of the locust brain predominantly comprise
analysis of neuronal functions, a standard brain that serves this purpose is recommended.
Hence, we applied an iterative shape average procedure for creating the locust brain
(Chapter II). Hereby, an average brain was generated, with the objective that the deformation
of an individual image to match the average is smaller than the intersubject deformation.
This
method
used
stand‐alone
tools
(written
by
Torsten
Rohlfing,
http://flybrain.stanford.edu), and demands high computational skills. For generating
standard brains of other insect species, this method is recommended. Once a standard brain
exists, further applications can be performed using the 3‐D software AMIRA. This includes
registration of single neurons or integrating several substructures in more detail. Moreover,
brain substructures that were reconstructed in more detail by means of high‐resolution
images, can first be standardized and then be integrated within the standard brain.
Since the methods used to establish the locust standard brains were described in detail
in Chapter II, this chapter focuses on the application of the ISA standard brain using AMIRA.
Furthermore, a method of establishing standardized substructures with AMIRA will be
described.
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Affine registration
Irrespective of whether a neuron reconstruction or a brain substructure shall be
registered or even several objects shall be averaged: In order to create a standardized object,
the first step is adjusting the input images into the same space using rigid or affine
transformations.
First of all, a representative template brain had to be selected. In the case of
standardizing substructures, a critical criterion can be the quality of reconstruction. The
template of the standardized locust standard brain was the most representative brain
concerning the volumes and locations of the reconstructed neuropils. For calculation, the
volumes of the Materials were obtained via the TissueStatistics module. The volumes were
then normalized to the sum of all volumes. Now, the deviations of the relative volumes of a
structure of a particular brain to the respective structures of all other brains were calculated.
This was performed for all structures and all brains. The brain with the least summed
deviation was chosen as the most representative concerning the volumes.
Selecting the most representative reconstruction concerning the location was more
laborious. Therefore, the relative distances of the structures were calculated. Relative
distances of segmented structures were analyzed by calculating the distance between the
center of each structure and the center of the entire LabelField. First, for each segmented
structure, the coordinates of the center were calculated. This was done automatically by
applying the TissueStatistics. In order to get the center of the entire LabelField, all Materials
were merged to one single LabelField. Again, the coordinates of the center of this entire
LabelField were obtained using the TissueStatistics module. To calculate the distance (Dx,y,z) of

Fig. 8: Visualization of the location of neuropil centers of the individual brains (colored spheres) and of the ISA‐
(black squares) and VIB standard brain (white squares) in AMIRA. For orientation the centers are displayed together
with a silhouette of an arbitrarily choosen individual brain. Scale bar = 300 μm.
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a particular structure to the center of the entire subject the following formula was used:

D x , y , z = ( x 0 − x1 ) 2 + ( y 0 − y1 ) 2 + ( z 0 − z1 ) 2
where x0 , y 0 , z 0 are the coordinates of the center of the entire LabelField
and x1 , y1 , z1 are the coordinates of the center of a particular LabelField.
To get the relative distances, the distance of a particular structure was normalized relative to
the summed distances of all structures. Again, the deviations were compared and the
reconstruction with the least deviation was the most representative concerning the location
of the structures.
These calculations were also performed for a comparison of the standard brains
(Chapter II). In order to visualize the location of neuropil centers, their coordinates had to be
read out (Tcl‐command written by Anja Kuss, Zuse Institute Berlin) allowing to be displayed
as spheres, squares or points using the VertexView module in AMIRA (Fig. 8). Since the 3‐D
visualization of all neuropil centers of several brains appeared cluttered, the coordinates of
centers of particular neuropils were shown in two‐dimensional diagrams in the frontal,
horizontal and sagittal view (see Appendix C).

A

B

Fig. 9: Affine registration of two objects. A: Recommended settings for the affine registration procedure. B: The
objects are displayed as Isosurfaces. After affine transformation (lower figure) the model (red) fits the reference
(black) well.
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A

B

Fig. 10: Elastic registration. A: 3D polygonal surface model of the nonrigidly transformed data set
(red) displayed together with the reference data object (black). B: Exemplarily setting of the
ElasticRegistration module. With these presettings the registration will be quite accurately (see A).
The final grid size will be 59x59x59.
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The standard brain served as reference in the event of fitting data into it. Using the
AffineRegistration module the respective objects were aligned in preferred quality (Fig. 9 A,B).
Depending on the setting parameters, the affine registration procedure took several hours.
Particularly with regard to registration of neuron reconstructions, the transformation
parameters needed to be saved. This had to be done on all accounts before applying and
saving the transformed data object. Therefore, the green icon of the data object was activated
and the Tcl‐command “getTransform” was entered within the console window (>object‐
nameSPACEgetTransformENTER). The parameters of the affine transformation matrix could
then be transferred using the “copy/paste” function, e.g. as a txt‐file. The transformation was
applied either by connecting the module ApplyTransform or, if this did not operate as
expected, using the Tcl‐command “applyTransform”. To reapply the transformation to any
other data object (for example to the corresponding neuron reconstruction), the Tcl‐
command “setTransform” together with the previously stored transformation parameters
was fed into the console window:
>object‐nameSPACEsetTransformSPACEtransformationmatrixENTER
Again, the transformation needed to be applied before saving.

Elastic registration
In order to create a standardized object, an average of the affine registered structures
has to be calculated, which represents the new template for the following nonrigid
registration. This can be performed with the AverageBrain module.
For the task of fitting data into the standard brain, again the respective LabelFields of the
locust standard brain served as reference. The prior affinely transformed data object was
now registered non‐rigidly onto this reference (Fig. 10 A).
The module ElasticRegistration computes a non‐rigid transformation for the two data
objects using an iterative optimization algorithm (Fig. 10 B). The more accurate elastic
registration is based on control points that interpolate the positions of the voxels using cubic
B‐spline free form deformation alogorithms. Movement of these control points during the
registration results in a deformation of the model image. This can be displayed by connecting
a GridView module, respectively a LandmarkView module to the resulting VectorField and
ControlPoints (Fig. 11). As underlying similarity measure, the metric Label difference was
chosen, since the registration was based on the LabelFields. Depending on the size of the data
sets, the settings and the available computing power, the registration progress can take up to
several days. The progress can be followed visually by connecting an Orthoslice or Isosurface

A

B

C
z

x

y

Fig. 11: Point grids of the object data. A: GridView of an original data set in the xy‐plane. B: GridView of a frontal
slice at the alomst center of a nonridigly deformed data set. C: Three dimensional LandmarkView of the
corresponding control points of the nonrigidly deformed data set.

115

Chapter IV: AMIRA applications
module. Since this can slow down considerably the registration progress, this is not
recommended.
Once the registration procedure was finished, several new data objects were saved. In
order to reapply the elastic transformation later on, it was essential to save the VectorField. It
contains the movement of each voxel, which means that here the transformation is stored.
The data object Reformat contains the transformed data set and is also strongly recommended
to save. Finally, the intermediate results were saved automatically using “Auto Save” in
AMIRA (just close AMIRA and a new window will pop up, click on “Auto Save”).

Application of the standard brain
The following section supplies an instruction for the utilization of the locust standard
brain. The first part gives an overview for incorporating data of brain structures obtained via
high resolution imaging. The second part deals with the integration of neurons into the
standard brain.

Fitting neuropils into the standard brain
Fitting detailed reconstructions of substructures obtained via high‐resolution images
into the standard brain requires the availability of the respective structure within the
standard brain. If this is not the case, this structure first needs to be integrated into the
standard brain. The procedure of fitting structures into an existing reference map is always
similar. The first step is to register the LabelFields of the model object into the reference map
and then to apply the transformation parameters onto the data that were not contained in the
registration process. This two‐step procedure is necessary, because registration into the
standard brain works exclusively with identical LabelFields. Reconstructions with more
detailed information and structures that are not yet comprised within the standard brain do
not meet this condition.
In practice, neuropils composing the standard brain need to be reconstructed in the
image data and have to be fitted into the standard brain instead of the respective structures
of interest. It is not required to reconstruct all neuropils composing the standard brain, but a
selection that is located near the structure of interest. After executing the affine registration
onto these representing LabelFields, the transformation parameters can be applied onto the

affine
registration

neuropils
corresponding to
the reference map

apply
transformation
parameters

according
neuropils of the
reference map

fitted
neuropils

reconstruction that
actually have to be
fitted

substructures fitted
into the reference
map

Fig. 12: Schematic diagram of the procedure of fitting additional LabelFields into the reference map. (Adapted
from Chapter III)

116

Chapter IV: AMIRA applications
respective detailed reconstruction (Fig. 12). In order to maintain the detailed information
included in more precise reconstructions of high‐resolution images, no elastic registration
should be performed, but exclusively an affine registration. To give a review, the following
steps have to be performed:
1. Creating a LabelField containing reconstructions of neuropils composing
the standard brain.
2. Creating a LabelField containing the more detailed information of the
structures of interest.
3. Performing an affine registration into the standard brain of the LabelFields
obtained in step 1.
4. Storing the transformation parameters using the Tcl‐command in the
console window:
>object‐nameSPACEgetTransformENTER
copy and paste the values and save for example as txt‐file.
5. Applying the transformation parameters onto the LabelField obtained in
step 2:
>object‐nameSPACEsetTransformSPACEtransformationmatrixENTER.
>object‐nameSPACEapplyTransformENTER
6. Visualization: In order to create a common LabelField containing the new
data and the standard brain, the two LabelFields can be combined with the
aid of the Relabel module. A more recommended possibility for common
visualization might be to connect an appropriate display module,
preferable a SurfaceView module. Here, the respective Materials can be
removed or added as desired, they can be shown transparently, and the
colors can be modulated flexibly by connecting an additional scalar field
(Fig. 13).

Fitting neurons into the standard brain
Fitting reconstructions of neurons into the standard brain requires prior affine and
elastic registration of according neuropils into the standard brain as described above. Steps
1.‐5. have to be executed, except that for step 2. a neuronal reconstruction (SkeletonGraph) has
to be created instead of a LabelField. The tool needed to reconstruct neurons can be
implemented in AMIRA and is extensively described in Schmitt et al. (2004). The
transformation parameters of the affine registration can be applied directly onto the
SkeletonGraph file using the Tcl‐commands “setTransform” and “applyTransform”. For the
application of the elastic transformation, the SkeletonGraph object has to be converted to a
Lineset object (Fig. 14). The ApplyDeformation module has to be connected to the affine
transformed Lineset data and to the vector field resulting from the elastic registration (Fig. 15
A). Finally, for attractive visualization, a surface can be generated using the
ScanConvertNeuronTree module (Fig 15 B, C).
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Fig. 13: Combined visualization of two data
sets. A: The standard brain is displayed
transparently. The affine registered central
complex subdivisions and the associated
lateral accessory lobes are colored green by
connecting a scalar field and an optional color
map. The LabelFields of the central complex
belonging to the standard brain was removed
by choosing the respective Material within the
Material list. The protocerebral bridge is still
highlighted (red structure, buffer Show/Hide in
B) and can be removed choosing the buffer
Remove (cp. B). B: Exemplary arrangement of
the modules.

A

y
z
x

B
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A

B

C

Fig. 14: Registration of a single neuron reconstruction into the standard brain. A: The neuron
displayed as SkeletonGraph. B: The neuron was converted to a Lineset. C: Setting for
converting the SkeletonGraph to Lineset. Scales: 200 μm in A, applies to B.
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A

B

C

Fig. 15: Fitting a single neuron into the
standard brain. A: Setting for applying
the nonrigid deformation. B: Setting
for generating a surface of the
registered neuron data. C: A registered
neuron displayed together with the
central part of the locust standard
brain. Scale: 300 μm.
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Web page: Standardized atlas of the brain of the desert locust
Schistocerca gregaria
The integration of single neurons and more detailed standardized structures into the
locust standard brain denotes the expansion of the digital atlas with important details,
resulting in an ever‐growing multimodal database. In order to make the locust standard
brains available for the scientific community, a web page was established that is accessible
free of charge. The web page contains supplementary data showing the standard brains,
instructions on how to use them, additional information of the statistical comparison and
registered neuron reconstructions. Beneath pictures and video clips, interactive 3‐D models
of the standard brains are available.
The websites were created using MicrosoftFrontPage 2002. Snapshots, videoclips and
interactive 3‐D models were generated in AMIRA. Connecting the modules CameraRotate and
MovieMaker, rotating surfaces can be filmed. Using the DemoMaker (Create‐Animation/Demo‐
DemoMaker) an animated sequence of Orthoslices through a confocal image data set can be
recorded. The files can be stored as MPG‐ or AVI‐files. The interactive 3‐D models were
created selecting the module VRML‐Export. Therefore a SurfaceGen of the respective data has
to be created and visualized using the SurfaceView. Right mouse click opens a new window
where the module VRML‐Export can be chosen. The resulting VRML scene allows viewers to
zoom into and out of the 3‐D surfaces, hide or show the clickable objects and to rotate or
scroll through the dataset. For a visualization of the interactive 3‐D models, a plug‐in has to
be installed, for example Cosmo Player PlugIn or Flux Player.
The complete web page can be found on the attached compact disc or at www.3D‐
insectbrain.com. The following sitemap gives an overview of the architecture of the web
page and the available data sets.

Sitemap
3‐D‐reconstruction of an individual locust brain
video‐clip: total scan of optical sections obtained via confocal microscopy
video‐clip: rotating 3‐D reconstruction of an individual brain
plug‐in: interactive 3‐D view of an individual brain
The locust standard brain
ISA standard brain
video‐clip: rotating 3‐D reconstruction
plug‐in: interactive 3‐D view
download the locust standard brain
VIB standard brain
video‐clip: rotating 3‐D reconstruction
video‐clip: rotating 3‐D view of the original data
plug‐in: interactive 3‐D view of an individual brain
Comparison of the ISA‐ and VIB standard brains
images
statistical analysis (diagrams and tables)
relative volumes and relative distances
comparison of centers of gravity (PDF)
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Fitting neurons into the locust standard brain
LP‐neuron
video‐clip: 3‐D reconstruction of the neuron
Neurons belonging to the polarization vision system
CPU1
five video‐clips: 3‐D reconstruction of neuron data obtained via different resolutions
before and after registration
CL1
two video‐clips: 3‐D reconstruction of the neuron before and after registration
TL4
two video‐clips: 3‐D reconstruction of the neuron before and after registration
LoTu1, TuTu1
three video‐clips: 3‐D reconstruction of the neurons before and after
registration
Project members
Downloads and links
Download the LSB
available datasets:
Interactive three‐dimensional models (VRML)
Average gray value images (HDR‐, IMG‐ and AVW‐files)
Label‐Field images (HDR‐, IMG‐ and AVW‐files)
instruction of fitting neurons into the locust standard brain (PDF)
abbrevations of neuropils composing the standard brain (PDF)
Links

Glossary
This glossary shall serve for an easier understanding of the above used AMIRA‐specific
terms (written in italics) and terms commonly used for imaging. The terms are listed in
alphabetical order.

AffineRegistration
In order to register a dataset into a reference dataset, the former is
transformed until both datasets match. The AffineRegistration module provides an affine
registration, i.e. it determines an optimal transformation with respect to translation,
rotation, anisotrope scaling, and shearing.
AlignSlices
This module allows to interactively align 2‐D slices of a 3‐D image stack.
AmiraMesh This is Amiraʹs native general‐purpose file format. It is used to store many
different data objects like fields defined on regular or tetrahedral grids, segmentation
results, colormaps, or vertex sets such as landmarks.
ApplyDeformation
Connecting this module and a vector field resulting from an elastic
registration, an elastic transformation can be applied onto a data set.
ApplyTransform This module creates a new field where the representation in memory of a
transformation, carried out using the TransformEditor or during a registration, is changed.
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AverageBrain
After registration, the AverageBrain module allows to compute an
average intensity map for grey data sets or probability maps for LabelFields.
CameraRotate
This object allows researchers to create animations by rotating the
cameras of all viewers activated in the objectʹs viewer mask. The animations can be stored
in MPEG movie files by attaching a MovieMaker module.
Colorwash
This module helps visualizing two scalar fields in combination. The module is
attached to an OrthoSlice module visualizing the first field. The image of the OrthoSlice is
modulated so that it also encodes the second field. The standard modulation technique is
to multiply color into an underlying grey scale image.
ControlPoints
This object stores information of the movement of control points during
an elastic registration.
Degree of freedom (DOF) Relating to object transformations, degrees of freedom describe
the number of parameters that can be varied independently. For example, a translated
object was transformed using three DOFs, namely the three spatial coordinates.
DemoMaker Using this module an animated sequence of operations, e.g. for automatically
running demonstrations or for advanced movie recording, can be created.
ElasticRegistration
In order to register a dataset into a reference dataset, the former is
transformed until both datasets match. The ElasticRegistration module provides non‐rigid
registration algorithms that allow more closer matching of two data sets.
GridView
This module allows visualization of the grid structure of a regular 3D scalar or
a vector field.
Isosurface
Connecting an Isosurface module with the LabelField allows quick 3‐D
visualization by computing an isosurface within a 3‐D scalar field with regular Cartesian
coordinates.
Label difference
This metric is used as similarity measure for a non‐rigid registration of
LabelFields.
LabelField
A LabelField is a regular cubic grid with the same dimensions as the
underlying image volume. For each voxel it contains a label indicating the region that the
voxel belongs to.
Lanczos The interpolation method Lanczos approximates a low pass filter and is the slowest
but most accurate method for applying a transformation or merging data.
LandmarkView
This module displays a landmark set, e.g. of control points, as small
spheres.
Lineset A LineSet data object is able to store independent line segments of variable length.
Material
The Material is an essential part of the LabelField. Each segmented structure of
an object to be reconstructed is stored in this special subdirectory, where certain voxels
can be assigned to a particular label that is represented by a defined color code.
Maximum filter
The maximum filter replaces the value of a pixel by the largest value of
neighboring pixels. It preserves tiny bright features on a dark background and is useful
for down‐sampling, e.g. confocal grey data.
Merge
This module works on any 3‐dimensional field on rectilinear coordinates and
merges the input data by interpolation.
MovieMaker This module can be used to create an MPEG movie or an animation
consisting of a series of 2D images in TIFF, JPEG, or PNG format.
MultichannelField
Multi‐channel objects are used to group multiple grey level images
of the same size. Display modules, e.g. OrthoSlices can be directly connected to the multi‐
channel object for simultaneous operation on all channels.
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Orthoslice
Connecting an Orthoslice module with the image data allows visualizing the
slices arbitrarily from horizontal, frontal or sagittal direction.
Pixel
Shortcut for picture element. A pixel is a single point in a graphic image.
Reformat
This object contains the transformed data set resulting from an elastic
registration.
Registration Process of finding a transformation in order to map two (or more) objects into
a common coordinate system.
• Affine/rigid registration Process of finding a coordinate transformation
between two or more images that is constrained to be affine, respectively rigid.
• Nonrigid registration
Process of finding a coordinate transformation
between two or more images that is not constrained to be rigid or affine.
Relabel This module sorts the Materials in a LabelField according to the Material list of a
template. It is also capable of merging multiple LabelFields of the same size. Moreover,
this module can be used to fill a new, empty label field with Materials from a previous
segmentation.
Resample
This module works on any 3‐dimensional field with regular coordinates. It
allows resampling the data, i.e., to enlarge or shrink the dimensions of the regular grid
while recalculating the data according to it.
scalar field
A 3‐D scalar field is a mapping R3 → R. In AMIRA, there are a several
visualization methods for them, for example pseudo‐coloring, iso‐surfacing, or volume
rendering. Whenever a given geometry is to be pseudo‐colored, any kind of scalar field
can be used (e.g. Colorwash or Isosurface).
ScanConvertNeuronTree
This module computes a surface for reconstructed neuron data.
Segmentation
Segmentation of a 3‐D image means assigning to each pixel of the image
a label describing to which region the pixel belongs. It is a prerequisite for generating
surface models or volume measurement.
Segmentation Editor
The Segmentation Editor is a tool for interactively segmenting 3‐D
image data. Image segmentation is the process of dividing an image into different
subregions (also called segments).
SkeletonGraph
“Skeleton” terms the reconstructed branching structures of neurons that
can be described as several generalized cylinders attached to each other at branching
points (Schmitt et al., 2004). The object SkeletonGraph allows researchers to segment a
neuron interactively thereby creating a skeleton of the neuron. The neuron skeleton can
be visualized using the module DisplaySkeletonGraph.
Standardization The process of creating a reference system, that represents certain
features.
SurfaceGen This module extracts a boundary surface from a LabelField.
SurfaceView This module allows visualization of triangular surfaces from a LabelField,
which can be computed using the SurfaceGen module.
Tcl Tool Command Language is a commonly used scripting language.
TissueStatistics
This module takes a uniform or stacked LabelField as well as an optional
scalar field as input and computes some statistical quantities for the regions defined in
the LabelField.
Process of data conversion from one coordinate system into another.
Transformation
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•

Affine transformation
An affine transformation preserves collinearity and
ratios of distances. Hereby, translation, rotation, reflection, scaling and shearing
are allowed.
• Nonrigid (elastic) transformation This is a nonrigid, non‐affine transformation.
With a nonrigid transformation an image can be deformed elastically, thereby
compensating local shape differences.
With a rigid transformation an object can be
• Rigid transformation
transformed using translation, rotation and/or reflection. Rigid transformations
do not change the structure of an object, meaning that the distances between all
points remain constant.
Transformation parameters The resulting transformation parameters of a registration. For
example, a rigid registration results in a 9 DOF matrix (respectively 3 DOF for rotation,
translation and scaling). The nonrigid registration results in a deformation field (compare
Fig. 11).
TransformEditor The transform editor allows researchers to interactively shift, rotate,
and/or scale a data set relative to another data set or a reference coordinate system.
VectorField A vector field contains the information about the position of each vector in a
3‐D space.
Vertex In computer graphics, objects are often represented as triangulated polyhedra in
which a vertex is associated with three spatial coordinates and with other graphical
information necessary to render the object correctly, such as color, transparency or
texture coordinates.
VertexView This module allows users to visualize arbitrary vertex sets that occur as part
of objects of other types, e.g. Surfaces or Line Sets.
Voxel
Made up of the words volumetric and pixel. A voxel is a volume element,
representing a value on a regular grid in a three dimensional space.
VRML This is a file format for storing 3D geometries. The format is especially popular for
web or internet applications.
VRML‐Export
This module allows to export surface objects into VRML files.
Wrap
This filter of the Image Segmentation Editor of AMIRA interpolates a selection of
slices using an algorithm based on scattered data interpolation with radial basis
functions.
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Appendix A: Staining protocols

In order to reliably reproduce distinct, intense and selective NADPH diaphorase
staining and NOS immunostaining as well as proper Phalloidin‐staining and α‐synapsin
immunostaining on thick sections and in wholemounted locust brains, established staining
protocols were modified and adapted for the locust brain. The staining protocols summarize
the optimized methods used and described in the preceding chapters. Here, the different
steps are clearly arranged to serve as suitable master copy.

Table 1: Abbrevations
DAB

Diaminobenzidine tetrahydrochloride

FA/PBS Formaldehyde/0.1 M PBS, pH 7.4
GAM

goat anti‐mouse

GAR

goat anti‐rabbit

NGS

Normal goat serum

ON

over night

PAP

Peroxidase‐antiperoxidase

PBS

Phosphate buffer

RT

Room temperature

TBS

Trisbuffered saline (0.1 M Tris‐HCl/0.3 M NaCl, pH 7.4)

TrX

Triton X‐100
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NADPH diaphorase histochemistry on frozen sections
step

method

material

temperature

time

1

preparation

hyptotonic saline

on ice

2

fixation

methanol/formalin

ice‐cold

45 minutes

3

cryoprotection

20% sucrose/0.01 M PBS

ice‐cold

at least 4 hours

4

Embedding

Jung Tissue Freezing Medium

ice cold

5

Cutting

cryomicrotome, chrome alum/
gelatin‐coated microscope slides

ice cold

6

Storing
(if required)

7

specification

8

‐ 50°C

ON

sodium acetate/acetic acid buffer,
pH 4.0
wet chamber

8°C

15 minutes

washing

0,1 M Tris‐HCl, pH 7,2
wet chamber

RT
(step 8‐10: use
cold solutions
(8°C))

10 minutes

9

enhancing the
permeability

0.1 M Tris‐HCl containing 0.2%
TrX, pH 8.0
wet chamber

RT

10 minutes

10

incubation

0.2‐1.0 mM –NADPH, 0.2 mM
nitroblue tetrazolium
in 0.1 M Tris‐HCl containing 0.2%
TrX, pH 8.0
wet chamber

RT

45 minutes up to
5 hours

11

stop reaction

distilled water

RT

12

dehydration

ascending alcohol series: 50%, 70%,
90%, 95%, 2 × 100%
2 × Xylol

RT

13

embedding

Entellan
coverslips
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NOS immunocytochemistry using the peroxidase‐antiperoxidase technique
step

method

material

temperature

time

1

preparation

hyptotonic saline

RT

2

fixation

picric acid‐formaldehyde

4°C

ON

3

washing

0.1 M PBS

RT

4 × 15 minutes

4

Embedding

gelatin‐albumin
for hardening: 8% FA/PBS

8°C

ON

5

Cutting

vibrating‐blade microtome

6

washing

TBS containing 0.1% TrX

7

preincubation

TBS containing 0.5% TrX
5% NGS

RT

1 hour

8

incubation
primary antibody

α ‐uNOS antibody (1:100–1:500)
7.5% milkpowder
in TBS containing 0.5% TrX

RT

ON
or
up to 3 days

9

washing

TBS containing 0.1% TrX

10

incubation
secondary antibody

GAR IgG (1:40)
1% NGS
in TBS containing 0.5% TrX

11

washing

TBS containing 0.1% TrX

12

PAP‐complex

rabbit PAP (1:300)
1% NGS
in TBS containing 0.5% TrX

13

washing

TBS containing 0.1% TrX

14

DAB‐reaction

0.03% 3,3‐DAB
0.025% H2O2 in TBS

15

washing

TBS containing 0.1% TrX

16

mounting

chrome alum/gelatin‐coated
microscope slides

17

dehydration

ascending alcohol series

18

embedding

Entellan
coverslips

3 × 10 minutes

4°C

3 × 10 minutes
RT

3 × 10 minutes
RT

1 hour

3 × 10 minutes
RT
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Phalloidin‐staining and α‐synapsin immunostaining on thick sections
step

method

material

temperature

time

1

preparation

hyptotonic saline

RT

2

fixation

4% FA/PBS

4°C

ON

3

washing

0.1 M PBS

RT

4 × 15 minutes

4

Embedding

gelatin‐albumin
for hardening: 8% FA/PBS

8°C

ON

5

Cutting (100 ‐300 μm)

vibrating‐blade microtome

6

washing

0.1 M PBS

7

preincubation

0.1 M PBS containing 0.3% TrX
5% NGS

RT

2‐3 hours

8

incubation
primary antibody

α‐synapsin antibody (1:50)
Alexa Fluor Phalloidin (0,2 units)
1% NGS
in 0.1 M PBS 0.3 TrX

4°C

2‐5 days
this and all
following steps:
darken!

9

washing

0.1 M PBS

10

incubation
secondary antibody

Cy5‐GAM (1:300)
1% NGS
in 0.1 M PBS containing 0.3% TrX

11

washing

0.1 M PBS

8 × 10 minutes

12

dehydration

ascending alcohol series
or 60% glycerol/0.1 M PBS

5 minutes each
1 hour, proceed
with step 15

13

prepare for clearing

50% ethanol/50% methyl salicylate
(glass container!)

5 minutes

14

clearing

methyl salicylate (glass container!)

30‐45 minutes

15

mounting

chrome alum/gelatin‐coated
microscope slides

16

embedding

Permount
or 80% glycerol/0.1 M PBS

6 × 10 minutes

8 × 10 minutes
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α‐synapsin immunostaining in Wholemounts
(italic type indicates additional neurobiotin labeling – neurobioti injection assumed)
step

method

material

temperature

time

1

prefixation

4% FA/0.1 M PBS

RT

1 hour

2

preparation

hyptotonic saline

RT

3

fixation

4% FA/0.1 M PBS

4°C

ON

4

washing

0.1 M PBS

RT

4 × 15 minutes

5

permeabilisation

1 mg/ml collagenase‐dispase
in 0.05 TBS, pH 7.6

RT

1 hour

6

washing

0.1 M PBS containing 0.3% TrX

7

preincubation

5% NGS
0.02% sodium azide
in 0.1 M PBS containing 0,3%TrX

4°C

ON

8

incubation
primary antibody

α‐synapsin antibody (1:50)
1% NGS
0.02% sodium azide
in PBS 0.1M 0.3 TrX

4°C

5‐6 days

9

washing

1 M PBS containing 0,3%TrX

10

incubation
secondary antibody

Cy5‐GAM (1:300)
Cy3‐conjugated streptavidin (1:1000)
1% NGS
0.02% sodium azide
in PBS containing 0.3% TrX

11

washing

1 M PBS containing 0,3%TrX

6 × 20 minutes

12

dehydration

ascending alcohol series
25%, 50%, 70%, 90%, 95%, 100%

15 minutes each

13

prepare for clearing

50% ethanol/50% methyl salicylate
(glass container!)

15 minutes

14

clearing

methyl salicylate (glass container!)

35‐45 minutes

15

mounting

between two glass cover slips,
seperated by spacing rings

16

embedding

Permount

6 × 20 minutes

6 × 20 minutes
RT

2‐3 days
this and all
following steps:
darken!

keep in dark
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Appendix B: Color codes of the segmented neuropils
Each segmented neuropil structure was assigned to a respective color code. Here, the
color codes of all reconstructed neuropils in the brain of the locust Schistocerca gregaria are
listed. Neuropils composing the standard brain are highlighted in grey. * The midbrain
neuropil comprises the neuropils # 25, 26, 42‐49. l left, r right.

#

Neuropil

color code

1, 2

Lamina l, r

0.13/0.85/1

3, 4

Medulla l, r

0.16/1/1

5, 6

Dorsal rim area of the lamina l.r

0.08/1/1

7, 8

Dorsal rim area of the medulla l.r

0.08/1/1

9, 10

Accessory medulla l, r

0.16/0.4/1

11, 12

Anterior lobe of the lobula complex l, r

0.13/1/1

13, 14

Dorsal lobe of the lobula complex l, r

0.1/1/1

15, 16

Inner lobe of the lobula complex l, r

0.05/1/1

17, 18

Outer lobe of the lobula complex l, r

0.12/0.6/1

19

Upper unit of the central body

0.3/0.8/0.25

20

Lower unit of the central body

0.3/0.8/0.6

21, 22

Nodulus l, r

0.3/0.2/1

23, 24

Protocerebral bridge l, r

0.3/0.5/1

25, 26

Lateral accessory lobe l, r

0.45/0.8/0.8

27, 28

Pedunculus l, r

0/1/0.8

29, 30

Primary calyx l, r

0/1/0.6

31, 32

Accessory calyx l, r

0.95/0.8/0.8

33, 34

Lateral horn l, r

0.8/0.8/0.88

35, 36

Upper unit of the anterior optic tubercle l, r

0.12/0.8/0.8

37, 38

Lower unit of the anterior optic tubercle l, r

0.15/0.4/0.9

39

Midbrain neuropil *

0/0/0.7

40, 41

Antennal lobe l, r

0.6/1/0.45

42, 43

Glomerular lobes l, r

0.5/0.5/0.8

44, 45

Median crescent l, r

0.58/0.8/0.8

46, 47

Antennal mechanosensory and motor centers l, r

0.55/0.3/0.95

48, 49

Tritocerebrum l, r

0.155/0.4/0.96
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Appendix C: Comparison of the ISA‐ and VIB‐standard brains:
visualization of the centers of gravity
In order to compare the absolute locations of the centers of gravity of the original brains
and the averaged standard brains, the centers of gravity were calculated and displayed
within a common coordinate system. Therefore, all brains were normalized relative to the
centers of their entire labelfield, which was set as zero point. The following diagrams (pp.
133‐135) show the position of the center of a respective neuropil in a two‐dimensional view
from frontal, horizontal and sagittal. In doing so, the interindividual variability of the
position of the neuropils was depicted. Obviously, both standard brains represents
equivalent good averages of the distribution.
coordinates of the respective neuropil of the original brain reconstructions
coordinates of the respective neuropil of the VIB standard brain
▲

coordinates of the respective neuropil of the ISA standard brain

xDC, yDC, zDC = distances of the centers of a particular neuropil from the center of the
entire labelfield in x,y,z‐direction, respectively x,y,z‐coordinates of the center of the
respective neuropil. For abbrevations of the neuropils see Table 1.
Table 1: Abbrevations: neuropils of the locust brain
Me

Medulla

AMe

Accessory medulla

ALo

Anterior lobe of the lobula complex

DLo

Dorsal lobe of the lobula complex

ILo

Inner lobe of the lobula complex

OLo

Outer lobe of the lobula complex

DRMe

Dorsal rim area of the medulla

CBL

Lower unit of the central body

CBU

Upper unit of the central body

No

Nodulus

PB

Protocerebral bridge

P

Pedunculus

PCa

Primary calyx

ACa

Accessory calyx

LH

Lateral horn

AOTuLU

Lower unit of the anterior optic tubercle

AOTuUU

Upper unit of the anterior optic tubercle

AL

Antennal lobe
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