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Abstract

Endogenous clocks regulate physiological as well as behavioral rhythms within all organisms.
They are well investigated in D. melanogaster on a molecular as well as anatomical level. The
neuronal clock network within the brain represents the center for rhythmic activity control.

One neuronal clock subgroup, the pigment dispersing factor (PDF) neurons, stands out for
its importance in regulating rhythmic behavior. These neurons express the neuropeptide PDF
(pigment dispersing factor). A small neuropil at the medulla’s edge, the accessory medulla
(AME), is of special interest, as it has been determined as the main center for clock control.

It is not only highly innervated by the PDF neurons but also by terminals of all other clock
neuron subgroups. Furthermore, terminals of the photoreceptors provide light information to
the AME. Many different types of neurons converge within the AME and afterward spread
to their next target. Thereby the AME is supplied with information from a variety of brain
regions. Among these neurons are the aminergic ones whose receptors’ are expressed in the
PDF neurons. The present study sheds light onto putative synaptic partners and anatomical
arrangements within the neuronal clock network, especially within the AME, as such knowledge
is a prerequisite to understand circadian behavior.

The aminergic neurons’ conspicuous vicinity to the PDF neurons suggests synaptic commu-
nication among them. Thus, based on former anatomical studies regarding this issue detailed
light microscopic studies have been performed. Double immunolabellings, analyses of the spa-
tial relation of pre- and postsynaptic sites of the individual neuron populations with respect
to each other and the identification of putative synaptic partners using GRASP reenforce
the hypothesis of synaptic interactions within the AME between dopaminergic/ serotonergic
neurons and the PDF neurons.

To shed light on the synaptic partners I performed first steps in array tomography, as it
allows terrific informative analyses of fluorescent signals on an ultrastructural level. Therefore,
I tested different ways of sample preparation in order to achieve and optimize fluorescent signals
on 100 nm thin tissue sections and I made overlays with electron microscopic images.

Furthermore, I made assumptions about synaptic modulations within the neuronal clock
network via glial cells. I detected their cell bodies in close vicinity to the AME and PDF-
containing clock neurons. It has already been shown that glial cells modulate the release of
PDF from s-LNvs’ terminals within the dorsal brain. On an anatomical level this modulation
appears to exist also within the AME, as synaptic contacts that involve PDF-positive dendritic
terminals are embedded into glial fibers. Intriguingly, these postsynaptic PDF fibers are often
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Abstract

part of dyadic or even multiple-contact sites in opposite to prolonged presynaptic active zones
implicating complex neuronal interactions within the AME.

To unravel possible mechanisms of such synaptic arrangements, I tried to localize the
ABC transporter White. Its presence within glial cells would indicate a recycling mechanism
of transmitted amines which allows their fast re-provision.

Taken together, synapses accompanied by glial cells appear to be a common arrangement
within the AME to regulate circadian behavior. The complexity of mechanisms that contribute
in modulation of circadian information is reflected by the complex diversity of synaptic ar-
rangements that involves obviously several types of neuron populations.
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Zusammenfassung

Endogene Uhren steuern sowohl physiologische als auch verhaltensbedingte Rhythmen bei
allen Organismen. In D. melanogaster sind sie nicht nur auf molekularer sondern auch auf
anatomischer Ebene bereits gut erforscht. Das neuronale Uhrnetzwerk im Gehirn stellt das
Zentrum der Steuerung der rhythmischen Aktivität dar.

Eine Uhrneuronengruppe sticht allein schon durch ihre besonderen anatomischen Eigen-
schaften hervor. Diese Neurone exprimieren das Neuropeptid PDF (pigment dispersing factor),
welches zudem besonderen Einfluss auf die Lokomotionsaktivität der Fliege hat. Ein kleines
Neuropil am Rande der Medulla, die akzessorische Medulla (AME) ist von besonderem In-
teresse, da neben seiner intensiven Innervation durch die PDF-Neurone auch Terminale aller
anderen Uhrneuronengruppen zu finden sind. Zudem wird sie durch Terminale der Photorezep-
toren mit Informatonen über die Lichtverhätnisse versorgt. Die AME erreichen des Weiteren
Informationen aus vielen anderen Hirnregionen. Eine Vielzahl von Neuronentypen laufen in
ihr zusammen, um sich anschließend wieder in verschiedenste Hirnareale zu verteilen. So wird
die AME auch durchzogen von Fasern mit aminergem Inhalt, dessen Rezeptoren wiederum auf
den PDF-Neuronen zu finden sind. Die vorliegende Arbeit gibt Aufschluss über vermutliche
synaptische Partner und anatomische Anordnungen innerhalb des neuronalen Uhrnetzwerkes,
insbesondere innerhalb der AME. Solch Wissen stellt eine Grundvoraussetzung dar, um zirka-
dianes Verhalten verstehen zu können.

Die auffällige Nähe der aminergen Neurone zu den PDF Neuronen lässt eine synaptische
Interaktion zwischen ihnen vermuten. Deshalb wurden basierend auf vorangegangen Stu-
dien detailiertere Untersuchungen dieser Thematik durchgeführt. So wird die Hypothese über
synaptische Interaktionen innerhalb der AME zwischen dopaminergen/ serotonergen Neuro-
nen und den PDF Neuronen bestärkt mittels Doppelimmunofärbungen, gegenüberstellende
Analysen über die räumlichen Nähe von prä- und postsynaptischen Stellen der jeweiligen
Neuronenpopulationen und durch die Identifikation vermutlicher synaptischer Partner unter
Verwendung von GRASP.

Zur möglichen Identifikation der synaptischen Partner unternahm ich erste Schritte in der
Array Tomographie, welche hochinformative Analysen von fluoreszierenden Signalen auf einem
ultrastrukturellen Level ermöglicht. Dazu testete ich verschieden Wege der Gewebepräpara-
tion, um Flureszenzsignale zu erhalten bzw. zu optimieren und bildete erste Überlagerungen
der Fluoreszenz- und Elektronenmikrskopbilder.
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Zusammenfassung

Die Auswertung der elektronenmikroskopischen Bilder erlaubten Mutmaßungen über mö-
gliche synaptische Modulationen innerhalb des neuronalen Uhrnetzwerkes durch Gliazellen.
Ihre Zellkörper fand ich in unmittelbarer Nähe zu den PDF Neuronen. Im dorsalen Hirn
wurden neuronale Modulationen an den kleinen PDF Neuronen durch Gliazellen bereits fest-
gestellt. Auf anatomischer Ebene scheint diese Modulation auch innerhalb der AME zu er-
folgen, da synaptische Kontakte, welche PDF-positive Dendriten involvieren, von Gliafasern
umgeben sind. Interessanterweise sind diese postsynaptischen PDF Fasern dabei oftmals Teil
dyadischer oder sogar multipler Kontakte, die sich gegenüber einer ausgedehnten aktiven Zone
befinden.

Um mögliche Mechanismen solcher synaptischer Anordnungen zu erklären, versuchte ich
den ABC Transporter White im Hirn von Drosophila zu lokalisieren. Seine Präsenz in Gli-
azellen würde auf einen Recyclingmechanismus hindeuten, welcher eine schnelle Wiederbere-
itstellung des Transmiters ermöglichen würde.

Zusammengefasst scheinen Synapsen mit postsynaptischen PDF-Neuronen in Begleitung
von Gliazellen, ein gebräuchliches synaptisches Arrangement innerhalb der AME dazustellen.
Diese komplexe Diversität der synaptischen Anordnung reflektiert die komplexen Mechanis-
men, welche der Verarbeitung der zirkadianen Informationen zugrunde liegen.
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1. Introduction

Physical and chemical phenomenons shape life on our planet. They are responsible for dynamic
changes of environmental conditions. These changes occur usually not arbitrarily, but in
certain rhythms causing regularity and orderliness. This enabled organisms to develop an
ingenious molecular system in many of their cells. The so-called molecular clock comprises a set
of clock proteins interacting and regulating each other. The cellular clock protein constellation
responds to external factors, such as light or temperature. This interplay gives rise to an
endogenous clock allowing organisms to schedule their behavioral and metabolic activities to
optimal times of the solar cycle. Beside light and temperature, several social aspects and
food availability play a role in regulating the organisms’ sleep and wake cycles to be just
in time. Those cycling environmental cues are termed “Zeitgeber”. Due to the circa 24 h
rotation of the earth around itself, light differs in its intensity and composition during one
light-dark cycle, meaning one day. This implicates the Zeitgeber light as one of the most
important exogenous factors setting the circadian clock in organisms and therefore mostly
contributes to the organism’s behavioral adaptability to the 24 h cycle of a day. In higher
organisms light is perceived by the eyes and forwarded to higher brain centers such as the
hypothalamic suprachiasmatic nucleus (SCN) in vertebrates (reviewed by Vosko et al., 2007).
This small hypothalamic brain region has been denoted as the central circadian oscillator
in mammals. It is responsible for daily behavioral and endocrine rhythms. Furthermore it
keeps local clocks of peripheral organs such as heart, liver, and kidneys in synchrony with
each other (review Kyriacou & Hastings, 2010). Some agent or mechanism must be involved
that synchronizes the SCN neurons in order to ensure robust population signals from these
nuclei. The discovery of different neuropeptides expressed in the SCN may partly answer the
question of how SCN neurons communicate temporal information. Vasopressin and vasoactive
intestinal peptide (VIP) are such neuropeptides expressed in distinct cell populations within
the SCN. Especially VIP has been examined for its physiological roles. It appears not only
to act as the major synchronizing agent among the pacemaker neurons but also synchronizes
them with light cues. Furthermore, VIP is putatively the modulator of molecular oscillations
within individual endogenous timing systems (from review Vosko et al., 2007). As the mouse
SCN consists of more than 10,000 neurons that constitute a complex neuronal system, which
is furthermore hard to genetically manipulate, researchers examine circadian behavior and
anatomical organization on smaller and less complex brains such as the brain of the fruit fly
Drosophila melanogaster. Fruit flies played an important role for the identification of clock
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1. Introduction

genes. The molecular clock of organisms has been found to be highly conserved throughout
living beings. Despite slightly different terms of clock proteins, the core clock proteins fulfill
similar functions. The molecular clock regulates circadian behavior invariably via two negative
feedback loops, that produce self-sustained circadian oscillations in individual clock cells. In
Drosophila, a first loop regulates cyclic expression of period (per) and timeless (tim). A second
one regulates the transcription of clock (clk) and cycle (cyc). Parallels beween vertebrates
and invertebrates have been also found on the neuropeptide level. The mammalian VIP has
a functionally related neuropeptide in hemi- (such as grasshoppers) as well as holometabole
insects (such as the fruit fly). This neuropeptide denoted as PDF fulfills critical functions
in synchronizing clock neurons of the neuronal clock network in several insects (Stengl &
Homberg, 1994; Sauman & Reppert, 1996).

1.1. The circadian clock in Drosophila - an outstanding model
system

For examinations of the circadian clock’s physiology and neurobiology, D. melanogaster is a fa-
vorable model system due to its amenability to genetic, molecular, anatomical and behavioral
techniques. The development of binary transcriptional expression systems like the Gal4/UAS-
system (Brand & Perrimon, 1993) or the LexA/LexAop-system (Lai & Lee, 2006) opened
new doors for manipulations on the genome by enabling targeted expression of cloned genes
(Sec. 1.1.1). As the total number of about 200.000 neurons is vastly smaller than the expected
value of 12 billion neurons in a generic rodent brain (Herculano-Houzel, 2009), investigations
of brain structures in Drosophila are much simpler. In combination with the simplicity of
genetic techniques, these studies promote the elucidation of anatomical structures and con-
nectivity of the fly’s clock neurons as well as its aminergic system that has been implicated
in clock modulating functions. The availability of good characterizations and descriptions of
neuronal projection and arborization patterns will support further detailed anatomic studies.
Furthermore, D. melanogaster was an adjuvant model during clarification of the molecular
mechanisms of the circadian clock, input pathways of light as well as some of the output
pathways such as locomotor activity and eclosion. The remarkably high conservation of the
molecular clock components between fruit flies and mammals is a further reason that makes
D. melanogaster such a popular model system. Last but not least, its easy handling, high
reproduction and high amount of offspring are great aspects as an ideal model organism.

1.1.1. Targeted gene expression in D. melanogaster

Binary expression systems are most popular genetic tools and very powerful techniques for
genome manipulations in D. melanogaster. Due to targeted gene expression, they allow in-
vestigations of specific cell populations and tissues. The technique combines two different
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1.1. The circadian clock in Drosophila - an outstanding model system

genomic constructs comprising a transcription factor and a factor that activates gene expres-
sion in one fly. Neither transcription factor nor the gene expression activating factor exist
naturally in the fly. By inserting them into the genome of D. melanogaster every single cell
would theoretically be capable to express the artificially inserted constructs. But their expres-
sion is restricted specifically. The transcription factor or “driver” is fused to the promoter of
a gene, which features the cell group of interest. It will then activate the second module, the
“reporter”, exclusively in this particular subset of cells.

1.1.2. The combination of binary expression systems enables the utilization of
GRASP

The GAL4/UAS-system from yeast Saccaromyces cerevisiae (Brand & Perrimon, 1993) and
the LexA/LexAop-system from bacteria (Lai & Lee, 2006) are representatives of this method.
In yeast or bacteria, GAL4 or LexA bind to upstream activating sequence (UAS) or LexA
operator (lexAop) of other genes thereby activating transcription. Neither GAL4 and UAS
sequences nor LexA and lexAop sequences exist in the genome of D. melanogaster and thus
can be used for controlled gene expression in specific subsets of cells.

In the context of the present study, binary expression systems were used in order to reveal
innervation patterns of the PDF-, dopamine (DA)-, and serotonin (5HT)-system including their
pre- and postsynaptic features. By combination of GAL4- and LexA-based binary expression
systems two different cell populations could be manipulated at once, allowing the performance
of GFP reconstitution across synaptic partners (GRASP). GRASP is a novel method for labeling
membrane contacts and synapses between two cells, thus offering a new tool assessing nearest
neighbors across the cell membrane. It has been first invented by Feinberg et al. (2008) for C.
elegans and established for D. melanogaster by Gordon & Scott (2009). Benefiting from binary
expression systems it uses splitted green fluorescent protein (GFP) fragments as reporter genes,
one fused to the UAS-promoter and the other fused to the lexAop-promoter. GFP consists of
11 β-sheets forming a cylinder, that houses an α-helix structure with the fluorochrome. For
GRASP the GFP was splitted in that way, that the one fragment consist of a single β-sheet and
the other one comprises the remaining 10 β-sheets including the α-helix with the fluorochrome.
As the fragments are supposed to be presented extracellularly they have been tethered to the
plasma membrane by fusion to the human T cell protein CD4 (Feinberg et al., 2008). It is
proposed that assembly of the two complementary GFP fragments occurs at sites wherever the
GAL4- and LexA-expressing cell populations reach proximity that is as close as the gap length
of a synaptic cleft. The resulting functional GFP molecule emits fluorescent signals indicating
sites of putative synaptic interactions among neurons but also neuron-glia interactions.
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1. Introduction

1.2. PDF-containing neurons within the context of the neuronal
clock network in D. melanogaster

Kleinholz (1936) described for the first time a light adapting hormone in prawns, that mediates
phasic responses of the crustacean pigments in a circadian manner (Fingerman & Fingerman,
1977; Larimer & Smith, 1980). As it is responsible for chromophoral pigment dispersion in
the eye stalks (Kleinholz, 1936), it has been termed as β-pigment dispersing hormone (PDH)
(Kleinholz et al., 1986). Insects contain structural orthologs called PDF. The peptide sequence
of 18 amino acids of the lubber grasshopper PDF shows 78% homology with the fiddler crab
β-PDH, which is also an octadecapeptide (Rao et al., 1987). Their structural relation enabled
the use of antisera against crustacean β-PDH (Dircksen et al., 1987) for immunocytologi-
cal studies throughout the insecta phyla, including thysanura, palaeopteran, paraneopteran,
polyneopteran, and holometabolous insects, whereas orders of the latter two have been studied
most intensively (Fig. 1.1). As several detailed studies compare the system of cells and fibers
containing PDH-like material within and among different cohorts and orders (Homberg et al.,
1991b; Sehadová et al., 2003; Závodská et al., 2003), in the following this report will only
roughly summarize the most obvious commonalities and differences. In insect brains three
major clusters containing PDH-like material have been described (Sehadová et al., 2003). Two
of them are located at the posterior edge of the lamina, in a dorsal and ventral position at the
distal edge of the medulla (ME), the distal posteriodorsal (Dpd) and distal posterioventral (Dpv)
cluster. A third cluster, the proximal frontoventral (Pfv) cluster is located at the anterior edge
of the ME, adjacent to the accessory medulla (AME), a small neuropil located at the boundary
between the lateral protocerebrum and the optic lobe. All species studied against this back-
ground so far display the characteristic Pfv cluster, except for moths (Homberg et al., 1991a;
Sauman & Reppert, 1996). It is usually comprised of a set of smaller and larger perikarya;
exceptions are bumblebees (Weiss et al., 2009) and beetles (Frisch et al., 1996). Independently
of the number of optical lobe clusters, theses cells mainly innervate the optic lobe (OL) and
central brain. Thereby ME as well as AME and the dorsal protocerebrum with terminals close
to the lateral horn (LH) are innervated throughout all studied insect taxa. In addition, PDH
positive fibers connect the bilateral optic lobes with each other in most species.

Beside varying numbers of the PDH-immunoreactive (IR) optical lobe cell clusters, in-
terspecific differences in the immunoreactive staining pattern concern especially the amount
of immunoreactive cells and the arborization network of PDH-positive neurons in the central
brain. Among the cohort Polynoptera, all representatives studied exhibit the obviously homol-
ogous triple set of optical lobe clusters, Dpd, Dpv, and Pfv, respectively. Stoneflies and mantids
constitute an exception as they display only the Pfv cluster (Závodská et al., 2003; Sehadová
et al., 2003), just as it is typical for holometabolous insects of Hymenoptera, Trichoptera and
Diptera. Moths and beetles therefore, show different features. Two species of Lepidoptera,
Manduca sexta with no Pfv cluster (Homberg et al., 1991a; Wise et al., 2002) and the silk-
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Figure 1.1: PDH-like immunoreactive neurons have been characterized in several insect species
Cladogram represents putative phylogenetic relationships between extant hexapod orders. The PDH-
immunoreactive neurons have been anatomically described and characterized for some represents of colored
orders of thysanuran, palaeopteran, polyneopteran, paraneopteran and holometabolous insects (respective ref-
erences beneath). Therefore the antisera against crustacean β-PDH (Dircksen et al., 1987) was used. Represen-
tatives of those orders which have three OL clusters are shaded in red, those with one OL cluster are shaded in
green. As moths represent an exception, this order is shaded in grey. Modified from Mayhew (2002).
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moth with a Pfv-like cluster reduced to two pairs of perikarya, display otherwise several small
PDH-IRs cell clusters throughout the central brain. Beetles differ even from another (despite
their close taxonomic relationship) within their own taxa regarding the presence of the Dpd

and Dpv cluster. Whereas Pachymorpha sexguttata displays both (Frisch et al., 1996), in the
goldsmith beetle they are missing (Závodská et al., 2003).

The species specific projection patterns differ in a higher variability and there are no
typical features restricted to the one or other cohort. Therefore the focus lays on one of
the simpler and more neatly arranged PDH networks, that can be found among the insect
phyla. It is generated by the dipterous insect species D. melanogaster, comprising only 16 of
such neurons (Fig. 1.2). Helfrich-Förster & Homberg (1993) described and characterized these
lateral located cells first. Positioned at the anterior base of the ME, they obviously represent
the homologous cell group to the Pfv cluster observed in other species. The bilaterally paired
neurons are distinguished into small and large PDF neurons due to different sizes of their
perikarya. Either of the clusters is comprised of four cells. Detailed immunocytochemical
studies and the availability of cell group specific GAL4 lines enabled the distinction of their
projection pattern. Processes originating from the large PDF neurons project ventrally and
posteriorly invading the AME sending fibers into the AME’s ventral elongation (VE) and the first
optic neuropil, the ME. Within the distal ME layer the PDF-IR fibers form a dense network with
varicosities, button-like structures indicative for peptide release. This network is comprised of
ipsilateral as well as contralateral processes.
Within the distal ME layer the PDF-IR fibers form a dense network with varicosities, button-
like structures indicative for peptide release. This network is comprised of ipsilateral as well
as contralateral processes. The VE of the AME is shaped exclusively by ipsilateral fibers of
the large PDF neurons. They run posteriorly at the edge of the ME and enter the ME at its
serpentine layer (Helfrich-Förster, 1997). Such PDF fibers expose low to no varicose structures,
indicating their putative dendritic nature (Helfrich-Förster et al., 2007; Nicolaï et al., 2010).
Furthermore, fibers of the large PDF neurons join the POC, forming a link to the contralateral
OL. They form no additional arborizations within the central brain (Helfrich-Förster et al.,
2007) and pass the contralateral AME terminating in the distal ME.

Fibers of the small PDF neurons are assumed to have their dendritic terminals within
the ipsilateral AME and present varicose terminals in the dorsal lateral brain, indicating a
second PDF release site. As a matter of fact electron microscopic examinations of the dorsal
ramifications confirmed this region as a PDF release site (Yasuyama & Meinertzhagen, 2010).
Colabellings with the core clock protein Period (Per) and its co-locaization with PDF-IR revealed
the PDF-positive (PDF+) neurons to represent a subpopulation of the 150 pacemaker neurons
described in Drosophila (Helfrich-Förster, 1995). This coexpression of per and pdf has also
been examined in other insect species, but so far only found in cockroaches, honeybees and
ants (Wen & Lee, 2008; Beer et al., 2018; Kay et al., 2018).

The neuronal clock network of D. melanogaster is comprised of two main clusters of
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Figure 1.2: Neuronal projection pattern of the PDF-positive clock neurons in adult brains of D.
melanogaster Consistent with former studies (Helfrich-Förster & Homberg, 1993; Helfrich-Förster et al.,
2007) PDF is expressed in a subset of lateral clock neurons (LNs), according to their ventral position denoted
as ventral LNs (LNvs) (A). The inhomogeneity in cell body size lead to further differentiation resulting in
large and small LNv (l- and s-LNv). Each group comprises 4 cells per hemisphere (arrows in A). Projections of
the l-LNvs innervate the medulla (ME), the accessory medulla (AME) of both the ipsi- and contralateral side,
form ipsilaterally the ventral elongation (VE) (B,E,F) that enters the ME posterior in the serpentine layer.
Furthermore they connect both hemispheres by sending fibers via the posterior optic commissure (POC) to
the contralateral hemisphere. The s-LNvs therefore form presumptive dendritic structures within the AME.
Their dorsal projections (dp) passing the lateral horn terminate dorsally (dt) of the calyx housing synaptic
structures (Yasuyama & Meinertzhagen, 2010). Dendritic structures of the l-LNvs are not well studied until
today. Dendritic-like structures appear to arise from the cell bodies (arrowheads in C,D). Scale bar = 50 µm
in A (applies to B), 10 µm in C (applies to D), 20 µm in E (applies to F)

pacemaker neurons either located in the superior CBR (SCBR) or lateral cell body rind (LCBR).
As nomenclature was effected by the position of cell bodies, they were denoted as dorsal clock
neurons (DNs) or LNs. Both clusters are further subdivided; the DNs into DN1, DN2, and DN3;
the LNs into lateral posterior neurons, dorsal LN (LNd), and LNv. Latter cell cluster includes
the neurons containing the neuropeptide PDF and, as mentioned above, due to different cell
body sizes, they are classified into s-LNv and l-LNv. The s-LNv cluster is actually build of
five neurons, but only four of them express the neuropeptide PDF. Therefor the non-PDF

containing s-LNv has been denoted as the 5th s-LNv (Helfrich-Förster et al., 2007).
Detailed light microscopic studies unraveled more and more innervation and projection
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patterns of the respective neuronal pacemaker subsets. Especially two brain regions are in-
vaded by the pacemaker’s fibers, the AME and dorsal protocerebrum. Apart from the l-LNv,
the dorsal protocerebrum is innervated by all clock neurons. They are putatively synaptically
connected among each other but more obviously appear to serve dorsal located locomotor
and sleep centers with circadian information. Beside the PDF+ l-LNv and 5th s-LNv, the AME

comprises terminals originating from representatives of each ipsilateral neuronal clock cluster.
In addition, contralateral l-LNv and LNd terminals appear to complement the network of clock
neurons within the AME (Helfrich-Förster et al., 2007; Schubert et al., 2018).

Looking at the PDF neurons within the context of the neuronal clock network, they are
especially remarkable as they feature some anatomical specifics unique within the neuronal
network. Their beneficial lateral position close to the OL lets assume the reception of direct
light input. Furthermore, one set of PDF neurons innervates and thereby links five important
regions, whose interplay is apparently relevant for comprising a working endogenous clock.
There is the dorsal protocerebrum housing sleep and locomotor centers, the ipsi- and con-
tralateral AME comprising a dense network of many pacemaker neurons, thereby incorporating
partly ipsi- as well as contralateral terminals, and the optic neuropils of both hemispheres.
As the photoreceptor cells 7 and 8 and the Hofbauer-Buchner eyelet (HB-eyelet) were found to
terminate within the distal medulla and AME, the PDF neurons appear to be favorable repre-
sentative to receive direct light input within the OL as well as within the AME and propagate
the information of this most important Zeitgeber to all other pacemakers.

As the PDF neurons combine all these special anatomical features their prominent role in
maintaining and modulating circadian locomotor activity is not surprising.

1.3. PDF within the context of the clock’s physiology

In a former publication it has been postulated, that neurons associated with brain visual
centers are good candidates to dictate the pace for daily activity rhythms (Helfrich-Förster
et al., 1998). Most likely lateral located neurons are best suited for this role. In D. melano-
gaster the group of lateral clock neurons attracted special attention due to their apparently
indispensable necessity for a normal activity pattern especially under constant conditions.
Ablation of these neurons as in disconnected (disco)-mutants causes severe deficits in free-
running behavior observed under constant darkness (DD). Under light:dark (LD) conditions
these mutants exhibit altered anticipatory behavior in response to changing conditions of
illumination (Dushay et al., 1989; Helfrich-Förster, 1998; Renn et al., 1999) . Furthermore,
the manipulation of the clock gene’s per expression levels in the LNs causes abnormal behavioral
rhythms (Kaneko et al., 2000).

Restricting genetic manipulations only to the PDF containing LNs attributes PDF signal-
ing an important role in maintaining activity under constant conditions and normal activity
patterns in LD (Renn et al., 1999; Hyun et al., 2005; Lear et al., 2005; Helfrich-Förster et al.,
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2000). pdf null (pdf01) mutants reveal deletions within the pdf -gene causing a nonsense muta-
tion and therefore lack peptide expression (Renn et al., 1999). In PDF receptor (PDFr) mutants
the receptivity for PDF within the brain is suppressed (Hyun et al., 2005; Lear et al., 2005).
Both genotypes affect PDF function and therefore cause similar deficits in eclosion phenotypes
(personal communication with Franziska Ruf) and locomotor activity such as arrhythmicity
in DD, and advanced evening peaks and reduced morning peaks in LD (Renn et al., 1999;
Hyun et al., 2005; Lear et al., 2005). Another study revealed alterations in rhythmicity and
activity levels in LD and DD, due to ectopic expression of the pdf gene in various neurons
projecting to the dorsal protocerebrum (Helfrich-Förster et al., 2000) . Based on this study it
has been suggested that PDF might act as a neuromodulator with special action in the dorsal
protocerebrum influencing and modulating the clock’s output pathways. Furthermore a syn-
chronizing function has been suggested for PDF, responsible for keeping the time in all clock
neurons. Not only the PDF neuron’s beneficial anatomical features (Sec. 1.2), but also the ex-
pression of PDFrs in apparently many of the pacemaker neurons (Shafer et al., 2008), support
this suggestion. Calcium (Ca2+) imaging experiments visualized a widespread receptivity for
PDF within the neuronal clock network. Many of the non-PDF expressing pacemaker neurons
but also the s-LNvs, and some of the l-LNvs appear to house the PDFr (Shafer et al., 2008; Im
& Taghert, 2010; Kula-Eversole et al., 2010). Gene expression in s- and l-LNvs does not only
differ in PDFr expression but also in half of their protein composition (Kula-Eversole et al.,
2010). This indicates functional differences in their physiological role.

The s-LNvs appear to play a key role in keeping rhythmicity under constant conditions
(DD), putatively due to rhythmic PDF release from their dorsal ramifications (Park et al.,
2000). Interestingly, the pdf messenger RNA (mRNA) does not cycle (Park & Hall, 1998),
therefore cyclic release of PDF seems to be controlled by the clock (Park et al., 2000). The
s-LNvs are described as the principle pacemaker cells, responsible for maintaining locomotor
activity.

The l-LNv have been demonstrated to act as wake-promoting neurons. They appear to
be involved in sleep and light-mediated arousal. This can be explained by findings of several
receptors for amines involved in sleep regulation found to be expressed by the large PDF neurons
(Sec. 1.5). Furthermore, they reveal direct sensitivity for light (Sheeba et al., 2008a,b; Fogle
et al., 2011). The l-LNv are the only clock neurons projecting into the distal ME where they
might receive direct photic input from the photoreceptor cells of the compound eye. Within
the AME they might be provided with photic input, too. The extraretinal photoreceptor,
the HB-eyelet, was shown to terminate in the AME (Hofbauer & Buchner, 1989) close to PDF-
immunoreactive fibers (Yasuyama & Meinertzhagen, 1999; Helfrich-Förster et al., 2002). At
least in the blowfly Protophormia terraenovae exists direct synaptic input from HB-eyelet cells
to PDF-IR neurons (Yasuyama et al., 2006). There is good evidence, that this might also be
the case in adult D. melanogaster (Veleri et al., 2007; Schlichting et al., 2016).

19



1. Introduction

PDF appears to play an important role not only on a circadian level, but also on a seasonal
level. It seems to be essential for adapting the flies’ activity pattern to different photoperiods
(Yoshii et al., 2009).

Hence, PDF as a peptidergic neuromodulator stands out due to its effects in clock synchro-
nization that is important for normal phasing and amplitudes of molecular timing of other
clock neurons (Helfrich-Förster et al., 2000; Peng et al., 2003; Lin et al., 2004; Yoshii et al.,
2009; Shafer et al., 2008). Furthermore, PDF is important to transduce clock signals to effector
neurons (Helfrich-Förster et al., 2000), including the modulation of neurons involved in sleep
and arousal (Sheeba et al., 2008b; Parisky et al., 2008; Shang et al., 2008). Therefore PDF is
thought to serve as linking and output factor within the neuronal clock network.

1.4. The AME – keeper of a pacemaking center

Studies of the arborization pattern of PDF expressing neurons within brains of several insect
species (Sec. 1.2) revealed an intense PDF-IR neuropil situated at the boundary between the
lateral protocerebrum and the optic lobe (reviewed in Helfrich-Förster et al., 1998). According
to a similar structure described in Trichoptera (Ehnbom, 1948; Hagberg, 1986) this anterior
appendage of the ME has been termed as “accessory medulla (AME)” in orthopteroid (Homberg
et al., 1991b) as well as in dipterous insects (Helfrich-Förster & Homberg, 1993). The AME was
assumed to be a residue of the larval visual neuropil in the imago (Ehnbom, 1948) . During
metamorphosis of holometabolous insects the larval visual center is transformed into the AME

(Homberg & Hildebrand, 1994; Ichikawa, 1994).
Transplantation experiments detected the location of circadian pacemaker at the base of

optic lobes (Handler & Konopka, 1979). During the 1990s the AME has been found to be
critical for time-keeping (Stengl & Homberg, 1994). Lesion and transplantation experiments
in cockroaches brought the AME into prominence to be the neuropil that houses the regulation
center for circadian behavior. Removing the OL including the AME with all its PDF-IR fibers
gave rise to arrhythmic behavior for the rest of the cockroaches life (Petri & Stengl, 1999).
Transplantation of an AME to a one-lobed cockroach therefore restored locomotor rhythmicity
(Petri & Stengl, 1999).

In D. melanogaster most diverse types of neurons converge in this small neuropil including
not only processes and terminals of the pacemakers, but also a variety of aminergic and pep-
tidergic neurons. Some send widely distributed projections over the OL as well as the central
brain connecting visual center and sleep- and locomotor centers. Its anatomically close associ-
ation with the optic neuropil and direct photic input via extraretinal photoreceptors (Hofbauer
& Buchner, 1989) affirms the suggestion, that the AME serves as center for connectivity and for
processes which are relevant for clock controlling information. These facts justify the AME’s
suggested role as a circadian pacemaker center.
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1.5. Sleep is modulated by the action of biogenic amines

Every organism is endued with an endogenous clock. It governs the organism’s circadian
rhythmicity in order to schedule behavior and metabolic processes to optimal times of day.
Sleep, for example, occurs not at anytime of the day but is restricted to certain time spans
fitted to the organism’s needs. Sleep is a behavior essential for survival but stays in competition
to the expression of other necessary behaviors such as feeding, reproduction or learning. The
decision to rest or to be active is an interaction of current environmental or the indiviuum’s
physiological circumstances. It is still a mystery how animals make the decision to sleep, how
this decision is influenced by other behaviors and how these processes get coordinated in the
brain.

Sleep is referred to as periods of immobility at a certain time of a circadian day (Hendricks
et al., 2000). The low responsiveness to sensory stimuli makes this resting behavior a poten-
tial life-threatening hazard. Nevertheless animals throughout the phyla frequent this state of
quiescent (Hartse, 2011), suggesting that there is crucial evolutionary advantage taking that
risk. Sleep is thought to be important for memory consolidation, synaptic downscaling, cell
repair, metabolic and immune augmentation, and the removal of toxins from the brain (re-
viewed in Axelrod et al., 2015; Crocker & Sehgal, 2010; Xie et al., 2013). It is subjected to the
control of circadian and homeostatic influences (Borbély & Achermann, 1999) and modulated
by environmental and physiological context cues. By reference to D. melanogaster resting
behavior has been documented and characterized based on certain behavioral criteria, such
as increased arousal thresholds, and equated with a sleep-like state (Hendricks et al., 2000;
Shaw et al., 2000). According to these criteria the sleep-like state could be inferred for many
animals, especially for nonmammals (Helfrich-Förster, 2018).

In Drosophila three major brain centers are implicated in the control of sleep: the hor-
monal center pars intercerebralis (PI) (Foltenyi et al., 2007; Crocker et al., 2010), the locomo-
tor center mushroom bodies (MB) (Joiner et al., 2006; Pitman et al., 2006; Yuan et al., 2006),
and the main pacemaker center the AME (Parisky et al., 2008; Sheeba et al., 2008a; Chung
et al., 2009; Lebestky et al., 2009; Shang et al., 2011). In order to unravel molecular and
genetic mechanisms involved in sleep-state control the model organism D. melanogaster was
perfectly suited for genetic screens. One of these genes encodes the enzyme Arylalkylamine
N-acetyltransferase (aaNAT), which catabolizes monoamines, including Tryptamine, DA, and
5HT (Hintermann et al., 1995). Shaw et al. (2000) suggested, based on studies with N-
acetyltransferase mutants, that monoamine catabolism is linked to the regulation of sleep and
waking in D. melanogaster. Today, Octopamine (OA), γ-aminobutyric acid (GABA), DA, and
5HT have been identified as the main neurotransmitters functioning in sleep circuitry (Crocker
& Sehgal, 2008; Parisky et al., 2008; Gmeiner et al., 2013; Kume et al., 2005; Lebestky et al.,
2009; Yuan et al., 2005). They promote either arousal or sleep by modulating membrane ex-
citability of downstream neurons. Characterizations of mRNA populations, in vitro measure-
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ments of cyclic adenosine monophosphate (cAMP) levels using a cAMP Fluorescence Resonance
Energy Transfer (FRET) reporter, immunocytochemical studies, and behavioral assays with
the respective mutants allowed the identification of OA, GABAA, and GABAB receptors espe-
cially in the large PDF-containing clock neurons (Kula-Eversole et al., 2010; Shafer et al., 2008;
Shang et al., 2008; Hamasaka et al., 2005; Chung et al., 2009; Agosto et al., 2008; Gmeiner
et al., 2013). GABA with its inhibitory features appears to promote sleep (Agosto et al., 2008;
Gmeiner et al., 2013). By contrast, OA seems to promote arousal in Drosophila (Crocker &
Sehgal, 2008; Crocker et al., 2010).

A similar effect is applicable to DA. Several studies showed that long lasting DA sig-
nals cause defects in sleep homeostasis, due to missing DA elimination mechanisms from the
synaptic cleft (Kume et al., 2005, F. Gmeiner, unpublished). There are two known ways to
terminate dopmainergic signals in Drosophila, either via metabolic enzymes primarily aaNAT

(Hintermann et al., 1995), which degrades DA, or reuptake of DA into dopaminergic presy-
naptic terminals via the Drosophila dopamine reuptake transporter (dDAT) (Pörzgen et al.,
2001). Flies missing the reuptake transporter dDAT exhibit a hyperactive phenotype with less
sleep and decreased arousal thresholds (Kume et al., 2005; Andretic et al., 2005, F. Gmeiner,
unpublished). The responsiveness of the l-LNvs to exogenously applied DA was shown using
cAMP imaging methods (Shang et al., 2011). These studie suggest, that the l-LNvs express the
stimulatory D1-like as well as the inhibitory D2-like DA receptors. Inhibitory D2-like receptors
(Kula-Eversole et al., 2010) are highly enriched in l-LNvs compared to s-LNv. Further evidence
for direct synaptic interactions of monaminergic neurons and PDF containing pacemaker cells
provide anatomical studies (Hamasaka & Nässel, 2006). They especially propose serotonergic
but not dopaminergic inputs on adult LNv dendrites within the AME, as further cultivated
larval s-LNv respond to 5HT with a dose-dependent decrease in intracellular calcium. Further-
more, they found 5HT-IR processes in the vicinity of the dorsal s-LNv and distal ME l-LNv

terminals. Processes of tyrosine hydroxylase (TH)-IR neurons where only found in the vicinity
of the dorsal terminals of the s-LNv and not in direct apposition as seen for the 5HT pro-
cesses. 5HT seems to antagonize DA signaling regarding their effects on sleep. The Drosophila
serotonin transporter (dSERT) is exclusively expressed on presynaptic sites of serotonergic neu-
rons (Park et al., 2006) responsible for 5HT recycling, thereby terminating its signal. Missing
dSERT transporters cause a more sleepy phenotype (unpublished data from H. Scholz and F.
Gmeiner). Moreover, the inhibitory d5HT1B receptor appears to be expressed in both large
and small LNvs (Yuan et al., 2005). Another 5HT receptor termed 5HT7Dro mediates activating
effects of serotonin and seems to be expressed in clusters within the LNvs (Becnel et al., 2011).

Sleep belongs not to rapid behaviors, where quick responsiveness would be required. There-
fore, it is most likely that sleep is regulated and modulated via small hormone-like neuromod-
ulators, which are known for their longer lasting signals. DA, 5HT as well as PDF are numbered
among these neuromodulators. One special criterion is their extrasynaptic transmission.
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1.6. Synaptic transmission

There are two known mechanisms describing synaptic neurotransmission, the classical and
volume transmission. First and better researched neurotransmitter release is initiated at so
called classical chemical synapses. They represent complex structures that mediate rapid
intercellular signaling in the nervous system (Sieburth et al., 2005). Each single synapse is
composed of a presynaptic active zone (AZ) and a postsynaptic dense region separated by the
synaptic cleft. At AZs, Ca2+ ions trigger fusion of neurotransmitter filled vesicles with the
presynaptic membrane. The release of fast-acting amino acid transmitters, occurs to a large
degree at such presynaptic zones. These neurotransmitter traverse the few nanometers through
the synaptic cleft, bind and activate ionotropic receptors on the postsynaptic neuron and
finally get degraded or intracellulary transported by certain reuptake transporters (reviewed
in van den Pol, 2012). In D. melanogaster, presynaptic active zones in the brain as well
as at neuromuscular junctions are characterized by the presence of electron dense T-shaped
structures. They can be observed with the electron microscope and were termed as T-bars
(Wagh et al., 2006; Kittel et al., 2006). The presynaptic protein Bruchpilot (BRP) (Fig. 1.3)
is an essential component of T-bars and the cytomatrix at the active zone (CAZ) (Wagh et al.,
2006; Kittel et al., 2006; Fouquet et al., 2009). The CAZ comprises a dense network of a
unique set of proteins, that for example also include DLiprin-α and DSyd-1. These proteins
are involved in active zone assembly (Owald et al., 2010) and are known to control proper
segregation and shaping of active zones at the developing D. melanogaster neuromuscular
junction (Kaufmann et al., 2002; Fouquet et al., 2009).

Figure 1.3: Schematic model of synapse organisation at Drosophila neuromuscular junctions At
the presynaptic active zone DLiprin-α is involved in its assembly and the BRP protein extends into the cy-
toplasm upon a field of Ca2+ channels. Small vesicles will be triggered by Ca2+ ions to release the containing
neurotransmitter glutamate into the synaptic cleft. At postsynaptic membranes ionotropic glutamate receptors
will bind the transmitter. Modified from Fouquet et al. (2009)

Other proteins found at presynaptic sites are the ones integrated in or associated to vesicles.
Together with proteins connected with the CAZ they form soluble N-ethyl-maleimide-sensitive
fusion protein attachment protein receptor (SNARE) complexes in order to pull together the
vesicle and target membrane (Sutton et al., 1998). Those synaptic fusion mechanisms are
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triggered by Ca2+ and involve integral vesicle membrane proteins such as Synaptotagmin (Syt)
and neuronal Synaptobrevin (nSyb) as well as the plasma-membrane proteins Syntaxin and
SNAP-25 (synaptosome-associated protein of 25 kDa) (Söllner et al., 1993).

Neurons contain two types of vesicles – small clear vesicles (SCV) and dense core vesicles
(DCV). In general SCVs contain classical neurotransmitters of low molecular weight synthesized
in the cytosol (Takamori et al., 2006). They usually release their content on these described
classical synapses involving the action of BRP and SNARE complex. Vesicular transporters
enable the SCV’s refilling locally with amino acid neurotransmitters within the axonal/ synaptic
bouton (van den Pol, 2012). By contrast, DCVs are filled with neuromodulators such as
neuropeptides and biogenic amines. Neuropeptides need to be transported from the cell bodies
to their release sites, as they are synthesized in the rough endoplasmic reticulum (ER), and
loaded into DCVs generated in the Golgi apparatus of the cell body (van den Pol, 2012).
Biogenic amines, such as DA and 5HT are actively loaded via vesicular monoamine transporters
(VMATs) into the DCV (reviewed in Fei et al., 2008; Lawal & Krantz, 2013). The composition
of such DCV is not clear especially regarding the SNARE components. They rather might be
comprised of a unique set of proteins that regulate transport and release (Sieburth et al., 2005,
2007). On the other hand, the averaging composition of a vesicle appears to feature several
copies of SNARE complex components (Takamori et al., 2006), but whether the membrane
fusion is mediated via this or other mechanism remains unclear. Anyway, the fusion process
obviously does not involve the action of BRP. Instead of vesicles docking onto the C-terminal
of BRP, they directly get into contact with the membrane, fuse with its lipid layers and release
their content into the intracellular clefts. Such peptides might behave like hormones and may
operate in a parakrine like way. Secretion of neuroactive slow-acting substances is not restricted
to synaptic specialization (van den Pol, 2012) and can occur from many additional release sites
(Sobota et al., 2010). This form of intercellular communication describes the second way of
neurotransmission, termed extrasynaptic or volume transmission and is especially used by
neuropeptidergic neurons.

Neuromodulators are agents like small molecules or peptides. They modulate the ex-
citability of cells in order to sensitize their responsiveness for classical excitatory or inhibitory
synaptic inputs (Griffith, 2013). Therefore, recent studies implicate such neuromodulatory
systems to orchestrate in sleep and other behaviors. Beside synaptic connections, this appears
to include the regulation of synaptic efficiency or intrinsic features of neurons that endoge-
nously control affected circuits. Those mechanisms would induce activity changes of certain
brain regions, e.g. during sleep and wake, thereby modulating and controlling the behavior
(reviewed in Griffith, 2013). The action scope of the neuromodulatory transmitters, while
diffusing through the extracellular space across the brain (Cragg & Rice, 2004; Syková, 2004;
Farrant & Nusser, 2005; Vargová & Syková, 2008) , is restricted by the limited volume of the
extracellular space (ECS), most often by glial cells.

In mammals glial cells are already known to be important in forming synapses. Constel-
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1.7. Glial cells – a third component putatively involved in regulating sleep circuitry

lations of pre- and postsynaptic terminals and adjacent astrocyte-like processes which enwrap
the processes can often be found and interact with each other during short distance communi-
cation. This model of a tripartite synapse (Araque et al., 1999) in brains of mammals is most
widely accepted. All three components cooperate with each other in this model. Another
model includes the ECS as a forth component (Vargová & Syková, 2014).

1.7. Glial cells – a third component putatively involved in
regulating sleep circuitry

Neurons represent only a minority in the adult brain of D. melanogaster. The most abundant
cell type is represented by glial cells. In contrast to neurons, they express genetic markers such
as reversed polarity (repo) and glial cell missing (gmc) and therefore have been differentiated
from neurons. Glia are implicated in the nervous system’s development (Haydon, 2001) and
signal transmission (Carslson & Saint Marie, 1990). They effect neuronal survival and func-
tion (Xiong & Montell, 1995; Kretzschmar et al., 1997) and ultimately influence physiological
circuits creating behavior including circadian rhythm, courtship behavior, and longevity (Ewer
et al., 1992; Buchanan & Benzer, 1993; Kretzschmar et al., 1997; Suh & Jackson, 2007; Gros-
jean et al., 2008). Due to the glia’s diversity within D. melanogaster’s brain different functions
might be fulfilled by several types. Depending on their position, morphology (Hoyle, 1986),
function or patterns of gene expression (see Tab. 1 in Edwards & Meinertzhagen, 2010) they
are classified into surface-, cortex-, and neuropil-associated glia (Ito et al., 1995; Freeman &
Doherty, 2006; Awasaki et al., 2008). Surface glia build the externalmost layer of the blood-
brain barrier (BBB). They isolate the nervous system from the heamolymph of the insect’s
open circulatory system (Edwards & Meinertzhagen, 2010) regulating the permeability to the
central nervous system (CNS). Cortex glia form a mesh while embedded amongst somata
of neurons in the cortex of the CNS (Freeman & Doherty, 2006). One cortex glia is able
to enwrap many neuronal cell bodies (Awasaki et al., 2008), maintaining close contact with
them, presumably providing metabolic support and potentially modulating cell body functions
in a spatially controlled manner. Two types of neuropil glia are situated further inside the
brain. Cell bodies of both interface neuropil and cortex or neuropil subregions. They differ
in morphology and distribution of their processes. On the one hand these processes exhibit
lamellar and fibrous morphology enwrapping neuronal bundles and preferentially outline indi-
vidual neuropils. Hence they have been denoted as ensheathing glia presumably responsible
for isolating neighboring neural compartments (Awasaki et al., 2008). On the other hand
the second type of neuropil glia exhibits processes elaborating inside the neuropil exposing
dendritic shapes with tiny spines. They have been denoted as astrocyte-like glia putatively
involved in synapse formation and modulation (Awasaki et al., 2008).
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Glia seem to play an important role in neurotransmitter clearance. Based on studies
of GABA, Acetylcholine, or Glutamate uptake (Carslson & Saint Marie, 1990), glia appear
to be the ones responsible for their uptake and recycling. A classical synapse is usually
composed of a presynaptic and postsynaptic element. If it is in addition encompassed by
a glial cell interacting with both neuronal components, the arrangement has been denoted
as a tripartite synapse. In mammals lines of evidence reveal glial cells to influence synapse
number and synaptic transmission (Ullian et al., 2001). They modulate the neuron’s activity
and excitability by releasing gliotransmitters such as ATP, glutamate, adenosine, cytokines,
and growth factors (Halassa et al., 2007). By now tripartite synapses in mammalian brains
have been most widely accepted as a common way of synaptic communication, regulation and
modulation (Halassa et al., 2007).

Also in Drosophila this idea was confirmed by electrophysiological as well as ultrastructural
studies (Danjo et al., 2011) at neuromuscular junctions (NMJs). They demonstrate that glia
specific glutamate receptors seem to be elementary in controlling extracellular glutamate. Fur-
thermore, electron microscopic studies revealed glial processes to be located around synapses
of insect visual neuropils (Carslson & Saint Marie, 1990; Borycz et al., 2002). Such tripar-
tite synapses of the visual system appear to facilitate a mechanism for rapid recycling of
histamine (HA) liberated from photoreceptors (Hardie, 1987). This model includes the action
of epithelial glial cells (Borycz et al., 2002). After HA release from presynaptic photoreceptors,
its action on monopolar cells (L1, L2) is terminated by its transport into glial cells. Here
the β-alanyl synthase Ebony (Hovemann et al., 1998), only expressed in glial cells (Richardt
et al., 2002), transforms HA into Carcinin by its conjugation to β-alanin (Borycz et al., 2002;
Richardt et al., 2003; Stuart et al., 2007). The inactive alanylated form of HA is then shuttled
back into HAergic photoreceptors. The β-alanyl hydrolyse Tan, which is present in photore-
ceptor cells (Wagner et al., 2007) liberates Carcinin from its β-alanyl group resulting in active
HA (True et al., 2005; Wagner et al., 2007; Stuart et al., 2007).

The action of Ebony has not only been implicated in the recycling pathway of HA, it also
seems to fulfill functions in the cuticle and most interestingly in locomotor behavior (Suh &
Jackson, 2007). Robust circadian cycling of ebony ribonucleic acid (RNA) in both LD and DD

has been documented in two independent studies (Claridge-Chang et al., 2001; Ueda et al.,
2002). As some Ebony expressing glia have been found to additionally contain the clock
proteins Per (Ewer et al., 1992) and Timeless (Tim), it is likely that the rhythmic expression of
ebony is either controlled by an intracellular per/ tim-based oscillator or regulated by direct or
indirect interactions with clock cells (Suh & Jackson, 2007). The aminergic as well as the PDF-
containing clock system might be good candidates for such interactions. Immunohistochemical
studies revealed Ebony-containing glia in close proximity to dopaminergic, also to serotonergic
neurons, and near the PDF+ LNv as well (Suh & Jackson, 2007). The enzymatic interaction of
Ebony seems to be relevant for dopaminergic neuronal function, because a genetic interaction
of ebony and an allele of dDAT has been documented (Suh & Jackson, 2007). The connection
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to the PDF system appears to be more difficult to unravel but is in fact an important topic.
Although activity rhythms were reported to be perturbed in ebony mutant flies (Newby &
Jackson, 1991), neither cycling of PDF within the dorsal terminals of the s-LNvs is affected in
ebony mutants nor of ebony RNA in pdf01 mutants (Suh & Jackson, 2007). Few years later,
the group of R. Jackson provided first evidence for a physiological modulation of the circadian
neuronal circuitry and behavior by astrocyte-like glial cells (Ng et al., 2011). By modifying glial
vesicle trafficking, membrane electrochemical gradients or internal Calcium stores, they found
PDF release to be altered, which results in arrhythmic locomotor behavior. Taken together
intercellular communication between neuronal and glial components, putatively deployed as
tripartite synapses within the circadian system of flies, reveals crucial functions in temporal
coordination of activity.

Still unknown are the means by which amines are transported into the glial cells. There
are good reasons to believe an ABC-transporter denoted as White is involved. At least for
shuttling HA White transporters seem to be involved as there is evidence that white mutant
flies are not able to take up HA into glia (Richardt et al., 2002, 2003; Borycz et al., 2008).
Further studies let suggest that also other amines or derivatives can be transported by White
(Borycz et al., 2008; Sitaraman et al., 2008).

1.8. The ABC-transporter White and its extensive functions in
Drosophila

White eyed flies appeared coincidentally and were documented for the first time in the be-
ginning of the last century (Morgan, 1910). This obvious eye phenotype has its origin in a
defective gene expressing a protein that has therefore been denoted as White. It belongs to the
protein ABC-transporter family renowned to form paired heterodimers that are equipped with
an ATPase function in order to transport proteins (Mount, 1987). Many cellular functions are
dictated to this protein family (Higgins, 1992). White has been proposed to be involved in
the transport precursors of pteridine and ommochromes (Sullivan et al., 1979) as well as cyclic
guanosine monophosphate (Evans et al., 2008), and the 5HT precursor tryptophan (Sullivan
& Sullivan, 1975). Furthermore it seems to be involved in amine transport (Borycz et al.,
2008). Beside failures in pigment distributions caused by defects in white (and its binding
partners brown and scarlet), flies with eye color mutations lack additionally normal biogenic
amine contents in their brain which is presumably referable to altered synaptic vesicle contents
(Borycz et al., 2008). Further studies confirm the behavioral variability that is modified by
genomic white mutations and ectopic white transgenes (Kain et al., 2012). The dimension of
White’s influence on behavior is unknown which should be considered when working on this
mutant.
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The ABC-transporter White has been located to pigment cells in the ommatidia (Mackenzie
et al., 2000; Borycz et al., 2008) and to epithelial glia in the lamina (Borycz et al., 2008) where
it co-locaizes with Ebony. Extremely weak and diffuse immunosignals have been observed in
the ME and central brain (Borycz et al., 2008).
A genetic interaction of white and ebony or white and tan has been proposed as HA contents are
altered in white;;ebony and white;;tan mutants (Borycz et al., 2008). Furthermore, White and
its binding partner mutants lack normal synaptic vesicle populations and vesicle contents. This
might influence the aminergic neuron’s physiology and therefore might reflect their involvement
in amine transport (Borycz et al., 2008).
The brain is not the only tissue expressing White. The ABC-transporter is also present in high
levels in Malpighian tubules (MT) (Wang et al., 2004), which are the insect’s renal tubules
(Dow et al., 1994). They house a transport system that enables the entry of tryptophan
(Sullivan et al., 1980). In situ hybridization directed the spatial distribution of the white
locus transcripts to MT, eye imaginal disks and within in a small cell cluster that is thought to
be associated with the larval photoreceptor organs (Fjose et al., 1984). MT and eyes are both
tissues involved in the biosynthesis and accumulation of pteridine and ommochrome pigments
(Fjose et al., 1984). In the MT White has been localized to intracellular vesicles (Sullivan
et al., 1979) in the principal cells of the main fluid transporting segment of the tubule (Evans
et al., 2008).

1.9. Aanatomic overview of the dopaminergic and serotonergic
system in adult fly brains

The monoaminergic neurotransmitter DA is rated among the catecholamines. They derive from
the amino acid tyrosine. 5HT, on the other hand, derives from the amino acid Tryptophan.
In DA synthesis, TH catalyzes the first and rate-determining step (Budnik & White, 1987;
Neckameyer & Quinn, 1989) whereas in 5HT synthesis tryptophan hydroxylase (Trh) catalyzes
the first and rate-determining step (Neckameyer & White, 1992; Monastirioti, 1999; Coleman
& Neckameyer, 2005; Neckameyer et al., 2007). As both of the monoamines are not expressed
but synthesized, no GAL4 line can be established specifically for DA or 5HT. Hence the solely
involvement of TH/ Trh in producing DA/ 5HT can be used as a reference for the presence
of the respective aminergic neurons. Promoter regions of the enzyme’s gene were combined
with gal4 in order to establish a th- and trh-GAL4 driver lines. Those fly lines enable specific
manipulation of the DA or 5HT system (Friggi-Grelin et al., 2002; Sitaraman et al., 2012).
Both aminergic systems have been characterized with the aid of specific antibodies (Budnik &
White, 1988; Nässel & Elekes, 1992; Vallés & White, 1986), which revealed several cell body
clusters distributed throughout the brain. The classification into such clusters was based on
similar sizes and shapes of cells, their location, and projection pattern of the primary processes
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1.9. Dopaminergic and serotonergic system in adult fly brains

A B

Figure 1.4: Schematic illustration of dopaminergic and th-GAL4 clusters in the adult Drosophila
brain A: Dopaminergic neurons have been classified based on anti-TH immunostainings. According to similar
sizes, shapes and location of the cell bodies they have been classified into the two anterior clusters PAM and
PAL, and the five posterior clusters, PPM 1-3 and PPL 1-2. B: Validation of the respective th-GAL4 reveals
TH-immunonegative cell bodies (green), TH-IR cell bodies not covered by the th-GAL4 (blue), and colabeled
cell bodies (red). Except for the PAM cluster, most of the th-GAL4 neurons show TH-IR and the the majority
of TH expressing neurons are included in the GAL4 line.
PAL: protocerebral anterior lateral, PAM: protocerebral anterior medial, PPL: protocerebral posterior lateral,
PPM: protocerebral posterior medial. A: Modified from Liu et al. (2012). B: Modified from Pech et al. (2013).

that fasciculate together near their cell bodies, if originating from the same cluster. The
nomenclature for naming the dopaminergic cell clusters is according to Nässel & Elekes (1992),
naming of the serotonergic cell clusters is according to Monastirioti (1999) and Sitaraman et al.
(2008).

Dopaminergic neurons were classified into two anterior clusters PAM and PAL, and five
posterior clusters, PPM 1-3 and PPL 1-2 (Fig. 1.4, A). The number of cells encompassed by
each cluster has been analyzed (Mao & Davis, 2009; Liu et al., 2012; Aso et al., 2012) and
compared in several studies with expression pattern of the th-GAL4 transgene (Mao & Davis,
2009; Aso et al., 2012; Pech et al., 2013). With exception of the PAM cluster the expression
pattern is broadly similar but not completely identical (Fig. 1.4, B; Friggi-Grelin et al., 2002).
Precise documentation in Mao & Davis (2009) revealed coincidental expression of th-GAL4 and
TH in five clusters (PAL, PPM1/2, PPM3, PPL1, PPL2ab), whereas the remaining three clusters
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A

B

Figure 1.5: Schematic illustration of
serotonergic and trh-GAL4 clusters in
the adult Drosophila brain A: Sero-
tonergic neurons have been classified based
on anti-5HT immunostainings. According to
similar sizes, shapes and location of the cell
bodies they have been classified into the four
anterior clusters ALP, AMP, LP, and SE, and
the two posterior clusters, PLP and PMP.
B: Validation of the respective trh-GAL4 re-
veals 5HT-immunonegative cell bodies (green),
5HT-IR cell bodies not covered by the trh-GAL4
(blue), and colabeled cell bodies (red).
AMP: anterior medial protocerebrum,
ALP: anterior lateral protocerebrum, LP: lat-
eral protocerebrum, SE: subesophageal
ganglion, PLP: posterior lateral protocere-
brum, PMP: posterior medial protocerebrum.
A: Modified from Blenau & Thamm (2011).
B: Modified from Pech et al. (2013).

PAM, PPM1, and PPL2c exhibit conspicuous differences in the expression of the two markers.
Beside the th-GAL4 covered TH-IR neurons, the GAL4 line also covers TH-immunonegative
as well as lacks some TH-IR neurons. These findings are in overall accordance with other
published reports (White et al., 2010; Aso et al., 2012; Pech et al., 2013).

Serotonergic neurons were classified into four anterior clusters; ALP, AMP, LP, and SE,
and two posterior clusters; PLP and PMP (Fig. 1.5, A), which comprise, based on recent stud-
ies, in total around 80 seronotonergic neurons (Sitaraman et al., 2008; Pech et al., 2013).
Two trh-GAL4 have been established, one in A. Kravitz’s and one in S. Birman’s laboratory
(Alekseyenko et al., 2010; Sadaf et al., 2012) and characterized independently. Although two
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different lines were characterized, overall their results in trh-GAL4 validation resemble each
other (Alekseyenko et al., 2010; Sadaf et al., 2012; Pech et al., 2013). Immunohistochemical
comparison of trh-GAL4 expression with 5HT-IR revealed good selctivity and overlap with
neuronal 5HT-immunostainings (Alekseyenko et al., 2010; Sadaf et al., 2012; Pech et al., 2013).
However this line includes nonserotonergic cells but also fails to cover some serotonergic neu-
rons. Overall around 75% of the serotonergic neurons are affected (Pech et al., 2013).

1.10. Aims of the present study

This study should promote the knowledge about potential communication partners of the
PDF-containing clock neurons especially within the AME and its VE of D. melanogaster. It is
suggested that aminergic neurons affect PDF signaling and glial cells modulate such synaptic
transmission. Thus, the PDF neuron’s spatial arrangement with respect to aminergic neurons
and glial cells will be examined. I employed GRASP in order to detect regions of close vicini-
ties and putative synaptic interactions between those cell types. Furthermore, I expressed pre-
and postsynaptic markers specifically for each type of neuron to support and complement the
results achieved with GRASP. Furthermore, this study is supposed to shed light on possible
synaptic arrangements in AME and its VE with the LNvs as one component on a high-resolution
level. Therefore electron microscopic examinations are performed and a subregion of the AME

is reconstructed. This allows good characterizations of the PDF neuron’s synaptic formations.
With regard to subsequent studies, I established the method of Array Tomography on our
department deployed on nervous tissue from D. melanogaster. This method combines ad-
vantages of light and electron microscopic analysis and could facilitate an alternative and
promising way to clarify the spatial relations and especially synaptic interaction of PDF and
aminergic neurons, and glial cells.

Finally, the putative involvement of the ABC-transporter White in circadianly modulated
behavior, such as sleep and arousal, should be investigated. To examine its proposed expression
in glial cells, an antibody is generated against this protein. The distribution of White is
investigated within the central nervous system and additionally in the MT, as it is known to
be expressed in their vesicles.
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2. Materials and Methods

Detailed set ups of individual solutions are listed in the Appendix (Sec. A.1.1, p. 173).

2.1. D. melanogaster husbandry

2.1.1. Fly culturing and crossing

Fly strains were cultivated at 25 °C and a humidity of 65 % in glass vials containing standard
cornmeal/agar cultivation medium. They were turned over into new vials every 14 days. For
multiplying a certain strain, flies were turned over approximately every 3 days. The personal
stock collections were kept at 18 °C and transferred about every three to four weeks. Females
that were used for crosses had to be virgins. After hatching they remained virgins for about 6
hours at 25 °C. For crossing at least 5 females and 2 males per vial were required. To maximize
the number of progeny, females should oviposit on new culturing medium every 2 to 4 days.

2.1.2. Flystocks

As represents for wild type flies the strains Ala (donated by R. Costo/ C. P. Kyriacou) and
Canton Special (CS) were used. All other driver- and reporter lines used in this study are
summarized in Tab. 2.1.

2.2. Immunostainings for confocal microscopic analyses

2.2.1. Standard immunocytochemistry on adult whole-mount brains

0.1 M phosphate buffered saline (PBS) was used as dissection buffer. All washing steps were
performed with icecold 0.1 M PBS with 0.3 % Triton X-100 for 10 minutes at room temperature
(RT). A rotating platform was used for all washing and incubation steps.

Six to nine day old males were collected and paralyzed on ice. They were dipped into PBS

where the proboscis was removed from the head and the head was separated from the thorax.
With fine forceps brains were freed from head capsule, fat body and tracheae. Subsequently
brains were immediately transferred into ice cold fixation buffer in tubes, where they could be
collected for up to two hours.

Dissected brains were fixed with 4 % paraformaldehyde (PFA) in PBS for 2 hours at RT,
followed by 4 washes. The blocking solution containing 5 % normal goat serum (NGS) in
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Table 2.1: Driver and reporter lines

Driver line CNS expression/ Comment Origin/ Reference
yw;pdf-gal4 four PDF+ s- and l-LNv; 2.4 kb of 5’-

flanking pdf DNA fused to yeast GAL4
(J. H. P. and J. C. H., unpublished
data)

Park & Hall (1998)

yw;R6-gal4/y+Cyo four PDF+ s-LNv; Enhancer trap Hewes et al. (2000); Helfrich-
Förster et al. (2007)

yw;pdf-lexA/Cyo four PDF+ s- and l-LNv; 2.4 kb of PDF
promoter fused to LexAVP16-SV40

S. Diegelmann/ Shang et al.
(2008)

w;;th-gal4 dopaminergic cells; 4.1 kb of 5’ regu-
latory region and entire coding region
of the DTH gene fused to GAL4

S. Birman/ Friggi-Grelin et al.
(2002)

w;trh-gal4 serotonergic cells; regulatory region of
trh gene fused to GAL4

S. Birman/ Sadaf et al. (2012);
Pech et al. (2013)

M,B repo-gal4/Tm3sb all glia except midline; Enhancer trap M. Freeman/ Sepp et al. (2001)
w;;NP3233/Tm6cTbSb astrocyte-like glia; Enhancer trap Kyoto/ Hayashi et al. (2002);

Awasaki et al. (2008)
w;;NP6520 ensheathing glia and weaker in cortex

glia; Enhancer trap
Kyoto/ Awasaki et al. (2008)

Reporter line labeled structure/ Comment Origin/ Reference
10xUAS-IVS-myr::gfp (III) expression of membrane targeted GFP Mareike Pauls-Selcho
uas-mCD8::gfp (II) expression of membrane targeted GFP Bloomington Stock Center,

#5137, Lee & Luo (1999)
uas-gfp S65T (III) cytoplasmic expression of GFP Bloomington Stock Center,

#1522, donated by Karl Fis-
chbach

uas-HRP::CD2 (II) expression of membrane targeted HRP I. Meinertzhagen/ Larsen et al.
(2003)

w;lexAop-CD4::spGFP11;
uas-CD4::spGFP1-10

amplification of each construct via
PCR and cloned into pUAST and
pLOT respectively

S. Diegelmann/ Feinberg et al.
(2008); Gordon & Scott (2009)

uas-sytI/III::gfp (I/III) synaptic vesicle marker Bloomington Stock Center,
#6926

uas-sytII::gfp (II) synaptic vesicle marker Bloomington Stock Center,
#6925

uas-nsybI/II::gfp (II) synaptic vesicle marker; GFP S65T
fused in-frame to lumenal C-terminus
of a nsyb

Bloomington Stock Center,
#6921, Ito et al. (1998); Zhang
et al. (2002)

uas-DVGluT::gfp (III) synaptic vesicle marker; vesicular glu-
tamate transporter fused to GFP

T. Rival and S. Birman, unpub-
lished data (Riemensperger et al.,
2013), donated by S. Birman

uas-DenMark (II) dendritic marker; hybrid protein of the
mouse protein ICAM5/Telencephalin
and mCherry.

Nicolaï et al. (2010)

uas-dscam::gfp (II) dendritic marker; GFP fused to exon
17.1-containing Dscam isoform

Tzumin Lee/ Wang et al. (2004)

Rh6-mCD8::gfp (II) reporter for R8 axons and HB-eyelet; R-
cell class-specific marker

T. Suzuki/ Berger et al. (2008)
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PBS with 0.3 % Triton X-100 was applied and incubation occured for either 1,5 hours at RT

or overnight at 4 °C. Subsequently the specimens were incubated in the primary antibody
solution over night at 4 °C. Primary antibodies (Tab. 2.2) were diluted in PBS with 0.3 % Tri-
ton X-100. 3 % NGS and 0.02 % sodium azide (NaN3). The next day brains were rinsed 6
times. Afterward fluorescence-conjugated secondary antibodies (Alexa-Fluor® Dyes, Molecu-
lar Probes, Carlsbad, CA) were applied to brains. Incubation was carried out overnight at 4 °C
in darkness. Secondary antibodies were diluted in PBS with 0.3 % Triton X-100 and 3 % NGS.
To detect primary antibodies produced in mice, rabbit or guinea pig Alexa-Fluor® 488, 532,
555 or 647 goat anti-Mouse, anti-Rabbit or anti-Guinea pig IgG (H+L) were used. On the
following day brains were rinsed 3 times with PBT and further 3 times with PBS. PBS was
then exchanged with 80 % glycerol-PBS solution in which samples could be finally embedded
on an object slide. Object slides were prepared in a special way (e.g. with Reinforcing Rings)
preserving brains from squeezing. The supplements were retained at 4 °C.

2.2.2. Standard immunocytochemistry on head slices of adult flies

0.1 M PBS was used as dissection buffer. All washing steps were performed with icecold 0.1 M
PBS with 0.3 % Triton X-100 for 10 minutes at RT. A rotating platform was used for all
washing and incubation steps.

Males were collected and paralyzed on ice. They were dipped into PBS where the proboscis
was removed from the head and the head was separated from the thorax. Heads were fixed with
4 % PFA in PBS for 2 hours at RT, followed by 4 washes. Subsequently they were embedded
in 7 % agarose/ dd H2O (AppliChem, Agarose low EEO (Agarose Standard), A2114) and
sectioned at 80 µm with the Leica Vibratom VT1000S (speed: 5, frequency: 7). Sections
were collected in wells filled with PBS and rinsed 2 times. Then it was proceeded with tissue
blocking as described above (Sec. 2.2.1).

2.2.3. Modification of the staining protocol for glutaraldehyd-conjugated primary
antibodies

This protocol was used for stainings with the anti-Dopamine antibody, which is conjugated to
GA and therefore needed a modified staining protocol. After paralyzing flies on ice, the head
capsule was opened in ice cold fixativ and prefixed for 5 min on ice. The fixative solution con-
tained 0.65 % GA in 0.1 M sodium cacodylate buffer (PH=7.5) with 1 % sodium metabisulfite
(SMB). Dissection of the brains was performed in ice cold fixative and subsequently fixed for
2 hours at RT. Brains were rinsed 4 times with 0.05 M Tris-HCl containing 0.45 % SMB
(Tris-HCl SMB, pH 7.4) and subsequently treated with 0.3 % sodium borohydrid (NaBH4) in
Tris-HCL SMB. Supplements were rinsed 4 times for 10 min with Tris-HCl SMB and 2 times
for 30 min with Tris-HCl SMB containing 0.5 % Triton-X 100 (Tris-HCl SMB TX, pH 7.5).
The blocking solution containing 10 % NGS in Tris-HCl SMB was applied to brains for 1,5 h at
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Table 2.2: List of primary antibodies

primary
antibody

Immunogen Manufacturer Donor animal,
dilution

molecular probes my life
technology, A11120

Mouse monoclonal,
1 : 100

anti-GFP
GFP isolated from Aequorea
victoria molecular probes my life

technology, A11122
Rabbit polyclonal,
1 : 1, 000

anti-PDF(C7) amidated Drosophila PDF peptide
(NSELINSLLSLPKNMNDA-NH2)

Developmental Studies
Hybridoma Bank at
the University of Iowa
(DSHB; investigator:
Justin Blau, New York
University)

Mouse monoclonal,
1 : 100

anti-Serotonin serotonin creatinine sulfate complex
conjugated with formaldehyde to
BSA

Sigma-Aldrich, S5545 Rabbit polyclonal,
1 : 400

denatured tyrosine hydroxylase
from rat pheochromocytoma (dena-
tured by SDS)

Millipore, AB152 Rabbit polyclonal,
1 : 500

anti-TH
Drosophila tyrosine hydroxylase
coding region

donated by Wendy
Neckameyer (Necka-
meyer et al., 2000)

Rabbit polyclonal,
1 : 500

anti-Dopamine immunization of rabbit with the
conjugate Dopamine-glutaraldehyd-
carrier

MoBiTec, 1000GE Rabbit polyclonal,
1 : 100

Guinea pig, poly-
clonal, 1 : 300

anti-White

N-terminal of Drosophila White
protein (H3N-MGQEDQELLIRG-
GSKHPSAE-COOH), (Harmon &
Sedat, 2005)

Pinedas Antibody
Service (Berlin,
Germany) Rabbit polyclonal,

1 : 300
8D12
anti-Repo

6-histidin tag fused to amino acids
218-612 of Drosophila Repo protein,
expressed in pQE30 vector (Quia-
gen) in E. coli, purified in denaturat-
ing conditions (urea) and dialyzed in
PBS

DSHB at the University
of Iowa

Mouse monoclonal,
1:50

anti-DsRed raised against DsRed-Express, a
variant of Discosoma sp. red fluo-
rescent protein, recognizes mCherry

Clontech, Living Colors,
R632496

Rabbit polyclonal,
1 : 100

RT. Subsequently primary antibodies were applied for 48 h at 4 °C. After washing specimens
5 times for 30 min with Tris-HCl TX, the secondary antibody solution was applied overnight
at 4 °C. The primary (Tab. 2.2) and fluorescent-conjugated secondary antibody (Goat anti-
Rabbit IgG, Alexa-Fluor® 488; Goat anti-Mouse IgG, Alexa-Fluor® 632; Molecular Probes,
Carlsbad, CA; 1:200) were diluted in Tris-HCl SMB containing 5 % NGS. Afterward, brains
were rinsed 5 times with Tris-HCl TX, twice with Tris-HCl, and subsequently embedded in
Vectashield mounting medium (Vector Laboratories, Burlingame, CA).
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2.2.4. Standard immunocytochemistry on Malphighian tubules of 3rd instar larvae

In order to evaluate the reproduced antibody against the ABC-transporter protein White,
immunocytochemistry was performed on whole-mount brains (follow protocol as described
in Sec. 2.2.1) and head slices of adult flies (follow protocol as described in Sec. 2.2.2), and
additionally on MT. Therefore, the protocol was adopted from Ohmann (2010), as follows.

Third instar larvae were collected, washed and numbed in icecold PBS. With fine forceps
the head was pinched off. The organs were squeezed out of the larval body. The gut and
fat body were removed in order to expose the MT. All washing steps were performed with
PBS containing 0.5 % TritonX-100 (PBT) for 10 minutes at RT. A rotating platform was
used for all washes and incubations. Dissected MT were fixed with 4 % PFA in PBS for 1
hour at RT, followed by 3 washes in PBT. After blocking tissues in PBT containing 5 % NGS
for 3 to 4 hours at RT specimens were incubated with primary antibodies diluted in 0.5 %
PBT containing 1,5 % NGS and 0.02 % NaN3. The next day the preparations were rinsed
5 times with PBT. Afterward, fluorescence-labeled secondary antibodies (Alexa-Fluor® Dyes,
Molecular Probes, Carlsbad, CA) diluted in 0.1 % PBT/ 1.5 % NGS were applied for 3 to
4 hours at RT in the dark. To detect primary antibodies produced in rabbit or guinea pig
Alexa-Fluor® 488 goat anti-Rabbit or anti-Guinea pig IgG (H+L) were used. MT were rinsed
5 times in 0.1 % PBT. PBT was then exchanged with 80 % glycerol in PB in which samples
were finally embedded on an objective slide. Supplements were retained at 4 °C.

2.2.5. Acquisition of confocal images

Immunofluorescent supplements were analyzed by scanning confocal microscopy (Leica TCS
SPE; Leica, Wetzlar, Germany) using Leica Application Suite Advanced Fluorescence Software
(LAS AF, 2.2.1 build 4842). The photomultipiers (PMTs) were adjusted to the individual needs
of the supplements, except for signal strength quantification. Depending on used objectives
images were scanned with a step size of 2 µm (20x, glycerol) or 0.8 µm (40x, gylcerol) thickness
and with a resolution of 512x512 px or 1024x1024 px. Images taken for array tomography
were taken with the 63x/1.4 oil objective using 2048x2048 px resolution. Confocal stacks and
overlays were generated with the free software Fiji (NIH, Bethesda, USA; http://fiji.sc/

Fiji). Image editing was performed with the free software GIMP 2.8 (http://www.gimp.

org/).
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2. Materials and Methods

2.3. Sample preparation for transmission electron microscopic
analyses

2.3.1. Preparing supplements with DAB stainings for TEM evaluations

PDF neurons were investigated on an electron microscopic level in order to describe their ultra
structural features (e.g. synaptic contacts) within the AME and its VE of an adult brain from
D. melanogaster. Immunoprecipitation, that causes electron dense structures, was specifically
performed on membranes of pdf -GAL4 neurons ensuring their identification. Therefore, either
membranous bound horse-reddish peroxidase (HRP) or membranous bound GFP was expressed,
using the reporter lines UAS-CD8::hrp and 10xUAS-myr::gfp, respectively.

Six to nine day old males of either yw; pdf-gal4/uas-CD8::hrp or yw; pdf-gal4; 10xuas-
myr::gfp were collected and numbed on ice. They were dipped into PB where the proboscis was
removed from the head. The head was separated from the thorax and immediately transferred
into tubes containing ice cold fixation buffer, in which they could be collected for up to two
hours. The fixation solution containing 1 % glutaraldehyde (GA) and 4 % PFA in 0.1 M
PBS was applied to dissected heads for 2 hours at RT. Afterward, they were rinsed 4 times
for 10 min with 0.1 M PBS. To increase Diaminobenzidin (DAB) penetration heads were
embedded in 7 % agarose/ dd H2O (AppliChem, Agarose low EEO (Agarose Standard), A2114)
and sectioned at 80 µm sections with the Lica Vibratom VT1000S (speed: 5, frequency:
7). Sections were collected in wells filled with PBS and rinsed further 2 times. To retain
antigenicity and enzym reactivity (Dykstra, 1992) the tissue was incubated in 1 % NaBH4

(sodium borohydrid, Biochemica, häberle, Labortechnik) diluted in PBS for 20 minutes at RT.
For visualizing the PDF neurons, 3,3’,4,4’-Tetraaminobiphenyltetrahydrochlorid (= DAB) -
reaction was specifically performed on their membranes. In this method staining was achieved
via an enzymatic reaction of HRP with its substrate DAB causing a brownish precipitate. It
appeared as electron dense structures in the EM. In order to prepare a 0.033 % DAB solution,
one DAB tablet of 10 mg (Sigma-Aldrich, D5905-50TAB) was dissolved in 30 ml 1 MPBS. To
prevent brownish precipitation of DAB due to light, the beaker was wrapped in aluminum foil.
The solution was filtered and 1 ml aliquots were stored at -20 °C.

Depending on which protein, HRP or GFP was expressed in the membrane of the PDF

neurons, one had to proceed differently:

DAB reaction on membranous bound HRP - direct method
As the enzyme HRP was already expressed in the cells, DAB-reaction could directly be per-
formed. After washing head slices 4 times with 0.1 M PBS for 10 min they were incubated in
1 ml of a 0.033 % DAB/ PBS solution at RT. After one hour 50 µl of a 0.3 % H2O2/ dd H2O
solution was added. DAB reaction was stopped after 27 minutes by exchanging the DAB/
H2O2 solution with PBS. During washing 5 times with 0.1 M PBS for 10 min sections were
freed from the agarose.
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2.3. Sample preparation for transmission electron microscopic analyses

DAB reaction on membranous bound GFP - indirect method
First, the enzyme HRP was needed to be attached to the GFP molecules bound to the membrane
of the pdf -GAL4 neurons. Therefore, classical immunocytochemistry using a first and sec-
ondary antibody was employed. To allow better penetrations of the antibodies 0.025% Triton-
X in 0.1 M PBS (PBT) was used for washing, blocking and antibody solutions. For the DAB
reaction the Vectastain ABC staining kit PK-6101 (Vector Laboratories Inc., anti-rabbit bi-
otin) was used.

After 4 washing steps, each for 10 min, head slices were blocked with 5 % NGS in PBT for
1 hour at RT. Subsequently primary antibody solution containing anti-GFPrab and 3 % NGS
in PBT was applied for 2 nights at 4 °C. On the third day the supplements were rinsed 6
times. The secondary antibody solution of the ABC staining kit containing anti-rabbit Biotin
in 3 % NGS/ PBT was applied for 2 nights at 4 °C. On the 6th day the tissues were rinsed 3
times for 10 min in PBS and incubated in an ABC mixture overnight at 4 °C. The ABC mixture
was needed to be prepared at least 30 minutes before usage. Therefore, one drop of solution
A and one drop of solution B were added to 2.5 ml PBS. After washing for 1 h with PBS tissue
sections were incubated in 1 ml of a 0.033 % DAB/ PBS solution at RT. After one hour, DAB
reaction was started by adding 50 µl of a 0.3 % H2O2/ dd H2O solution. The reaction had been
stopped after 8 minutes by exchanging the DAB/ H2O2 solution with PBS. During washing for
3-5 times with 0.1 M PBS for 10 min sections were freed from the agarose. Exempted from the
agarose, supplements were transferred into small glass containers. After rinsing the sections
1-3 times for 10 minutes in PBS they underwent further fixation in a 1:1 mix of 0.2 % Osmium
tetroxide (OsO4) in dd H2O for 1 hour at RT. Afterward, supplements were washed 3 times
for 10 minutes in dd H2O and subjected to an ethanol array of 50 %, 70 %, 90 %, 100 % and
again 100 % ethanol. In each case the gradual removal of water was proceeded for 10 minutes
at RT. Dehydration was determined with propylene oxide, in which the sections incubate for
15 minutes. Thereafter the embedding started. The supplements were deposited in a 1:1 mix
of propylene oxide and Epon 812 overnight. From now on glass containers stayed open to allow
residual propylene oxide to evaporate. The next day, supplements were incubated for 4 hours
in Epon whereat after 1-2 hours the Epon was exchanged. Fresh Epon was filled in embedding
forms (AMBROSE-MESA-Einbettform, Plano GmbH) and sections were placed centrally on
the bottom of the form preferably in a plane manner. A gelatine capsule was filled up with
Epon 812 and placed upside down on top. For polymerization the Epon with the embedded
tissues had to cure at 60 °C for at least 48 hours.

2.3.2. From sectioning to contrasting

Cured Epon blocks were trimmed with razor blades shaping preferably a trapezial pyra-
mid. They were subsequently sectioned 4 µm thick semi-sections with the ultracut (ZI
D232, Reichert-Jung) using a dEYEmond ultramicrotome knife (HISTO 5mm 45 textdegree,

39



2. Materials and Methods

SCIMED, Isselburg, Germany). They were placed serially and preferably in proper sequence
onto water drops on objective slides and dried on a hot plate. Examining these sections with
the light microscope (Leica DMRA, Leica Microsystems, Wetzlar GmbH) allowed preselection
of sections comprising the region of interest. Those sections were re-embedded with Epon.
Therefor Epon-filled gelatine capsules were placed on top of selected sections. The Epon
needs to polymerize at 60 °C for at least 48 hours. To detach Epon blocks from the objective
slides, they were placed on a 100 °C pre-heated hot plate for some seconds. Epon blocks
could then carefully be removed and sectioned with the microtome (EM UC7, Leica) produc-
ing ribbons of 80-100 nm ultra-thin slices using an Ultra 45° diamond knife (DiATOME). To
obtain long and straight forward going ribbons, it was crucial to trim a trapezial pyramid by
using sharp razor blades. Ribbons were pulled up on single-slot copper grids with pioloform
membranes (G2500C, 2x1mm, Plano GmbH, Wetzlar).

For contrasting ultra-thin slices a piece of parafilm was placed on a glass plate and drops
of 2% aqueous uranyl acetate (UA) were dripped on it. On each drop a grid was placed in the
way that slices contacted the liquid. The set up was covered with a Petri dish. Dyeing occured
for 6 minutes. Another parafilm was prepared to contrast with Reynolds’ lead citrate (LC)
(Reynolds, 1963). When LC comes in contact with carbon dioxide (CO2) precipitation arises
easily. To avoid precipitation, some sodium hydroxide (NaOH) patties were placed into the
Petri dish where contrasting with LC was performed. They should keep CO2 concentration
as low as possible. Furthermore the 1:1 in boiled dd H2O diluted Reynolds’ LC solution was
centrifuged for 3 minutes at 9.000 rpm before usage. After UA dyeing grids were rinsed 3
times with dd H2O, dried carefully with lint-free filter paper and placed on drops of 0.2 % LC
for 3 minutes. Samples were rinsed twice in dd H2O. Dried grids were sorted in grid boxes
and retained at RT until examinations with the transmission electron microscope (JEOL JEM-
2100) using its digital camera TemCam F416 (TVIPS, Gauting, Germany) and the acquisition
software EM-Menu (TVIPS, Gauting, Germany).

2.4. Sample preparation for array tomography

2.4.1. High pressure freezing and freeze-substitution of fly brains for
high-resolution analysis

High-pressure freezing was used to test different primary antibodies on cryofixated D. mela-
nogaster brain tissues following the protocol for array tomography (Micheva & Smith, 2007;
Markert et al., 2017).

To facilitate high-resolution analysis of morphological features it was necessary to gain good
spatial preservation of living tissues. In large parts these high ambitions could be realized by
high-pressure freezing (HPF). This method takes advantage of some physical features of water
as HPF is capable to immobilize living tissue almost instantly by converting liquid water into
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amorphous ice. After freezing the tissue, the following freeze substitution replaced vitreous
water within the cells by organic solvent molecules. Extreme low temperatures between -78
and -90 °C during all substitution steps, circumvented formation of ice crystals within the
biological sample and therefore prevented morphological deterioration. The following protocol
was adapted from Weimer (2006) and had been adjusted for D. melanogaster.

To begin, six to nine days old flies were paralyzed on ice. The brain was quickly freed
from the head capsule, tracheea and fat bodies in ice cold 0.1 M PBS. It was immediately
placed into a 100-µm deep Type A platelet (Leica Microsystems) which was filled with an E.
coli containing freeze protectant to remove air pockets (Markert et al., 2017). The sample
chamber was closed with a flat topped Type B specimen carrier and subsequently secured in
the specimen holder, which was placed into the pressure chamber. Cryofixation was conducted
with the Leica EM HPM100 (Leica). Afterward, specimen holders were rapidly transferred
from the freezer into liquid nitrogen and freeze substitution was performed using the Leica
EM automatic freeze-substitution (AFS) system (Leica). For dehydration and fixation of the
samples the freeze-substitution solution containing 0.1 % potassium permanganate (KMnO4,
AppliChem, Darmstadt, Germany) diluted in acetone was applied for 65 h at -90 °C. During
this step vitrified tissue was slowly penetrated by acetone in order to replace the water. At
the same time ultrastrucutre was contrasted by KMnO4. Subsequently the temperature was
raised to -45 °C within 11.25 h. Thereafter the tissues were rinsed for several times with aceton
until the solution remained clear and subjected to an ethanol - acetone series of 33 % ethanol,
66 % ethanol and 100 % ethanol, in which samples were washed 2 to 3 times. During the last
washing step temperature was raised to -4 °C at a rate of 6 °C/ h. For embedding, ethanol
was needed to be infiltrated by the hydrophilic resin LR-White. Incubation occurs overnight
in a 1:1 solution of ethanol and LR-White (Medium Grade; London Resin Company, England)
at 4 °C. Several incubation steps in 100 % LR-White at 4 °C followed for 1, 4 and 16 hours.
Finally infiltrated samples were placed in gelatine capsules (Plano, Wetzlar, Germany) filled
with freshly mixed LR-White and polymerized at 50 °C for at least 3 days.

2.4.2. Improving antigenicity by post-fixation with either GA or PFA

Some antibodies appeared to need conjugated aldehyde groups for recognizing their antigen
(personal communication with Prof. Georg Krohne). During freeze substitution 0.2 % or 0.4 %
GA could be already applied together with the freeze-substitution solution. A post-fixation
with PFA had also been tested. This additional step was inserted after temperature had been
raised to 4 °C. As PFA is not soluble in ethanol but only in water, one had to hydrogenate
the tissue via a descending ethanol array of 96 %, 90 %, 70 %, 50 %, before treating it with
PFA. It was diluted in 0.1 M PBS. After fixation for one hour at RT, the tissue was again
dehydrogenated at 4 °C via an ascending ethanol array of 50 %, 70 %, 90 %, 96 %, 100 % and
again 100 % ethanol. Subsequently it was proceeded with the embedding procedure.
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2.4.3. Array tomography - cutting and staining

In LR-White embedded brains were prepared for array tomography, a correlative light and
electron microscopy technique. It enables analysis of the same ultra-thin sections on a light
as well as electron microscopic level. Serial arrays of 100 nm sections would allow a high
z-resolution that was comparable to that of EM, and cannot be achieved with conventional
confocal laser scanning microscopy (CLSM).

The following protocol was adapted from Micheva et al. (2010b). All steps were performed
at RT, if not stated otherwise. The establishment of the array tomography approach was based
on Micheva & Smith (2007) as well as the Cold Spring Harbor Protocol series published by
Micheva et al. (2010b). LR-White blocks containing the embedded brain were trimmed with
sharp razor blades shaping trapezoid, with two sides being as parallel as possible to each other.
This promoted the formation of long and straight ribbons during cutting. With a glass knife
clamped in the Ultracut, LR-White was removed carefully until the tissue was reached. Then
it was switched to the diamond knife. For this purpose a Jumbo diamante-knife (Diatome,
Ltd; Biel, Switzerland) was used to cut 80 - 100 nm thin ultra-thin serial sections. Compared
to conventional diamond knifes it provided a large recipient, into which a polysine coated
glass slide (Menzel-Gläser; Braunschweig, Germany) could be placed to collect the ribbons.
Transferred ribbons were dried for at least 30 min at 54 °C, to make sure that sections would
adhere during all following staining and washing procedures. The slides with the arrays could
be stored at RT, but should be used freshly and possibly freed from dust with some air puffs
in order to guarantee good antibody stainings.

For antibody staining, the ribbons were surrounded with a hydrophobic Super PAP pen
(Science Services, München, Germany) in order to prevent leaking of applied fluids from the
sections. Furthermore slides were placed into a humid chamber to avoid desiccation during
incubation. Sections were first treated for 5 min with 50 mM glycine in TBS to saturate free
aldehyde groups, to which otherwise primary antibodies would unspecifically bind. Unspe-
cific binding sites for antibodies were further saturated with bovines serum albumin (BSA).
Incubation with the blocking solution containing 0.1 % BSA in TBS with 0.5 % Tween-20,
that raised permeability for antibodies, was performed for 5 min. Subsequently the primary
antibody solution was applied. Antibodies were diluted in the blocking solution containing
BSA and Tween-20 and centrifuged for 2 min 13,000 rpm before usage. Used concentrations
were listed in Tab. 2.2. By using the “perfusion” method, sections got rinsed 3 to 4 times
with TBS for a total of 30 min. “Perfusion” was achieved by simultaneously applying and
removing the buffer with two Pasteur pipettes (Micheva et al., 2010a). Secondary antibodies,
also diluted in the blocking solution and centrifuged for 2 min at 13,000 rpm, were applied for
30 min at RT in the dark. After rinsing the samples 3 to 4 times with TBS for 5 min, they
were stained with 4’,6-diamidino-2-phenylindole (DAPI). DAPI intercalates into the DNA and
therefore stains nuclei, which would help for orientation and aligning with EM images. DAPI
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2.5. Acquisition of serial electron microscopic images

was diluted 1:10.000 in TBS and applied for 10 min at RT. After rinsing sections 3 to 4 times
with dd H2O they were embedded with 80 % Glycerol. Samples were stored in the dark at
4 °C. Images were acquired via CLSM (Leica TCS SPE; Leica, Wetzlar, Germany) with highest
quality within the next 24 h to avoid any loss of fluorescent signals.

After taking pictures, slides were contrasted and poststained for scanning electron micro-
scope (SEM). Therefore, cover-slips were removed and glycerol was washed off. To enhance
contrast, ultrastructure samples were first treated with 2.5 % ethanolic UA for 15 min covered
with a petri dish, washed with 100 % EtOH, 50 % EtOH and with dd H2O. Secondly they
were treated for 10 min with LC diluted 1:1 with dd H2O and afterward washed 3 times with
Millipore Water.

To avoid electrostatic charging while scanning with the SEM, slides were coated with
carbon. Object slides were cut to the region of the ribbon and stuck onto a SEM holder. The
edge of the glass slide and the platform were connected with conductive silver (Plano, Wetzlar,
Germany). Before placing the platform holder into the coating machine (Balzers Union, MED
010, Lichtenstein, Germany) a filter paper was additionally placed on the SEM holder serving
as a reference for the carbon coating progress. Depending on the intensity of the greyish color,
carbon coating was stopped. Slides were kept in an desiccator until imaging with the SEM.

2.5. Acquisition of serial electron microscopic images

Serial ribbons with DAB labeled pdf - or R6-Gal4 neurons were imaged via transmission
electron microscope (TEM) using the JEM-2100 (Jeol) with 200 kv and a TVIPS F416 camera.
For image acquisition and processing the EM-Menu4 software had been employed (Fig. 2.1).

There was the possibility of calculating and saving the coordinates from taken pictures
using MATLAB. This would later facilitate and accelerate the import process of images into
the TrakEM2 project by simply loading matlab files. As this way of image import was unknown
and not established at the time images were scanned, every single tiling sequence was manually
imported into the reconstruction plugin from Fiji (p. 52).

It is highly recommended to make notes while scanning to every single slice taken pictures
from, especially due to unexpected happenings such as occurring difficulties or mistakes. Also,
for later orientation, it could be helpful to draw a little sketch of how the grid was orientated
within the specimen holder and how the slices were arranged and orientated on the grid.
After the TEM had been turned on and all adjustments of objectives, condensors and electron
beam current had been made, the EM-Menu4 could be opened and the following parameters
were needed to be set. Going to Edit→Options the EM-Menu4 could be set to automatically
save taken pictures to a definite folder. Therefore “Save acquired images to HDD” was checked
and the file directory was chosen (Fig. 2.2, A). Going to “Camera configuration manager”
the “PreExposure” of the 4K 2Bin camera settings were adjusted to 1500 ms (Fig. 2.2, B).
Before scanning, the region of the AME and VE was bleached at 5000 x magnification in
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Figure 2.1: Interface of EM-MENU4

the “MAG1” mode by narrowing the electron beam thereby gaining higher beam intensity.
Bleaching increased the contrast and later prevented pictures of being irregular shaded. An
overview of the region of interest was acquired in the low magnification (LowMag) mode at
1200 x magnification using the “tiling” feature provided by the EM-Menu4 software (Fig. 2.3).
The region of interest had been sectioned into several colored squares (Adobe Photoshop)
within the overview pictures (Fig. 3.35). This allowed better orientation at high magnification
and preferably prevented gaps due to not scanned regions. Still, it is recommended to always
be attentive while scanning to reduce mistakes to a minimum. The squares were adapted
for this purpose and therefore covered a region achieved by tiling 5 x 5 images at 15.000 x
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2.5. Acquisition of serial electron microscopic images

A

B

Figure 2.2: EM-MENU4 – Options and Camera settings

magnification. For tiling of each square its center were needed to be focused around which the
software will meander the set of images.

All images measure 2048 x 2048 px and were saved as 16bit as well as 8bit .tif files. A
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settings for LowMAG -1 200x

Figure 2.3: Spotscan at low 1200 x magnification The number of images to be taken in X and Y
direction was set. The goniometer was used, as shifts of image and beam would be too sensitive for this
purpose. A “Spotscan path” was chosen - “meander” is recommended - and a “Name base” entered for the
images. The correct camera settings were applied and the “Exposure time” was set to 2000 ms. “Proceed
automatically with tiling” was set and an extra delay of 250 ms used. This allowed TEM and camera a little
break after the specimen holder moved to the new position of the next picture and therefore would promote
better image quality.

scale bar could optionally be inserted as well as the information about the picture’s dimensions.
Conversion from 16bit to 8bit .tif files could also be performed with the “FIJI Batch Converter”.
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2.5. Acquisition of serial electron microscopic images

settings for 1 5000x

Figure 2.4: Spot scan at high magnification of 15000 The number of images taken to be in X and Y
direction was set. “image shift and beam shift” was checked, as the goniometer would be too imprecise for this
purpose. “Spotscan path” was chosen - “meander” is recommended - and a “Name base” entered for the images.
The correct camera settings were applied and the “Exposure time” was set to 1500 ms. “Proceed automatically
with tiling” was checked and an extra delay of 250 ms used, which allowed TEM and camera a little break, after
adjusting the new position for the next picture and therefore would increases image quality.

2.5.1. 3D reconstruction with the Fiji plugin TrakEM2

Stitching and image alignment

In order to stitch and align serial electron microscopic images, TrakEM2 was used, a plugin
implemented in ImageJ. All work regarding the “reconstruction project” was performed on a
Linux operating server system providing 64 cores and 256 GB working memory space (RAM).
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TrakEM2 illustrates images with the aid of mipmaps (mip = lat. “multum in parvo” mean-
ing “much in little”), which are lower resolution representations of the same image. Thus,
TrakEM2 refers to a file path, when illustrating an image. Therefore file paths should never
be changed once working on the project has been started. Otherwise, the file paths need to be
adjusted. It is recommended to copy all for the project required images into a separate folder
and to leave the original data set untouched.

The following alignment protocol was oriented towards a protocol established by Aaron
Sigmund under my guidance. For the present study, it was by reference to Johannes Kattans
master thesis achieved in the laboratory of Prof. Ch. Stigloher. The following protocol suffices
a quick “getting started” with TrakEM2, but is not sufficient for an understanding of how and
why processes work as they do. Detailed instruction to all described steps below and more
explanations, especially to the parameters, can be found in the TrakEM2 User Manual from A.
Cardona (https://www.ini.uzh.ch/~acardona/trakem2_manual.html). For getting started
and adjusting first settings in Fiji for a new project one finds good advices from A. Cardona
at http://fiji.sc/TrakEM2. Furthermore, several tutorial videos are provided on https:

//www.youtube.com.
While working with the project, it is recommended to save each step, and to create a backup

system that takes snapshots after defined time spans. Also manually created snapshots are
suggested in order to eventually be able to jump back to an older version of the project. A
separate folder was created, e.g. “Marie-R6Gal4-TrakEMrecon”, which included all images
used for the reconstruction of R6-GAL4 neurons as well as the TrekEM2 project folder itself.
Latter folder would include the textfile (=.xml) file of the project and many folders containing
the mipmaps and their features.

Prepare TrakEM for new project

1. Open Fiji Go to Edit → Options → Memory & Threads... → Memory and Threads were
adjusted according to the computer’s features or rather what is Fiji going to be allowed to
use from the computer’s available memory and threads → Close Fiji (more information
see http://fiji.sc/TrakEM2)
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2.5. Acquisition of serial electron microscopic images

2. Restart of Fiji and starting a new TrakEM2-project Go to File → New → TrakEM2
(Blank) → the folder is chosen in which the project is supposed to be saved (Fig. 2.5)

Canvas

Preview

TrakEM Project window

Toolbar

Infobar

Viewing
and

editing
options

Figure 2.5: New TrakEM2 Project (blank) Two windows will open after starting a new TrakEM2 project.
The “TrakEM2 Project window” provides a systematic tree-like overview of the project’s structure. It is
separated into three columns. “Template” and “Project Objects” will list defined segmented objects annotated
while object tracing. “Layers” will show all layers included in the project, including the layer’s name, number
and z-coordinate. The second and larger window is equipped with an “Infobar” showing the number, z-
coordinate, current magnification in percent, and the name of the layer as well as the project. There is a
“Toolbar”, which is just the same as provided in FIJI. Beneath the “Toolbar” are several tabs allowing to
switch between different viewing and editing options. The “Preview” window will show all loaded images
of the particular layer. Depending on the settings one will see full images, only their outlines or nothing. The
largest field is occupied by the “Canvas”, the working surface.
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3. Adjusting project properties Right click canvas → Project → Project properties... →
Parameters were changed as shown and explained in (Fig. 2.6, A)

4. Adjusting display properties Right click canvas → Display → Properties... → Parameters
were changed as shown and explained in (Fig. 2.6, B)

see for more information http://fiji.sc/TrakEM2

A BProject Display

Figure 2.6: Project and Display properties A: For fast mipmaps regeneration the image resizing mode in
“Project Properties” was adjusted to “Gaussian” and the number of threads for mipmaps was set corresponding
to the number of CPUs the computer provided, which was 64 in this case. B: For fastest browsing through the
layers the “snapshot mode” should be set to “Disabled”, or at most to “Outlines” and “Prepaint” should be
unchecked.

50

http://fiji.sc/TrakEM2


2.5. Acquisition of serial electron microscopic images

5. Project’s calibration Right click canvas → Display → Calibration... → Parameters are
changed corresponding to the dimensions used in the images (Fig. 2.7, A)

6. Adding layers TrakEM2-project window → Right click “Top Level” → Add... → many
new layers... → thickness in pixel and number of layers that were going to be added had
been filled in (Fig. 2.7, B)

A

px

B

Figure 2.7: Calibration and adding layers A: In order to set the right dimensions for the project, “Unit
of length” was changed to [nm], pixel width and height adjusted to [nm/ px], and the voxel depth to [nm],
which was defined by the thickness of single ultra-thin sections. B: The thickness of each layer was adjusted to
[px] ( slice thickness in [nm]

pixel sizes in [nm/px] ) and the number of layers that were going to be added had been set.
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Import and adjust images

Originally TrakEM2 facilitates the import of only one single tiling sequence. My IT-colleague
Christian Smietana adjusted the script of TrakEM in a way, that enabled the import of several
tiling sequences at once (Fig. 2.8), speeding up the image importing process appreciably.
The size of the canvas was adjusted by “Right click into Canvas → Display → Resize
Canvas/ LayerSet..” and manual filling in the wanted size in pixel. In order to achieve uniform
brightness and contrast of all images within a layer, image filters had to be applied (Fig. 2.9).

Montage of each section independently – xy-Alignment

The order of applying filters and stitching images was irrelevant, but filters should be applied
before mipmaps gained too many features, as this would reduce the operation speed.

The montage of images would be faster, if the sections were roughly pre-aligned. With
the “Arrow” tool from the toolbar the squares of linked images were manually stitched.
Afterward the automated and by TrakEM2 provided xy-Alignment tool was employed.

Importantly, from now on all images in all layers were needed to be unlinked, otherwise
the alignments won’t work. There was one exception, when layers became manually aligned
in z-dimenson. For this step the images within all layers were needed to be linked again.

9. Unlinking images Right click canvas → Link → Unlink all → Yes

The xy-alignment was performed three times. Two times in least squares aligning mode;
one with the default settings (Fig. 2.10) and the other one with parameters according to
the reference protocol from J. Kattan (Fig. 2.11), and the third time elastically (Fig. 2.12).
Presumably one of the two least square alignments would be sufficient. The elastic alignment
method for groups of overlapping 2d-images or series, used later in this protocol, was a powerful
tool developed by S. Saalfeld (Saalfeld et al., 2012, http://fiji.sc/Elastic_Alignment_

and_Montage). Due to the algorithm behind it images and large series would globally be
deformed to a minimum but still yielded a very good alignment. The elastic montage would
refine the result of the montage in Least square mode. Therefore a good pre-alignment in Least
square mode was required. Note, that an as precise as possible xy-alignment would qualify a
good z-alignment. As mentioned above, no explanations of the parameters were given within
the scope of this work, as this could be looked up in the TrakEM2 User Manual (https://www.

ini.uzh.ch/~acardona/trakem2_manual.html), which also provides references for further
detailed explanations.
Incidentally, after the first xy-alignment in Least square mode and before continuing with the
second and third round of xy-alignment, one could insert the manual z-alignment using the
“Transformation” tool (Fig. 2.13). This is recommended especially with large data sets, as
all operations slow down, the more features the mipmaps obtained. One could do it now or
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2.5. Acquisition of serial electron microscopic images

7. Import of Images Right click canvas→ Import→ Import sequence as grid... → the folder
including the images was chosen → click to one image within this folder → copy the
Namebase → Open → parameters were adjusted as shown below

A B

insert namebase of
each tiling sequence

C

Figure 2.8: Import of Images A: The name bases of every tiling sequence was inserted in order to get
imported into the uppermost window. It was checked if all sequences comprised the same number of tiles. In
this case each sequence consisted of 25 tiles arranged in 5 rows and 5 columns. As images with a resolution of
2048 x 2048 px were taken with an overlap of 30 % an overlap of 614.4 px among the tiles had been calculated. If
image were wanted to be linked with each other, “link images” was checked. Furthermore, “montage with phase
correlation” and homogenize contrast” was checked. B: The overlap was again adjusted to 30 %. C: TrakEM
interface after images had been imported. Each square represented one tiling sequence of 25 images. They were
arranged in a row.

after the elastic xy-alignment, but it should be kept in mind that therefor the images within
all layers had to be linked again and afterward unlinked. Anyway, after xy-Least square
alignments all sections were reviewed visually and it was looked for rough tiles. They
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8. Appling image filters All images in one layer were selected→ Right click canvas→ Adjust
images→ Adjust image filters (selected images)→ double click “EqualizeHistogram”→
Set

A

Choosed
image filter

B

C

Figure 2.9: Adjusting contrast of images A: Images were already manually stitched, but no image filters
were applied so far. Some single tiles appeared darker than others. This occured while converting 16 bit
images to 8 bit images with Fiji. The reason for that is unknow. B: All images were selected and the “Image
filters” window was opened. “EqualizeHistogram” was double-clicked to select the filter and was confirmed with
“Set” C: All images were now featured with the “EqualizeHistogram” filter emerging uniform in brightness and
contrast.

either had been montaged manually or by locking all other tiles and than montaging this section
itself thereby applying more relaxed parameters, e.g. allowing a larger “maximal alignment
error”or lowering the “minimal inlier ratio” for example to 0.03 (Geometric Consensus Filter).
Then it was proceeded with the elastic montage of each section (Fig. 2.12). See an explanation
of the parameters at http://fiji.sc/Elastic_Alignment_and_Montage.
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2.5. Acquisition of serial electron microscopic images

10. First xy-Alignment in Least square mode Right click canvas→Montage multiple layers
→ a sequence of five windows opened, where individual parameters had to be adjusted

1

3

4

5

2

Figure 2.10: First xy-Alignment in Least square mode 1.: “Least squares” as montage mode was
chosen. 2.-4.: These were the default settings, which generated already a good alignment in this project.
5.: As image squares were stitched manually in advance, “tiles are roughly in place” could be checked. This
fastened the alignment noticeably.
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11. Second xy-Alignment in Least square mode Right click canvas → Montage multiple
layers → a sequence of five windows opened, where individual parameters had to be
adjusted

1

3

4

5

2

Figure 2.11: Second xy-Alignment in Least square mode 1.: “Least squares” as montage mode was
chosen. 2.: The SIFT parameters “Steps per scale octave” and “maximum image size” were set to 5 and
1024 px. 3.: The “maximal alignment error” and minimal inlier ration were reduced to 25 px and 0.05. 4.: The
“Alignment parameters” were still the default settings. 5.: As a xy-alignment had been performed in advance,
“tiles are roughly in place” could be checked. This fastened the alignment noticeably.
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2.5. Acquisition of serial electron microscopic images

12. Elastic montage of each section Right click canvas → Montage multiple layers → a se-
quence of three windows opened, were individual parameters had to be adjusted

1

3

2

Figure 2.12: Elastic xy-Alignment of each section 1.: “Elastic” as montage mod was chosen. 2.: Ac-
cording to the reference protocol of J. Kattan the parameters were set as depicted. 3.: The “spring length” was
calculated by dividing the image size by the mesh resolution, which was in this case 2048/32.

Align sections among each other – z-Alignment

As mentioned above, the manual z-alignment across the layers (Fig. 2.13), could be performed
already at a former stage. Therefore images had to be unlinked, in order to retain the already
montaged sections.

13. Linking images Right click canvas → Link → Link images... → “each image with any
other overlapping image” was selected and applied to “all images in all layers, within the
layer only”

The manual transformation was performed for every layer with respect to the previous layer.
Afterward the images had to be unlinked again (Right click→ Link→ Unlink all→ Yes), in
order to allow proper alignments. The manual alignment of layers with landmarks guaranteed
good results for the following automated linear and non-linear alignment methods. One could
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14. Manual transformation across layers The “layers” view was chosen → scroll down to
current layer (green) → Right click layer that has to be transformed with respect to the
current layer→ Set as red channel→ The “Arrow” tool is selected→ Transformation is
performed: for moving press and hold left mouse button; for rotation select the center
and press “t” → To finish transformation right click canvas → An option was chosen of
how to proceed

Figure 2.13: Manual z-Alignment Transformation was performed for each layer individually with respect
to the selected layer, which was mostly the previous layer. Arrow indicates where rotation can be performed.

try to skip this step and directly proceed with the z-Alignment in Least square mode. For this
project especially folds and the transition to a new grid caused problems, which necessitated
the alignment with landmarks first. The automated z-Alignment followed in two steps. First
in Least square mode with an expected affine transformation that was regularized to a rigid
transformation (Fig. 2.15). An affine transformation allowed TrakEM to translate (meaning
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2.5. Acquisition of serial electron microscopic images

15. Registering two layers with landmarks Right click canvas → Align → Align layers man-
ually with landmarks → The select tool (black arrow) was picked to add landmarks →
when all landmarks were set, canvas was right-clicked to see various options→ Transform
was applied → “Similarity” was chosen

Figure 2.14: Registering two layers with landmarks The same conspicuous points were labeled, such
as mitochondria, in both layers. In the end the layers had to present the same numbers of landmarks and
numbers had to match across layers. It was possible to export and save the map of assigned landmarks in order
to import them later again, if needed.

displacements in X,Y), rotate, scale, and shear images, whereas a rigid transformation allowed
only translation and rotation. Secondly, an elastic section registration was performed, in order
to refine the results from the Least square montage (Fig. 2.16). In order to refine the result,
this step could be repeated twice, first with a coarse “search radius” (e.g. between 500 and
700 px) and thereafter with a fine one (about 200 px). The option “test maximally ‘n’ layers”
(Fig. 2.16, 2) enabled the registration of a layer with the next layer but one, for example, if
‘n’ was set to ‘2’ instead of ‘1’.
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16. Least square mode z-Alignment Right-click canvas → Align → Align layers → a se-
quence of five windows opened, were individual parameters had to be adjusted

1

32

4

5

Figure 2.15: z-Alignment in Least square mode 1.: “Least squares” as montage mode was chosen and
the layer range for image registration selected. Preferably this would be the first and last layer. Depending on
the project and its progress it was chosen among given options. 2.-5.: Parameters were set according to the
reference protocol of J. Kattan.
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2.5. Acquisition of serial electron microscopic images

17. Elastic image registration across layers Right click canvas → Align → Align layers → a
sequence of three windows opened, were individual parameters had to be adjusted

1

32

Figure 2.16: Elastic image registration across layers 1.: “Elastic” as montage mode was chosen and
the layer range for image registration selected. Preferably this would be the first and last layer. Depending on
the project and its progress it was chosen among given options. 2.-3.: Parameters were set according to the
reference protocol of J. Kattan.
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The Log-file

The Log-file should not be disdained, as it provides important information about the process’
progress, warnings and errors. It opened automatically whenever a process was started. It
is recommended to save the Log-file especially after performed alignments. Most interesting
information could be extracted during the elastic image registration across layers, when fea-
tures of every single section were extracted and then compared with the layer to which the
alignment was going to be performed.

Export images

Once montage and z-alignments were completed, the rectangular selection tool was picked to
select the region that was going to be exported. Then canvas was right-clicked, via “Export”
“Make flat image...” was chosen and the parameters were set as wanted. Exported *.tif
stacks were imported into a new TrakEM2 project or IMOD, a free software providing good
annotation tools for segmentation (http://bio3d.colorado.edu/imod/doc/guide.html). In
this study exported *.tif stacks were scaled to 50 % of the original image size. This fact had
to be considered for setting further calibrations.

Presentation of EM images - segmentation and 3D modeling

Individual structures of special arrangements had to be defined in order to create 3D models.
This procedure was termed segmentation or annotation. For this study the segmentation
tools of TrakEM2 was used for shading certain structures and annotation tools of IMOD for
3D visualization (http://bio3d.colorado.edu/imod/doc/guide.html). For both programs,
good video tutorials were available online on https://www.youtube.com.

Segmentation with TrakEM2

For segmentation and 3D modeling in TrakEM2 a new project was started as described above
(Sec. 2.5.1). Then the exported to 50 % scaled *.tif stack was imported and dimensions were
set respectively to the project. A video tutorial on YouTube provided a quick instruction of
how to perform segmentations with TrakEM2 (“TrakEM2 - how to create and edit arealists
”; https://www.youtube.com/watch?v=DU0S2fX5EFU).

Annotation and 3D visualization with IMOD

As IMOD was not able to open the whole 50 % scaled *.tif stack exported from TrakEM2, sev-
eral subregions were selected and exported as “Flat images” from TrakEM2 for further image
processing in 3dmod. There was an introduction to 3dmod available, which provided a com-
prehensive tour of its major features (http://bio3d.colorado.edu/imod/doc/3dmodguide.
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2.5. Acquisition of serial electron microscopic images

html). A step by step instruction is given below. Note, the imported image stack had to be
in grayscale, otherwise some options would not work in 3dmod.

Scale bars were displayed by selecting “View from the Model View Window → Scale
Bar...”. They would disappear when the 3dmod Scale Bar dialog box is closed. To save the
view of an 3D model “File from the Model View Window → Snap Tiff as...” was selected.

1. Opening IMOD In the Startup window the *.tif or *.mrc image stack file was selected →
in case a model existed, the respective *.mod model file was selected → Confirmation
with “OK” opened an Information and a ZaP Window

Figure 2.17: Startup, Information, and ZaP window A: In the Startup window the image stack and
its respective model were selected in order to open them. B: The Information Window represented the main
control window of the program, the Zap Window the main image display and model editing window.
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2. Materials and Methods

2. Calibration, Creating a new object and Drawing tools

Figure 2.18: Calibration, Creating a new object, Drawing tools A: To Setting the calibration
of the project “Edit from the Info Window → Model → Header...“ was selected. Total Z-scale and pixel size
were defined. The pixel size of 100 % scaled images was represented by 1.399 nm/px, thus 50 % scaled images
comprised a pixel size of 2.798 nm/px. The total Z-scale meant the thickness of one added section in [px],
thus a 100 nm thick slice was comprised of 35.74 px. “Done” was selected to affirm set parameters and to
close the window. B: New objects had to be defined for annotating individual structures. This required the
creation of an object. “Edit from the Info Window → Object → New“ was selected. An “Object name”
was given and “Closed” object type was selected for all closed structures, such as cell bodies, axons, nuclei,
and T-bars. “Done” was selected to affirm set parameters and to close the window. For annotation of vesicles
the “Scattered” object type was selected. C: The Drawing Tool window had to be open, for any action that
were going to be performed with the mouse within in the Zap Window, including drawing, scrolling through
layers, zooming in and out, and moving the layer. Selecting “Special from the Info Window → Drawing Tools“
opened a window providing several modes for drawing. “Sculpt” was selected to annotate closed object types.
“Normal” was selected for scattered object types, such as vesicles. The 3dmod instruction provided further
explanations of the drawing modes. D: For the “Sculpt” and “Normal” drawing mode different wheel behaviors
of the mouse were available by selecting “Mouse/Keyboard” in the Drawing Tool window, either “resize sculpt
circle” or “resize current point” were selected.
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2.5. Acquisition of serial electron microscopic images

3. Viewing the model in 3D To view the model in the Model View Window the hot key “v”
was typed.

Figure 2.19: Viewing the model in 3D and the list of objects A: The ZaP Window shows several
annotated structures in different colors. Typing the hot key “v” displayed the model in the Model View Window.
B: “Edit from the Model View Window → Object List...” was selected in order to show all defined objects. By
unchecking individual objects they could be hidden.
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4. Different 3D views Individual lines of an object could be meshed and the image data could
be added to the 3D model.

Figure 2.20: Different 3D views A: “Edit from the Model View Window → Object...” was selected to
open the 3dmodv Objects dialog box. Here, display settings of the objects could be changed individually or for
all objects at once. The “Meshing” panel was selected and confirmed with “Mesh All” in order to produce the
view in A’. B: “Edit from the Model View Window → Image...” was selected to open the 3dmodv Image View
dialog box. Selecting “View Z image” displayed the image data in 3D additionally to the model (B’).
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2.6. Behavioral assay

2.6. Behavioral assay

Recording daily locomotor rhythms was performed with the Drosophila Activity Monitor-
ing system by TriKinetics (Waltham, MA). It provided light-proof boxes equipped with a
computer-controlled white LED system (Lumitronix LED-Technik GmbH, Jungingen, Ger-
many) that comprised light intensities of 47.6 µW/cm2. The whole setup was located in a
climate chamber with constant 20 °C and a humidity of 60 % +/- 1 %. Flies were raised
on standard cornmeal medium at 25 °C under 12:12 LD cycles. Three to five days old male
flies were transferred into recording tubes filled to one-third with an agar/sugar-medium (2 %
agar; 4 % sugar). The tubes were closed by a plug that was permeable to air. 32 of such tubes
were placed into monitors containing an infrared light beam. Beam crosses were recognized
by the computer system for each fly per minute during the whole time of recording reflecting
the fly’s activity. For activity analysis flies were kept for seven days in LD 12:12 cycles and
to investigate their behavior in constant conditions subsequently for further seven days in
constant darkness. The experimental genotype was recorded together with their respective
control genotype in the same box and at the same time. Beam-crosses that were collected in
one-minute bins were compiled into activity profiles. Therefore macros generated by Taishi
Yoshii in excel were used. Calculation occurred by averaging every single fly’s activity per
photoperiod. Subsequently the mean activity value across all entrained flies of each genotype
was examined. To determine periods and rhythmicity comprised in DD days eight to 14 were
used. Period lengths in DD were calculated by chi2-periodogram analysis.

2.7. Molecular Biology

2.7.1. DNA amplification through polymerase chain reaction (PCR)

In order to affirm the deletion within the white gene at the 5’ ending regarding the first exon,
gene fragments of the white gene were amplified by PCR. To obtain the template DNA, single-
fly DNA extraction was performed on wild-type and w1118 flies. Flies were homogenized in
50 µl squeezing buffer. This buffer consists of 10 mM Tris-HCl (pH 8,2), 1 mM EDTA, 25 mM
sodium chloride (NaCl) and 20mg/ ml freshly added proteinase K (PK, ThermoScientific),
an endolytic protease. PK cleaved peptide bonds in order to expose the nucleic acids. The
homogenate was incubated for 30 min at 56 °C. The reaction was stopped by placing the
samples on ice for 3 min. Required primers were designed and obtained from Sigma-Aldrich.
The 5’ primer was located within the adjacent region of the white locus just before the 5’ UTR.
Three 3’ primers had been placed in different intervals to the 5’ primer behind the first exon
in order to define the size of the deletion (Fig. 2.21, Tab. 2.3). New Primers had to be diluted
to a final concentration (f.c.) of 50 µM. The following PCR reaction was set up: 20 µl PCR-
10 µl JumpStart™ REDTaq® ReadyMix™ Reaction Mix (Sigma), 1 µl of template DNA, 3 µl
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of the primer pair and 6 µl dd H2O. The reaction was performed in a thermal cycler from
Biometra (TProfessional basic Gradient Thermocycler) under specified conditions (Tab. 2.4).
The annealing temperature and the time of extension comply with the length of the amplified
product and the used primers. The PCR products were subsequently analyzed on an agarose
gel.

Figure 2.21: Schematic model of the gene locus of white Locus of the white gene with extended gene
regions (flybase.org) indicate the position of designed primers. One forward primer was placed downstream
of the 5’ UTR whereas three reverse primer were placed within the first intron.

Table 2.3: Olignucleotides

name localization sequence (5’-3’

white 5’ befor 5’ UTR of the white locus CTGTCCACAGAAATATCGCCGTCTCT
white 3’ Nr. 1 after the 1. exon CAGTTCTCACGCCGCAGACAATT
white 3’ Nr. 2 within the 1. intron GAGGCGAAGGAGTATCGTGATGAACT
white 3’ Nr. 3 within the 1. intron CGAAATGGCGGTAACCGAAGACGT

Table 2.4: PCR-programm for DNA amplification

Initial denuration 94 °C 2 min 1 repeat

Denaturation 94 °C 30 sec
Annealing 60 °C 30 sec 35 repeats
Extension 72 °C 2 min

Final Extension 72 °C 5 min 1 repeat

2.7.2. Gel electrophoretic fractionation of DNA

To separate DNA fragments agarose gels were required. They contained the DNA colorant Mi-
dori Green (Nippon Genetics Europe GmbH), which presumably bound to the sugar-phosphate
backbone of the nucleic acid (FAQ, Biozym). Analyzing the gel with UV light exposed the re-
gions containing DNA as Midori Green would emit light. The light intensity was in proportion
to the nucleic acid concentration and its length, respectively. For gel production, peqGOLD
Universal Agarose (peqlab, Germany) was weight out depending on the gels desired pore size
and electrophoretic running buffer 0.5 M x TAE was added. The mixture was warmed up in

68

flybase.org


2.7. Molecular Biology

the microwave till agarose was completely solved and afterward cooled down to 60 °C. Then
0.005 % Midori Green was added and the gel poured into a prepared gel chamber. As soon
as the gel was fully polymerized it was set in a migration chamber filled with 0.5 M x TAE
running buffer. PCR products were loaded on a 1 % agarose gel. For quantification of the
fragment size, 5 µl GeneRuler DNA Ladder Mix 10 kb (ThermoScientific) was loaded on the
gel, too. The fractionation was performed at about 90 to 100 V for 50 to 60 minutes. The gel
was analyzed under UV light with the EBOX VX2/20MX Gel Documentation System from
peqlab.

2.7.3. Westernblot to test White antibody

Detailed composition of each buffer are listed in the appendix (Sec. A.1.3). To separate proteins
based on their molecular weight SDS-PAGE (SDS-polyacrylamide gel electrophoresis) was
performed. Protein solutions were loaded on polyacrylamide gels containing sodium dodecyl
sulfate (SDS), that denaturates and binds to proteins, coating them with a negative charge.
A gel for SDS-PAGE was comprised of a “stacking gel” and a “resolving” gel. The stacking
gel had a lower polyacrylamide concentration (5 %) and was therefore large-pored. During
the first minutes of electrophoresis the peptides were concentrated into a tight band. This
ensured, that all proteins would start migration into the resolving gel at the same time,
thereby obtaining optimal resolution of the proteins. It was poured on top of the resolving
gel. As the resolving gel contained a higher concentration of polyacrylamide (10 %), it was
higher-pored and therefore promoted the separation of the proteins within the sample by their
molecular weight.

While gels polymerized for about one hour, the White protein was extracted from heads.
Therefore, heads of 20-25 flies for each sample were homogenized for 20 min in 50 µl protein
extraction buffer containing one-seventh proteinase inhibitor, that prevented the cleavage of
peptide bonds. All samples were centrifuged for 6 min at 4 °C and 14.000rpm. The super-
natant, that contained the extracted proteins, was decanted into fresh and ice cold tubes and
one-fifth of gel loading buffer was added. After short centrifugation and mixing with the vor-
tex mixer, samples and NEB’s prestained Protein Marker (Biolabs) were boiled up for 3 min
at 95 °C and loaded onto the SDS gel. The protein marker enabled the identification of the
protein. The separation of the proteins was performed over night at 35 V. Negatively charged
proteins were transferred due to the current from the SDS gel onto a nitrocellulose membrane
within a blotting chamber. In addition to the SDS gel and the cellulose membrane 6 Whatman
paper soaked with Semi-Dry-Blocking-Buffer (SDBB) were needed. For blotting 3 Whatman
paper, the membrane, the SDS gel, and again 3 Whatman paper were placed one after the
other into the blotting chamber. Air bubbles had to be removed. Blotting was performed for
1,5 h with 400 mA at RT .
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The membrane with transferred proteins was splitted into single pieces, depending on the
different antibodies that were going to be applied. Subsequently, they were placed into the
Odyssey®Blocking Buffer (Licor) with TBST (1:1) for 2 hours at RT and afterward incubated
in the first antibody solution over night at 4 °C. The first antibody was diluted 1:2500 in TBS-
Tween (TBST) with 5 % milk powder and 0.02 % NaN3. After rinsing the membrane 3 times
in TBST for 10 min secondary antibodies were applied for 2 hours at RT. The fluorochrome-
conjugated antibodies were diluted 1:5000 in TBST with 5 % milk powder and 0.02 % NaN3.
Membranes were rinsed again 3 times for 10 min with TBST and analyzed with the Odyssey
Imaging System (LI-COR Biosciences - GmbH).
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The usage of GAL4-regulated (UAS) transgenes in the field of D. melanogaster research is
widespread and has meanwhile become indispensable. They enable selective manipulation of
particular cell type population in order to investigate effects onto physiological processes and
behavior but also to gain insights into neuronal communicating networks. The functional prin-
cipal of those binary expression systems has been described in detail above (Sec. 1.1.1,p. 12).
As both, GAL4- and UAS-constructs, have been implemented artificially into the genome of
Drosophila their transcription could be initiated even in the absence of the proper activator
proteins (for more details see, Sec. 1.1.1, p. 12). This case is referred to as leaky gene ex-
pression. Therefore, it is necessary to examine the GAL4- and UAS-lines’ efficiency and their
specificity of expression.

3.1. Characterization of GAL4-driver and UAS-reporter lines

The range of pdf -, R6-, th-, and trh-GAL4 driven expression in brains of D. melanogaster
was determined. Therefore, hybrids were established whose genomes’ comprise either of the
GAL4-drivers as well as 10xUAS-myr::gfp. Immunohistochemical analysis were performed on
seven day old adult whole-mount brains expressing membrane-bound GFP molecules. Coun-
terstainings of the respective cell type-specific proteins – PDF, TH, and 5HT – allowed the
evaluation of the GAL4-lines’ reliability. For double immunostainings of adult male whole-
mount brains, I followed the standard protocol for immunocytochemistry as described above
(Sec. 2.2.1, p. 33).

pdf -GAL4 was used to target all PDF-containing clock neurons, R6-GAL4 to target the
small PDF-containing clock neurons, and th-GAL4 and trh-GAL4 to target dopaminergic and
serotonergic neurons. The specificity of these GAL4 lines was investigated already in earlier
studies (Park et al., 2000; Helfrich-Förster et al., 2007; Friggi-Grelin et al., 2002; Mao &
Davis, 2009; Sadaf et al., 2012; Pech et al., 2013) and has been described above (Sec. 1.9,
p. 28). Especially for th-/ trh-GAL4 it has been noted that GAL4 is additionally driven in
neurons, that do not contain TH/ 5HT. As the AME was of special interest for the present study,
it will especially be referred to cell clusters, which likely send processes into this neuropil.
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Expression pattern of pdf -GAL4 and R6 -GAL4

The primary antibodies anti-GFP and anti-PDF were used to investigate the distribution of
membrane-bound GFP in pdf - and R6-GAL4 neurons on the one hand and PDF-IR on the
other hand. The characteristic expression pattern for PDF (Fig. 1.2) was reflected by GFP

expressing pdf -GAL4 neurons (Fig. 3.1). The four large as well as the four small LNv showed
immunoreactivity for both, PDF and GFP.

Figure 3.1: pdf -GAL4-positive neurons overlap with PDF-IR in l- and s-LNv A-B: The neuropil
and the pdf -GAL4 neurons are visualized by nc82 (magenta and white) and UAS-CD8::gfp (green and white).
A,A’: The expression of GFP in pdf -GAL4 neurons is illustrated by a projection of confocal optical sections
from a whole-mount brain (posterior frontal view, dorsal up). B-B”: Enlargements of indicated area in A. A
single section of the AME illustrates its dense innervation by pdf -GAL4 neurons (arrowhead). C-E: Double
staining of PDF and pdf -GAL4 positive neurons. Distribution of pdf -GAL4 expressing neurons and PDF-IR
neurons is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF (magenta and white).C: Anterior
view of a projection of a whole-mount brain reveals specificity of the GAL4 line for PDF-IR neurons (frontal
view, dorsal up). Arrowheads indicate the only PDF-negative cell bodies in the anterior cell body rind adjacent
to the anterior optic tubercle. D,E: Enlargements of the indicated area in C. D: GFP and PDF signals overlap
in all cell bodies of l- and s-LNvs. E-E”: A single section illustrates GFP- and PDF-IR fibers within the AME.
AME: accessory medulla, CA: calyx, LH: lateral horn, l-LNv: large ventral lateral neuron, s-LNv: small ventral
lateral neuron, ME: medulla, OL: optic lobe, PLP: posterior lateral protocerebrum, POC: posterior optic
commissure, VE: ventral elongation. Scale bar = 100 µm in A (applies to C), 10 µm in B (applies to D,E)

Further, the pdf -GAL4 line comprises a neuronal network that resembled the network of the
PDF+ clock neurons. A dense network of projections exhibiting many varicose structures was
observed in the ME. Pdf -GAL4 positive fibers densely innervated the AME and its VE and
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projected via the POC to the contralateral brain hemisphere. Furthermore, fibers ran through
the PLP toward the dorsal protocerebrum by passing the LH. They ramified into varicose
terminals dorsally of the CA of the MB within the superior lateral protocerebrum (SLP). Some
GFP expressing cell bodies located in the anterior cell body rind (ACBR) adjacent to the anterior
optic tubercle (AOTU) exhibited no PDF-IR (Fig. 3.1, arrowhead in C).

The characteristic neuronal network of the s-LNvs is resembled by the R6-GAL4 line
(Fig. 3.2). GAL4-driven GFP expression was observed exclusively in the four cell bodies of the
s-LNvs, their arborizations within the AME and their dorsal projections, which terminate in the
dorsal protocerebrum.

Figure 3.2: R6-GAL4-positive neurons overlap with PDF-IR in the s-LNv R6-GAL4 expression
and PDF-IR neurons are visualized by 10xUAS-myr::gfp (green and white) and anti-PDF (magenta and white).
Images are projections of confocal optical sections. A: Anterior view of a whole-mount brain reveals the
innervation pattern of R6-GAL4 (A’) and PDF-IR (A”) neurons (frontal view, dorsal up). B-C: Enlargements
of indicated area in A. B-B”: Projection of the AME and the surrounding cell bodies showing R6-GAL4
expression in the s-LNv. Gal4 expression is absent in the l-LNv. C-C”: Projection of the AME. The PDF-IR
neurons in the AME arise from both, the l- and the s-LNvs. AME: accessory medulla, dp: dorsal projection,
l-LNv: large ventral lateral neuron, s-LNv: small ventral lateral neuron, ME: medulla. Scale bar = 100 µm in
A, 10 µm in B (applies to C)

Expression pattern of th-GAL4

The primary antibodies anti-GFP and anti-TH were used to investigate the distribution of
membrane-bound GFP in th-GAL4 and TH-IR neurons, respectively. The expression pattern of
th-GAL4 expressing neurons reflected the typical pattern of dopaminergic clusters (described
above Sec. 1.9, p. 28; Fig. 3.3). Anterior located cells, allocated to the PAM and PAL cluster
(Fig. 3.3, A) and posterior located cells, allocated to one of the three PPM1-3 clusters and to
one of the two PPL1/2 clusters (Fig. 3.3, B) have been identified. PPL2 can be subdivided
into the PPL2ab and PPL2c. Due to its lateral location adjacent to the ME, the PPL2 cluster
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Figure 3.3: th-GAL4-positive neurons partially overlap with TH-IR th-GAL4 expressing neurons
and TH-IR neurons in whole-mount brains are visualized by 10xUAS-myr::gfp (green and white) and anti-TH
(magenta and white). All images are projections of confocal optical sections. A: Anterior brain region indicating
PAM and PAL cluster (frontal view, dorsal up). B: Posterior brain region indicating PPM1-3, PPL1, PPL2ab
and PPL2c clusters (posterior view, dorsal up). A’-E’: Anti-GFP staining reveals cell bodies and processes of
th-GAL4 expressing neurons. A”-E”: Anti-TH staining reveals cell bodies and processes of TH-IR neurons.
C: All th-Gal4 expressing neurons comprising the PPL2ab are immunoreactiv for TH. Whitish signals indicate
co-localized GFP- and TH-IR. D: Arrowheads indicate co-localization of TH and GFP (white) in two of the
cells comprising the PPL2c. E,F: Asterisks indicate GFP expressing cells with processes innervating the AME.
They do not display TH-IR. Arrowheads in F indicate their fibers projecting into the AME. AME: accessory
medulla, PAL: protocerebral anterior lateral, PAM: protocerebral anterior medial, PPL: protocerebral posterior
lateral, PPM: protocerebral posterior medial. Scale bars = 100 µm in A (applies to B), 20 µm in C (applies to
D,F), 10 µm in E
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includes most likely processes, that innervate the AME. Whereas all identified th-GAL4 positive
neurons composing the PPL2ab showed TH-IR (Fig. 3.3, C), only two of the GAL4 expressing
neurons composing the PPL2c were immunoreactive for TH (Fig. 3.3, D). Furthermore there
were about two to four cells included in the th-GAL4 line, that were located close to the AME.
Their axons could be traced till they entered the AME (Fig. 3.3, E,F). None of these cells
showed immunoreactivity for TH. They never had been described in mentioned publications
(Friggi-Grelin et al., 2002; Mao & Davis, 2009).

In addition and in order to be able to proof the existence of DA in such th-GAL4 expressing
neurons, I attempted to label DA directly using anti-DA (Fig. 3.4). I co-stained with anti-PDF as
reference for a working and proper staining. The PDF antibody stained the typical projection
pattern of the LNvs. The antibody for DA labeled especially cell bodies. The dopaminergic
arborizations could not be stained with the antibody. The DA-positive cell bodies have been
allocated to one of the two anterior clusters, PAL, and to three of the six described posterior
clusters, PPL1, PPM2, and PPM3.

Figure 3.4: Dopamine- and PDF-IR in a wild type brain Projection pattern of DA- and PDF-IR neurons
in a whole-mount brain is visualized by anti-DA (green and white) and anti-PDF (magenta and white). Images
are projections of confocal optical sections illustrating the whole brain in A, the anterior and middle part of
the brain in B, and the posterior brain region in C (posterior view, dorsal up). Four dopaminergic clusters
have been identified: anterior the PAL cluster (B’) and posterior the PPL1, PPM2, and PPM3 clusters (C’).
PAL: protocerebral anterior lateral, PPL: protocerebral posterior lateral, PPM: protocerebral posterior medial.
Scale bar = 100 µm
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Expression pattern of trh-GAL4

The primary antibodies anti-GFP and anti-5HT were used to investigate the distribution of
membrane-bound GFP in trh-GAL4 and 5HT-IR neurons.

Figure 3.5

The expression pattern of trh-GAL4 expressing neurons reflected the typical pattern of sero-
tonergic clusters (described above Sec. 1.9, p. 28; Fig. 3.5). Anterior located cells, allocated
to the AMP, ALP, LP and SE (Fig. 3.5, A) and posterior located cells allocated to the PMP
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3.2. Spatial relation of PDF neurons to monoaminergic neurons

Figure 3.5: trh-GAL4-positive neurons partially overlap with 5HT-IR trh-GAL4 expression and
5HT-IR neurons in whole-mount brains are visualized by 10xUAS-myr::gfp (green and white) and anti-Serotonin
(magenta and white). All images are projections of confocal optical sections. A: Anterior brain region of
one hemisphere reveals anterior serotonergic cell clusters: AMP, ALP, LP and SE (frontal view, dorsal up).
B: Posterior brain region of one hemisphere reveals posterior serotonergic clusters: PMP and PLP (posterior
view, dorsal up). A’-F’: Anti-GFP staining reveals cell bodies and processes of trh-GAL4 expressing neurons.
A”-F”: Anti-Serotonin staining reveals cell bodies and processes of 5HT-IR neurons. C,D: Enlargements
of indicated area in A illustrating cells of LP. Arrowheads indicate co-localization of 5HT and GFP (white).
Asterisks indicate cells expressing trh-driven GFP but do not display 5HT-IR. In contrast, arrows indicate 5HT-IR
neurons, that are negative for GAL4 expression. E,F: Enlargements of indicated area in C and D, respectively.
Arrowheads indicate non-serotonergic but trh-GAL4 positive processes innervating the AME. AME: accessory
medulla, ALP: anterior lateral protocerebrum, AMP: anterior medial protocerebrum, LA: lamina, LP: lateral
protocerebrum, OL: optic lobe, PMP: posterior medial protocerebrum, PLP: posterior lateral protocerebrum,
SE: subesophageal ganglion. Scale bars = 50 µm A (applies to B), 20 µm in C (applies to D-F)

and the PLP (Fig. 3.5, B) have been identified. Due to its lateral location adjacent to the
ME, the LP cluster includes most likely processes, that innervate the AME. Most of the LP

cells showing trh-driven GFP expression were immunoreactive for 5HT (Fig. 3.5, arrowheads in
C,D). But some Gal4 positive neurons of the LP did not display 5HT-IR (Fig. 3.5, asterisks in
C,D). However, their primary neurites have been traced till they entered the AME (Fig. 3.5,
arrowheads in E-F). In all analyzed brains, these neurons have always been located ventrally
of the AME and comprise mostly four cells. In contrast, five serotonergic neurons of the LP

did not appear to be GAL4 positive and therefore are not included in the trh-GAL4 (Fig. 3.5,
arrows in C).

Furthermore, AME and its VE were densely innervated by trh-GAL4 positive neurons
(Fig. 3.6), but 5HT-IR was detected only sparsely within the AME and VE (Fig. 3.6, B-E;
Fig. 3.25, E). Some of the 5HT-IR signals co-localized with GFP-IR signals within the AME.

Leaky expression of UAS-reporter constructs

UAS-reporter lines can exhibit expression although UAS is not activated by its transcription
factor GAL4. Such leaky expression was examined for the reporter-lines UAS-dscam::gfp,
UAS-sytI/III::gfp or UAS-sytII::gfp. The results are illustrated and described in detail in the
appendix (Fig. S1, p. 177). In short, little leaky expression was detected for all examined
reporter-lines but it did not impair overall assertions.

3.2. Spatial relation of PDF-containing clock neurons to
monoaminergic neurons within AME and its VE

The spatial relation of PDF-positive clock neurons and aminergic neurons was determined.
Therefore, the reporter 10xUAS-myr::gfp was driven in respective GAL4 lines to visualize cell
bodies and processes. Contemporaneous labeling of GFP and PDF enabled investigations of
close proximity between GAL4-driven GFP expression in aminergic neurons and PDF-containing
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Figure 3.6: trh-GAL4-positive arborizations and their 5HT-IR for serotonin within AME and
its VE Projection pattern of trh-GAL4-expressing neurons and 5HT-IR processes in whole-mount brains is
visualized by 10xUAS-myr::gfp (green and white) and anti-5HT (magenta and white). All images are projections
of confocal optical sections. A: Projection of the AME and its VE is depicted within one brain hemisphere (frontal
view, dorsal up). B’,C’: Anti-GFP staining reveals dense innervation network of trh-GAL4 positive processes
within the AME. B”,C”: Anti-Serotonin staining reveals 5HT-IR within the AME. D’-E’: Anti-GFP staining
reveals dense innervation network of trh-GAL4 positive processes within the AME and its VE. D”-E”: Anti-
Serotonin staining reveals sparse 5HT-IR within the AME and no 5HT-IR within its VE. B-E: Enlargements of
indicated area in A.B-D:Arrowheads indicate co-localization of GFP- and 5HT-IR within the AME. D,E:Dashed
outlines indicate the region of the VE, which is innervated by processes of trh-GAL4-positive neurons, but reveals
no IR for 5HT. AME: accessory medulla, OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm A,
10 µm in B (applies to C-E)

clock neurons. For double immunostainings of adult male whole-mount brains from D. me-
lanogaster, I followed the standard protocol for immunocytochemistry as described above
(Sec. 2.2.1, p. 33). th-GAL4 and trh-GAL4 was used to target dopaminergic and serotonergic
neurons. The specificity of these GAL4 lines was investigated in earlier studies (Friggi-Grelin
et al., 2002; Mao & Davis, 2009; Sadaf et al., 2012; Pech et al., 2013) and in a few aspects
has been examined again in this study above (th-GAL4: Sec. 3.1, p. 73, trh-GAL4: Sec. 3.1,
p. 76). Note that some of these GAL4+ neurons project into the AME and VE, but do not
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express the amine itself (th-GAL4: Fig. 3.3, E,F, p. 74; trh-GAL4: Fig. 3.5, E,F, p. 76).

The proximity of PDF-expressing LNvs and th-GAL4-positive neurons

The primary antibodies anti-GFP and anti-PDF were used to investigate the distribution of
membrane bound GFP in th-GAL4 neurons in spatial relation to PDF-IR neurons.

The AME and its VE were densely innervated by processes originating from both, th-GAL4-
positive and PDF-IR neurons (Fig. 3.7). Whithin the AME close proximity has been determined
between them (Fig. 3.7, B) and their projections within the VE ran in close vicinity to each
other (Fig. 3.7, C). Supplementary images illustrating some consecutive sections from depicted
AME and VE in Fig. 3.7 are attached in the appendix (AME: Fig. S2a, VE: Fig. S2b). They
allow to follow putative co-localizations of GFP- and PDF-IR through several confocal sections.

Figure 3.7: Spatial proximity of th-GAL4 and PDF-IR clock neurons within AME and VE Pro-
jection pattern of th-GAL4-positive neurons and PDF-IR clock neurons in whole-mount brains is visualized by
10xUAS-myr::gfp (green and white) and anti-PDF (magenta and white). All images represent single confocal op-
tical sections. A: The AME is densely innervated by GFP labeled processes of th-GAL4-positive neurons as well
as by PDF-positive arborizations. Whitish signals within the AME indicate co-localization of GFP- and PDF-IR.
A’-C’: Anti-GFP staining exhibits th-GAL4-positive processes within the AME and its VE. A”-C”: Anti-PDF
staining reveals PDF-IR within the AME and its VE. B,C: Enlargements of indicated area in A. B: Arrow-
heads indicate close vicinity between GFP labeled th-GAL4 neurons and PDF-IR within the AME. C: Dashed
oval outlines projections in the VE, that originate from both th-GAL4-positive and PDF-IR neurons. They run
next to each other in close vicinity. Arrowhead indicates overlapping IR of GFP and PDF. For supplementary
information see Fig. S2a, Fig. S2b. AME: accessory medulla, OL: optic lobe, VE: ventral elongation. Scale
bars = 50 µm A, 10 µm in B (applies to C)
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The proximity of PDF-expressing LNvs and trh-GAL4-positive neurons

The primary antibodies anti-GFP and anti-PDF were used to investigate the distribution of
membrane bound GFP in trh-GAL4 neurons in spatial relation to PDF-IR neurons.

Figure 3.8: Spatial proximity of trh-GAL4 and PDF-IR neurons within AME and VE Projection
pattern of trh-GAL4-expressing neurons and PDF-IR clock neurons in whole mount brains is visualized by
10xUAS-myr::gfp (green and white) and anti-PDF (magenta and white). A: Projection of confocal optical
sections reveals GFP labeled processes of trh-GAL4-positive neurons as well as PDF-positive arborizations in-
nervating the AME and its VE. A’-C’: Anti-GFP staining exhibits trh-GAL4-positive processes within the
AME and its VE. A”-C”: Anti-PDF staining reveals PDF-IR within the AME and its VE. B,C: Single confocal
optical sections show enlargements of indicated area in A revealing close vicinity among both neuron popula-
tions. Arrowheads indicate overlapping GFP- and PDF-IR signals within the AME (B-B”) and its VE (C-C”).
For supplementary information see Fig. S3a, Fig. S3b. AME: accessory medulla, OL: optic lobe, VE: ventral
elongation. Scale bars = 100 µm A, 10 µm in B, 20 µm in C

The AME and its VE are densely innervated by processes originating from trh-GAL4-
positive as well as from PDF-positive clock neurons (Fig. 3.8). Whithin the AME and its VE

processes of both were found in close proximity. Overlapping GFP- and PDF-IR signals were
determined (Fig. 3.8, B,C). Supplementary images illustrating some consecutive sections from
depicted AME and VE in Fig. 3.8 are attached in the appendix (AME: Fig. S3a, VE: Fig. S3b).
They allow to follow putative co-localizations of GFP- and PDF-IR through several confocal
sections.
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3.3. Spatial relation of PDF-containing clock neurons and glial cells
within the AME and its VE

The spatial relation of PDF-positive clock neurons and glial cells was determined. Three
different GAL4-lines were used to address different groups of glial cells. Repo-GAL4 was used
as a pan-glial driver and NP6520- and NP3233-GAL4 to target ensheathing and astrocyte-like
glial cells (Awasaki et al., 2008). To visualize the glial cell’s perikarya and processes either of
the reporters 10xUAS-myr::gfp or UAS-gfpS65T was driven in respective GAL4-lines.

Figure 3.9: Spatial proximity of repo-GAL4 cells and PDF-IR neurons within AME and VE Dis-
tribution of repo-GAL4-expressing neurons and PDF-IR clock neurons in whole-mount brains is visualized by
10xUAS-myr::gfp (green and white) and anti-PDF (magenta and white). A: Single confocal optical section
reveals GFP labeled processes of repo-GAL4-positive neurons as well as PDF-positive arborizations innervating
the AME and its VE. A’-C’: Fluorescence signals of membranous GFP molecules exhibit repo-GAL4-positive
processes especially within the AME’s VE. A”-C”: Anti-PDF reveals PDF-IR within the AME and its VE. B-
E: Enlarged subregions of indicated area in A. B,C: Single confocal optical sections show enlargements of the
AME. Sample in B appears to show labeled glia processes within the AME in close vicinity to PDF-IR fibers.
This is not observed in the sample depicted in C. D,E: Projection of the VE (D) and a single section (E)
exhibit PDF-positive fibers in vicinity to repo-Gal4 labeled fibers innervating the VE. Arrowheads in E indicate
close vicinity and overlapping GFP and PDF-IR signals. AME: accessory medulla, OL: optic lobe, VE: ventral
elongation. Scale bars = 100 µm in A; 10 µm in B (applies to D,E), 20 µm in C
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Contemporaneous labeling of PDF enabled investigations of close proximity between GAL4-
driven GFP expression in glial cells and PDF-containing clock neurons. For immunostainings
of five to six day old adult male whole-mount brains from D. melanogaster I followed the
standard protocol for immunocytochemistry as described above (Sec. 2.2.1, p. 33). Note, in
this experimental line I benefited solely from the autofluorescence of the GFP’s chromophore,
which I detected with the confocal microscope. No additional primary antibody against GFP

was applied.

Figure 3.10: Spatial proximity of NP6520-GAL4 cells and PDF-IR neurons within AME and VE
Projection pattern of NP6520-GAL4-expressing cells, representing ensheathing glial cells, and PDF-IR clock
neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF (magenta and
white). A: Projection of confocal optical sections reveals GFP labeled processes of NP6520-GAL4-positive cells
as well as PDF-positive arborizations within one brain hemisphere. A’-C’: Fluorescence signals of membranous
GFP molecules exhibit NP5620-GAL4-positive processes especially within the AME’s VE. A”-C”: Anti-PDF
staining reveals PDF-IR within the AME and its VE. B,C: Enlargements of indicated area in A show projections
of the AME and its VE. NP6520-GAL4 expressing cells appear to intermingle PDF-positive neurons within the
AME shown in B. This is not observed for the AME shown in C. In both samples GFP labeled ensheathing glial
cells run alongside of PDF-IR fibers innervating the VE. C1: Single confocal optical sections from stack depicted
in C. Arrowheads indicate GFP and PDF-IR signals in close vicinity within the VE (C,C1). AME: accessory
medulla, l-LNv: large ventral lateral neuron, OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm in
A; 25 µm in B (applies to C,D)

GFP expression with the pan-glial and ensheathing glial driver exhibited similar results. Its
expression within the AME could clearly be observed only in some cases, but then glial processes
intermingled with PDF-IR fibers (Fig. 3.9, B; Fig. 3.10, B). Another sample of repo-GAL4
driven GFP expression displayed labeled processes encompassing rather than invading the AME
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(Fig. 3.9, C). Nevertheless, GFP fluorescent signals overlapped with PDF-IR signals. Other
samples of NP6520-GAL4 driven GFP did not reveal any GFP fluorescence within the AME

(Fig. 3.10, C). Both GAL4 lines drove GFP expression in processes within the VE, where they
ran alongside with PDF-positive fibers exposing close vicinity to the clock neurons (Fig. 3.9,
D,E; Fig. 3.10, B,C).

Figure 3.11: Spatial proximity of NP3233-GAL4 cells and PDF-IR neurons within AME and VE
Projection pattern of NP3233-GAL4-expressing cells, representing astrocyte-like glial cells, and PDF-IR clock
neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF (magenta
and white). A: Projection of confocal optical sections reveals GFP labeled processes of NP3233-GAL4-positive
cells as well as PDF-positive arborizations innervating the AME and its VE. A’-C’: Fluorescence signals of
membranous GFP molecules exhibit NP5620-GAL4-positive processes within the AME and its VE. A”-C”: Anti-
PDF reveals PDF-IR within the AME and its VE. B,C: Enlarged subregions of indicated area in A show single
confocal optical sections of the AME (B) and its VE (C). B: Arrowheads indicate NP3233-GAL4 expressing cell
bodies located at the transition of ME and AME sending fine fibers into the AME. Such fibers are observed to
be in close vicinity to PDF-ir processes. C: Arrowheads indicate NP3233-GAL4 expressing cell bodies located
directly within the VE juxtaposed to PDF-positive processes. AME: accessory medulla, l-LNv: large ventral
lateral neuron, OL: optic lobe, VLP: ventrolateral protocerebrum, VE: ventral elongation. Scale bars = 100 µm
in A; 25 µm in B (applies to C)

Expression of GFP in astrocyte-like glia using the NP3233-GAL4 driver (Fig. 3.11) revealed
several cell bodies on the margin of the ME and transition to the AME. Their fine processes
were observed to innervate the AME. Thereby they reached vicinity to PDF-IR arborizations
(Fig. 3.11, B). Furthermore glial cell bodies were directly located within the VE juxtaposed to
PDF-positive fibers (Fig. 3.11, C).
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3.4. Spatial relation of PDF-containing clock neurons and
HB-eyelet projections within the AME

The spatial relation of PDF-expressing clock neurons and projections originating from the
HB-eyelet was determined. Therefore, I used brains of adult transgenic flies expressing GFP in
Rhodopsin 6 (Rh6)-expressing photoreceptor cells (Rh6-mCD8GFPmyc) and labeled contem-
poraneously PDF. For immunostainings of five to six day old adult male whole-mount brains I
followed the standard protocol for immunocytochemistry as described above (Sec. 2.2.1, p. 33).
Note, in this experimental line I benefited solely from the autofluorescence of the GFP’s chro-
mophore, which I detected with the confocal microscope. No additional primary antibody
against GFP was applied.

Fibers originating from HB-eyelet cells projected from the LA through the ME to terminate
in the AME and its VE (Fig. 3.12, A,B). Single confocal optical sections clearly showed their
close vicinity to PDF-IR processes within the AME as well as its VE (Fig. 3.12, C,D).

3.5. Pre- and postsynaptic nature of monoaminergic and
PDF-containing clock neurons

Revealing sites of synaptic activity implicated the investigation of in- and output sites
of putative communicating neurons. The identification of several proteins involved in pre-
and postsynaptic activities, facilitated the creation of different UAS-constructs. They com-
prise GFP-tagged pre- and postsynaptic markers. The different synaptic proteins have been
introduced and described above (Sec. 1.6, p. 23).

UAS-sytI/III::gfp, UAS-sytII::gfp, UAS-nsybI/II::gfp, and UAS-DVGluT::gfp were specif-
ically driven in respective GAL4-lines to examine putative synaptic output sites . To exam-
ine putative dendritic input compartments UAS-dscam and UAS-DenMark were specifically
driven in either GAL4-lines. Labeling of GFP and mCherry was performed after the standard
protocol for immunocytochemistry (Sec. 2.2.1, p. 33). Pdf -GAL4 was used to target PDF-
containing clock neurons. Th-GAL4 and trh-GAL4 were used to target dopaminergic and
serotonergic neurons.

Distribution of in- and output regions of PDF-neurons

The primary antibody anti-GFP was used to reveal the distribution of GFP-tagged pre- and
postsynaptic markers. Thereby it exposed either vesicles or dendritic terminals in pdf -GAL4-
expressing neurons. Anti-PDF therefore revealed the projection pattern of PDF-positive LNvs.
In combination, the IR signals allowed the allocation of putative pre- and postsynaptic com-
partments. Each labeled the characteristic out- and input regions of these clock neurons.
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Figure 3.12: Spatial proximity of Rh6-mCD8GFPmyc neurons and PDF-IR neurons within AME
and VE Expression of Rh6-mCD8GFPmyc and projection pattern of PDF-IR clock neurons in whole-mount
brains is visualized by the GFP’s chromophore fluorescence (green and white) and anti-PDF (magenta and white).
A: Projection of confocal optical sections reveals GFP labeled processes of Rh6 expressing neurons as well as
PDF-positive arborizations. A’-D’: Autofluorescence of GFP exhibits Rh6 positive processes. A”-D”: Anti-PDF
staining reveals PDF-IR. B: Projection of the HB-eyelet. Asterisk indicates cell cluster of the HB-eyelet forming
cells. Arrowheads follow their projection into the AME and VE. C,D: Single confocal optical sections show
enlargements of indicated area in B revealing close vicinity among both neuron populations. Arrowhead in
D underlines whitish signal within the VE indicating overlapping GFP and PDF-IR signals. AME: accessory
medulla, OL: optic lobe, s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale bars = 50 µm in A;
25 µm in B, 10 µm in C (applies to D)

Dscam::GFP appeared to be expressed especially within PDF-GAL4 processes innervating
the VE but also the AME (Fig. 3.13). Furthermore, the POC and faintly also the s-LNvs’ dorsal
protections and terminals exhibited GFP-IR. Infrequently GFP expression co-localizing with
PDF-IR signals were detected within the ME.

Detailed images and single confocal optical sections of VE and AME showed co-localizing
GFP- and PDF-IR (Fig. 3.13, B-E). Dscam::GFP expression within the VE was followed till
PDF-GAL4 fibers entered the serpentin layer (Fig. 3.13, E).

Syt::GFP appeared to be expressed especially within PDF-positive varicosities of PDF-
GAL4 processes that form the neuronal network in the ME and the s-LNvs’ dorsal ramifications
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Figure 3.13: Distribution of putative input regions of pdf -GAL4-positive neurons Expression of
pdf -GAL4 driven dscam::GFP (green and white) directs fluorescent proteins mainly to presumptive dendritic
terminals. PDF-IR neurons in whole-mount brains are visualized by anti-PDF (magenta and white) (frontal
view, dorsal up). A: Projected confocal optical sections of the brain reveal the potential postsynaptic GFP
expression in the PDF-positive LNvs. GFP-expression is especially observed within AME and its VE, the POC and
weakly within the dorsal s-LNv’s ramifications. B,C: Magnification of indicated area in A. D: Magnification
of indicated area in B. B-D: Projection of the AME (B) and single sections of both AME (D) and its VE (C)
illustrate the PDF neuron’s putative dendritic terminals within this neuropil. E: Magnification of indicated
area in B. Projection of the VE illustrating its putatively dendritic nature when entering the serpentin layer
of the ME (indicated by arrowheads). AME: accessory medulla, dp: dorsal projection, dt: dorsal terminals,
OL: optic lobe, POC: posterior optic commissure, s-LNv: small ventral lateral neuron, VE: ventral elongation.
Scale bars = 100 µm in A; 20 µm in B, 10 µm in C (applies to E,D)
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Figure 3.14: Distribution of putative output regions of pdf -GAL4-positive neurons Expression of
pdf -GAL4 driven syt::GFP (green and white) directs fluorescent proteins to presynaptic and dense core vesicles.
PDF-IR neurons in whole-mount brains are visualized by anti-PDF (magenta and white) (frontal view, dorsal
up). A: Projected confocal optical sections of the brain reveal the distribution of synaptic vesicles within PDF-
GAL4 expressing neurons. Thereby signals of GFP expression overlap with PDF-IR LNvs especially within the
neuronal network in the ME and the dorsal s-LNv’s projections and ramifications. B: Magnification of indicated
area in A illustrates a projection of AME and VE. Circular outlines indicate infrequently emerging varicosities
exposing co-localizing IR of GFP and PDF. C: Enlargement of indicated area in B illustrates a single section
of the VE. Arrowheads indicate spotty GFP-IR overlapping with PDF-IR. D: Magnification of indicated area
in B. Projection of the AME and anterior part of the VE. E: Enlargement of indicated area in D illustrating a
single section of the AME. Arrowheads indicate infrequently emerging varicosities with co-localized GFP- and
PDF-IR. AME: accessory medulla, dp: dorsal projection, dt: dorsal terminals, l-LNv: large ventral lateral
neuron, OL: optic lobe, POC: posterior optic commissure, s-LNv: small ventral lateral neuron, VE: ventral
elongation. Scale bars = 100 µm in A; 20 µm in B (applies to C), 10 µm in D (applies to E)
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(Fig. 3.14). Infrequently varicose structures were observed within AME and VE. Here, GFP-
and PDF-IR were also co-localized (Fig. 3.14, dashed outline in B, arrowheads in E). The
same applied to less obvious varicosities but syt::GFP-expressing structures especially detected
within the VE (Fig. 3.14, arrowheads in C).

Distribution of in- and output regions of dopaminergic and serotonergic neurons

Except for vesicular L-glutamate transporter (DVGluT)::GFP and Dendritic Marker (DenMark),
the primary antibody anti-GFP was used to reveal the distribution of GFP-tagged pre- and
postsynaptic markers exposing either synaptic vesicles or dendritic terminals in th-GAL4 ex-
pressing neurons. In the case of DVGluT::GFP only the autofluorescence of the GFP molecule
itself was captured (Fig. 3.16, D). Therefore, the results were not obvious and the rather weak
signals could also be a manner of background staining instead of the presence of DVGluT.
However, DenMark (Fig. 3.15, B) is additionally to the dendritic protein composed of the red
fluorescent protein mCherry (Nicolaï et al., 2010). In order to amplify autofluorescent signals
of mCherry the mCherry specific primary antibody anti-Discosoma striata red fluorescent
protein (DsRed) was applied.

Figure 3.15: Distribution of putative input regions of th-GAL4-positive neurons Expression of th-
GAL4 driven dscam::GFP (A,A’) or DenMark (B,B’) directs fluorescent proteins mainly to presumptive dendritic
terminals. All images are projections of confocal optical sections. Left column illustrates the anterior and
middle column the posterior brain region (frontal view, dorsal up). The right column illustrates the projection
pattern of TH-GAL4-positive neurons in the anterior (C) and posterior (C’) brain region (frontal view, dorsal
up). GFP-IR (A) and DsRed-IR (B) expose likely postsynaptic compartments in th-GAL4 expressing neurons.
Neuropils of the cerebrum, the AME (arrow) and its VE (asterisk in A’) are labeled. Intense IR of the somata
is observed. The IR pattern differs compared to membranous expression of GFP in TH-GAL4-positive neurons
(C). AME: accessory medulla, OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm in A (applies
to B,C)
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3.6. Putative sites of communication between PDF and monoaminergic neurons

Among themselves the different pre- and postsynaptic markers driven in th-GAL4 expressing
neurons exhibited similar staining patterns. Putative presynaptic regions were observed in
all neuropils (Fig. 3.16), with remarkable intense GFP signals within the ventrolateral pro-
tocerebrum (VLP), MB, SEZ, CX and OL. Whereas UAS-sytI/III::gfp, UAS-sytII::gfp, and
UAS-DVGluT::gfp mainly exposed GFP labeled processes, UAS-nsybI/II::GFP also revealed
distinctly th-GAL4-positive somata. Another difference was observed regarding GFP-IR of
the PB. Whereas both UAS-syt::GFP constructs exhibited their expression in this neuropil,
UAS-nsybI/II::GFP appeared not to be expressed. Postsynaptic compartments of th-GAL4-
positive neurons seemed to be restricted to neuropils of the central brain, the AME and its
VE (Fig. 3.15). Intense Drosophila Down Syndrome Cell Adhesion Molecule (DSCAM)- and
DenMark-IR was detected in somata of th-GAL4 neurons. Furthermore, DSCAM- and DenMark-IR
exhibited extensive neurite arborizations within the central brain.

Very similar staining pattern were achieved among the trh-GAL4 driven pre- and post-
synaptic markers themselves, except for DVGluT::GFP. Putative presynaptic regions of trh-
GAL4+ neurons were observed throughout the brain in all neuropil supercategories (Ito et al.,
2014), with remarkable strong GFP-IR in the VLP, SEZ, and CB. Whereas either of the syt::GFP
mainly exposed GFP labeled processes, nsybI/II ::GFP revealed in addition distinct trh-GAL4-
positive somta. DVGluT labeling appeared to be most intensive in the MB, AL, and SEZ,
which was different compared to the other markers. Postsynaptic compartments of trh-GAL4-
positive neurons seemed to be restricted to neuropils of the central brain, the AME and its VE

(Fig. 3.17). Furthermore DSCAM- and DenMark-IR were detected in some trh-GAL4 somata
corresponding to categorized serotonergic clusters (Fig. 3.17, A,B).

Taken together, brain regions comprising in- and output sites of the LNvs coincided with
brain regions comprising out- and input sites of the aminergic neurons within AME and VE.
Thus, a communication among clock neurons and aminergic system can be possible. This is
promoted by precise analysis of pre- and postsynaptic sites within these regions.

3.6. PDF-containing clock neurons and monoaminergic neurons
might mutually communicate within the AME and its VE

Within the AME and its VE close vicinity was observed between monoaminergic and PDF-
containing clock neurons (Sec. 3.2, p. 77). Presumptive vesicle release sites and postsynaptic
compartments of pdf -, th- and trh-GAL4 neurons have been described in detail above (Sec. 3.5,
p. 84). All of them appeared to comprise in- and output sites within the AME as well as its
VE (Sec. 3.5, p. 84). Subsequently the spatial relation of pre- and postsynaptic sites of each
GAL4-line with respect to PDF- or the monoamines’ IR was investigated.

The following experiments were performed with one of the above introduced pre- and
postsynaptic UAS-reporter lines. They were selected by reference to their leakiness (Sec. 3.1,
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3. Results

Figure 3.16: Distribution of putative output regions of th-GAL4-positive neurons Expression of th-
GAL4 driven sytI/III ::GFP (A,A’), sytII ::GFP (B,B’), nsybI/II ::GFP (C,C’) or DvGluT::GFP (D,D’) directs
GFP to synaptic vesicles. All images are projections of confocal optical sections. The left column illustrates the
anterior, the middle column the posterior brain region (frontal view, dorsal up). The right column illustrates the
projection pattern of TH-GAL4-positive neurons in the anterior (C) and posterior (C’) brain region (frontal view,
dorsal up). Anti-GFP was applied to whole-mount brains depicted in A-C, and E. GFP-IR is detected in extensive
neurite arborizations within all neuropil supercategories (Ito et al., 2014). Especially the MB and parts of the CX,
such as the FB (arrowhead) are strongly stained. Furthermore the VLP, SEZ and OL expose putative output
sites. Arrows indicate the PB. The PB is detectable, when either of the syt::GFP constructs are expressed
(A’,B’). Labeling of the PB is not observed when nsyb::GFP (C’) and DVGluT::GFP (D’) are expressed.
Strong nsyb::GFP signals are observed in somata of the th-GAL4 neurons (C) revealing PPL1 and PPM3
dopaminergic cell clusters. D,D’: As no antibody for GFP has been used, the GFP molecules’ fluorescence itself
has been captured. Furthermore GFP fluorescence cannot clearly be distinguished from background stainings.
These two aspects allow no reliable statements about putative output sites. AME: accessory medulla,
CX: central complex, FB: fan-shaped body, MB: mushroom bodies, OL: optic lobe, PB: protocerebral
bridge, SEZ: subesophageal zone, VE: VE, VLP: ventrolateral protocerebrum. Scale bars = 100 µm in A
(applies to B-E)
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3.6. Putative sites of communication between PDF and monoaminergic neurons

Figure 3.17: Distribution of putative input regions of trh-GAL4-positive neurons Expression of
trh-GAL4 driven dscam::GFP (A,A’) or DenMark (B,B’) directs fluorescent proteins mainly to presumptive den-
dritic terminals. All images are projections of confocal optical sections. Left column illustrates the anterior, the
middle column the posterior brain region (frontal view, dorsal up). The right column illustrates the projection
pattern of Trh-GAL4-positive neurons in the anterior (C) and posterior (C’) brain region (frontal view, dorsal
up). A-B’: GFP-IR and DsRed-IR expose likely postsynaptic compartments in trh-GAL4 expressing neurons in
neuropils of the cerebrum, the AME (arrows in A,B) and its VE (asterisk in A’). IR is also observed in trh-GAL4
neuron soma allocated to either ALP, LP, VLP, PMP and PLP cluster. The IR pattern differs compared to mem-
branous expression of GFP in Trh-GAL4-positive neurons (C). AL: antennal lobe, AME: accessory medulla,
, ALP: anterior lateral protocerebrum, LP: lateral protocerebrum, OL: optic lobe, PLP: posterior lateral pro-
tocerebrum, PMP: posterior medial protocerebrum, SE: subesophageal ganglion, SEZ: subesophageal zone,
SNP: superior neuropil, VLP: ventrolateral protocerebrum, VE: ventral elongation. Scale bars = 100 µm in
A (applies to B,C)

p. 77) on the one hand and their expression pattern when driven with different GAL4 lines
on the other hand (Sec. 3.5, p. 84). Finally experiments were performed using the reporter
UAS-sytI/III::gfp and UAS-dscam::gfp Theses pre- and postsynaptic markers were specifically
driven in pdf -, th- or trh-GAL4 neurons. Contemporaneous immunolabeling of the GFP-tagged
synaptic markers and of one of the proteins – PDF, TH, and 5HT – revealed spatial relations
of pre- and postsynaptic regions with respect to the neuron population of interest.

For double immunostainings of seven day old adult male whole-mount brains from D.
melanogaster I followed the standard protocol for immunocytochemistry (Sec. 2.2.1, p. 33).
Pdf -GAL4 was used to target PDF-containing clock neurons. Th-GAL4 and trh-GAL4 were
used to target dopaminergic and serotonergic neurons. The specificity of these GAL4 lines was
investigated in earlier studies (Park et al., 2000; Friggi-Grelin et al., 2002; Mao & Davis, 2009;
Sadaf et al., 2012; Pech et al., 2013) and has been examined in this study above (th-GAL4:
Sec. 3.1, p. 73, trh-GAL4: Sec. 3.1, p. 76). Note that some of these Gal4+ neurons project
into the AME and VE, but do not express the amine.
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3. Results

Figure 3.18: Distribution of putative output regions of trh-GAL4+ neurons Expression of trh-GAL4
driven sytI/III ::GFP (A,A’), sytII ::GFP (B,B’), nsybI/II ::GFP (C,C’) or DvGluT::GFP (D,D’) directs GFP
mainly to presumptive synaptic terminals. All images are projections of confocal optical sections. The left
column illustrates the anterior, the middle column the posterior brain region (frontal view, dorsal up). The
right column illustrates the projection pattern of Trh-GAL4-positive neurons in the anterior (C) and posterior
(C’) brain region (frontal view, dorsal up). Anti-GFP was applied to whole-mount brains depicted in A-C. GFP-
IR is detected in extensive neurite arborizations within all neuropil supercategories (Ito et al., 2014). Especially
VLP, SEZ, and CB with FB and EB are strongly stained. Furthermore the AL, OL and SNPs expose putative
output sites. Distinct nsyb::GFP signals are observed in trh-GAL4 neuron soma (C’) of ALP, LP, SE, PLP, and
PMP serotonergic clusters. D,D’: As no antibody for GFP has been used, the GFP molecule’s fluorescence itself
has been captured, which allows no detailed statements about putative output sites, GFP fluorescence cannot
clearly be distinguished from background stainings. Putatively do MB, AL, SEZ, and FB show trh-GAL4-
positive DVGluT labelings. AL: antennal lobe, ALP: anterior lateral protocerebrum, CB: central body,
EB: ellipsoid body, FB: fan-shaped body, LP: lateral protocerebrum, MB: mushroom bodies, OL: optic lobe,
PLP: posterior lateral protocerebrum, PMP: posterior medial protocerebrum, SE: subesophageal ganglion,
SEZ: subesophageal zone, SNP: superior neuropil, VLP: ventrolateral protocerebrum. Scale bars = 100 µm
in A (applies to B-E)
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3.6. Putative sites of communication between PDF and monoaminergic neurons

3.6.1. PDF neurons might activate dopaminergic neurons in AME and its VE

Two different hybrids were established, whose genomes’ comprise either +; pdf-GAL4; UAS-
sytI/III::gfp or +; UAS-dscam::gfp; th-GAL4.

In the first case, GFP fused to Syt was specifically expressed in PDF containing clock neurons
in order to reveal presynaptic vesicle release sites. In addition to anti-GFP, those brains were
counterstained with anti-TH in order to expose dopaminergic processes (Fig. 3.19). Employing
confocal microscopy allowed the evaluation of spatial relations and consequent presumptions
about synaptic inputs from PDF to th-GAL4 neurons. There was no TH-IR observed within
the AME, and therefor no vicinity was observed to putative vesicle release sites in pdf -GAL4
neurons (Fig. 3.19, B,C). The AME’s VE did sparsely display TH-IR in close vicinity to likely
presynaptic sites of pdf -GAL4 neurons, especially when they bifurcated into the ME (Fig. 3.19,
C-E). Otherwise, both IR signals mostly ran alongside each other. Supplementary images
illustrating the spatial relation of putative output sites in pdf -GAL4 neurons and TH-IR in
the AME and its VE are attached in the appendix: Fig. S4, p. 184.

In the second case, GFP fused to the dendritic marker DSCAM was specifically expressed in
th-GAL4 neurons in order to reveal their postsynaptic compartments. In addition to anti-GFP,
those brains were counterstained with anti-PDF in order to expose processes of PDF containing
clock neurons (Fig. 3.20). Employing confocal microscopy allowed the evaluation of spatial
relations and consequent presumptions about synaptic inputs from PDF to th-GAL4 neurons.
Likely input sites of dopaminergic neurons were observed within the AME and its VE. They
appeared to follow pdf -GAL4 processes innervating the VE, thereby revealing close vicinity to
PDF-IR (Fig. 3.20, D,E). Furthermore, signals of DSCAM-GFP were detected in close vicinity
to PDF arborizations that bifuricated into the ME originating from the anterior part of the VE

(Fig. S5b, B, p. 187). Supplementary images illustrating the spatial relation of PDF-IR and
putative input sites of th-GAL4 neurons in the AME and its VE are attached in the appendix:
Fig. S5a, p. 186 and Fig. S5b, p. 187.

Similar results were observed using DenMark, that exposed dendritic compartments as well.
Some pictures illustrating its distribution in th-GAL4 neurons are attached in the appendix:
Fig. S6, p. 188.

3.6.2. PDF neurons might receive input from dopaminergic neurons in AME and
its VE

Two different hybrids were established, whose genomes’ comprise either +; pdf-GAL4/ UAS-
dscam::GFP; + or +; +; th-GAL4/ UAS-sytI/III::GFP.

In the first case, GFP fused to the dendritic marker DSCAM was specifically expressed in
pdf -GAL4 neurons in order to reveal their postsynaptic compartments. In addition to anti-
GFP, those brains were counterstained with anti-TH in order to expose dopaminergic processes
(Fig. 3.21). Employing confocal microscopy allowed the evaluation of spatial relations and con-
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3. Results

Figure 3.19: Spatial relation of vesicles in PDF neurons to TH-IR neurons within the AME and
its VE Distribution of likely presynaptic sites in PDF neurons and TH-IR is visualized with UAS-sytI/III::gfp
(white and green) and anti-TH (white and magenta). Images are either projected or single confocal optical
sections. A-C: Projections of the AME and its VE within a whole-mount brain reveal GFP- and TH-IR (frontal
view, dorsal up). A’-E’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt
in pdf -GAL4 neurons. A”-E”: Anti-TH staining reveals TH-IR in dopaminergic neurons. B,C: Magnifications
show projections of two different AMEs. Arrowheads indicate varicose structures labeled with GFP but missing
TH-IR at those likely presynaptic sites of pdf -GAL4 neurons. However, arrows in C, indicate close vicinity
of GFP- and TH-IR processes within the anterior part of the VE (for single section see Fig. S4, B1). D-
E: Enlargements of boxed area in A show a single section of two different VEs. D: Arrowheads indicate
varicose-like sturctures labeld with GFP in close vicinity to TH-IR processes (for projection of this VE and another
single stack see Fig. S4, C). E: Arrowheads indicate GFP-IR varicose sturctures of pdf -GAL4 neurons within
the AME and its VE that are not in close vicinity to TH-IR processes. However, arrow indicates close vicinity
of GFP- and TH-IR. For supplementary information see Fig. S4. AME: accessory medulla, ME: medulla,
s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B (applies to
C,E); 10µm in D

sequent presumptions about PDF-GAL4 receiving dopaminergic input within the AME and its
VE. Likely input sites of PDF neurons were observed within the AME and its VE (Fig. 3.21, A).
As TH-IR was not detectable within the AME and its VE, putative dopaminergic processes could
not be observed in close vicinity to dendritic compartments of PDF-GAL4 neurons (Fig. 3.21,
B,D). Nevertheless, there were some singular instances of close vicinity in the transition of
AME to ME (see supplements: Fig. S7a, p. 189) and within the VE, especially when PDF-GAL4
neurons bifurcated (Fig. 3.21, C-E). Supplementary images illustrating the spatial relation of
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3.6. Putative sites of communication between PDF and monoaminergic neurons

Figure 3.20: Spatial relation of dendritic compartments of th-GAL4 and PDF-IR neurons within
the AME and its VE Distribution of likely postsynaptic sites in dopaminergic neurons and PDF-IR is visu-
alized with UAS-dscam::gfp (white and green) and anti-PDF (white and magenta). Images are either projected
or single confocal optical sections. A: Projection of the AME and its VE from a whole-mount brain reveals
GFP- and PDF-IR (frontal view, dorsal up). A’-E’: Anti-GFP staining exhibits the distribution of the dendritic
protein DSCAM in th-GAL4 neurons. A”-E”: Anti-PDF staining reveals PDF-IR clock neurons. B: Projection
of a magnified AME exposes the dendritic network of th-GAL4 neurons. GFP-labeled dendritic regions are in
close vicinity to PDF-IR processes (see consecutive single sections of this AME in Fig. S5a, B). C: Single section
of an AME. Arrowheads indicate close vicinities of GFP- and PDF-IR (see more single sections of this AME in
Fig. S5a, C). D-E: Enlargements of boxed area in A illustrate single sections of two different VEs. Arrowheads
indicate close vicinity of GFP- and PDF-IR (see more single sections of VEs in Fig. S5b). AME: accessory
medulla, OL: optic lobe, s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale bars = 100 µm in
A; 10 µm in B (applies to C-E)

putative input sites of pdf -GAL4 neurons and TH-IR in the AME and its VE are attached in
the appendix: Fig. S7a (AME, p. 189), and Fig. S7b (VE, p. 190).

In the second case, GFP fused to Syt was specifically expressed in TH-GAL4 neurons in
order to reveal presynaptic vesicle release sites. In addition to anti-GFP, those brains were
counterstained with anti-PDF in order to reveal processes of PDF-containing clock neurons
(Fig. 3.22). Employing confocal microscopy allowed the evaluation of spatial relations and
consequent presumptions about dopaminergic output signals to PDF-containing LNv. Likely
presynaptic compartments of th-GAL4 neurons were observed within the AME and its VE

and detected in close vicinity to PDF-IR processes (Fig. 3.22). Presumptive vesicle release sites

95



3. Results

Figure 3.21: Spatial relation of dendritic compartments of pdf -GAL4 and TH-IR neurons within
the AME and its VE Distribution of likely postsynaptic sites in PDF-GAL4 neurons and TH-IR is visualized
with UAS-dscam::gfp (white and green) and anti-TH (white and magenta). Images are either projected or single
confocal optical sections. A: Projection of the AME and its VE from a whole-mount brain reveals GFP- and PDF-
IR (frontal view, dorsal up). A’-E’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM
in pdf -GAL4 neurons. A”-E”: Anti-TH staining reveals TH-IR in dopaminergic neurons. B,C: Enlargement
of boxed area in A. B: Projection of the AME. Dashed oval indicates no TH-IR and therefore no close vicinity
to GFP-IR. C: Single stack of the VE. GFP-IR runs next to TH-IR processes in distal ME layers. Arrowheads
indicate singular instances of GFP-IR in close vicinity to TH-IR processes (see more single section of this AME
in Fig. S7a). D,E: Magnified projection (D) and respective single section (E) of an AME. Dashed region of
the AME in D indicates no TH-IR and therefore no close vicinity to GFP-IR. Arrowheads in D correspond to
arrowheads in E indicating singular instances of DSCAM-GFP signals in close vicinity to TH-IR processes within
the dorsal part of the VE (see more examples of VEs here: Fig. S7b). AME: accessory medulla, ME: medulla,
VE: ventral elongation. Scale bars = 100 µm in A; 50 µm in B; 25 µm in C; 20 µm in D (applies to E)

within th-GAL4 neurons revealed different quantities in the VE (Fig. 3.22, D-G). In some cases
presynaptic structures seemed to be restricted and appeared only as small dots (Fig. 3.22, D).
In other cases those structures seemed to reflect vesicle filled varicose structures appearing as
bright and large dots (Fig. 3.22, F,G). Supplementary images illustrating the spatial relation
of TH-IR and putative input sites of pdf -GAL4 neurons in the AME and its VE are attached
in the appendix: Fig. S8a, p. 192 and Fig. S8b, p. 193).
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3.6. Putative sites of communication between PDF and monoaminergic neurons

Figure 3.22: Spatial relation of vesicles in th-GAL4 neurons to PDF-IR processes within the AME
and its VE Distribution of likely presynaptic sites in th-GAL4 neurons and PDF-IR is visualized with UAS-
sytI/III::gfp (white and green) and anti-PDF (white and magenta) (frontal view, dorsal up). Images are either
projected or single confocal optical sections. A: Projections of the AME and its VE within a whole-mount brain
reveal GFP- and PDF-IR. A’-G’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane
protein Syt in th-GAL4 neurons. A”-G”: Anti-PDF staining reveals PDF-IR in clock neurons. B,D,F: Pro-
jections of the AME and VE. C,E,G: Single sections from projected AME and VE illustrated in B, D and F.
Arrowheads/ arrows correspond to arrowheads/ arrows in B, D and F. B,C: Arrowheads indicate Syt-GFP
signals in close vicinity to PDF-IR neurons within the AME. D,E: Magnification of indicated area in A. Arrow
and arrowheads indicate Syt-GFP signals in close vicinity to PDF-IR neurons within the AME and VE. Note the
sparsity of the GFP signal along the VE and its restriction to small dots. F,G: Magnification of indicated area
in A. Arrowheads indicate Syt-GFP signals in close vicinity to PDF-IR neurons within the VE. Note strong GFP
signals along the VE indicating large vesicle filled varicose structures. See supplements for other AMEs Fig. S8a,
B, for the kind of VEs depicted in D and E Fig. S8a B,C, and for the kind of VE depicted in F and G Fig. S8b,
B. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B
(applies to C-G)
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3. Results

Figure 3.23: Spatial relation of vesicles in PDF neurons to 5HT-IR neurons within the AME and
its VE Distribution of likely presynaptic sites in PDF neurons and 5HT-IR is visualized with UAS-sytI/III::gfp
(white and green) and anti-5HT (white and magenta). Images are either projected or single confocal optical
sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and 5HT-IR (frontal
view, dorsal up). A’-D’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt
in pdf -GAL4 neurons. A”-D”: Anti-5HT staining reveals 5HT-IR in serotonergic neurons. B,C: Enlargements
of indicated area in A show single sections of two different AMEs and their VEs. Arrowheads indicate close
vicinity of GFP- and 5HT-IR within the anterior part of the AME and transition to the ME. Furthermore, arrows
in C indicate close spatial relation in the anterior part of the VE just ventrally of the AME. Dashed ovals
in B and C indicate no 5HT-IR in close proximity to GFP-IR within the VE’s extension. D: Magnification of
the AME. D-D”: Projection of the AME. Arrowheads indicate close vicinity of GFP- and 5HT-IR within the
anterior part of the AME and transition to the ME. D1-3: Three single sections (not consecutive) of the AME
depicted in D are shown from posterior to anterior. Dashed circle marks the center of the AME, which exposes
no close proximity. Whereas D1 illustrates the medial part of the AME, D2/3 show the more anterior parts
with close vicinities of GFP- and 5HT-IR within the anterior part of the AME and transition to the ME. The
arrowheads in D2/3 correspond to arrowheads in D. For supplementary information see Fig. S9a - Fig. S10b.
AME: accessory medulla, ME: medulla, s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale
bars = 100 µm in A; 20 µm in B (applies to C); 10 µm in D
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3.6. Putative sites of communication between PDF and monoaminergic neurons

3.6.3. PDF neurons might activate serotonergic neurons in AME and its VE

Two different hybrids were established, whose genomes’ comprise either +; pdf-gal4; uas-
sytI/III::gfp or +; trh-gal4/ uas-dscam::gfp; +.

In the first case, GFP fused to Syt was specifically expressed in PDF containing clock
neurons in order to reveal putative presynaptic vesicle release sites. In addition to anti-GFP,
those brains were counterstained with anti-serotonin in order to expose serotonergic processes
(Fig. 3.23). Employing confocal microscopy allowed the evaluation of spatial relations and
consequent presumptions about synaptic input from PDF to trh-GAL4 neurons. Close vicinities
were observed in the anterior part of the AME, more often at the transition to the ME (Fig. 3.23,
arrowheads in B-D) and within the anterior part of the VE just ventrally of the AME (Fig. 3.23,
arrows in C). Within the VE’s extension no 5HT-IR was detected, and therefore no vicinity to
putative vesicle release sites in pdf -GAL4 neurons was observed (Fig. 3.23, dashed oval in
B,C). Supplementary figures in the appendix show series of confocal images illustrating the
spatial relation of putative output sites in pdf -GAL4 neurons and 5HT-IR: Fig. S9a ( p. 195 -
Fig. S10b (p. 198).

In the second case, GFP fused to the dendritic marker DSCAM was specifically expressed
in trh-GAL4 neurons in order to reveal their postsynaptic compartments. In addition to
anti-GFP, those brains were counterstained with anti-PDF in order to reveal processes of PDF

containing clock neurons (Fig. 3.24). Employing confocal microscopy allowed the evaluation
of spatial relations and consequent presumptions about synaptic input from PDF to trh-GAL4
neurons. Likely input sites of serotonergic neurons were observed within the AME and its
VE. They could be observed in close vicinity to PDF-IR processes (Fig. 3.24). Supplementary
images illustrating the spatial relation of putative input sites in trh-GAL4 neurons and PDF-IR
in the AME and its VE are attached in the appendix: Fig. S11a (AME, p. 199), and Fig. S11b
(VE, p. 200).

3.6.4. PDF neurons might receive input from serotonergic neurons in AME and
its VE

Two different hybrids were established, whose genomes’ comprise either +; pdf-gal4/ uas-
dscam::gfp; + or +; +; trh-gal4/ uas-sytI/III::gfp.

In the first case, GFP fused to the dendritic marker DSCAM was specifically expressed in pdf -
GAL4 neurons in order to reveal their postsynaptic compartments. In addition to anti-GFP,
those brains were counterstained with anti-Serotonin in order to expose serotonergic processes
(Fig. 3.25). Employing confocal microscopy allowed the evaluation of spatial relations and
consequent presumptions about pdf -GAL4 neurons receiving serotonergic input within the
AME and its VE. Likely input sites of PDF neurons were observed within the AME and its VE

(Fig. 3.25, A). DSCAM-GFP signals in close vicinity to 5HT-IR processes were observed within
the AME (Fig. 3.25, B,C), but only sometimes within its VE (Fig. 3.25, D-G”). Supplementary
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3. Results

Figure 3.24: Spatial relation of dendritic compartments of trh-GAL4-expressing neurons and
PDF-IR neurons within AME and its VE Distribution of likely postsynaptic sites in serotonergic neurons
and PDF-IR is visualized with UAS-dscam::gfp (white and green) and anti-PDF (white and magenta). Images are
either projected or single confocal optical sections. A: Projection of the AME and its VE within a whole-mount
brain reveals GFP- and PDF-IR (frontal view, dorsal up). A’-E’: Anti-GFP staining exhibits the distribution of
the dendritic protein DSCAM in trh-GAL4 neurons. A”-E”: Anti-PDF staining reveals PDF-IR clock neurons.
B: Magnified projection of the AME exposes close vicinity between GFP-IR and PDF-positive arborizations.
C: Single section of the AME shown in B. Arrowheads indicate overlapping GFP- and PDF-IR. D: Enlargement
of indicated area in A. Projection of the VE reveals close vicinity between GFP-IR and PDF-positive arborizations.
E: Enlarged single section of indicated area in D. Arrowheads indicate close vicinity between GFP- and PDF-IR
within the VE. For supplementary information see Fig. S11a and Fig. S11b. AME: accessory medulla,
OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C,D); 5 µm in E

images illustrating the spatial relation of putative input sites of pdf -GAL4 neurons and 5HT-IR
in AME and its VE are attached in the appendix: Fig. S13a – Fig. S13c (p. 204 et seq.).

In the second case, GFP fused to Syt was specifically expressed in trh-GAL4 neurons in order
to reveal putative presynaptic vesicle release sites. In addition to anti-GFP, those brains were
counterstained with anti-PDF in order to reveal processes of PDF containing clock neurons
(Fig. 3.26). Employing confocal microscopy allowed the evaluation of spatial relations and
consequent presumptions about serotonergic output signals to PDF neurons. Likely presynaptic
compartments of trh-GAL4 neurons were observed within the AME and sparsely also in the
VE. Varying quantities of Syt-GFP signals were observed within different AMEs (Fig. 3.26,
B,C, Fig. S12a). The signals were detected in close vicinity to PDF-IR processes. Singular
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3.7. GRASP as marker for putative sites of synaptic contacts

instances of those spatial relations were also observed in the VE (Fig. 3.26, D, Fig. S12b).
More supplementary images illustrating the spatial relation of PDF-IR and putative output
sites of trh-GAL4 neurons in the AME and its VE are attached in the appendix: Fig. S12a –
Fig. S12c (p. 201 et seq.).

3.7. GRASP employed as marker for putative sites of synaptic
contacts between different cell populations

3.7.1. The visualization of likely communication sites of PDF-containing clock
neurons and aminergic neurons

The spatial distribution of putative synaptic contacts between PDF-containing clock neurons
and aminergic neurons was investigated by means of GRASP (Feinberg et al., 2008; Gordon
& Scott, 2009). This method has been introduced in detail above (Sec. 1.1.1, p. 12). In
short, two binary expression systems are combined in one fly. Each system is responsible
for cell specific expression of one split-GFP half that is tethered to the outer membrane of a
certain cell population. One reporter transgene cd4::spGFP1-10 is driven under the control
of GAL4, the other reporter LexAop-cd4::spGFP11 under the control of the LexA promoter.
Extracellular GFP assembly is assumed to emerge, wherever LexA- and GAL4-driven neurons
reach proximity that is as close as the gap length of a synaptic cleft. Therefore, sites of
reconstituted GFP signals putatively indicate synaptic interactions between the two neuron
populations.

I used pdf -LexA for specific split-GFP11 (spGFP11) expression in PDF-containing clock
neurons. In order to express split-GFP1-10 (spGFP1-10) specifically in dopaminergic and sero-
tonergic neurons I used th- and trh-GAL4 expressing fly lines, respectively. The specificity of
these GAL4 lines has been investigated in earlier studies (Friggi-Grelin et al., 2002; Mao &
Davis, 2009; Sadaf et al., 2012; Pech et al., 2013) and in a few aspects have been examined
in this study above (th-GAL4: Sec. 3.1, p. 73, trh-GAL4: Sec. 3.1, p. 76). Note that some
of these GAL4+ neurons project into the AME and VE, but do not express the amine itself
(th-GAL4: Fig. 3.3, E,F, p. 74; trh-GAL4: Fig. 3.5, E,F, p. 76). Counterstaining of anti-PDF,
-TH or -5HT was performed to verify the plausibility of emerging GFP fluorescence, as signals
are only expected at sites where PDF neurons and the GAL4-expressing neurons co-localize.

Putative synaptic interactions between PDF and th-GAL4 neurons

Simultaneous expression of cd4::spGFP1-10 and cd4::spGFP11 was driven by th-GAL4 and pdf -
LexA. Employing confocal microscopy allowed the recognition of GRASP. Reconstituted GFP

molecules were observed in the AME, its VE, along the dorsal projection of the s-LNv and
their arborizations in the dorsal protocerebrum (Fig. 3.27, Fig. S14). At the same time,
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Figure 3.25: Spatial relation of dendritic compartments of pdf -GAL4 neurons and 5HT-IR neurons
within the AME and its VE Distribution of likely postsynaptic sites in PDF-GAL4 neurons and 5HT-IR is
visualized with UAS-dscam::gfp (white and green) and anti-5HT (white and magenta). Images are either
projected or single confocal optical sections. A: Projection of the AME and its VE from a whole-mount brain
reveals GFP- and 5HT-IR (posterior view, dorsal up). A’-E1’: Anti-GFP staining exhibits the distribution
of the dendritic protein DSCAM in pdf -GAL4 neurons. A”-E1”: Anti-Serotonin staining reveals 5HT-IR in
serotonergic neurons. B: Magnified projection of an AME revealing GFP-IR in close vicinity to 5HT-IR processes.
B1: Single section from projected AME in B. Arrowheads indicate GFP-IR in close vicinity to 5HT-IR processes
within the AME on a single section level. C-E1: Enlargements of indicated area in A. C,D: Projections of two
different VEs. In each the dashed outlines displays GFP labeled dendritic terminals of pdf -GAL4 neurons but
no 5HT-IR processes. E: Projection of a VE. Arrowheads indicate GFP-IR in close vicinity to 5HT-IR processes.
For one case (arrowhead 1) this spatial relation is confirmed on a single section level (E1). For supplements
see Fig. S13a – Fig. S13c AME: accessory medulla, ME: medulla, s-LNv: small ventral lateral neuron,
VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C-E)
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.26: Spatial relation of vesicles in trh-GAL4 neurons to PDF-IR processes within the AME
and its VE Distribution of likely presynaptic sites in trh-GAL4 neurons and PDF-IR is visualized with UAS-
sytI/III::gfp (white and green) and anti-PDF (white and magenta) (frontal view, dorsal up). Images are either
projected or single confocal optical sections. A: Projections of the AME and its VE within a whole-mount brain
reveal GFP- and PDF-IR. A’-D1’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane
protein Syt in trh-GAL4 neurons. A”-D1”: Anti-PDF staining reveals PDF-IR in clock neurons. B,C,D: Pro-
jections of the AME or VE reveal the spatial relation of GFP-IR to 5HT-IR processes. B1,C1,D1: Single sections
out of projected AME or VE illustrated in B, C and D. Arrowheads indicate Syt-GFP signals in close vicinity to
PDF-IR neurons within the AME and VE. B-C1: Varying quantities of Syt-GFP signals are observed in different
AMEs. D,D1: Magnification of boxed area in A. Projected VE reveals occasional close vicinities. Arrowhead in
D1 indicates a singular instance of GFP-IR in close vicinity to PDF-IR processes. For supplementary information
see Fig. S12a - Fig. S12c (p. 201 et seq.). AME: accessory medulla, ME: medulla, s-LNv: small ventral
lateral neuron, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C,D)
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Figure 3.27
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.27: Local identification of likely interactions between pdf -LexA and th-GAL4 neurons
in adult D. melanogaster brains th-GAL4 neurons express CD4::spGFP1-10. pdf -LexA neurons express
CD4::spGFP11. Extracellular GFP assembly labels putative neuronal contact sites and synapses (green and
white). PDF- and TH-IR processes are visualized with anti-PDF (magenta and white) and anti-TH (cyan and
white), respectively. Images are either projected or single confocal optical sections. A: Projection of one brain
hemisphere of a whole-mount brain (frontal view, lateral to the left, dorsal up) reveals GRASP GFP signals along
the dp of the s-LNvs, within the AME and its VE (arrowheads in A2). A2-G2: Fluorescence of reconstituted
GFP molecules reveals likely sites of synaptic interactions. A3-G3: Anti-PDF staining reveals PDF-IR clock
neurons. B4-E4,G4: Anti-TH staining reveals TH-IR in dopaminergic neurons. B: Enlargement of indicated
area in A1. Projection of dp and dt of the s-LNvs. Dashed oval in B2 and B3 indicates intense GRASP GFP
signals, low PDF-, and no TH-IR in the ventral part of the dp. Faint GRASP GFP signals are detected within
the dt. C: Enlargement of indicated area from B1. Intense GRASP GFP signals, low PDF-, and no TH-IR in
the ventral part of the dp are illustrated on a single section level. D: Enlargement of indicated area in B1
illustrates a single section from the dt of the s-LNvs. Arrows indicate GRASP GFP signals in close vicinity to
PDF- and TH-IR processes. E: Magnification of indicated area in A1 illustrates a single section of the AME
and its VE. Arrows indicate GRASP GFP signals in close vicinity to PDF- and TH-IR processes. Dashed circle
indicates a region within the AME that exposes intense fluorescence of reconstituted GFP, and low PDF- and
TH-IR. Arrowheads indicate exemplary co-localized PDF- and TH-IR, whithin AME and VE, respectively, which
is not in spatial proximity to GRASP GFP signals. F: Magnification of indicated area in A1. A single section of
the VE illustrates GRASP GFP signals in close vicinity to PDF-IR processes. G: Magnification of the AME. A
single section of the AME illustrates GRASP GFP signals in close vicinity to PDF-IR processes. Arrow indicates
spatial proximity of GRASP, PDF-, and TH-IR. For supplements see Fig. S14. AME: accessory medulla,
dp: dorsal projection dt: dorsal terminals, ME: medulla, VE: ventral elongation. Scale bars = 50 µm in A;
20 µm in B (applies to C,E-G); 10 µm in D

GRASP emerged in close vicinity to PDF- and TH-IR processes (Fig. 3.27). Conspicuous was
the remarkably strong fluorescence caused by GRASP, that labeled the ventral part of the
s-LNvs’ dorsal projections whereas PDF-IR was rather low within this part (Fig. 3.27, B,C).
Especially at the s-LNv’s dorsal projections GFP assembly was observed in close vicinity to
PDF- and TH-IR processes (Fig. 3.27, D). Infrequently such triple staining sites were found
in the VE and AME (Fig. 3.27, E,G). Neither large nor small cell bodies of the LNvs revealed
GRASP GFP signals (Fig. 3.27, A,E), whereas faint GRASP signals were detected in TH-IR cell
bodies (Fig. 3.27, B). There were also sites, where PDF- and TH-IR appeared to co-localized
but did not emerge GRASP GFP signals (Fig. 3.27, E). Supplementary images confirming the
observations on further specimens are attached in the appendix (Fig. S14, p. 208).

Putative synaptic interactions between PDF and trh-GAL4 neurons

Simultaneous expression of cd4::spGFP1-10 and cd4::spGFP11 was driven by trh-GAL4 and pdf -
LexA. Employing confocal microscopy allowed the recognition of GRASP. Reconstituted GFP

molecules were observed in the AME, its VE, along the dorsal projection of the s-LNv and their
arborizations in the dorsal protocerebrum. They emerged in close vicinity to PDF- and 5HT-IR
processes (Fig. 3.28, Fig. S15). Conspicuous was the remarkably strong fluorescence caused
by GRASP, that labeled the ventral part of the s-LNvs’ dorsal projections while PDF-IR was
rather low within this part (Fig. 3.28, B,C; Fig. S15, B,C). Cell bodies of the l-LNvs revealed
no GRASP GFP signals (Fig. 3.28, A,E). However, small cell bodies of the LNvs as well as
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Figure 3.28
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.28: Local identification of likely interactions between pdf -LexA and trh-GAL4 neurons
trh-GAL4 neurons express CD4::spGFP1-10. pdf -LexA neurons express CD4::spGFP11. Extracellular GFP
assembly labels putative neuronal contact sites and synapses (green and white). PDF- and 5HT-IR processes are
visualized with anti-PDF (magenta and white) and anti-Serotonin (cyan and white), respectively. Images are
either projected or single confocal optical sections. A: Projection of one brain hemisphere of a whole-mount
brain (frontal view, lateral to the left, dorsal up) reveals GRASP GFP signals along the dp and within the dt
of the s-LNvs. Arrowhead in A2 indicates reconstituted GFP molecules within the AME. A2-E2: Fluorescence
of reconstituted GFP molecules reveals likely sites of synaptic interactions. A3-E3: Anti-PDF staining reveals
PDF-IR clock neurons. B4-E4: Anti-Serotonin staining reveals 5HT-IR in serotonergic neurons. B: Enlargement
of indicated area in A1. Projection of dp and dt of the s-LNvs. Dashed oval in B2 and B5 indicate intense GRASP
GFP signals, low PDF-, and co-localizing 5HT-IR in the ventral and middle part of the dp. Weak reconstituted GFP
signals are observed within the dt. C: Enlargement of indicated area from B1. Intense GRASP GFP signals, low
PDF-, and co-localizing 5HT-IR within the middle part of the dp are illustrated on a single section level. Arrows
indicate GRASP GFP signals in close vicinity to PDF- and 5HT-IR, whereas the arrowhead indicates reconstituted
GFP signals only in close vicinity to 5HT-IR. D: Enlargement of indicated area in B1 illustrates a single section
from the dt of the s-LNvs. Arrows indicate GRASP GFP signals in close vicinity to PDF- and 5HT-IR processes,
whereas arrowheads indicate reconstituted GFP signals only in close vicinity to PDF-IR. E: Magnification of
indicated area in A1. Single section of the AME and its VE. Arrows indicate GRASP GFP signals in close vicinity
to PDF- and 5HT-IR processes, whereas arrowheads indicate reconstituted GFP signals only in close vicinity to
PDF-IR. Hashtag and asterisks indicating PDF-IR cell body of an s-LNv and 5HT-IR cell bodies, seem to be
labeled with GRASP GFP signals, though signals are weak. For supplements see Fig. S15. AME: accessory
medulla, dp: dorsal projection dt: dorsal terminals, LA: lamina, l-LNv: large ventral lateral neuron, LP: lateral
protocerebrum, ME: medulla, s-LNv: small ventral lateral neuron, OL: optic lobe, VE: ventral elongation. Scale
bars = 50 µm in A; 20 µm in B, 10 µm in C (applies to D,E)

5HT-IR cell bodies exhibited GRASP GFP signals (hashtag/ astersiks in Fig. 3.28, E). In the
case of the serotonergic cell bodies, the signals might result from the fluorochrome comprised
by the spGFP1-10 fragment. Supplementary images confirming these observations on further
specimens are attached in the appendix (Fig. S15, p. 210).

3.7.2. The visualization of likely contact sites of PDF-containing clock neurons
and glial cells

Neuron-glia interactions appear to be not uncommon in the nervous system of D. melano-
gaster (Sec. 1.7, p. 25). The possibility and spatial distribution of putative interactions
between PDF-containing clock neurons and glial cells was investigated by means of GRASP

(Feinberg et al., 2008; Gordon & Scott, 2009). This method has been introduced in detail
above (Sec. 1.1.2,p. 13). According to the same principle as described above (Sec. 3.7.1)
pdf -LexA was used for specific spGFP11 expression in PDF-containing clock neurons. Repo-,
NP6520, or NP3233-GAL4 transgenic lines were used to express spGFP1-10 specifically in either
all glial cells, ensheathing or astrocyte-like glial cells. Extracellular GFP assembly is assumed to
emerge, wherever PDF-LexA neurons and glial cells reach proximity that is as close as the gap
length of a synaptic cleft. Counterstainings of anti-PDF and -Reversed polarity protein (Repo)
were performed to verify the plausibility of emerging GFP fluorescence, as signals were only
expected at sites where PDF neurons and the GAL4-expressing neurons co-localize. As Repo

represents a glial specific nuclear protein, glial nuclei rather than glial processes were labeled.
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Therefore the staining gave only an idea of where glial cells would be present.

Putative contact sites between PDF neurons and glial cells

For pan-glial driven cd4::spGFP1-10 expression, the repo-GAL4 transgenic line was used.

Figure 3.29
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.29: Local identification of likely neuron-glia interactions between PDF neurons and
repo-GAL4 cells repo-GAL4 cells express CD4::spGFP1-10. pdf -LexA neurons express CD4::spGFP11.
Extracellular GFP assembly labels putative contact sites (green and white). PDF-IR processes and nuclei of glial
cells are visualized with anti-PDF (magenta and white) and anti-Repo (cyan and white), respectively. Images
are either projected or single confocal optical sections. A: Projection of one brain hemisphere of a whole-mount
brain (frontal view, lateral to the left, dorsal up) reveals GRASP GFP signals along the dp and within the dt
of the s-LNvs. Arrowhead in A2 indicates reconstituted GFP molecules within the AME. Note that some cell
bodies of the s-LNv are placed dorsally to the AME close to the cell bodies of the l-LNv. A2-F2: Fluorescence of
reconstituted GFP molecules reveals likely sites of interactions. A3-E3: Anti-PDF staining reveals PDF-IR clock
neurons. B4-E4: Composition of GRASP GFP signals and PDF-IR is completed by anti-Repo staining revealing
repo-positive nuclei of glial cells in spatial relation to GRASP and PDF+ processes. Arrows always indicate glia
cell bodies in vicinity to GRASP GFP signals. B: Enlargement of indicated area in A1. Projection of dp and dt of
the s-LNvs. Dashed oval in B2 and B3 indicate low PDF-IR signals within most parts of the dp whereas GRASP
GFP signals are largely evenly spread along the dp. Intense reconstituted GFP signals are observed within the
dt. C: Enlargement of indicated area from B1. Intense GRASP GFP signals in unison with low PDF-IR in the
middle part of the dp are illustrated on a single section level. Arrowheads indicate reconstituted GFP signals in
close vicinity to PDF-IR. Arrows indicate several glial cell bodies close to this part of the dp. D: Enlargement
of indicated area in B1 illustrates a single section from the s-LNvs’ dorsal ramifications. Arrowheads indicate
GRASP GFP signals in close vicinity to PDF-IR terminals. PDF+ bouton-like structures appear to be highly
concentrated with the PDF peptide. They seem to be enclosed from extracellular reconstituted GFP molecules.
Note their less arborized structure. Arrows indicate several glial cell bodies close to the dt. E: Magnification of
indicated area in A1 illustrates a single section of the AME and its VE. Arrowheads indicate GRASP GFP signals
in close vicinity to PDF-IR processes. Dashed circle indicates a region within the AME displaying PDF-IR but
missing GRASP GFP signals. Arrows indicate several glial cell bodies close to the AME or VE. F: Projection
of the PDF cell bodies. Arrowheads indicate GRASP GFP signals surrounding two s-LNv cell bodies. Asterisks
indicate l-LNv cell bodies, not encircled by reconstituted GFP molecules. Note the unusual position of the s-LNv’s
cell bodies within the dorsal located cell body group of the l-LNv’s. For supplements see Fig. S16, Fig. S17,
Fig. S18. AME: accessory medulla, dp: dorsal projection dt: dorsal terminals, LA: lamina, l-LNv: large ventral
lateral neuron, ME: medulla, OL: optic lobe s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale
bars = 100 µm in A; 20 µm in B (applies to E); 10 µm in C (applies to D); 25 µm in F

In combination with pdf -LexA driven cd4::spGFP11 expression putative interactions were ex-
posed between glial cells and pdf -LexA neurons at sites of reconstituted GFP signals. Employ-
ing confocal microscopy allowed the recognition of GRASP. Reconstituted GFP molecules were
observed in the AME, its VE, along the dorsal projection of the s-LNv and their arborizations
in the dorsal protocerebrum. They emerged in close vicinity to PDF-IR processes (Fig. 3.29,
Fig. S16 - Fig. S18, p. 212 et seq.). Furthermore, anti-Repo indicating the presence of glial
cell bodies was detected in close vicinity to GRASP GFP and PDF-IR signals (Fig. 3.29). Con-
spicuous were the apparently mirror-inverted signal intensities of GRASP and PDF-IR. Strong
GRASP GFP signals seemed to be accompanied by weak PDF-IR and vice versa in dp, AME

and VE (Fig. 3.29, B, C, E). Especially the s-LNvs appeared to be GRASP-affected. Largely
evenly spread GRASP GFP signals labeled the dorsal projections all along the s-LNvs’ axons,
whereas PDF-IR signals were low (Fig. 3.29, B). The dorsal ramifications’ varicose-like struc-
tures seemed to be surrounded by extracellular assembled GFP molecules. At the same time
they apparently contained remarkable high amounts of the PDF protein, strikingly compact
and concentrated, as PDF-IR signals were strong (Fig. 3.29, B, D). More scattered and punctual
GRASP GFP signals were observed in the AME and its VE (Fig. 3.29, E). Notably the s-LNv cell
bodies were encircled by reconstituted GFP, whereas the l-LNv cell bodies were not (Fig. 3.29,
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F). Supplementary images confirming these observations on further specimens are attached in
the appendix (Fig. S16-Fig. S18).

Putative contact sites between PDF neurons and ensheathing glia cells

Figure 3.30

Simultaneous expression of cd4::spGFP1-10 and cd4::spGFP11 was driven by NP6520-GAL4 and
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.30: Local identification of likely neuron-glia interactions between PDF neurons and
ensheathing glial cells NP6520-GAL4 cells, representing ensheathing glia, express CD4::spGFP1-10. pdf -
LexA neurons express CD4::spGFP11. Extracellular GFP assembly labels putative contact sites (green and
white). PDF-IR processes and nuclei of glial cells are visualized with anti-PDF (magenta and white) and anti-Repo
(cyan and white), respectively. Images are either projected or single confocal optical sections. A: Projection
of one brain hemisphere of a whole-mount brain (frontal view, lateral to the left, dorsal up). Arrowheads
in A2 indicate reconstituted GFP molecules within the AME and its VE. Arrows indicate GRASP within the
OL. Furthermore dp and dt of the s-LNv are labeled with GRASP. A2-E2: Fluorescence of reconstituted GFP
molecules reveals likely sites of interactions. A3-E3: Anti-PDF staining reveals PDF-IR clock neurons. B4-
E4: Composition of GRASP GFP signals and PDF-IR is completed by anti-Repo staining revealing Repo-positive
nuclei of glial cells in spatial relation to GRASP and PDF+ processes. Arrows in C-E indicate glia cell bodies in
vicinity to GRASP GFP signals. E4: Anti-Repo staining exposes Repo-IR nuclei but labels no processes of glial
cells. B: Enlargement of indicated area in A1. Projection of dp and dt of the s-LNvs. Dashed oval in B2 and B3
indicates intense GRASP GFP signals accompanied by rather low PDF-IR in the ventral half of the dp. Intense
reconstituted GFP signals are observed within the dt. C: Enlargement of indicated area from B1 illustrating
a single section of the dp’s ventral half. Dashed oval indicates intense GRASP GFP signals accompanied by
rather low PDF-IR. Arrowhead indicates intense PDF-IR accompanied by faint GRASP signals. Arrows indicate
some glial cell bodies close to this part of the dp. D: Enlargement of indicated area in B1 illustrates a single
section from the dt of the s-LNvs. Arrowheads indicate GRASP GFP signals in close vicinity to PDF-IR varicose-
like structures. Dashed oval indicates intense GRASP GFP signals accompanied by rather low PDF-IR. GRASP
signals appear to encircle those bouton-like structures. Note the compact structure of the dt’s arborization.
Arrows indicate several glial cell bodies close to the dt. E: Magnification of indicated area in A1 illustrates a
single section of the AME and its VE. Arrowheads indicate some GRASP GFP signals in close vicinity to PDF-IR
processes. PDF+ s-LNv cell body is encircled with reconstituted GFP signals. Arrows indicate several glial cell
bodies close to the AME or VE. For supplements see Fig. S19. AME: accessory medulla, dp: dorsal projection,
dt: dorsal terminals, ME: medulla, OL: optic lobe, s-LNv: small ventral lateral neuron, VE: ventral elongation.
Scale bars = 100 µm in A; 20 µm in B (applies to C,D,E)

pdf -LexA. At sites of reconstituted GFP signals putative interactions were exposed between
PDF-LexA neurons and ensheathing glial cells. Employing confocal microscopy allowed the
recognition of GRASP. Reconstituted GFP molecules were observed in the AME, its VE, along
the dorsal projection of the s-LNv and their arborizations in the dorsal protocerebrum. They
emerged in close vicinity to PDF-IR processes. Furthermore, anti-Repo indicating the presence
of glial cell bodies was detected in close vicinity to GRASP GFP and PDF-IR signals (Fig. 3.30,
B4-D4, E5). Conspicuous were the apparently mirror-inverted signal intensities of GRASP

and PDF-IR. Strong GRASP GFP signals seemd to be accompanied by weak PDF-IR and vice
versa in the s-LNvs’ dorsal projections and terminals as well as within the AME and its VE

(Fig. 3.30, B-E; Fig. S19). Especially the s-LNvs appeared to be GRASP-affected. GRASP GFP

signals surrounded the s-LNvs’ cell bodies, their dorsal projecting axons and dorsal terminals.
The dorsal part of their dorsal projections appeared to be less labeled by GRASP than their
ventral part. Notably was the dorsal ramifications’ rather compact structure pronouncing
their varicose endings. They also seemed to be encircled by GRASP. Some varicose structures
contained noticeable high amounts of the PDF protein as PDF-IR signals were strong (Fig. 3.30,
B, D). Cell bodies of the l-LNvs were not surrounded by reconstituted GFP molecules (Fig. 3.30,
A; Fig. S19, E). In contrast, their processes extending over the ME seemed partly to be
accompanied by reconstituted GFP molecules (Fig. 3.30, A, B, D), so did their processes of
the VE. Depending on the level within the AME GRASP GFP signals were detectable or not
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(Fig. 3.30, E; Fig. S19, F1/2). Supplementary images confirming these observations on further
specimens are attached in the appendix (Fig. S19).

Putative contact sites between PDF neurons and astrocyte-like glia cells

Figure 3.31

Expression of cd4::spGFP1-10 and cd4::spGFP11 was coincidentally driven by NP3233-GAL4 and
pdf -LexA. At sites of reconstituted GFP signals putative interactions were exposed between
PDF-LexA neurons and astrocyte-like glial cells. Employing confocal microscopy allowed the
recognition of GRASP. Reconstituted GFP molecules were observed in the AME, its VE, along
the dorsal projection of the s-LNv and their arborizations in the dorsal protocerebrum, and in
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3.7. GRASP as marker for putative sites of synaptic contacts

Figure 3.31: Local identification of likely neuron-glia interactions between PDF neurons and
astrocyte-like glial cells NP3233-GAL4 cells, representing astrocyte-like glia, express CD4::spGFP1-10.
pdf -LexA neurons express CD4::spGFP11. Extracellular GFP assembly labels putative contact sites (green and
white). PDF-IR processes and nuclei of glial cells are visualized with anti-PDF (magenta and white) and anti-Repo
(cyan and white), respectively. Images are either projected or single confocal optical sections. A: Projection
of one brain hemisphere of a whole-mount brain (frontal view, lateral to the left, dorsal up). Arrowheads in
A2 indicate reconstituted GFP molecules within the AME and its VE. Furthermore dp and dt of the s-LNv are
labeled with GRASP. A5 illustrates the composition of Repo labeled glial nuclei and GRASP GFP signals. Note
the slight bleeding through of Repo-IR signals (compare A2 and A4). A2-F2: Fluorescence of reconstituted
GFP molecules reveals likely sites of synaptic interactions. A3-E3: Anti-PDF staining reveals PDF-IR clock
neurons. A4-D4: anti-Repo staining exposes Repo-IR nuclei but labels no processes of glial cells. Arrows in
triple compostitions of C-E indicate glia cell bodies in vicinity to GRASP GFP signals. B5-D5,E4: Composition
of GRASP GFP signals and PDF-IR is completed by anti-Repo staining revealing Repo-positive nuclei of glial cells
in spatial relation to GRASP and PDF+ processes. Arrows in C-E indicate glia cell bodies in vicinity to GRASP
GFP signals. B: Enlargement of indicated area in A1. Projection of dp and dt of the s-LNvs. Dashed oval in
B2 and B3 indicates intense GRASP GFP signals accompanied by rather low PDF-IR in the ventral half of the
dp. Rather low reconstituted GFP signals are observed within the dt. C: Enlargement of indicated area from
B1. The single section of the dp’s ventral half indicates intense GRASP GFP signals accompanied by rather
low PDF-IR. Arrowhead indicates overlapping PDF-IR and fluorescence signals of reconstituted GFP molecules.
D: Enlargement of indicated area in B1 illustrates a single section from the dt of the s-LNvs. Arrowheads
indicate GRASP GFP signals in close vicinity to PDF-IR varicose-like structures. GRASP GFP signals appear in
this case scattered and punctual. Note the rather compact structure of the dt’s arborization. E: Magnification
of indicated area in A1 illustrates a single section of the AME and its VE displaying scattered and punctual
GRASP GFP signals. Asterisk and arrowheads indicate some GRASP GFP signals in close vicinity to PDF-IR
processes within AME and VE, respectively. F: A partial projection of the OL depicts a magnification of the ME.
Arrowheads indicate GRASP GFP signals that partly accompany PDF+ processes of the l-LNvs. For supplements
see Fig. S20. AME: accessory medulla, dp: dorsal projection, dt: dorsal terminals, ME: medulla, OL: optic
lobe, s-LNv: small ventral lateral neuron, VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B
(applies to D,E,F); 10 µm in C

the OL. They emerged in close vicinity to PDF-IR processes. Furthermore, anti-Repo indicating
the presence of glial cell bodies was detected in close vicinity to GRASP GFP and PDF-IR signals
(Fig. 3.31, C5, D5, E5). Conspicuous were the apparently mirror-inverted signal intensities of
GRASP and PDF-IR. Strong GRASP GFP signals seemed to be accompanied by weak PDF-IR and
vice versa especially in the s-LNvs’ dorsal projections (Fig. 3.31, B,C; Fig. S20). GRASP GFP

signals neither surrounded cell bodies of the s-LNvs nor of the l-LNvs. PDF+ dorsal projections
were labeled with GRASP especially in the ventral half. Assembled GFP molecules at the s-LNvs’
dorsal ramifications appeared on the one hand to surround their varicose-like structures, on
the other hand due to their punctual shape to intermingle them (Fig. 3.31, D; Fig. S20,
A3). Notable was the rather compact structure of the dorsal terminals. Furthermore, GRASP

GFP signals emerged punctual in AME and VE intermingling PDF-IR processes (Fig. 3.31,E).
l-LNv processes, that extend over the ME appeared partly to be accompanied by reconstituted
GFP molecules (Fig. 3.31,F). Supplementary images confirming these observations on further
specimens are attached in the appendix (Fig. S20).
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3.8. The influence of GRASP on PDF release from s-LNv terminals

As shown above, reconstituted GFP molecules between PDF-GAL4 neurons and glial cells
seemed to reduce the arborizations of the s-LNvs’ dorsal ramification causing a more compact
structure with larger varicosities. Therefore, GRASP might potentially prevent the cyclic PDF

release from the dorsal terminals and thereby influence the fly’s circadian locomotor activity.
In order to examine this hypothesis PDF-IR and GRASP GFP signal intensities were determined
at two different Zeitgeber Time (ZT)s, ZT0 and ZT12 (Fig. 3.32), which correspond to described
peak and trough of PDF cycling (Park et al., 2000). Furthermore, locomotor activity pattern
in LD and period and rhythmicity in DD of GRASP flies as well as their respective controls were
verified (Fig. 3.33). Signal strength was defined by its intensity, which could be evaluated
by mean gray values. Analyzing the intensities with ImageJ was elaborative and has been
described only roughly.

Figure 3.32: Staining intensities of PDF and GRASP signals at the s-LNv’s terminals PDF-IR
and GRASP GFP signal intensities were evaluated in WT (A) and pdf-lexA/lexAop-cd4::gfp11; repo-gal4/uas-
cd4::gfp1-10 flies (B). For each genotype intensities within the s-LNv’s dorsal ramifications were evaluated in
ten brain hemispheres. A: s-LNv terminals of WT flies exhibit significant differences in PDF-IR at ZT1 and ZT13.
B Flies reconstituting GFP between repo-GAL4 cells and pdf -GAL4 neurons exhibit significant differences in
signal strength at ZT0 and ZT12 for PDF-IR signals (B1) but not for GRASP GFP signals (B2). unpaired t-test:
p ≤ 0.05
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Photographs were needed to be normalized among themselves. Therefore, the background
fluorescence was subtracted. Afterward, to preserve the distribution of the original intensity
of the staining it has been multiplied by a certain calculated factor. Furthermore a lower fixed
gray value for thresholding the signal was required to remove irrelevant lower intensity pixels.
The set threshold was defined once and then applied to all photographs. With this, binary
masks were generated and finally the mean gray value could be determined with the plugin
“analyze particles. . . ” for one total dorsal ramification.

Figure 3.33: Average day activity profiles of GRASP flies and controls in LD 12:12 Average day
activity profiles were calculated for flies reconstituting GFP molecules between repo-GAL4 cells and pdf -GAL4
neurons (A) and respective control flies (B1-3). The experimental line (A) shows no conspicuous differences
in shape of the bimodal activity pattern compared to the controls (B). n = number of investigated flies;
areas beneath the black bar indicate darkness, areas beneath white bar indicate light; black lines = mean, red
lines = SEM
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For comparison steady PMTs were important to be used for all samples. Furthermore, quick
working was important to avoid bleaching effects of the fluorochromes as good as possible. Ex-
aminations of GRASP GFP and PDF-IR signal intensities were evaluated for 10 brain hemispheres
(Fig. 3.32). PDF-IR signals determined in WT flies exhibited reported significant differences
at ZT1 and ZT13. Flies reconstituting GFP between repo-GAL4 cells and pdf -GAL4 neurons
exhibited significant differences in signal strength at ZT0 and ZT12 for PDF-IR signals but not
for GRASP GFP signals. The Experiments A (WT) and B (GRASP flies) are not comparable
with each other, as the experiments were performed as two different experiments. In order
to examine putative behavioral influences of the GFP reconstitution between repo-GAL4 cells
and pdf -GAL4 neurons average activity profiles, periods and rhythmicity were determined.
Therefore, the daily activity of pdfLexA/lexOP-gfp11; repoG4/uas-gfp1-10 flies and respec-
tive controls missing either one of the drivers or reporters were monitored for seven days in LD

12:12 cycles (Fig. 3.33) and for further seven days in DD (Tab. 3.1). There were no obvious dif-
ferences in the shape of bimodal activity pattern, period, and rhythmicity of the experimental
group visible compared with the controls.

Table 3.1: Rhythmicity data of GRASP flies and controls in DD

Genotype n rhythmic
flies

Period in hours
± SEM

Rhythmic
flies

pdfLexA/lexOP-gfp11;
repoG4/uas-gfp1-10

23 23,64 ± 0,27 91%

Cyo/lexOP-gfp11;
repoG4/uas-gfp1-10

13 23,43 ± 0,26 100%

pdfLexA/lexOP-gfp11;
repoG4/Hu

15 23,53 ± 0,18 100%

pdfLexA/lexOP-gfp11;
MKRS/uas-gfp1-10

19 23,59 ± 0,16 89%

3.9. Electron microscopic examination of the PDF-positive LNvs in
the AME

To visualize the PDF-containing LNvs on an electron microscopic level their membranes were
labeled with an electron dense precipitate. For that reason UAS-HRP::CD2 was specifically
expressed using the pdf -GAL4 fly strain. A DAB reaction was performed on the very same
membranous HRP causing the electron dense material.

Epon blocks with embedded tissue were cut into semi-thin sections of 4 µm and analyzed
with the light microscope (Fig. 3.34). This promoted better orientation within the tissue and
allowed its restriction to the region of interest. The projections of the pdf -GAL4 neurons
were identified by their DAB stained membranes. This facilitated the preselection of sections
that contained the region of the AME. This region was spreaded over 9 slices comprising in
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3.9. Electron microscopic examination of the PDF-positive LNvs in the AME

Figure 3.34: Semi-thin sections illustrate DAB labeled PDF processes in the AME Sequence
of 4 µm semi-thin sections is shown from anterior (A) to posterior (I) (frontal sections, dorsal up, lateral to
the left). The projection pattern of pdf -GAL4 neurons is visualized by UAS-HRP::CD2 and subsequent DAB
reaction. Arrows indicate PDF arborizations within the AME. Arrowheads indicate PDF fibers innervating
the AME’s VE. LA: lamina, ME: medulla, LCBR: lateral cell body rind, VLP: ventrolateral protocerebrum.
Scale bar = 50 µm

total an area that extended over 36 µm. Preselected semi-thin sections were re-embedded into
Epon and sectioned into ribbons of 100 nm ultra-thin slices for TEM analysis. For this report
TEM image acquisition was performed for 40 consecutive ultra-thin sections obtained from the
semi-thin section depicted in Fig. 3.34, D.

First AME and VE were scanned at a low magnification of 1200x serving for better ori-
entation at higher magnifications. Furthermore a grid of colored squares was arranged on
these images (Fig. 3.35). The center of each square defined the point to which the TEM had
to be adjusted in order to cover the region of the square when using the “tiling” option of
the EM-Menue4 from the microscope (Sec. 2.5, Fig. 2.4, p. 47). Each square was scanned at
a magnification of 15,000 x comprising 25 images. The characteristic shape of AME with its
VE could clearly be identified. Also the electron-dense staining of the PDF neurons due to
DAB reaction was already visible in this low magnification. The area of the AME and VE on
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3. Results

Figure 3.35: TEM image acquisition at low magnification provides an overview of the region of
interest A: An exemplary ultra-thin section of 100 nm illustrates the region of the AME and its VE in a low
magnification of 1200 x. Arrows indicate DAB labeled processes within AME and VE. The arrow indicates PDF
fibers just entering the AME. B: A grid of colored squares is superimposed on the overview image. The center
of each square indicates the point to which the TEM will be adjusted in order to start a new “tiling” sequence
of 5x5 images. Thus, one square will include 25 images taken at a magnification of 15000 x. AME: accessory
medulla, ME:medulla, LCBR: lateral cell body rind, VE: ventral elongation, VLP: ventrolateral protocerebrum.
Scale bar = 5 µm
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3.9. Electron microscopic examination of the PDF-positive LNvs in the AME

each section varied depending on the level. In average it comprised about 1000 ± 140 µm2.
TEM image acquisition was performed for 40 contiguous 100 nm ultra-thin sections at 15000 x
with the JEM-1200. The images were stitched, aligned and segmented with the Fiji Plugin
TrakEM2 (Cardona et al., 2012). By using the elastic aligning method (Saalfeld et al., 2012)
good z-alignments were achieved. The alignment allowed detailed examinations which revealed
the PDF neurons to receive synaptic input within the AME and its VE. Remarkably was the
close vicinity of the PDF neurons to glial cells. They enwrapped their processes and came close
to the synaptic structures. The pdf neuron’s presynaptic counterpart exhibited either SCV or
DCV or a mixture of both vesicle types.

3.9.1. Glial cells surround the PDF-containing clock neurons

Within the examined region cell bodies of six glial cells were detected. They were identified
by their dark appearance due to higher electron density compared to neurons (Fig. 3.36).
Interestingly, all of them were visible within the same section, positioned rather at the margin
of the neuropil. There were two glial cell bodies situated directly at the margin of the AME

(Fig. 3.36, C,D). Their processes extended into the AME within previous and following sections
(not shown). No glial cell bodies have been detected in the center of the AME within the
examined region. Four more glial cell bodies were situated in or at the margin of the VE

(Fig. 3.36, E-G) whose processes extended into the VE within previous and following sections
(examples shown in Fig. 3.37, Fig. 3.38). Remarkably, one of the glial nuclei was brighter
in its electron density compared to the others (Fig. 3.36, F). Furthermore it differed in its
shape. Whereas the more electron dense nuclei were irregular in their shape, the less electron
dense nuclei appeared rather round than irregular shaped. Notably, DAB labeled PDF neurons
(additionally indicated by magenta dots in Fig. 3.36, C-G) were present in immediate proximity
to all detected glial cell bodies or were surrounded by the glial cell’s processes. Processes of
glial cells are also identified by their electron dense nature but also by mitochondria situated
within these processes.

For three regions the arrangement of PDF neurons and glial cells was annotated (Fig. 3.37).
These annotations illustrated the intense packing of PDF neurons into glial cells within AME and
VE. From the examined region it was unapparent from which glial cell body the processes arose
that project along the margin of the AME next to the VLP (Fig. 3.37, A,B). The corresponding
glial cell body appeared to be situated in a lower or higher level than the examined region.
Annotated glial processes interspersing the PDF containing LNv in the VE emerged on the one
hand from the glial cell bodies depicted in Fig. 3.36, F (Fig. 3.37, D) and on the other hand
the glial cell body shown in Fig. 3.36, G (Fig. 3.37, F). Furthermore, three contiguous sections
illustrate the progress of LNv fibers as well as glial processes emerging from the glial cell bodies
in Fig. 3.36, F (Fig. 3.38).
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3. Results

Figure 3.36: Distribution of glial cell bodies and their immediate proximity to PDF neurons
Six glial cell bodies are identified due to their electron dense nature. Approximately, they are all situated
within the same level of the AME and its VE. A: TEM image of 1200 x magnification shows the region of
interest. Dashed outline edges the region of AME and its VE. Arrowheads indicate all six detected glial cell
bodies located laterally at the margin of the neuropil. B: Schematic representation of the AME and its VE.
Letters C-G indicate the position of identified glial cells. They are respective to the panel’s labels illustrating
a magnification of each glial cell (C-G). C-G: TEM images of 15000 x magnification show electron dense glial
cell bodies and DAB labeled PDF neurons, additionally tagged with a magenta dot. They are wrapped by glial
processes. Two glial cell bodies are situated at the margin of the AME (C,D), whereas further 4 glial cells are
located at the lateral margin of the VE (E-G). Mitochondria of glial cells are located within the processes. The
nuclei of the glial cells appear irregular in shape, except of a rather roundish nucleus of a glial cell depicted in F
(ngl2). Furthermore, this nucleus appears less electron dense than the others but still more electron dense then
surrounding neuronal fibers. AME: accessory medulla, LCBR: lateral cell body rind, m: mitochondrium,
ngl: glial nucleus OL: optic lobe, VE: ventral elongation. Scale bar = 5 µm in A (applies to B); 1 µm in C
(applies to D-G)
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3.9. Electron microscopic examination of the PDF-positive LNvs in the AME

Figure 3.37: Fibers of PDF neurons are embedded in glial processes in AME and its VE TEM
images from three different regions of the AME illustrate DAB labeled pdf -GAL4 processes (additionally shaded
in magenta) surrounded by glial processes (shaded in green). A,C,E: Such assemblies of PDF neurons and glial
cells are shown for the dorsal margin of the AME next to the VLP (A,B), for the dorsal part of the VE (C,D), and
a more ventral part of the VE (E,F). B,D,F: Magnification of indicated regions in A, C, and E. Mitochondria
of glial cells are detected within their processes. B: Marked glial processes cannot be attributed to one of
the identified glial cells from Fig. 3.36. D: Depicted nuclei and glial processes derive from the same glial cells
depicted in Fig. 3.36, F. F: Indicated ending of a nucleus and the glial process derive from the same glial cell
depicted in Fig. 3.36, G. AME: accessory medulla, gl: glial process, m: glial mitochondrium, ME: medulla,
n: nucleus, OL: optic lobe, VE: ventral elongation, VLP: ventrolateral protocerebrum. Scale bar = 5 µm in A
(applies to C,E); 1 µm in B (applies to D,F)
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3. Results

Figure 3.38: Three contiguous TEM images illustrate the progress of PDF fibers embedded
in glial processes within the VE TEM images illustrate three contiguous sections of 100 nm. Pdf -
GAL4 neurons are visualized by DAB reaction on membranous-expressed HRP (shaded in magenta). Glial
process identified by its electron dense structure is shaded in green. Indicated glial nucleus corresponds to the
nucleus (ngl2) depicted in Fig. 3.36, F. A-C: In this region depicted PDF processes arise most likely from
l-LNvs. Together with other neuronal processes their fibers are encompassed by a glial cell. Dark green shaded
structures indicate glial nucleus and mitochondria embedded within the glial process which is shaded in a lighter
green. A’-C’: Unshaded TEM images reveal DAB labeled pdf -GAL4 processes and the electron dense nature of
glial structures encompassing l-LNv processes as well as non-PDF neurons. gl: glial cell, m: mitochondrium,
n: nucleus, l-LNv: large ventral lateral neuron. Scale bar = 1 µm in A (applies to B,C)

3.9.2. PDF containing LNvs receive synaptic input within AME and its VE

With respect to previous characterized typical classical synapses or sites of volume transmis-
sion in D. melanogaster (Sec. 1.6) synaptic interactions were identified by the presence of a
presynaptic bouton exhibiting a pool of SCV and/ or DCV accompanied by a mitochondrium,
and by a T-bar and/ or dense projection from an AZ. Due to the DAB reaction directly
performed on the membrane it was most likely that presynaptic structures were destroyed,
and therefore not all typical characteristics featuring a synapse could clearly be identified.
Furthermore, the postsynaptic density typical at sites of synaptic interactions could not be
defined due to the DAB reaction. In all identified synaptic formations the PDF neurons served

122



3.9. Electron microscopic examination of the PDF-positive LNvs in the AME

as the postsynaptic component. The presynaptic component contained either SCV, DCV or
a mixture of both. In the following, examples of synapses are illustrated and described that
include the involvement of PDF neurons as synaptic component within the AME.

PDF-positive LNv’s synaptic arrangements within the AME

At the margin of the AME next to the VLP two different arrangements of a synapse were
identified. A DCV filled bouton contacted a PDF neuron (Fig. 3.39). A dense projection of the
AZ indicated the putative release site of the DCV. A mitochondrium accompanying the vesicle
pool indicated furthermore the synaptic activity. This synaptic formation was embedded
within a glial processes. A sequence of contiguous sections (Fig. 3.40) illustrates the progress
of the synapse formed between the DCV filled bouton and the PDF-dendritic branch.

Figure 3.39: Synaptic arrangement of a PDF fiber and a DCV filled bouton is surrounded by a
glial process TEM images of 100 nm ultra-thin sections illustrate pdf -GAL4 processes visualized by DAB
reaction on membranous-expressed HRP (shaded in magenta). Glial process identified by its electron dense
structure is shaded in green. Glial mitochondria located within the glial processes are annotated in a darker
green. The synaptic bouton is shaded in cyan, DCV in orange. A: The synaptic arrangement is detected at the
dorsal edge of the AME next to the VLP. B,C: Montage of TEM images illustrate a magnification of indicated
are in A. The process of a glial cell encompasses a synaptic formation of a PDF fiber and a DCV filled bouton.
D: Magnification of indicated are in C. The vesicle pool of DCV (indicated by asterisk) is accompanied by
mitochondria. Additionally, a dense projection of the AZ in opposite of a DAB labeled PDF fiber features
the formation as a synaptic interaction. The synaptic formation is wrapped by a glial process that appears
with a higher electron density than the neuronal fibers. Within the glial process mitochondria are detectable.
Furthermore, arrows indicate structures resembling the ones of an endoplasmatic reticulum. E: A 3D digital
model demonstrates the synaptic formation between the PDF fiber, the DCV filled bouton and the glial process
(shaded in black). Black arrow in E and B indicates the same angle of vision. AME: accessory medulla,
b: synaptic bouton, DCV: dense core vesicles, gl: glial process LCBR: lateral cell body rind, m: mitochondrium,
ME: medulla, VLP: ventrolateral protocerebrum. Scale bar = 5 µm in A; 500 nm in B (applies to C-E)

Another synaptic bouton, this time filled with a mixture of SCV and DCV appeared to sup-
ply synaptic information to several PDF-dendritic branches. The synaptic arrangements were
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Figure 3.40: Progress of a synaptic formation between LNv fiber and DCV filled bouton encom-
passed by a glial process within the AME TEM images illustrate six contiguous sections of 100 nm
of the synaptic arrangement depicted in Fig. 3.39. Pdf -GAL4 neurons are visualized by DAB reaction on
membranous-expressed HRP. The glial process is identified by its electron dense structure. A-F: The presy-
naptic bouton is featured with the typical synaptic characteristics. There is the vesicle pool of DCV, indicated
by arrowheads in A and B, accompanied by a mitochondrium. Furthermore, there is a dense projection of an AZ
(indicated by arrowheads in C and D) in opposite to the postsynaptic PDF fiber (tagged with a magenta dot).
A glial processes accompanies the synaptic formation. Further PDF fibers are tagged with an asterisk in ma-
genta. b: synaptic bouton, DCV: dense core vesicles, gl: glial process, LNv: ventral LN, m: mitochondrium.
Scale bar = 500 nm

accompanied by a glial process (Fig. 3.41). Three AZ were visible with PDF neurons as postsy-
naptic counterparts (Fig. 3.42). Thereby in all cases two PDF-dendritic branches (respectively
tagged with the same color in Fig. 3.42) contacted the vesicle release site. But only in one case
a T-bar was visible (Fig. 3.41, D). Interestingly, it was not surrounded by a pool of SCV but a
mitochondrium in immediate proximity might yet indicate synaptic activity. The second and
third putative vesicle release site exposed no T-bar like structure but a presynaptic density
(Fig. 3.42, C, F). They might indicate the release site for DCV. Furthermore the glial process
appeared to reach such synaptic formation closer than the first synaptic arrangement including
a T-bar.

Further detected synaptic formations including PDF-dendritic branches within the AME

involve just described types of arrangements (Fig. 3.43). There was a DCV filled bouton
exposing a presynaptic density of an AZ in opposite of a PDF-dendritic branch (Fig. 3.43,
B). Other bouton-like structures with DCV were very close to PDF fibers but did not expose
presynaptic densities (Fig. 3.43, C, D). But as the transmitter release from DCV could occur
at any site of a neuron, it is not unlikely that the neighboring axon of the PDF neuron receives
synaptic information from that neuron. Furthermore several boutons were detected comprising
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3.9. Electron microscopic examination of the PDF-positive LNvs in the AME

Figure 3.41: Synaptic arrangement of PDF fiber and SCV/ DCV filled bouton is accompanied
by a glial process TEM images of 100 nm ultra-thin sections illustrate pdf -GAL4 processes visualized by
DAB reaction on membranous-expressed HRP (shaded in magenta). Glial process identified by its electron
dense structure is shaded in green. Glial mitochondria located within the glial processes are annotated in a
darker green. The synaptic bouton is shaded in cyan, SCV in yellow, and DCV in orange. A: The synaptic
arrangement is detected at the dorsal edge of the AME next to the VLP. B,C: Montage of TEM images illustrate
a magnification of indicated area in A. The process of a glial cell accompanies a synaptic formation of two LNv

fibers and a presynaptic bouton filled with SCV as well as DCV. D: Magnification of indicated area in C.
Arrowhead indicates the T-bar. Furthermore a mitochondrium is present suggesting synaptic activity. A
vesicle pool of SCV is missing at the side of the T-bar, but is present at the opposite corner of the presynaptic
bouton (indicated by an asterisk in B). A second putative AZ is indicated by a black arrowhead. A glial process
that appears with a higher electron density than the neuronal fibers accompanies the synaptic formation.
Within the glial process membranous-like stacks are indicated by arrows. They are reminiscent of myelinated
sheaths. E: A 3D digital model demonstrates the synaptic formation between the PDF fibers, the presynaptic
bouton and the glial process (shaded in black). Black arrow in E and B indicates the same angle of vision.
AME: accessory medulla, b: synaptic bouton, DCV: dense core vesicles, gl: glial process LCBR: lateral cell
body rind, m: mitochondrium, ME: medulla, SCV: small clear vesicles, VLP: ventrolateral protocerebrum.
Scale bar = 5 µm in A; 500 nm in B (applies to C,E); 200 nm in D

pools of SCV (Fig. 3.43, E-H). They all exhibit T-bar like structures in opposite to PDF-
dendritic branches. The synaptic activity of such boutons was furthermore indicated by the
presence of a mitochondrium. All illustrated cases appeared to include the involvement of two
to three postsynaptic components, either consistent of two PDF- and one non-PDF-dendritic
branches (Fig. 3.43, E), or of one PDF- and one non-PDF-dendritic branch (Fig. 3.43, F-H).
Glial processes could only in some cases be clearly identified in immediate proximity to the
synaptic formations detected within the AME (Fig. 3.43, C, D, E, G).

125



3. Results

Figure 3.42: Progress of a synaptic formation between LNv fibers and SCV/ DCV filled bouton
accompanied by a glial process within the AME TEM images illustrate six contiguous sections of
100 nm of the synaptic arrangement depicted in Fig. 3.41. Pdf -GAL4 neurons are visualized by DAB reaction
on membranous-expressed HRP. The glial process is identified by its electron dense structure. A-F: The
presynaptic bouton is featured with typical synaptic characteristics. There is the vesicle pool composed of SCV
and DCV, indicated by asterisk in A. This pool of vesicles remains over all depicted sections. A mitochondrium
is present close to the AZ, which is indicated by a T-bar (arrow). Interestingly, beside a few vesicles there is no
distinctive pool of SCV surrounding the T-bar. In B and C the arrow indicates further putative vesicle release
site of that AZ to two PDF fibers (tagged in magenta) . In F, the arrow indicates a putative presynaptic density
of the AZ, in opposite of the same two PDF fibers from A and B. The white arrowhead indicates a second (A-D)
and putatively even third (E,F) output region to respectively two PDF fibers (tagged in cyan and green). Glial
processes accompany the synaptic formations. Further PDF fibers are not additionally tagged. b: synaptic
bouton, DCV: dense core vesicles, gl: glial process, LNv: ventral LN, m: mitochondrium, SCV: small clear
vesicles. Scale bar = 500 nm

PDF-positive LNv’s synaptic arrangements within the transition from AME to its
VE

There was no obvious boundary between AME and its VE. Therefore a subjective defined region
was termed as ‘transition from AME to its VE’. In this area the following described synap-
tic arrangements were detected. All arose from the same presynaptic bouton that provided
synaptic information to several PDF-dendritic branches (Fig. 3.44, Fig. 3.45). The presynaptic
bouton comprised a mixed pool of SCV and DCV accompanied by a mitochondrium. A T-bar
in opposite of a PDF- and a non-PDF-dendritic branch indicated fast synaptic transmission by
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SCV (Fig. 3.44). The glial process that was in close vicinity to the synapse originated from
the glial cell body depicted in Fig. 3.36, E. At a different level the same synaptic bouton was
again contacted by two PDF-dendritic branches (Fig. 3.45). This time no T-bar like structures
were visible but dense projections of an AZ that indicated putative transmitter release from
the vesicles. The synaptic arrangements were again surrounded by the selfsame glial process.
A sequence of five contiguous sections illustrates the progress of both presynapses (Fig. 3.45,
E1-3, E3-5) and the emerging mitochondrium that accompanied the vesicle pool indicating
synaptic action (Fig. 3.45, E3-5).
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Figure 3.43: Further sites of synaptic input to PDF neurons within the AME TEM images of
100 nm ultra-thin sections illustrate pdf -GAL4 processes visualized by DAB reaction on membranous-expressed
HRP. PDF fibers interacting with synaptic boutons are tagged with a magenta dot. Asterisks indicate vesicle
pools of DCV or SCV. A: Schematic representation of the AME indicates the approximate position of detected
synapses by different letters. These letters are respective to the labels of the panels. B-D: Synaptic input from
DCV filled boutons to PDF neurons is rather suggestive. Most likely the PDF fiber in B receives synaptic input as
a presynaptic density (arrowhead) appears to be present and a mitochondrium accompanies the pool of DCV at
a later level (not shown here). The PDF fibers in C and D (for D two consecutive sections are shown) are in close
vicinity to DCV filled bouton-like structures but a presynaptic density in opposite to the PDF fibers is missing,
so does the mitochondrium. In both, PDF fibers and DCV filled boutons are accompanied by glial processes.
E-H: Two consecutive sections are shown for F, G, and H. Glial processes close to the synaptic structures
cannot clearly be identified. Mitochondria accompany the vesicle pools that consist mainly of SCV. Green dots
indicate non-PDF neurons, that contact additionally to the PDF neuron the same synapse. E: Arrowheads
indicate T-bars of two AZs each transmitting output signals to two PDF neurons and an additional non-PDF
neuron. F1/2: Arrowhead in F1 indicates a T-bar-like structure, arrowhead in F2 a putative dense projection
from an AZ. This synapse appears to provide output to a second non-PDF neuron. G1/2: T-bar-like structure
(arrowhead) indicates an AZ in opposite of a postsynaptic PDF and non-PDF neuron. H1/2: Two T-bar-like
structures (arrowheads) indicate two AZs each in opposite of a postsynaptic PDF and one or two non-PDF
neurons. AME: accessory medulla, AZ: active zone, b: synaptic bouton, DCV: dense core vesicles, gl: glial
process, LCBR: lateral cell body rind, m: mitochondrium, ME: medulla, SCV: small clear vesicles, VE: ventral
elongation, VLP: ventrolateral protocerebrum. Scale bar = 5 µm in A; 250 nm in B (applies to C-H)

PDF-positive l-LNv’s synaptic arrangements within the VE

The following example detected within the VE demonstrates the synaptic interaction of one
PDF-dendritic branch with two different synaptic boutons (Fig. 3.46, A, B) and furthermore
how the same presynaptic bouton contacted two PDF-dendritic branches (Fig. 3.46, A-C).
Both synaptic boutons were equipped with a mitochondrium accompanying the mixed vesicle
pools of SCV and DCV. Glial processes were in immidate proximity to the synapses. They
originated from the glial cell body depicted in Fig. 3.36, G (synapses in Fig. 3.46, A and B)
and Fig. 3.36, F (ngl1) (synapse in Fig. 3.46, C). Three consecutive sections illustrate the
progress of this region. A dense projection of an AZ with an accumulation of SCV extended in
addition to the PDF-dendritic branch apparently over three more non-PDF-dendritic branches
(Fig. 3.46; A”). Within the next section (Fig. 3.46; B”), two T-bar-like structures emerged
in opposite of the PDF- and non-PDF-dendritic branch. Latter appeared to be a fusion of the
outer two dendritic branches depicted in Fig. 3.46; A. From the same PDF-dendritic branch
a second synapse was formed with the other bouton (Fig. 3.46; B”’). A presynaptic density
was visible and appeared to extend over two non-PDF- and the PDF-dendritic branches. A
T-bar-like structure was rather suggestive. A third synaptic arrangement was detected on b-1
(Fig. 3.46; C”). It could not clearly be identified, if a presynaptic density or T-bar arose in
opposite of a PDF- and non-PDF-dendritic branch. But an accumulation of vesicles around
the electron dense structure indicated the presence of a synapse. Further detected synaptic
arrangements including PDF-dendritic branches within the VE involved just described types of
arrangements (Fig. 3.46). There was a pool of DCVs accompanied by a mitochondrium within
an axon adjacent to a PDF axon (Fig. 3.46, B). Furthermore several boutons were detected
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Figure 3.44: Synaptic arrangement of a PDF neuron, a non-PDF neuron and SCV filled bouton is
accompanied by a glial process TEM images of 100 nm ultra-thin sections illustrate pdf -GAL4 processes
visualized by DAB reaction on membranous-expressed HRP (shaded in magenta). Glial process identified by
its electron dense structure is shaded in green. The synaptic bouton is shaded in cyan and SCV in yellow.
A: The synaptic arrangement is detected within the transition from AME to its VE. B,C: Montage of TEM
images illustrate a magnification of indicated area in A. The process of a glial cell accompanies a synaptic
formation of a presynaptic bouton filled with SCV and two postsynaptic neurons, one of them is a PDF neuron.
D: Magnification of indicated area in C. Arrowhead indicates the T-bar. A pool of SCV is accompanied by a
mitochondrium indicating synaptic activity. A glial process that appears with a higher electron density than
the neuronal fibers accompanies the synaptic formation. E: A 3D digital model demonstrates the synaptic
formation between the PDF and non-PDF neuron, the presynaptic bouton and the glial process (shaded in
black). Black arrow in E and B indicates the same angle of vision. AME: accessory medulla, b: synaptic
bouton, gl: glial process LCBR: lateral cell body rind, m: mitochondrium, ME: medulla, SCV: small clear
vesicles, VLP: ventrolateral protocerebrum. Scale bar = 5 µm in A; 500 nm in B (applies to C); 200 nm in D
(applies to E)

comprising mixed pools of SCV and DCV all accompanied by a mitochondrium (Fig. 3.46, C-E).
They all exhibited presynaptic densities (Fig. 3.46, C). T-bar like structures were observed in
some cases (Fig. 3.46, D, E). All illustrated cases appear to include the involvement of two
to three postsynaptic components comprising one PDF- and one ore more non-PDF-dendritic
branches. Glial processes appeared to be in immediate proximity to the synaptic arrangements
in all cases.

3.10. A startup project – Electron microscopic examination of the
PDF-positive s-LNvs in the AME

To visualize the small PDF-containing LNvs on an electron microscopic level their membranes
were labeled with an electron dense precipitate. For that reason UAS-HRP::CD2 was specif-
ically expressed using the R6-GAL4 fly strain. A DAB reaction was performed on the very
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Figure 3.45
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3.10. Electron microscopic examination of the s-LNvs in the AME

Figure 3.45: Synaptic arrangements of two PDF neurons with a bouton containing SCV are ac-
companied by a glial processes TEM images of 100 nm ultra-thin sections illustrate pdf -GAL4 processes
visualized by DAB reaction on membranous-expressed HRP (shaded in magenta). Glial process identified by
its electron dense structure is shaded in green. Glial mitochondria located within the glial process and the glial
nucleus are annotated in a darker green. A,C: Two consecutive sections indicate the synaptic arrangement
situated within the transition from AME to its VE. B,D: Montage of TEM images illustrate a magnification
of indicated area in A and C. The processes of a glial cell accompany two synaptic arrangements formed by
one presynaptic bouton filled with SCV with two postsynaptic PDF neurons. The putative AZs are indicated
by arrowheads. E: Five contiguous sections illustrate the progress of the two synaptic formations, whereby
E2/3 represent magnifications of indicated area in B and D. Arrowheads indicate the putative AZ. A T-bar-
like structure is missing at both, therefor the electron density at the putative output site might represent a
presynaptic densities. Furthermore, a pool of SCV is accompanied by a mitochondrium, which is indicative for
synaptic activity. A glial process that appears with a higher electron density than the neuronal fibers accompa-
nies both synaptic formation. AME: accessory medulla, b: synaptic bouton, gl: glial process LCBR: lateral
cell body rind, m: mitochondrium, ME: medulla, n: nucleus, SCV: small clear vesicles, VLP: ventrolateral
protocerebrum. Scale bar = 5 µm in A (applies to C); 500 nm in B (applies to D); 250 nm in E

same membranous HRP causing the electron dense material. Epon blocks with embedded tissue
were cut into semi-thin sections of 4 µm and analyzed with the light microscope (Fig. 3.34).
This promoted better orientation within the tissue and allowed its restriction to the region of
interest. The DAB staining on membranes of R6-GAL4 neurons visualized their projections
facilitating the preselection of sections that contained the region of the AME. This region
spread over 8 slices comprising in total an area extending over 32 µm. Preselected semi-thin
sections were re-embedded into Epon and sectioned into ribbons of 100 nm ultra-thin slices
for TEM analysis. For this project TEM image acquisition was performed for 250 consecutive
ultra-thin sections obtained from the semi-thin section depicted in Fig. 3.48, B-G.

First, labeled s-LNvs were scanned at a low magnification of 1200x serving for better
orientation at higher magnifications. Furthermore a grid of colored squares was arranged on
these images (Fig. 3.49). The center of each square defined the point to which the TEM had
to be adjusted in order to cover the region of the square when using the “tiling” option of
the EM-Menue4 from the microscope (Sec. 2.5, Fig. 2.4, p. 47). Each square was scanned
at a magnification of 15000 x comprising 25 images. The 4 s-LNv cell bodies could clearly
be identified at this low magnification. Less good visible were their processes in depicted
example, as they were very small and low in number. TEM image acquisition was performed
for 250 contiguous 100 nm ultra-thin sections at 15000 x with the JEM-1200. The images
were stitched, aligned and segmented with the Fiji Plugin TrakEM2 (Cardona et al., 2012).
By using the elastic aligning method (Saalfeld et al., 2012) good z-alignments were achieved.
The evaluation of this serial EM-stack will be part of continuative studies.
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Figure 3.46: Synaptic arrangements of a PDF neuron with two boutons containing SCV are
accompanied by glial processes TEM images of 100 nm ultra-thin sections illustrate pdf -GAL4 processes
visualized by DAB reaction on membranous-expressed HRP (shaded in magenta). Glial processes identified
by their electron dense structure are shaded in green. A-C: Three consecutive sections indicate the synaptic
arrangement situated within the VE. A’-C’: Montage of TEM images illustrate a magnification of indicated
area in A, B, and C. The processes of a glial cell accompany three synaptic arrangements. Two of them are
formed by the same PDF fiber but with two different presynaptic boutons (b-1 and b-2 in A’ and B’). A
third synapse (C) with an involved PDF fiber is detected on bouton 1 (b-1 in C’). The pools of SCV in both
boutons are each accompanied by a mitochondrium. Glial process that appears with a higher electron density
than the neuronal fibers accompanies the synaptic formations. A”,B”: Two contiguous sections illustrate the
first synaptic formation of a synapse on b-1. The dense projection of the AZ appears to extend additionally
over non-PDF neurons (tagged with green dots). Putatively there are two T-bar-like structures (B”, indicated
by arrowheads). B”’: The dendritic terminal originates from the same PDF fiber making contact with a
second bouton (b-2). The AZ appears to extend over two more non-PDF-dendritic branches. C”: Another
dendritic branch of a PDF neuron contacts also bouton 1 (b-1). The AZ indicated by a T-bar-like structure
(arrowhead) appears to serve an additionally non-PDF neuron with synaptic information. AME: accessory
medulla, b: synaptic bouton, gl: glial process LCBR: lateral cell body rind, m: mitochondrium, ME: medulla,
SCV: small clear vesicles, VLP: ventrolateral protocerebrum. Scale bar = 5 µm in A (applis to B,C); 500 nm
in A’ (applis to B’,C’); 200 nm in A” (applis to B”,B”’,C”)
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Figure 3.47

3.11. Array tomography - another way of visualizing synaptic
interactions

As a quite new technique, array tomography was needed to be established in our laboratory
first. Thus the quality of ultrastructure had to be tested, after tissue of an adult brain of D.
melanogaster has been immobilized by HPF. Furthermore, the experience with SEM imaging
was low, and we needed to see the possibilities of resolving ultrastructural details especially
of synapses such as T-bars, SCV and DCV, and postsynaptic densities.
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Figure 3.47: Further sites of synaptic input to PDF neurons within the VE TEM images of 100 nm
ultra-thin sections illustrate pdf -GAL4 processes visualized by DAB reaction on membranous-expressed HRP.
PDF fibers interacting with synaptic boutons are tagged with a magenta dot, non-PDF neurons interacting
additionally with the same synapse are tagged with a green dot. A: Schematic representation of the AME
indicating the approximate position of detected synapses by different letters. These letters are respective to the
labels of the panels. B: Three contiguous sections illustrate the progress of a pool of DCV (asterisk) accompanied
by a mitochondrium that appears in B2. The opposite PDF neurons and non-PDF neuron might be the recipients
of the transmitter, if DCV release their content at this site. Glial processes are in close vicinity. C: Three
contiguous sections illustrate the progress of a synaptic bouton filled with SCV and a few DCV. The ending of
a mitochondrium accompanying the vesicle pool can be seen in C1. There is no T-bar-like structure visible but
a dense projection of the AZ indicated by arrowheads. Beside the PDF-neuron, three more non-PDF neurons
appear to receive synaptic input from the same synapse (C2/3). Glial processes cannot clearly be identified.
D: Two consecutive sections are shown. The synaptic bouton reveals a mixture of both types of vesicles and
in D1 the ending of the mitochondrium that accompanies the vesicle pool can be seen. In opposite of the
postsynaptic PDF neuron a T-bar-like structure or presynaptic density can be detected (arrowhead) surrounded
by a pool of SCV. A third non-PDF neuron joins additionally the synaptic formation. Glial processes are
close but cannot be clearly identified in immediate vicinity to the synapse. E: Two consecutive sections are
shown. The synaptic bouton reveals a vesicle pool containing a mixture of both types of vesicles accompanied
by a mitochondrium. There are two AZs indicated by arrowheads. Both exhibit no T-bar-like structure. Both
AZs appear to serve further non-PDF neurons with synaptic information. Glial processes appear to be close
but cannot be clearly identified in immediate vicinity to the synapse. AZ: active zone, b: synaptic bouton,
DCV: dense core vesicles, gl: glial process LCBR: lateral cell body rind, m: mitochondrium, OL: optic lobe,
SCV: small clear vesicles, VE: ventral elongation. Scale bar = 5 µm in A, 500 nm in B (applies to D,E), 250 nm
in C

Regarding the ultrastructure, the whitish extracellular space was conspicuous (Fig. 3.50).
Mostly, it clearly separated the neuronal structures from each other. Therefore, I was not able
to detect postsynaptic densities in opposite of T-bar like structures (Fig. 3.50, E,F). I found,
that magnifications from 20.000 onward offered good resolutions allowing the identification of
T-bars. However, SCV appeared to exhibit a different shape in SEM imaging than observed in
TEM imaging, as their typical roundish structure surrounding less electron dense transmitters
could not be observed. DCV were not seen in those pictures either.

As a next step, I tested several antibodies on high-pressure frozen wildtypic adult D. me-
lanogaster brains that were processed as described in Sec. 2.4. After cutting and collecting
ribbons of serial sections on object slides I performed immunostainings following the staining
protocol for array tomography (Sec. 2.4.3). I tested antibodies against PDF, serotonin, TH and
lamin. Lamin is a component of the nuclear lamina and therefore encircles DAPI staining, which
was additionally performed on all sections (Fig. 3.51). This molecule strongly binds to A-T rich
regions of the DNA (Kapuscinski, 1995), located within nuclei. Labeled nuclei were beneficial
for orientation while imaging with the confocal microscope as well as for further analysis with
SEM pictures. It facilitated the overlay of images from one and the same section gained with
confocal and electron microscopy. Examining the lamin antibody revealed expected IR around
the nuclei (Fig. 3.51, A). Additionally a negative control, which omitted the application of the
lamin antibody was performed and served the expected result of no IR (Fig. 3.51, B). From the
same sample some sections were mounted on grids instead of object slides in order to look at
its ultrastructure (Fig. 3.51, C). They were contrasted and imaged with the TEM (TEM900).
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Figure 3.48: Semi-thin sections illustrate DAB labeled s-LNv processes in the AME Sequence
of 4 µm semi-thin sections are shown from anterior (A) to posterior (I) (frontal sections, dorsal up, lateral to
the left). Arrows indicate labeled R6-GAL4 processes within the AME. AVLP: anterior ventrolateral proto-
cerebrum, EB: ellipsoid body, FB: fan-shaped body, GC: great commissure, IB: inferior bridge, LA: lamina,
LO: lobula, ME: medulla, NO: noduli, LCBR: lateral cell body rind, PED: pedunculus of the mushroom body,
VLP: ventrolateral protocerebrum. Scale bar = 50 µm

As this electron microscope works with photographic plates analogous pictures were taken,
developed and finally scanned for digitization. Noticeable was again the whitish extracellular
space. Additionally, this sample appeared to exhibit broken cell membranes. T-bars were
detectable already at a magnification of 7.000 (Fig. 3.51, C). Some icy inclusions represented
by some fine linear structures within the cells were detectable due to the HPFmethod (Fig. 3.51,
C”). It was not possible to obtain specific IR signals with anti-PDF, -5HT, and -TH antibodies on
high-pressure frozen brains. Additionally a rabbit GFP antibody was tested on high-pressure
frozen brains from ccap-GAL4; 10xUAS-GFP flies. It failed to specifically label its antigen
during my experiements (pictures are not shown).
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Figure 3.49: TEM image acquisition at low magnification provides an overview of the region
of interest A: An exemplary ultra-thin section of 100 nm illustrates the region comprising the 4 s-LNv cell
bodies (1-4 in A) in a low magnification of 1200 x. B: A grid of colored squares is superimposed on the overview
image. The center of each square indicates the point to which the TEM will be adjusted in order to start a new
“tiling” sequence of 5x5 images. Thus, one square will include 25 images taken at a magnification of 15000 x.
Depicted ultra-thin section originates from the semi-thin section depicted in Fig. 3.48, C. AVLP: anterior
ventrolateral protocerebrum, ME: medulla, LCBR: lateral cell body rind. Scale bar = 5 µm

It is possible, that those antibodies would need aldehyde groups and/ or the conformational
change of their antigen for binding. This would happen whenever tissue was chemically fixated
with an aldehyde. For Array Tomography tissues were fixated by freeze substitution, after
an almost instant immobilization via HPF. Therefore, no common aldehyde fixatives were
necessary. Thus, an additional step was included after freeze substitution and before the
embedding procedure in order to fixate with 4 % PFA or GA (Sec. 2.4.2). I used flies with the
genotype pdf-GAL4, 10xUAS-gfp for the following experiments that were performed in order
to improve the method in immunostaining and ultrastructure.

As a start, I tested immunostainings on brain tissue that was fixated in a classical way
using 1 % GA and 4 % PFA diluted in PBS. They were embedded in LR-White (Sec. 2.4.1),
which is the medium preferably used when stainings are going to be performed. The PDF and
5HT antibody appeared to stain specifically (Fig. 3.52 - Fig. 3.54). I observed scattered PDF-
IR signals within the ME, AME and of one LNv cell body (Fig. 3.52). DAPI staining indicated
nuclei within the cell body rind surrounding the brain and OL. The overlay with SEM images
was exemplarily performed with ‘s2’ (Fig. 3.53). Therefore confocal pictures were taken with
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3.11. Array tomography - another way of visualizing synaptic interactions

Figure 3.50: Ultrastructure of high pressure freezed adult D. melanogaster whole mount brains
In order to test whether the ultrastructure of high pressure freezed tissue and resolution of SEM images will
be good enough for my issue, samples of a wildtypic adult brain has been prepared for SEM imaging. The
most possible magnification has been examined (E). It is difficult to take sharp pictures with magnifications
higher than 35.000 (F). Noticeable are the large whitish extracellular spaces. Arrowheads in D and E indicate
T-bars that can be well recognized from magnifications of 20.000 onward. Identification of SCV and DCV
appears to be more difficult, as their typical structure known from TEM analyzes seems to emerge different
with the SEM. Postsynaptic densities are not detectable E,F. Asterisks in C,D,E indicate electron dense
roundish to oval structures representing mitochondria. OL: optic lobe, SEM: scanning electron microscope,
TEM: transmission electron microscope. Scale bar = 25 µm in A, 10 µm in B, 2 µm in C, 1 µm in D, 0.5 µm
in E and F

the maximal possible resolution to guarantee good quality, when overlay was performed (with
Photoshop). Several stages of magnification are depicted revealing PDF-IR signals to overlap
with DCV (Fig. 3.53 C,D).

Fibers originating from HB-eyelet cells projected from the LA through the ME to termi-
nate in the AME and its VE (Fig. 3.12, A,B). Single confocal optical sections clearly showed
their close vicinity to PDF-IR processes within the AME as well as its VE (Fig. 3.12, C,D).
Double immunostaining revealed PDF- as well as 5HT-IR from a further posterior region of
the same sample (Fig. 3.54). Scattered PDF-IR could be observed within the ME and AME in
two consecutive sections (Fig. 3.54, A’-C’). The staining for serotonin exposed a lot of back-
ground staining which made the identification of real 5HT-IR more difficult (Fig. 3.54, A”-C”).
Careful comparison of single putative IR between several consecutive sections allowed at least
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Figure 3.51: Array tomography on high pressure frozen adult D. melanogaster whole mount brains
Array tomography was performed on 80 nm ultra-thin sections employing anti-Lamin (magenta) antibody.
DAPI (cyan) indicates the position of nuclei. Brains are embedded in LR-White. A: A single section illustrates
an overlay of DAPI staining and Lamin-IR, which indicates the nuclear lamina. B: A negative control was
performed without the anti-Lamin antibody. Therefor no IR signals are detected for Lamin in B’. C: TEM
images from the same sample are depicted. Arrowheads indicate T-bar like structures. Mitochondria can be
identified well. SCV and DCV cannot reliably be identified. Blue dashed circles in C” include linear structures
indicative for icy inclusions, arising during the freezing process. Scale bar = 10 µm in A (applies to B); 1 µm
in C; 0.5 µm C’ and C” OL: optic lobe
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3.11. Array tomography - another way of visualizing synaptic interactions

Figure 3.52: Array tomography on adult D. melanogaster whole mount brains fixated with 1 % GA
and 4 % PFA Array tomography was performed on 80 nm ultra-thin sections employing anti-PDF antibody.
DAPI (cyan) indicates the position of nuclei. There was no osmium fixation performed and brains are embedded
in LR-White. A,B: From a serial band of sections, each represent two consecutive section (A: ‘s5’ and ‘s6’;
B: ‘s10’ and ‘s11’) from anterior to posterior. They exhibit DAPI staining and PDF-IR within the right brain
hemisphere. Arrowheads in A and respectively in A1/2 indicate a LNv cell body. Scattered PDF-IR signals
are observed within the ME and in B additionally within the AME indicated by dashed circles. A1/2 and B1/2
show magnifications of indicated regions A and B. AME: accessory medulla, LA: lamina, LNv: ventral LN,
ME: medulla, RE: retina. Scale bar = 50 µm in A (applies to B); 10 µm in A1/2 (applies to B1/2)

putatively its identification (Fig. 3.54, arrowheads in D).

Subsequently, antibodies on brains were tested that were immobilized first by HPF and
additionally chemically fixated with 4 % PFA. So far, it was not possible to produce satisfying
stainings with anti-PDF, -5HT, -TH, and -GFP(rab). Hence, no pictures are shown. A double
immunostaining with nc82 and 5HT revealed good BRP stainings, but no specific staining for
5HT (Fig. 3.55,A). An overlay with SEM images was arranged (Fig. 3.55,B,C). The ultrastruc-
ture appeared to be destroyed as particular synaptic structures were not clearly identifiable.
The structures labeled by the antibodies should represent vesicles for 5HT and T-bars for
nc82. The immunosignal for 5HT overlapped with non identifiable structures, that were sup-
posed to represent vesicles. Further, the immunosignal for nc82 overlapped with a membrane
associated 150 nm big structure on the membrane, that resembled the “T” shape of a T-bar
(Fig. 3.55,C3).
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Figure 3.53: Array tomography on adult D. melanogaster whole mount brains fixated with 1 % GA
and 4 % PFA Array tomography was performed on 80 nm ultra-thin sections employing anti-PDF antibody.
DAPI (cyan) indicates the position of nuclei. There was no osmium fixation performed and brains are embedded
in LR-White. Illustrated section corresponds to illustrated section ‘s2’ in Fig. 3.52. A-D: Overlay of a confocal
image exhibiting DAPI staining and PDF-IR and the respective SEM image indicate nuclei surrounding the OL
and the presence of PDF within the ME and a LNv cell body. A’-D’: SEM images illustrate regions of the OL in
different magnifications. A”-C”: Overlay of DAPI staining and PDF-IR within the ME, and an LNv cell body.
A,B: Overview of examined region. Indicated region in A” is illustrated in B. Scattered PDF-IR within the ME
and LNv cell body are projected on SEM image. C: Magnification of indicated region in B”. Numbered circles in
C’ indicate respective numbered PDF-IR signals within the ME. IR signals appear to overlap with the presence
of DCV. D: Magnification of indicated region in B”. Arrowheads in D’ indicate pools of DCV within a cell
body overlapping with PDF-IR. Therefore this cell body could represent one of the eight LNv. LA: lamina,
ME: medulla, RE: retina. Scale bar = 20 µm in A; 4 µm in B; 2 µm in C; 1 µm in D
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Figure 3.54: Array tomography on adult D. melanogaster whole mount brains fixated with 1 % GA
and 4 % PFA Array tomography was performed on 80 nm ultra-thin sections employing anti-PDF (magenta)
and anti-5HT (green) antibodies. DAPI (cyan) indicates the position of nuclei. There was no osmium fixation
performed and brains are embedded in LR-White. A’-C’: Overlay of DAPI and PDF-IR. A”-C”: Overlay
of PDF- and 5HT-IR. A: From a serial band of sections, two consecutive section (s5 and s6) illustrate DAPI-
staining, PDF, and 5HT-IR within the right brain hemisphere. B,C: Magnification of s5 (B) and s6 (C) of
indicated region in A. Within the ME PDF-IR can be observed. Circles in B’ and C’ indicate region of the AME
also exhibiting PDF-IR. 5HT-IR (B”,C”) is identified juxtaposed to PDF-IR. Indicated regions in B” and C” are
depicted in D2 and D3. D: Beside s5 and s6, the respective region is additionally shown for s4. Arrowheads
indicate scattered 5HT-IR identified in each section. LA: lamina, ME: medulla, RE: retina. Scale bar = 50 µm
in A; 10 µm in B (applies to C,D)

3.12. The ABC transporter White - molecular and
immunocytological examinations

3.12.1. Location of the white mutation

The White antibody that was produced by Harmon & Sedat (2005) was meant to be directed
against the N-terminus of the protein. The N-terminus results after translation from the five
prime ending of the mRNA. In order to examine the size of the deletion within the 5’ ending
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Figure 3.55: Array tomography on high pressure frozen adult D. melanogaster whole mount
brains post-fixated with 4 % PFA Array tomography was performed on 80 nm ultra-thin sections em-
ploying nc82 (magenta) and anti-5HT (green) antibodies. DAPI (cyan) indicates the position of nuclei. Brains
are embedded in LR-White. A: A single section illustrates an overlay of DAPI/ BRP and BRP/ 5HT staining,
respectively. BRP reveals typical distribution of the neuropils within the posterior brain. 5HT-IR is especially
visible within the bacterial freezing medium surrounding the brain, rather than within the brain itself. B: Mag-
nification of indicated area in (A) merged with SEM image. C: Magnification of indicated area in (B) merged
with SEM image. Circles indicate IR signals of BRP and 5HT, indicating the presence of Bruchpilot and sero-
tonin. A T-bar structure can be assumed but exhibits bad ultrastructure (C3). A pink line indicates its size of
about 150 nm. SCV or DCV which would contain the monoamine serotonin cannot be recognized (C1). Scale
bar = 50 µm in A; 20 µm in B; 1 µm in C, 500 nm in C1 and C3. BRP: Bruchpilot, LO: lobula, LP: lateral
protocerebrum, MB: mushroom bodies, ME: medulla, PB: protocerebral bridge. Scale bar = 50 µm in A;
20 µm in B; 1 µm in C; 500 nm in 3 (applies to 1)
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Figure 3.56: Schematic model of the gene locus of white Locus of the white gene with extended gene
regions (flybase.org) indicate the position of designed primers. One forward primer was placed downstream
of the 5’ UTR whereas three reverse primer were placed within the first intron.

of the gene respective primers were designed. One forward primer that could be combined
with three different reverse primer (Tab. 2.3, p. 68; Fig. 3.56). The primer combinations 1-1,
1-2, and 1-3 caused polymerase chain reaction (PCR) products comprising 429 base pairs (bp),
1481 bp, and 2588 bp. The performance of Westernblots using the reproduced antibodies
against White exposed bands representing the expected sizes of the PCR products in the
WT DNA extracts. No bands were detectable for DNA extracts obtained from w1118 flies
(Fig. 3.57), indicating missing primer binding sites.

A B

Figure 3.57: PCR products from the white locus The reproduced White antibody was applied to blotted
PCR products from extracted DNA obtained from wild-type (A) and w1118 flies (B), respectively. Westernblot
of WT exposes bands at 429 bp, 1481 bp, and 2588 bp as expected for the corresponding primer combinations.
The Westernblot of w1118 DNA exhibits no bands.

3.12.2. Evaluation of the reproduced antibody against the ABC-transporter
White

With a view to localize the ABC-transporter protein White in adult brains of D. melano-
gaster an antibody was needed to be produced. Therefore the N-terminal sequence H3N-
MGQEDQELLIRGGSKHPSAE-COOH (Harmon & Sedat, 2005) was provided to Pinedas
Antibody Service (Berlin, Germany) for production of antibodies in rabbits and guinea pigs. I
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received several antibody serums obtained at different time points of immunization: 1. before
immunization (preimmunization (PrI)), 2. on the 61st day of immunization (ID), 3. 90th ID,
4. 120th ID, 5. 150th ID, and 6. 180th ID. The serum from the 180th ID was already purified. In
order of evaluation immunocytochemical studies were performed using the provided serums.
Attempting the serums on adult Drosophila whole-mount brains or sliced heads I followed the
standard protocol for immunocytochemistry as described above (Sec. 2.2.1,p. 33). Attempting
the serums on MT of 3rd instar larvae I followed the protocol for immunocytochemistry also
described above (Sec. 2.2.4, p. 37). Stainings were performed on Drosophila adults and larvae
from the WT strain Ala and the w1118 strain. Latter comprises a mutation in the White gene,
that results in a loss of function protein which therefore causes phenotypic white-eyed flies.
Therefore those flies were employed as controls.

Evaluation of anti-White raised in rabbit

The White antibody was raised in two different rabbit (rab) animals, rab1 and rab2. Serums
obtained before the first immunization (PrI), on the 61st, 120th and 180th ID were examined
on adult whole-mount brains. Serums obtained on the 90th ID were examined on 80 µm head
slices in order to prevent putative penetration problems of the antibody into the tissue. Serums
obtained on the 150th and 180th ID were additionally examined on MT of 3rd instar larvae.
Results of stainings that were preformed on tissue of wildtypic and White-mutant animals are
illustrated in Fig. 3.58-Fig. 3.61.

Applying anti-White serum obtained from rab1 revealed specific White-IR neither
in tissues of whole-mount brains nor head slices (Fig. 3.58). Penetration problems of the
antibodies and hence their accumulation caused high fluorescence signals on tissue surfaces
(Fig. 3.58, A1, B1, E1, F1). Treating head slices with the serum from ID 90 resulted also
in non-specific staining patterns within the OL and the central brain (Fig. 3.58, C and D).
The LA showed no IR signals. The head slices of Ala and w1118 flies exhibited some regions,
e.g. around the LO and lobula plate (LOP) or parts within the central brain that appeared to
emit higher fluorescence signals (Fig. 3.58, C and D). Serum of the 120th ID could reveal some
IR cell bodies, faintly and membranously stained, within the LCBR and posterior cell body
rind (PCBR) lateral to the CA (Fig. 3.58, C).

Beside brain tissues, MTs of wildtypic and W- 3rd instar larvae were treated with serums
obtained from rab1 on ID 150 and ID 180. Latter was already purified when used. Note that
depending on which MT strand or even which section within one MT strand was examined,
the number of vesicles per cell and also the size of the vesicles appeared to vary. Background
signals putatively caused by secondary antibodies could be excluded by performing staining
controls. Those tissues were not treated with the first antibody. Only secondary antibod-
ies were applied. No unspecific fluorescence signals due to unspecific binding of secondary
antibodies were observed (Fig. 3.59, A1, B1).
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3.12. The ABC transporter White - molecular and immunocytological examinations

Figure 3.58: Evaluation of anti-White raised in rabbit1 on adult D. melanogaster wild-type and
White-mutant brains White-IR of PrI serum and serum of ID 61 was tested on whole-mount brains of the
wildtypic fly strain Ala. White-IR of serum from ID 90 and ID 120 was tested on 80 µm head slices and whole-
mount brains, respectively, of the wildtypic strain Ala and the W- strain w1118. All images are projections of
confocal optical sections. A1,B1,E1,F1: The surface of all depicted brain hemispheres (frontal view, dorsal up),
treated with serum obtained before immunization and on ID 61 and 120 reflects intense fluorescence signals,
indicating potential accumulation of the antibodies. The inside of the brains appears dark without clear staining
patterns. A2,E2,F2: Magnification of the LA reveals no specific IR for White in both wild-type and mutant
brains. C,D: Head slices of wild-types and W- show no White specific IR. In both genotypes fluorescent
signals appear to surround LO and LOP and can be observed in the central brain and retina. C2,D1: horizontal
sections, posterior up. C2,D1: frontal sections, dorsal up. E1: Enlargement of dashed region indicates some
cell bodies in the LCBR and PCBR that exhibit faint membranous immunoreactivity. CA: calyx, ID: day
of immunization, LA: lamina, LCBR: lateral cell body rind, LO: lobula, LOP: lobula plate, ME: medulla,
OL: optic lobe, PCBR: posterior cell body rind, PrI: preimmunization, RE: retina. Scale bars = 50 µm in A1
(applies to B1, E1, F1); 100 µm in C (applies to D), 25 µm in A2 (applies to E1, F1)

Treating MTs with primary antibodies revealed differences in IR between WTs and mutants.
Both, serum of ID 150 and ID 180, exhibited White-IR vesicles in wildtypic MT. These vesicles
were located in the cytoplasm of cells forming the MT’s membrane (Fig. 3.59, A2, C2), but
they were not present within the lumina of MT (Fig. 3.59, A2’, C2’). The vesicles showed more
intense fluorescent signals within their membrane (arrows in Fig. 3.59, A2, C2’). There was
an obvious reduction in background signals from serum of ID 150 to serum of ID 180.

Treating MT of White mutant larvae, revealed no specific IR for White (Fig. 3.59, B,
D). Nevertheless weak fluorescent signals within the membranous cells were observed after
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Figure 3.59

serum of ID 150 had been applied. Those structures appeared irregular in shape and therefore
did not resemble spherical vesicles (Fig. 3.59, B2, B2’). Fluorescent signals in W- MT were
also observed after serum of ID 180 had been applied. Bright stains were present within the
lumina rather than the membranous cells. They appeared to resemble agglutinated antibodies.
Furthermore, nuclei exhibited background stainings (Fig. 3.59, D2, D2’), which was not the
case for the others (Fig. 3.59, A-C). For supplementary images see Fig. S21, p. 219.

Applying anti-White serum obtained from rab2 revealed IR in tissues of whole-
mount brains and head slices of WT and W- flies, respectively (Fig. 3.60). Penetration problems
of the antibodies and hence their accumulation caused high fluorescence signals on tissue
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Figure 3.59: Evaluation of anti-White raised in rabbit1 on Malpighian tubules of 3rd instar D.
melanogaster wild-type and White-mutant larvae White-IR of serum of ID 150 (A1-B2’) and 180 (C1-
D2’) was evaluated on MT. Serum of ID 180 was purified before usage. Serums were tested on MT of both WT
Ala (A and C) and White-mutant w1118 (B and D) 3rd instar larvae. Images are projected or single confocal
optical sections. Asterisks indicate exemplarily nuclei and hashtags the MT’ lumen. Same letter and number
represent images of the same specimen. A1,B1: Control stainings: No first antibody was applied and therefore
no IR for White is detectable. No background fluorescence or unspecific bindings of the secondary antibody
are observed. A2,B2: MT treated with anti-White serum from ID 150. A2: Cells of the MT’s membrane are
densely packed with large vesicles, that exhibit White-IR. The staining appears evenly within the vesicles.
The vesicle membrane reveals partly more intense fluorescence signals (arrows). A2’: The lumen of the MT is
free of IR vesicles. Arrowheads indicate their exclusive location in cells of the MT’s membrane. B2,B2’: No
IR vesicles are visible in the MT’s membrane. Single sections of projected membranes depicted in A2 and B2
are illustrated in Fig. S21. C1-D2’: MT treated with purified anti-White serum from ID 180. C1: A single
section illustrates MT strands (1-3) of different sizes. 1 and 2 display the MT’s lumen, strand 3 displays the
MT’s membrane filled with vesicles. C2,C2’: Magnification of the MT shows projections of the MT’s membrane
and lumen, respectively. Vesicles in this MT appear to be smaller in diameter compared to the vesicles depicted
in A2, but still they are located exclusively in the membrane. The lumen is free of vesicles. Arrows indicate
more intense fluorescence signals of the vesicle’s membrane compared to their lumina. Compared to ID 150,
background staining appears to be decreased. D1-D2’: Projection of MT (D1), the MT’s membrane (D2), and
lumen (D2’) reveal no White-IR. Bright stains especially observed within the lumen (D2’) might arise from
clustered antibodies. For supplementary information see Fig. S21. Scale bars = 50 µm in A (applies to
B1-D1); 20 µm in B2; 10 µm in C2 (applies to D2)

surfaces (Fig. 3.60, A, B, E, F). Nevertheless, IR was observed within the brains. Serums of ID
61 and 90 exposed IR especially in varicose arborizations that projected into some neuropils,
such as the lobula complex (LOX), VLP and prow (PRW) (Fig. 3.60, B, C; Fig. S22, A). Some
IR cell bodies in the LCBR and GCBR were observed (arrowheads in Fig. 3.60, B1-B3). Serums
from ID 120 onwards revealed more and more IR cell bodies than IR processes in both WT and
W- brains (Fig. 3.60, E1-H3). They surrounded the neuropils. Their high number and their
small oval shape were reminiscent of glial cell bodies. A few IR fibers could still be detected
that interspersed the SEZ (Fig. 3.60, E1), and in W-s faint IR fibers were observed in the OL

and central brain (Fig. S22, C). No IR was exposed in the LA and RE.
Beside brain tissues, MTs of wildtypic and W- 3rd instar larvae were treated with serums

obtained from rab2 on ID 150 and ID of 180. Latter was already purified when used. Note that
depending on which MT strand or even which section within one MT strand was examined, the
number of vesicles per cell and also the size of the vesicles appeared to vary.

Treating MTs with primary antibodies revealed differences in IR between WTs and mutants.
Both, serum of ID 150 and ID 180, exhibited White-IR vesicles in wildtypic MT. These vesicles
were located in the cytoplasm of cells forming the MT’s membrane (Fig. 3.61, A2, C2), but
they were not present within the lumina of MT (Fig. 3.59, A2’, C1). The vesicles showed
more intense fluorescent signals within their membrane (arrows in Fig. 3.59, A2, C2). There
was an obvious reduction in background signals from serum of ID 150 to serum of ID 180.
Treating MT of White mutant larvae, revealed no specific IR for White (Fig. 3.59, B, D). Some
bright stains were observed when mutant MT were treated with serum of ID 180. They were
detected within the lumina but not within membranous cells and may arose from agglutinated
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Figure 3.60

antibodies (Fig. 3.59, D). For supplementary images see Fig. S23.

Evaluation of anti-White raised in guinea pig

The White antibody was raised in two different guinea pig (gp) animals, gp1 and gp2. Serums
obtained before the first immunization (PrI), on the 61st, 120th and 180th ID were examined
on adult whole-mount brains. Serums obtained on the 90th ID were examined on 80 µm head
slices in order to prevent putative penetration problems of the antibody into the tissue. Serums
obtained on the 150th and 180th ID were additionally examined on MT of 3rd instar larvae.
Results of stainings that were preformed on tissue of wildtypic and White-mutant animals are
illustrated in Fig. 3.62-Fig. 3.65.
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Figure 3.60: Evaluation of anti-White raised in rabbit2 on adult D. melanogaster wild-type and
White-mutant brains PrI serum and serum of ID 61 were applied only to wildtypic flies of the Ala strain.
Serum from ID 90, ID 120 and ID 180 were applied to both, WT and flies of the W- strain w1118. Except for the
serum of ID 90, which was tested on 80 µm head slices, serums were examined on whole-mount brain tissues.
Images are projected or single confocal optical sections. A,B,E,F: The surfaces of depicted whole-mount
brains (frontal view, dorsal up) treated with PrI serum and serums of ID 61 and 120, respectively, reflect intense
fluorescence signals. This might indicate penetration problems of the antibodies resulting in their accumulation
onto the tissue’s surface. Therefore the inside of the brains appears dark. Nevertheless IR signals are observed.
A1’,A1”: Two magnifications of the central brain depicted in A1. Arrowhead in each panel, pointing to the
same region within the same brain, indicates putative IR of a fiber in the dorsal brain. B: IR appears in
processes that expose many varicosities.These processes extend into the OL to form a network within the LOX
but not the ME. They pervade some neuropils of the central brain, such as VLP and PRW but skip others, such
as the CX and the AL. B1: Projection of the posterior brain half. Arrowhead indicates a very large cell body
presumably of a secretory cell that shows intense IR. B2: Projection of the anterior brain half. Arrowhead
indicates a group of IR cell bodies ventral to the GNG. B3: Projection of the middle brain region. Arrowhead
indicates an IR group of cell bodies in the LCBR, lateral to the AVLP. B4: Magnification of the LA reveals no
IR. C,D: Head slices of WT (C) and mutant (D) flies exhibit IR varicose fibers. The innervation pattern of
those axons pervading OL and central brain resembles the pattern described in B. Neither LA nor RE exhibit
IR. Arrowhead in D1 indicates a group of IR cell bodies ventral to the GNG. C: frontal sections, dorsal up.
D1: horizontal section, posterior up. E1: Projection of the anterior brain region. IR varicose fibers are observed
in the SEZ and in other neuropils of the central brain. E1: Projection of the LA reveals no IR. F1:White mutants
show IR within the OL and central brain as illustrated in a single section from the middle part of the brain (F1’)
and in a projection of the anterior brain region (F1”). Arrowhead indicates a large cell body located lateral
to the LH. G1: Projection of the middle brain region. IR cell bodies resembling those of glial cells surround
the neuropils. G2: Single section of the lamina reveals no IR. H1: Projection of the middle brain region. IR
cell bodies resembling those of glial cells surround the neuropils. Faintly IR fibers can be detected in OL and
central brain. H2: Single section of the lamina reveals no IR. For supplementary information see Fig. S22.
AL: antennal lobe, AVLP: anterior ventrolateral protocerebrum, CA: calyx, GCBR: cell body rind around the
GNG, GNG: gnathal ganglia, ID: day of immunization, LA: lamina, LCBR: lateral cell body rind, LO: lobula,
LOX: lobula complex, ME: medulla, OL: optic lobe, PCBR: posterior cell body rind, PrI: preimmunization,
PRW: prow, RE: retina, SEZ: subesophageal zone, VLP: ventrolateral protocerebrum. Scale bars = 100 µm
in A1 (applies to B1-E1; 50 µm in A1’ (applies to B2/3,E2,F,G1,H1); 25 µm in A1” (applies to B4,C2,G2,H2)

Applying anti-White serum obtained from gp1 revealed specific White-IR neither in
tissues of brains nor head slices (Fig. 3.62). Penetration problems appeared except for whole-
mount brains treated with serum from ID 180. The antibody seemed to accumulate on the
tissue’s surface (Fig. 3.62, A1, D1, E1). Treating head slices with the serums resulted also in
non-specific staining patterns, as both genotypes revealed IR in some cell bodies, especially in
the LCBR, and few processes within the central brain (Fig. 3.62, B, C). LA and RE of both, WT

and W- flies, exposed bright fluorescent signals that possibly emerged from the autofluorescence
of the eye pigment (Fig. 3.62, B and C). Serums from 120th ID onward revealed in both
genotypes IR cell bodies surrounding the neuropils (Fig. 3.62, D, E and F, G). Those cell
bodies were small in diameter and appeared to comprise dendritic-tree-like structures, which
resembled those known from astrocyte-like glial cells . Furthermore, immunofluorescent signals
were observed especially in their membranes and processes (Fig. 3.62, E). The LA exhibited
no IR signals (Fig. 3.62, D2, F2, G2). For supplementary information see Fig. S24.

Beside brain tissues, MTs of wildtypic and W- 3rd instar larvae were treated with serums
obtained from gp1 on ID 150 and ID 180. Latter was already purified when used. Note that
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Figure 3.61

depending on which MT strand or even which section within one MT strand was examined,
the number of vesicles per cell and also the size of the vesicles appeared to vary. Background
signals putatively caused by secondary antibodies could be excluded by performing staining
controls. Those tissues were not treated with the first antibody. Only secondary antibod-
ies were applied. No unspecific fluorescence signals due to unspecific binding of secondary
antibodies were observed (Fig. 3.63, A1, B1).

Treating MTs with first antibodies revealed differences in IR between WTs and mutants.
Both, serum of ID 150 and ID 180, exhibited White-IR vesicles in wildtypic MT. These vesicles
were located in the cytoplasm of cells that formed the MT’s membrane (Fig. 3.63, A2, C2),
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Figure 3.61: Evaluation of anti-White raised in rabbit2 on Malpighian tubules of 3rd instar D. me-
lanogaster wild-type and White-mutant larvae White-IR of serum of ID 150 (A and B) and 180 (C and
D) was evaluated on MT. Serum of ID 180 was purified before usage. Serums were tested on MT of both WT Ala
(A and C) and White-mutant w1118 (B and D) 3rd instar larvae. Images are projected or single confocal optical
sections. Asterisks indicate exemplarily nuclei and hashtags the MT’ lumen. Same letter and number represent
images of the same specimen. A1: Projection of several MT strands reveals White-IR. A2: Magnification of the
MT’s membrane. Projection of the cells forming the membrane shows White-IR which appears to be directed
to vesicles. Arrows indicate higher fluorescence signals within the vesicle’s membrane compared to their lumen.
A2’: Projection of the MT’s lumen, which is free of IR vesicles. Arrowheads indicate their exclusive location
within cells of the MT’s membrane. B1-B2’: MT of W- larvae display no White-IR. Neither the projection of
a MT strands in B1 nor magnified single sections of membranous cells in B2 and of the lumen in B2’ display
vesicles exposing White-IR. C1: A single section illustrates several MT strands exposing different parts: (1) the
lumen: arrowheads indicate cells of the membrane that reveal White-IR; the lumen is free of White-IR vesicles,
(2) the membrane: cells of the membrane filled with White-IR vesicles. C2,C3: Projection of two sections (C2)
and a single section (C3) illustrate membranous cells of two different strands. Especially in C2 specific White-IR
directed to the membrane of the vesicles can be observed (arrows). Membranous cells of MT strand in C3 are
densely packed with White-IR vesicles. Note varying background stainings among different MT strands (lower
in C2 compared to C3). D1: Projection of MTs. No White-IR is observed, therefor irregular shaped stains are
detectable. D2,D2’: Single sections of the membrane (D2) and lumen (D2’), respectively. Bright stains are
exclusively observed within the lumen. They might arise from agglutinated antibodies. For supplementary
information see Fig. S23. Scale bars = 50 µm in A1 (applies to B1,C1,D); 10 µm in A2 (applies to B2,C2)

but they were not present within the lumina of MT (Fig. 3.63, A2’, C2’). The vesicles showed
more intense fluorescent signals within their membrane (arrows in Fig. 3.63, B). There was an
obvious reduction in background signals from serum of ID 150 to serum of ID 180. Treating
MT of White mutant larvae with serum of ID 150 revealed IR within some parts of the MT.
Those structures appeared roundish, resembling vesicles (Fig. 3.63, D1), whereas other parts
exhibited no IR (Fig. 3.63, D2). Those immunofluorescent signals only appeared within the
membranous cells of the MT. In contrast, treatment of MT of White mutant larvae with purified
serum of ID 180, exposed bright stains present within the lumina rather than the membranous
cells. They appeared to resemble agglutinated antibodies. Furthermore, nuclei appeared to
exhibit IR (Fig. 3.63, F). This was neither observed for wildtypic MT treated with serum of ID
180, nor for MT treated with serum of ID 150 (Fig. 3.63, B-E). For supplementary information
see Fig. S25.

Applying anti-White serum obtained from gp2 on ID 61 and ID 90 reveals with
some exceptions no IR in WT flies (Fig. 3.64). Obvious IR signals are first observed when
from serum obtained from ID 120 onward. Penetration problems of the antibodies and hence
their accumulation cause high fluorescence signals on tissue surfaces (Fig. 3.64, A, C, D, E).
Nevertheless, IR is observed within the brains treated with serums of ID 120 and ID 180.
Head slices treated with serum from ID 90 reveal little IR within the central brain. There are
some cell bodies labeled and some punctual fluorescent signals are observed within the AVLP

(Fig. 3.64, B2). Serums of 120th ID reveal IR cell bodies surrounding the neuropils in both
genotypes (Fig. 3.62, C, D). Their shape and arrangement is reminiscent of astrocyte-like glia.
The staining pattern of serum from ID 180 differs between WT and W- brains. Whereas brains
of wildtypic brains reveal IR cell bodies surrounding the neuropiles, brains of mutant flies reveal
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Figure 3.62: Evaluation of anti-White raised in guinea pig1 on adult D. melanogaster wild-type
and White-mutant brains Serum of ID 61 was applied only to wildtypic flies of the Ala strain. Serum from
ID 90, ID 120 and ID 180 were applied to both, WT animals and flies of the W- strain w1118. Except for the serum
of ID 90, which was tested on 80 µm head slices, serums were examined on whole-mount brain tissues. Images
are projected or single confocal optical sections. A,D: Surfaces of depicted whole-mount brains (frontal view,
dorsal up) treated with serums of ID 61 and 120, respectively, reflect intense fluorescence signals. This indicates
penetration problems resulting in potential accumulation of the antibodies. Whereas the inside of the brain ap-
pears dark in A1, IR signals can be observed in D. B,C: Head slices of WT (B) and mutant (C) flies (horizontal
sections, posterior up). Arrowheads in B1 and C2 indicate some IR cell bodies in the LCBR, lateral to the PVLP.
Dashed circle in B2 and C2 indicate some punctual IR within the VLP. Dashed circles in C1 indicate regions
within the central brain that exhibit punctual IR. LA and RE of WT and W- flies show no IR. D1,E1: Projections
of the anterior brain halves; anterior view in D1; posterior view in E1. IR cell bodies surround the neuropils,
good visible around the AVLP and AMMC. E1’: Single section illustrates magnified IR cell bodies with their
primary neurites. F1,G1: Projection of the anterior brain half (F1, anterior view, dorsal up) and middle part
of the brain (G1, posterior view, dorsal up). IR cell bodies surround neuropils of the central brain and OL,
respectively. Their shape and arrangement resembles the one of glial cells. D2,F2,G2: Single sections of mag-
nified LAs reveal no IR. For supplementary information see Fig. S24. AMMC: antennal mechanosensory and
motor center, AOTU: anterior optic tubercle, AVLP: anterior ventrolateral protocerebrum, ID: day of immu-
nization, LA: lamina, LCBR: lateral cell body rind, LO: lobula, LOX: lobula complex, ME: medulla, OL: optic
lobe, PCBR: posterior cell body rind, PrI: preimmunization, PVLP: posterior ventrolateral protocerebrum,
RE: retina, VLP: ventrolateral protocerebrum. Scale bars = 50 µm in A (applies to B,C1-G1); 10 µm in C2
(applies to D2-G2)
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Figure 3.63

almost no IR. There are some weak fluorescent cell bodies in the PCBR detectable (Fig. 3.64,
F1). The intensity of fluorescent signals within the LA differs between both genotypes, too.
The one from WT flies appears to have brighter immunofluorescent signals than the LA from
mutant flies (Fig. 3.64, E2, F2). Note that the high background in panel F of Fig. 3.64 appears
due to high brightness setting while image editing in order to show the faint IR of some cell
bodies in the PCBR.

Beside brain tissues, MTs of wildtypic and W- 3rd instar larvae were treated with serums
obtained from gp2 on ID 150 and ID 180 (Fig. 3.65). The latter was already purified when
used. Note that depending on which MT strand or even which section within one MT strand
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Figure 3.63: Evaluation of anti-White raised in guinea pig1 on Malpighian tubules of 3rd instar
D. melanogaster wild-type and White-mutant larvae White-IR of serum of ID 150 (A1-D2) and 180
(E1-F2’) was evaluated on MT. Serum of ID 180 was purified before usage. Serums were tested on MT of both
WT Ala (A,B,E) and White-mutant w1118 (C,D,F) 3rd instar larvae. Images are projected or single confocal
optical sections. Asterisks indicate exemplarily nuclei and hashtags the MT’ lumen. Same letter and number
represent images of the same specimen. A,C: Projections of MT display control stainings: No primary antibody
was applied and therefore no IR for White is detectable. No background fluorescence or unspecific bindings of
the secondary antibody are observed. B1,B2: Each panel represents a single section of a WT MT membrane.
Arrows indicate White-IR that is directed to the membrane of vesicles. These vesicles are located in cells,
forming the membrane of the MT. Background staining is high. D1,D2: Single sections of W- MT membranes.
Some parts of the MT reveal no IR (D2) other parts appear to exhibit IR for White on roundish structures
resembling vesicles (D1). They are detected exclusively in membranous cells. E: WT MT reveal IR for White
demonstrated on a projection (E1) of a MT strand and single sections (E2, E3) of magnified MT membrane cells.
In some MT sections IR vesicles are more densely packed (E2) than in others (E3). The membrane of the vesicles
appear to expose higher levels of IR signals than their lumen. Background staining is low. F1-F2’: Except of
some irregular shaped stains, W- MT reveal no IR for White demonstrated on a projection (F1) of MT strands
and single sections of magnified membranous cells (F2) and magnified MT’s lumen (F2’). Bright stains are
especially observed within the lumen (F2’). They might arise from agglutinated antibodies. Nuclei display
slight fluorescent signals. For supplementary information see Fig. S25. Scale bars = 20 µm in A (applies to
B1,D1/2); 10 µm in B2 (applies to E2/3,F2); 100 µm in C (applies to F1); 50 µm in E1

was examined, the number of vesicles per cell and also the size of the vesicles appeared to
vary.

Treating MTs with primary antibodies revealed differences in IR between WTs and mu-
tants. Serum of ID 150 did not reveal clear White-IR as background stainings were very high
(Fig. 3.65, A, B). Nevertheless, the putative specific IR signals were exclusively directed to
structures present in membranous cells of the MT (Fig. 3.65, A1’). MT treated with serum of
ID 150 exposed black holes for unknown reasons. They were spread all over the membrane
(Fig. 3.65, A2). Wildtypic MT treated with serum of ID 180 exposed clear White-IR, which
was directed to the membrane of vesicles that were located in the MT’s membrane (Fig. 3.65,
C2). MT of mutants showed no specific IR for White. Again, some MT exposed bright stains
within the MT’s lumen, probably caused by agglutinated primary antibodies (Fig. 3.65, D).
For supplementary information see Fig. S27.
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Figure 3.64: Evaluation of anti-White raised in guinea pig2 on adult D. melanogaster wild-type
and White-mutant brains Serum of ID 61 and ID 90 were applied only to wildtypic flies of the Ala strain.
Serum from ID 120 and ID 180 were applied to both, WT animals and flies of the W- strain w1118. Except
for the serum of ID 90, which was tested on 80 µm head slices, serums were examined on whole-mount brain
tissues. Images are projected or single confocal optical sections. A,C,D,E: The surfaces of depicted whole-
mount brains (frontal view, dorsal up) treated with serums of ID 61, 120 and 180, respectively, reflect intense
fluorescence signals. This indicates penetration problems resulting in potential accumulation of the antibodies.
Whereas the inside of the brain appears dark in A1, IR signals can be observed in C1, D1, E1. B: Head slices
of WT flies. B1: horizontal sections, posterior up. B2: frontal section, dorsal up. B1: Head section from
the middle brain region reveals no IR within the central brain, OL, LA and RE, respectively. B1: Anterior
head section. Arrowhead in B2 indicates a single White-IR cell body within the ACBR, ventral to the AOTU
(asterisk). Dashed circle indicates some punctual IR within the AVLP. Other neuropils of the central brain,
OL, LA and RE show no IR. C: Projections illustrating a wildtypic brain hemisphere (C1) and CB. IR cell
bodies are detected in the CBR in the central brain as well as in the OL. D: Projection of a mutant brain
hemisphere reveals same pattern of IR as described for the WT in C. E1: Projection within the posterior part of
the brain indicating IR signals directed to cell bodies in the central brain and OL, respectively. F: Projection of
a mutant whole-mount brain hemisphere. Arrowhead indicates weak IR cell bodies in the PCBR. E2,F2: Single
sections of magnified LAs reveal no IR. For supplementary information see Fig. S26. ACBR: anterior cell body
rind, AOTU: anterior optic tubercle, AVLP: anterior ventrolateral protocerebrum, CB: central body, ID: day
of immunization, LA: lamina, LCBR: lateral cell body rind, LO: lobula, LOX: lobula complex, ME: medulla,
OL: optic lobe, PCBR: posterior cell body rind, PVLP: posterior ventrolateral protocerebrum, RE: retina,
VLP: ventrolateral protocerebrum. Scale bars = 100 µm in A (applies to B,D,E1,F1); 25µm in C; 20 µm in D
E2 (applies to F2)
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Figure 3.65
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Figure 3.65: Evaluation of anti-White raised in guinea pig2 on Malpighian tubules of 3rd instar
D. melanogaster wild-type and White-mutant larvae White-IR of serum of ID 150 (A, B) and 180
(C, D) was evaluated on MT. Serum of ID 180 was purified before usage. Serums were tested on MT of both
WT Ala (A, C) and White-mutant w1118 (B, D) 3rd instar larvae. Images are projected or single confocal
optical sections. Asterisks indicate exemplarily nuclei and hashtags the MT’ lumen. Same letter and number
represent images of the same specimen. A1,A2: Single sections of MT’s membranous cells that reveal White-IR.
This IR cannot obviously be directed to vesicles. Arrowheads indicate holes within the membrane perforating
the membrane. A1’: Same MT strand as depicted in A1. Arrowheads indicate IR only in cells forming the
MT’s membrane. There is no IR within the lumen. There are sections exhibiting high background fluorescent
signals in the lumen and other show weak background stainings. Nuclei reveal background fluorescent signals.
B: Single sections of MT from W- larvae display no White-IR, neither in membranous cell (B1) nor within the
lumen (B1’, B2). C1: A single section illustrates two MT strands exposing White-IR but also different amounts
of background stainings, that exist among the MT. C2,C3: Magnification of MT’s membranous cells. White-IR
appears to be directed to vesicles of larger and smaller size. Especially some vesicles huge in size, indicated by
arrowheads, exhibit evenly spread IR. The smaller vesicles therefore, indicated by arrows, exhibit IR directed
to their membrane. D1: Single section of two MT strands reveal no White-IR. Right MT strand indicated by
dashed line exhibits no fluorescent signals, where as the left strand exhibits irregular shaped stains. D2: Single
section of the lumen exhibits irregular shaped stains located especially within the lumen. They might arise
from agglutinated antibodies. Dashed outlines indicate region of membranous cells. D3: Projection of magnified
MT shown in D1 reveals only little IR and background staining. For supplementary information see Fig. S27.
Scale bars = 20 µm in A (applies to B); 50 µm in C1 (applies to D1); 10 µm in C2/3 (applies to D2/3)
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The AME constitutes the center of connectivity for most of the clock neurons. Representa-
tives of each subgroup are involved in forming that interconnecting neuronal clock network
within that small neuropil (Helfrich-Förster et al., 2007; Schubert et al., 2018). Further, the
extraretinal eyelet has been shown to serve the AME with synaptic information. High neuronal
interactions between the aminergic system and the neuronal clock network have been previ-
ously proposed by several histological and physiological experiments (Yuan et al., 2005; Becnel
et al., 2011; Hamasaka & Nässel, 2006; Shang et al., 2011; Kula-Eversole et al., 2010). Glial
cells have been shown to reside in close vicinity to the PDF-containing clock neurons and have
been implicated in playing a crucial role in regulating circadian rhythms (Helfrich-Förster,
1995; Suh & Jackson, 2007; Ng et al., 2011). Taken together, within the AME a variety of
synaptic interactions contribute to the fly’s rhythm. Therefore, the present study especially
examines the spatial relations of glial cells and aminergic neurons with respect to the PDF+

LNvs within the AME.
In the following, I will discuss the striking vicinity of glial cells to the PDF neurons, putative

synaptic partners and companions of the PDF neurons within the AME, and give some possible
hypothesis of how the glial cells’ structural arrangement could be integrated into the circle of
synaptic mechanisms and physiological processes that clocks the organism’s timing. Finally, I
will discuss some limiting features of the used methods.

4.1. Glial cells invade the AME and VE and surround the PDF
neurons

I showed glial cells to be present within the AME and its VE not only on a light micro-
scopic but also on an electron microscopic level. Tentatively they have been identified by
their electron-dense cytoplasm (Sprecher et al., 2011; Stork et al., 2014) but so far no char-
acteristic ultra-structural features have been described attributing any type of neuropil glia.
Morphological characteristics have mainly been obtained from light microscopic studies. Thus,
ensheathing glia have been described as cells that sheath synaptic neuropils (Awasaki et al.,
2008; Kremer et al., 2017). They are supposed to outline individual neuropils, such as along
the VE (Fig. 3.10, C; p. 82) in order to isolate the medulla from the LCBR. Furthermore, they
envelop neuronal projections that connect different neuropils and brain regions (Kremer et al.,
2017), like the vertical VLP fascicle (vVLPF) that includes the s-LNv’s dorsal projections. In
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contrast, astrocyte-like glia that are important for nourishing neurons, have been implicated
as cells whose processes invade the neuropil and densely infiltrate the volume to make close
contact with axons and synapses (Awasaki et al., 2008; Hartenstein, 2011; Stork et al., 2012);
(Fig. 3.11; p. 83). Reconstituted GFP signals exhibit different qualities of the fluorescent sig-
nals depending on the deployed glial GAL4 line. This seems to reflect the glia’s type specific
morphology and presumed duties. For the stated reasons, it is likely that GRASP signals ob-
tained between PDF neurons and ensheathing glia extend over a wider range (Fig. 3.30; p. 110)
than the GRASP signals obtained between PDF neurons and astrocyte-like glia. The combi-
nation with the astrocyte-like glia resemble a more scattered and punctual one (Fig. 3.31;
p. 112) promoting their proposed function in synapse formation and modulation (Awasaki
et al., 2008).

This study revealed on high resolution level within the examined region (Fig. 3.37, Fig. 3.38;
p. 121 et seq.) that glial cells surround PDF neurons within the AME and VE in a remarkably
isolating and shielding manner.

A previous study on PDF neurons in D. melanogaster and the housefly M. domestica re-
vealed clock neurons to be sheathed by glial cells, too (Miskiewicz et al., 2004). Further,
within the medulla both types of glia, ensheathing and astrocyte-like glia, have been found in
close vicinity to the PDF releasing terminals of the LNvs on a light microscopic level (Krzep-
towski et al., 2018). However, an extensive electron microscopic study on the s-LNvs’ dorsal
projections and terminals did not refer to the PDF neurons’ position to glial cells (Yasuyama &
Meinertzhagen, 2010), although only recently an incredible glial effect to synaptic remodeling
at the PDF neurons’ dorsal terminals has been shown (Herrero et al., 2017).

4.2. Conspicuousness of the PDF neurons’ synaptic organization

There is physiological and behavioral evidence that PDF modulates the activity of the other
clock neurons and that the PDF neurons get input from many different neurons. Here, I show
that the high connectivity of the PDF neurons with other neurons is also reflected on the
anatomical level.

As predicted, the PDF neurons in that small appendage of the ME are mainly of a post-
synaptic nature according to my findings in the examined region. I found in many cases that
the PDF fibers or dendrites share extended AZs of presynaptic contact with one or even more
participating postsynaptic counterparts. There are postsynaptic compositions of one or more
PDF dendrites with one or more extrinsic dendritic fibers of unknown identity, but also synap-
tic sites sharing their neuronal information exclusively with one or more PDF fibers at that
particular AZ. The origin of these PDF dendrites remains elusive, but they could arise from
an ipsilateral l-LNv, a contralateral l-LNv, and a s-LNv (Fig. 3.41, B, D; Fig. 3.42; p. 125 et
seq.). Such a postsynaptic composition would perfectly contribute to the synchronization of
both hemispheres additionally to the proposed synchronizing interactions of the clock neurons
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within the dorsal brain. The origin of the dendritic fibers of unknown identity also remains
speculative. Among others, they could represent an aminergic neuron but also other clock
neurons (Fig. 3.43, E), such as the 5th s-LNv, LNd, DN1 or DN 3. They all have been shown to
innervate the AME (Helfrich-Förster et al., 2007; Schubert et al., 2018).

Such arrangements of divergent dyadic or multiple-contact synapses seem to be ”typical of
insect, not of vertebrate, neuropils” (Yasuyama et al., 2002). This phenomenon has also been
described within the MB of D. melanogaster but also for PDF-containing s-LNv at their dorsal
terminals or within the AME of cockroaches and blowfly (Yasuyama et al., 2002; Takemura
et al., 2017; Yasuyama & Meinertzhagen, 2010; Reischig & Stengl, 2003; Yasuyama et al.,
2006).

Multiple-contact synapses testify high modulation of signals to or among the neuronal
clock system on an anatomical level. Modulation appears also to occur on PDF fibers that
receive simultaneous input by two putatively different extrinsic neurons. Last but not least,
glial cells sheath many of the synaptic arrangements involving PDF dendrites, indicating their
contribution to the modulation of the neuronal clock system.

Presynaptic sites in labeled PDF neurons could not be detected but light microscopic
findings indicate that this possibility cannot be excluded. As only a small part of the AME

and VE has been analyzed, and presynaptic sites of the PDF neurons have been observed only
sparsely on the light microscopic level it is likely, that I missed such output sites within the
present analysis.

The light microscopic studies assume that serotonergic and /or dopaminergic neurons
receive input from PDF neurons. Both are good candidates to process light information and
to form synaptic contacts with the aminergic neurons to influence and modulate their output
on locomotor and sleep centers.

4.3. Speculations about the PDF neuron’s synaptic companions

Receptors for several aminergic neurotransmitters, including 5HT, DA, GABA, OA as well as
of peptidergic neurotransmitters such as neuropeptide F (NPF) and PDF implicate that the
PDF neurons receive a variety of information (Kula-Eversole et al., 2010). Therefore, they
represent a highly affected population of clock neurons which emphasizes their outstanding
function in regulating circadian rhythms. EM analyses reflect this diversity, as every potential
composition of synaptic vesicle pools have been detected in order to form output synapses
to PDF neurons. Labeled PDF fibers receive input from extrinsic fibers of unknown identity
containing SCV as well as from fibers with synaptic terminals containing a mixture of both,
SCV and DCV. Extrinsic fibers containing DCV were found adjacently to PDF fibers. Therefore
putatively every type of neuron invading the AME and its VE could represent a synaptic
partner. SCV are released at well identifiable classical synaptic release sites, among others,
including the presence of T-bars and the electron density of active zones. DCV indicate a
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paracrine neurotransmission, also termed as volume transmission (VT). It involves also non-
classical release sites hard to identify unless omega profiles indicate a release of the DCV’s
contents or at least DCVs abutted to the membrane can be detected. Overall, classical fast
acting neurotransmitters have been attributed to be stored in SCV whereas DCV are proposed
to store neuropeptides that act more like neurohormones resulting in slower but longer lasting
signals. The way of storage for particular transmitters, such as for the aminergic transmitters,
is not always clear and leaves discussion open until shown visually. In mammals it has been
shown that both 5HT as well as DA may use VT (Bunin & Wightman, 1998, 1999; Zoli et al.,
1998; Ciranna, 2006) but can be stored in both large and small dense-core vesicles, and in
some cases also in small synaptic vesicles (Eiden et al., 2004). In the blowfly, bee and moth
synaptic structures of 5HT neurons have been characterized via electron microscopic studies.
SCV as well as DCV have been detected within 5HT-IR profiles (Nässel et al., 1985; Sun et al.,
1993). Nässel et al. (1988a), studied dopaminergic profiles in the blowfly and found mainly
SCV but resolved also a few DCV. Thus, the action of both biogenic amines seems to be diverse,
ranging from a role as neurotransmitter to neuromodulator in the nervous system of insects
as well as of mammals (Nässel et al., 1988a; Nässel & Elekes, 1992; Wendt & Homberg, 1992;
Hamanaka et al., 2016; Rice et al., 2011). This indicates, that their transmission could occur
on classical synapses but also in a paracrine manner. These findings indicate that terminals of
both aminergic neurons should comprise SCV as well as DCV. However, it does not necessarily
mean, that these two vesicle populations always emerge together, but additionally each of
them emerge separately at sites of synaptic action.

Light microscopic analysis revealed processes from serotonergic but not from dopaminergic
neurons to emerge in close vicinity to PDF neurons within the AME (Hamasaka & Nässel, 2006).
The present study confirms these findings on a first sight. As the dopaminergic neurons were
not identified utilizing an antiserum for DA but TH, the rate-limiting enzyme for DA synthesis,
possibly not all regions of DA existence are covered, such as the AME. The utilization of a
different antiserum of TH had revealed IR also within the AME (Sec. 4.5.2). Furthermore,
increasing cAMP levels of PDF neurons due to dopamine supply, indicate direct communication
among the two neuron populations. This was shown for the l-LNvs by Shang et al. (2011) and
for the l- and s-LNvs by Christiane Luibl (personal communication).

However, employment of GFP-, pre- and postsynaptic, and GRASP-reporter lines indicated
close vicinity among the serotonergic processes as well as among the dopaminergic processes
and PDF-containing clock neurons within AME and VE, therefore harboring the uncertainty
of GAL4 lines except of the pdf -GAL4 line (Sec. 4.5.1). A range of previous physiological,
behavioral and anatomical experiments in D. melanogaster but also in other insects reinforce
the existence of such synaptic interactions. Nevertheless, the evidence of direct synaptic
interactions can only be provided by electron microscopic studies. Therefor, further analyses
such as immunolabeling experiments addressing the putative synaptic partner in addition to
labeled PDF neurons or correlative array tomography are necessary (Sec. 4.5.4).
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The HB-eyelet is a small extra-retinal light-sensing organ required for some aspects of
circadian rhythm control (Helfrich-Förster et al., 2002; Veleri et al., 2007). These neurons are
another candidate that is discussed to give input to the PDF neurons within the AME and VE.
Terminals of the four accessory eyes innervate the AME (Hofbauer & Buchner, 1989). There is
evidence that the PDF neurons receive input from the HB-eyelet (Yasuyama & Meinertzhagen,
1999). So far only within the AME of the blowfly these contacts have been demonstrated
on an electron microscopic level (Yasuyama et al., 2006). For Drosophila larvae and adults
good physiological evidence exists, that PDF neurons receive input from that extraretinal
photoreceptor (Malpel et al., 2002; Veleri et al., 2007; Lelito & Shafer, 2012; Schlichting et al.,
2016). But until today, the anatomical evidences on high resolution levels are still missing. The
HB-eyelet uses classical neurotransmitters acetylcholin and HA (Yasuyama & Meinertzhagen,
1999; Pollack & Hofbauer, 1991), both described as fast acting neurotransmitters. Thus, SCV
should be present within these cells. Contrary, like the other catecholamines in mammals, HA
has been proposed to be stored in both large and small dense-core vesicles, and in some cases
in small synaptic vesicles (Erickson et al., 1992; Liu et al., 1992; Eiden et al., 2004). The eyelet
was shown to be histaminergic in D. melanogaster, C. vicina and M. domestica (Nässel et al.,
1988b; Pollack & Hofbauer, 1991). In fact the HB-eyelet from blowfly Protophormia terraenovae
is suggested to use HA as neurotransmitter which is stored in small synaptic vesicles (Yasuyama
et al., 2006). This leads to the conclusion that observed contacts of the PDF fibers with SCV

filled endings could possibly represent contacts between the PDF and HB-eyelet neurons.
Furthermore, GABA and OA receptors appear to be expressed in the PDF neurons (Kula-

Eversole et al., 2010). Their transmitters are proposed to represent classical neurotransmitter.
Therefore, they could additionally represent presynaptic partners of the PDF neurons that
show vesicle pools of SCV.

In contrast, detected fibers adjacent to the PDF neurons containing DCV or presynaptic
terminals containing a mixture of both vesicle types, might represent neuropeptidergic neurons
such as NPF or PDF (Kula-Eversole et al., 2010), as their receptors have been identified to be
expressed within the LNvs. These processes could arise from ion transport peptide (ITP)
containing clock neurons, 5th s-LNv and/ or LNv, that extend into the AME (Hermann-Luibl
et al., 2014; Schubert et al., 2018). However, the distribution of the ITP receptor remains still
unclear.

4.4. Speculations about possible meanings of glial cells within the
clock network

How could glial cells functionally be integrated into the neuronal clock network?
Glial cells could stem the neuropeptides scope in order to restrict their action to a certain

region. Further, by ensheathing the LNv processes, they could prevent that certain signals
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can reach unspecific targets, thereby specifying the input to the PDF neurons. According to
the latest knowledge neuropeptides comprise the neuroactive substances especially within the
neuronal clock network that fulfill critical functions in order to keep rhythmicity. As they
are able to stay much longer within the extracellular space and even to migrate far distances,
neuropeptides could achieve a large scope of action. Therefor it might be important that their
scope of action is controlled in some way.

The observed close vicinity of the glial cells to synapses could fortify the idea of their
contribution in neurotransmitter clearance as has been described for HA within the compound
eye (Borycz et al., 2002, 2012; Chaturvedi et al., 2014). As aminergic processes have been
detected in close vicinity to glial cells (Suh & Jackson, 2007) and glial re-uptake transporter
White has been proposed to be able to transport also amines such as dopamine and serotonin
this mechanism would be applicable to the AME in order to finish signals from serotonergic
or dopaminergic neurons. Additionally, in vitro experiments with mammalian glial cells in-
dicate an expression of the serotonin reuptake transporter SERT (Ugbode et al., 2017). If
Drosophila’s dSERT is also located in astrocyte-like glia needs to be elucidated. The glial
cells would then intracellularly recycle the neurotransmitter involving the action of Ebony
to transfer it back to the according aminergic presynaptic neuron. Furthermore, the GABA

transporter GAT was shown to be exclusively expressed in astrocyte-like glia cells proposed to
remove GABA from synapses (Stork et al., 2014). Thus, its signals to the PDF neurons could
possibly also be modulated by neurotransmitter clearance.

Another possibility comes up making use of the neuron to glia communication. The signals
that mediate such kind of communication remain to be identified. Gliotransmission has been
implicated to be clock dependent (Damulewicz & Pyza, 2011). This raises the hypothesis,
that the brain’s internal homeostatic state of time could fed back to the Schrittmacher neu-
rons via glial cells within the AME. Merging the information within this small neuropil would
emphasize it once more as the Schrittmacher center of the fly’s clock. Recently altered glial
physiology has been proposed to influence structural remodeling of s-LNv dorsal terminals
thereby regulating PDF release and as a consequence its signal strength (Herrero et al., 2017).
This feature of glia might be of course applicable to other brain regions and types of neurons.
As the PDF neurons are mainly of a dendritic nature within the AME and VE, the strength of
input to the PDF neurons might be regulated in the same way. How glia interact with neurons
in that case remains still elusive but one possibility would be the release of gliotransmitters
due to increased Ca2+ levels which inturn could follow in consequence of neurotransmission.
These changes in cytoplasmic Ca2+ concentrations were shown to influence PDF release (Ng
et al., 2011). There are preliminary indices that two transmitters that have long been impli-
cated to play a critical role in circadian clock homeostasis are able to acitvate glias function
within the clock mechanisms. In mammals, rhythmic release of serotonin is suggested to in-
fluences neuronglia plasticity within the SCN (Girardet et al., 2010). In Drosophila ITP has
been shown to influence the Ca2+ levels in glia (Damulewicz & Pyza, 2011). Regulating a
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rhythmic excitability of neurons via circadian release of gliotransmitters like ATP could be
one possibility as in epithelial glial cells a robust cyclic activity was shown for the Na+/ K+-
ATPase or V-ATPase (Damulewicz & Pyza, 2011). This has been proposed to be influenced
by ITP release which therefore might influence morphological plasticity. The silencing effects
of gliotransmission could affect dopaminergic neurons, as their silencing by gliotransmission
has already been proposed within the olfactory system (Zhang et al., 2017).

4.5. Discussion of the methods

4.5.1. Benefits of light microscopy and GAL4-drivers

I assesed the benefit of confocal microscopy in exposing synaptic interactions and of GAL4-
drivers regarding their suitability for further usage in high resolution microscopic analysis.
A synaptic cleft comprises around 20 nm. A common confocal microscope is able to resolve
two points of around 130 nm distance. Even though this is not sufficient for recognizing
synapses. Confocal microscopy gives at least an orientation of where such synaptic interaction
might occur. Overlapping signals of immunofluorescence analyses detected close together were
interpreted as close spatial vicinity rather than as indication for synaptic contacts. Another
fact that should be considered is the reliability of the GAL4 lines themselves. I used them to
display the spatial relation of different neuron populations on a low resolution level and have
employed them for electron microscopic analysis as well, if they were suitable.

The pdf -GAL4 line drives expression in all PDF containing clock neurons (Fig. 3.1). GFP

expression is detected in the 16 cell bodies and resembles the characteristic PDF innervation
pattern of the l-LNvs in ME, AME and its VE as well as the dorsal trajectory and ramification of
the s-LNvs. As I employed the 10-times-GFP reporter, which causes a strong GFP expression,
additionally a few non-PDF cell bodies in each hemisphere are included in the pdf -GAL4 line.
They are situated in the ACBR adjacent to the AOTU. They do not project into the AME and
anyway are located far from that region of interest. Therefore they will not interfere with
further analyzing studies. These observations agree with previous descriptions of the neuronal
PDF network (Helfrich-Förster & Homberg, 1993; Helfrich-Förster et al., 2007). Thus, the
pdf -GAL4 line is suitable for detailed anatomical studies, also for high resolution microscopy.

The neuronal serotonergic/ dopaminergic system of D. melanogaster are used to be ad-
dressed by the trh-/ th-GAL4 line. Their specificity have been described several times. There
are some non-serotonergic/ non-dopaminergic neurons included and at the same time a few
serotonergic/ dopaminergic neurons that are not included in those lines (Friggi-Grelin et al.,
2002; Mao & Davis, 2009; Sitaraman et al., 2008; Pech et al., 2013). Both lines were thought
to be used for anatomical purposes in order to reveal serotonergic/ dopaminergic neurons as
putative synaptic partners of the PDF neurons. But under these circumstances I would receive
false positive results and at the same time would miss some of the true positive spatial rela-
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tions. For correct and concrete statements, it would have been necessary to show either that
all included GAL4-neurons innervating the AME are indeed serotonergic/ dopaminergic or to
identify those GAL4-neurons that innervate the AME but are not serotonergic/ dopaminergic.
As I am most interested in the projection pattern within the AME, I first concentrated espe-
cially on serotonergic/ dopaminergic clusters most likely to send processes into this neuropil.
The trh-GAL4 line comprises the LP cluster situated close to the AME. The LP cluster is
divided into two groups of cells, one located dorsally and a second one located ventrally of the
AME. Whereas all dorsally located cells included in the GAL4 line are serotonergic some of the
ventrally located cells reveal no 5HT-IR. Their non-serotonergic but GAL4-positive processes
can unambiguously be traced till entering the AME (Fig. 3.5). Further, the VE is innervated by
many Trh-GAL4 neurons but appear to be not serotonergic, as they are not immunoreactive
for 5HT (Fig. 3.6).

The th-GAL4 line comprises PPL2ab and PPL2c cluster that are situated close to the OL.
Their exact projection target could not be identified, but at least the PPL2c cluster comprises
non-TH-IR neurons. Noticeable are some th-GAL4 cells located in close vicinity to the AME

which send unambiguously their primary neurites into the AME. These cells have never been
observed to expose IR for TH (Fig. 3.3). Furthermore, under my supervision a Bachelor’s
Thesis examined several versions of the th-GAL4 driver. Those GAL4-lines were established
by combination of different introns from the genomic TH region (Liu et al., 2012). These introns
are mainly involved in the transcriptional regulation of TH (Friggi-Grelin et al., 2002). Hence,
different intron combinations result in different GAL4 expression pattern, that is exhibited
within only subgroups of the dopaminergic clusters (Liu et al., 2012). Unfortunately, non of
those GAL4-lines could be used to identify individual dopaminergic neurons projecting to the
AME. The specificity of the single GAL4 lines was either to imprecise, as some of the GAL4
expressing cells are not immunoreactive for TH or the lines included exclusively GAL4 neurons,
that do not innervate the AME.

Taken together, both, the trh- and th-GAL4 line, will not provide precise enough informa-
tion for the identification of putative synaptic partners within the AME and its VE on high
resolution levels. Nevertheless, they can be used for giving indications of where such synaptic
interactions can be suggested on a light microscopic level.

The same applies to GRASP reputed as a smart method, that defines cell contacts and
synapses in living nervous systems (Feinberg et al., 2008). But indeed, results obtained from
GRASP should be considered with caution. In case of the present study, there is the just dis-
cussed problem of the unreliability of some of the used GAL4 lines, which is of course applicable
to this method. Furthermore, a binding of the GFP fragments during brain development can
neither be excluded nor is a separation of the fragments to facilitate normal axon growth.
For the generation of GRASP the so called super-folder GFP has been used (Feinberg et al.,
2008). Thereby, both GFP halves are modified versions of the wildtypic GFP, resulting in that
exceptionally stable, fast-folding super-folder GFP (Pédelacq et al., 2006). Therefore it might
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be possible, that once the GFP halves have been resembled, they won’t be able to separate,
although necessary at a certain stage of development. Moreover, it is conceivable that the
fragments behave like magnets. If the attractive force would be too high, the fragments could
recombine although the distance might be higher than just that of a synaptic cleft. This could
explain GRASP signals that extend over a wider range than that of a punctual signal, that is
expected for the presence of a synapse.

The present study provides a good example illustrating this phenomenon. Reconstituted
GFP signals appear, among others, along the s-LNv’s dorsal projection (panel B in Fig. 3.29 -
Fig. 3.31, p. 108 et seq.). This indicates a close vicinity of the s-LNv fibers to the trh- and th-
GAL4 neurons as well as to the pan-glial GAL4 cells, ensheathing and astrocyte-like glia. This
might be on the one hand an indication, that all of the mentioned neuron populations project
via the same tract into the dorsal brain and that ensheathing and astrocyte-like glia accompany
them. This track could most likely resemble the vVLPF (Ito et al., 2014). On the other hand
it is unlikely that indeed every fiber can run directly next to the s-LNv fiber, although the
exact arrangement of the individual projections within the tract is not known. However, I
assume that these GRASP signals are axon growing artifacts provoked during development. In
future expression of the GFP fragments should be suppressed during development and only
initiated in matured animals to improve the GRASP experiments. For these reasons, in present
study GRASP was not used in order to show synapses rather than to support and confirm the
presumptions inferred from pre- and postsynaptic studies.

Elevating the GRASP signals, three more noticeable phenomena were recognized.
(1) Especially the GRASP experiments involving repo- and NP3233-GAL4 constructs, revealed
in some cases displaced positions of the LNv’s cell bodies (Fig. 3.29, F; Fig. S17, A1,2, B;
Fig. S18). But this might be caused during development rather than an explicit artifact
caused by GRASP. It has already been observed a several of times (personal communication
with C. Helfrich-Förster). In larval brains cell bodies of the LNvs and LNvs are situated closely
to each other and separate later during pupal stage. Sometimes it happens, that cell bodies of
the s- as well as l-LNvs migrate dorsally together with the LNvs (Helfrich-Förster et al., 2007).
In genetically manipulated flies this could happen even more often than in wild-types. As four
constructs are needed for a working GRASP, the intrusion into the genome is enormous, which
might promote this developmental artifact. (2) Strong GRASP signals are often accompanied
by low PDF-IR and vice versa. That was detected within all evaluated regions – AME, VE, the
s-LNvs’ dorsal projections and terminals (Fig. 3.28 - Fig. 3.31). (3) GRASP appears to change
the shape of the dorsal ramifications, as the varicosities appear obviously more compact and
intense in PDF signals than normally, in cases of repo- and NP6520-GAL4 (ensheathing glia)
combined with pdf -LexA (Fig. 3.29, Fig. 3.30). Very strong GRASP signals were observed at
the s-LNvs’ dorsal ramifications. The varicosities filled with the PDF peptide appear swollen
and higher in intensity.
Latter two observations raised the hypothesis that GRASP expressed in glia might modulate
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the release of the PDF peptide. Neither evaluation of PDF-IR intensities at different time points
nor a behavioral study revealed any salience compared to wild-type flies. Thus, GRASP does
possibly not influence the neuronal action of the PDF neurons.

4.5.2. Different Th-antibodies – different immunoreactivity

Another phenomenon mentioned above concerns the immunoreactivity of TH within the AME,
as different antibodies seem to stain this region in different ways. During my work in the labo-
ratory I used two different antibodies against TH. For the first very preliminary studies I used
a commercial one obtained from Millipore until I had to order new antibodies. Unfortunately,
they were from a different lot. From that point on it was impossible for me to obtain good
immunostainings with that commercial antibody. Therefore I used an antibody produced by
Wendy Neckameyer. It produced much less background staining but therefor does not show
immunoreactions within the AME, which has been observed with the commercial antibody. The
reasons for that remain unclear. Putatively, the two different antibodies use different binding
sites of TH. TH could be folded in a different way within the AME, preventing a binding of
the Neckameyer antibody or maybe the binding site is occupied. But in fact, the Neckameyer
antibody is used in experiments described in many publications such as (Hamasaka & Nässel,
2006). For this reason, and due to the better immunostaining I decided to use the Neckameyer
TH-antibody as well.

4.5.3. Localization of the ABC transporter White

As mentioned above, the role of glial cells embedding the PDF neurons and their putative con-
tact partners, could be their meaning in the recycling of neurotransmitters. Within the visual
system, the uptake of the released HA into the glial cell occurs via the ABC transporter White.
It is conceivable that the same transporter acts within the AME in order to recycle released
amines within the glias. In order to localize White’s distribution within the CNS of flies a
reestablished antibody has been tested on fly brains (Harmon & Sedat, 2005). Unfortunately,
the immunostainings within the brain were not enlightened, as it was not possible to achieve
specific immunoreactivity (Sec. 3.12, p. 141). To clarify, if the antibodies are defective, unable
to bind their target or if a staining within the brain is just impossible, the antibodies were
additionally tested on MT. The MT contain vesicles within the cells forming their membrane.
These vesicles have been found to express the White ABC transporter. I observed specific an-
tibody bindings of the vesicles located within the membranous cells of the MT. The specificity
of immunity raised with the period of immunization. Although the antibodies appear to work
in MT, I was not able to achieve satisfying immunostainings in brains, that would resemble
published stainings of White Harmon & Sedat (2005). Maybe an additional purification of the
antibodies would have been necessary, or there is to less White available, or the antibodies are
not precise enough. Of course there is still the possibility, that White is not expressed within
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the brain. Good White stainings within the central brain have never been published. White
was able to be shown to exist in the eyes of Drosophila Harmon & Sedat (2005). Although
White could not be detected by immunostainings in the brain, there are hints, that this ABC
transporter appears to have effects on sleep and wakefulness (Gmeiner, 2014). But what would
be the benefit from such a recycling pathway? HA is a fast acting neurotransmitter and in eyes
this way of recycling is used to finish quickly the HA signal, which is essential for quick signal
transduction in the eye. This is the only way to finish the signal, as there are no re-uptake
transporters within the pressynaptic photoreceptor cells.

But within the clock DA and 5HT appear to have modulatory functions, where is no need of
quick signal endings. DA and 5HT have no on/ off function. On the other hand larger amounts
of alanylated DA and 5HT could be stored in glial cells in order to be available if required.

4.5.4. Methods for high resolution

I benefited from the electron microscopic’s high resolution features (less than 1 nm). Fur-
thermore I took advantage of the pdf -GAL4 line’s reliability and labeled the PDF neurons
by expression of membranous bound HRP, which was visualized by DAB precipitation. This
approach always implicates a decrease of the ultrastructure’s quality and impaired analysis
due to possibly covered structures, e.g. important for identifying synapses. On the other
hand a staining of the membrane simplifies the tracing of neurons. DAB reaction directly on
the HRP enzyme involves incomplete staining of the membranes, probably due to irregular
expression of the protein within the membrane. A DAB reaction on membranous bound GFP

would ensure a stronger and complete staining of the membranes but would therefore destroy
even more of the ultrastructure along the membrane, which is especially fatal for analyses of
the ultrastructure of synapses. A third possibility of labeling the PDF neurons would be the
visualization of the peptide itself. But this would make a tracing of the PDF neurons more
difficult as one would only be able to identify PDF+ neurons at regions with PDF existence.
For this reason I decided to stain on membranous HRP, as serial sections would allow me to
identify and trace the PDF neurons, thereby revealing synaptic structures.

Electron microscopic studies are the one and only possibility to precise light microscopic
and physiological analysis changing presumptions into facts, as none of these methods have
the ability to show direct contacts in the form of synapses, with the exception of volume
transmission, that can’t be visualized by EM studies either. In order to clarify the question of
the PDF neurons’ presynaptic partners one would have to find a staining method that differs
from the one I used already for the PDF neurons. One possibility would have been a labeling
with gold antibodies. But, as I collected the serial sections on copper grids, a post-embedded
immunogoldstaining became impossible, as these two components, copper and gold, do not
work well together. It has been reported that copper ions may have an inhibitory effect on
antibody function (Doye, 2014). Nickel, therefore, has been said to be more inert and less
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poisonous to immunolabeling or enzyme reactions (Janecek & Kral, 2016). Alternatively, a
pre-embedded labeling could have been performed either before or after the DAB reaction on
the PDF neurons’ membrane.

A third option would be a quite new technique that combines conventional confocal and
electron microscopy, known as correlative array tomography. This method has previously been
demonstrated to efficiently detect individual synapses (Micheva et al., 2010a). Sections, that
were first stained with fluorescent antibodies and light microscopic analyzed, are afterward pre-
pared for scanning electron microscope (SEM). The most elaborating steps of this method are
the achievement of excellent antibody stainings with as less as possible background stainings,
and of course a well preserved ultrastructure for an unrestricted evaluation.

Thus, I was endeavored to achieve fluorescent stainings on 80 nm thin sections from brain
tissue cryofixated by HPF and subsequently freeze-substituted. Except for the Lamin antibody
that showed expected stainings around the nuclei (Fig. 3.51), I was not able to stain PDF, TH,
5HT, and GFP. These molecules are quite small and furthermore exposed on very thin sections.
Due to the non-chemical fixation that would interconnect all proteins, they might not adhere
properly and became possibly washed out during the staining procedure that includes many
washing steps. Another and more likely possibility could be the antibodies’ need of chemically
fixated tissue for binding. As they have been produced to bind to chemically fixated proteins,
they might need the cross-linked structure of the proteins by aldehyde groups. Indeed, I
observed fluorescent signals on arrays of ultrathin serial sections from brains not immobilized
by HPF but treated by chemical fixation (Fig. 3.52 - Fig. 3.54). The antibodies against PDF,
Serotonin and BRP appear to create specific stainings. Thus, a staining on such ultrathin
sections is possible and identifiable.

In a next step, I combined the chemical fixation with preceding HPF by including an
additional step of chemical fixation during freeze-substitution. The fixation with 4 % PFA

provided no satisfying results. Although nc82 appears to specifically label its antigen BRP,
the overlay with SEM pictures allowed no obvious identification of t-bars, as the ultrastructure
appears to be fairly destroyed. Nevertheless, a ”T”-like structure on the membrane resembles
the shape of the typical presynaptic structure. Its about 150 nm in size, which corresponds to
findings by Kittel et al. (2006) (Fig. 3.55). A staining of the synaptic protein BRP would be
helpful for orientation within the brain as it nicely emphasizes the neuropils. Comparing these
neuropil staining with the virtual fly brain on http://www.virtualflybrain.org makes the
localization even easier. Apart from that, no specific stainings were achieved with PDF, 5HT,
TH, and GFP antibodies.

Furthermore, destruction of the ultrastructure has certainly been caused whilst supple-
ments were defreezed and replaced with the PB buffer needed for fixation with PFA (Fig. 3.55,
p. 142). However, a chemical fixation with GA can directly be performed during freeze-
substitution, as its solution is made of ethanol in which GA is soluble. This procedure should
provide better results at least in the preservation of the ultrastructure. Supplements treated
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4.5. Discussion of the methods

Figure 4.1: PDF and GFP stainings on 80 nm thin sections of pdf-GAL4/UAS-GFP fly brains
immobilized by HPF and subsequently chemically fixated with 0.2 % GA Magnification of the
dorsal brain region of two different hemispheres (A and B) illustrates in A1 and B1 nc82 neuropil staining, in
A2 nucleic staining achieved with DAPI, in A3 specific PDF-IR of the s-LNv’s dorsal ramifications (arrow), and
specific GFP-IR achieved with the chicken anti-GFP in B2 and the rabbit anti-GFP in B3. Modified from ©
Charlotte Kling, 2014, Bachelor Thesis 42–43.
CA: calyx, LH: lateral horn, IB: inferior bridge, ic: inferior clamp, OL: optic lobe, PB: protocerebral bridge,
plp: posterior lateral protocerebrum, sls: superior lateral protocerebrum, sps: superior posterior slope

like that have been preliminarily tested for antigenicity during a bachelor thesis. Successful
stainings were achieved with PDF and GFP antibodies (Fig. 4.1). The ultrastructure of these
supplements has not been analyzed so far. But quick dissection, replacing of the dissection
solution with the freezing medium, and closure of the capsule for rapid freezing of the sample
appears to be important to exclude inclusions of water resulting in small ice crystals or broken
membranes (Fig. 3.51) in order to preserve an excellent ultrastructure.
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A.1. Materials
A.1.1. Solutions for preparation, staining, fixation and contrasting procedures

Buffers for preparation

1 x PBS 100 ml 10 x PBS
900 ml dd H2O

Solutions for Correlative Array Tomography

TBS pH 7.6 3.925 g Tris-HCl (f.c. 0.05M)
4.25 g NaCl (f.c. 0.15 M)

ad 500 ml dd H2O

50 mM Glycin 187,675 mg Glycin
ad 50 ml TBS

10 % BSA 2.5 g BSA
- stock solution - ad 25 ml dd H2O

store aliquots at -20 °C

Fixation and contrasting reagents for electron microscopy

4 % PFA solute 8 g paraformaldehyde in 150 ml dd H2O at 58 °C
few drops 2 N NaOH till solution becomes clear

40 ml 10 x PBS
ad 200 ml dd H2O
adjust pH to 7.4
filter solution

1 % GA 25 µl GA
575 µl 4 % PFA in 0.1 M PBS
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2 % aqueous OsO4 500 µl OsO4 (from 4 % stock)
250 µl 2 M cacodylate buffer
250 µl ddH2O

2 % aqueouse UA 0.4 g UA

20 ml ddH2O

0.2 % Lead citrate 0.02 g lead citrate
0.10 ml NaOH (10N) or KOH
10 ml dH2O

Embedding media

Epon component A 24.3 g Epon 812 (Glycidether)
32.7 g Dodecenylsuccinicanhydrid (DDSA)

Epon component B 22.5 g Epon 812
20.3 g Methylnadicanhydrid (MNA)

Epon “hard” 3 parts from A
7 parts from B
1.5-2 %vol DMP-30

A.1.2. Materials for molecular biology

Enzymes

Enzyme Company
AccuStar DNA Polymerase Eurogenetic
alcalic phosphatase Roche, Mannheim
T4 DNA ligase Roche, Mannheim
Pfu Polymerase Stratagene, USA
restriction enzyme New England BioLabs

Size marker

Marker Company
HyperLadder™ I Bioline, Luckenwalde
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A.1.3. Western Blot

Preparation of polyacrylamdide gels for SDS-PAGE

"resolving" gel (10 %) "stocking" gel (5 %)

dd H2O 2.78 ml 3.12 ml
Gel A 3.57 ml 811 µl
Gel B 1.49 ml 338 µl
1 M Tris 2.75 ml (pH 8.8) 630 µl (pH 6.8)
10 % SDS 110 µl 50 µl
10 % APS 110 µl 50 µl
TEMED 11 µl 5 µl

Buffers and solutions for Westernblot

protein extraction buffer (PEB) 858 µl PEB-stock
142 µl 7 x inhibitor stock
1 µl DTT

protein extraction buffer (PEB) 5 ml 1 M HEPES (pH 7.5)
-stock solution (250 ml)- 8.3 ml 3M KCl

25 ml glycerol (from 50 % stock solution)
5 ml 0.5 M EDTA

2.5 ml Triton X-100 (from 10 % stock)
5 ml 1 M β-glycerophosphate

2.5 ml 10 mM Na3O4 pH 10-12
ad 250 ml dd H2O

protein sample buffer (5 x, DGLP) 0.375 g Tris (f.c. 0.3123 M)
1 g SDS (from 10 % stock)

5 ml glycerol (from 50 % stock)
2.5 ml β-mercaptoethanol (from 25 % stock)
0.01 g bromphenol blue (f.c. 0.1 %)

ad 10 ml dd H2O

electrophoresis buffer 75 g Tris
360 g glycin

125 ml 20 % SDS
ad 5 l dd H2O
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semi-dry blotting buffer (pH 9.2) 5.82 g Tris base
2.93 g glycin
200 ml mercaptoethanol
3.75 ml 10 % SDS
ad 1 l dd H2O

TBS (10 x) 280 ml 5 M NaCl
100 ml 1 M Tris pH 7.5
ad 1 l dd H2O

TBST (1 x) 100 ml 10 x TBS
1 ml Tween-20

900 ml dd H2O

blocking buffer 25 ml 1 x TBS
25 ml Odyssey Blocking Buffer
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A.2. Characterization of UAS-reporter constructs

Beside the leaky expression of the GAL4-lines, leaky expression caused by the UAS-constructs
had to be taken into account, as well. Therefore immunohistochemical analysis were performed
on whole-mount brains of seven day old adult male flies whose genome comprise either UAS-
dscam::gfp, UAS-sytI/III::gfp or UAS-sytII::gfp. For anti-GFP immunostainings I followed the
standard protocol for immunocytochemistry as described above (Sec. 2.2.1, p. 33).

Figure S1: UAS reporter lines reveal leaky expression of gfp in adult D. melanogaster brains
Unspecific transcription of UAS-constructs comprising gfp is visualized by anti-GFP. All images are projections
of confocal optical sections. Left coloumn illustrates an anterior view, the right column a posterior view
(dorsal up). A,A’: Arrowheads indicate leaky expression of dscam::gfp in anterior cell bodies between the
AL and PRW, which corresponds to the rALv, and dorsal cell bodies in the rSLPd. Asterisk indicates GFP-IR
in projections along the ES. B,B’: Leaky expression of sytI/III::gfp in SEZ innervating neurons. Arrowheads
indicate GFP-IR in fibers projecting into anterior dorsal brain regions. C,C’: Leaky expression of sytII::gfp in
the LA, SEZ, AL, AVLP and SMP, and FB, PB. Arrows indicate GFP-IR cell bodies of the rLHl and rSMPp and
arrowheads indicate GFP labeled fibers of the PLF. AL: antennal lobe, PRW: prow, CBR: cell body rind,
rALv: CBR ventral to the antennal lobes, rSLPd: CBR dorsal of the SLP, ES: esophagus, SEZ: subesophageal
zone, LA: lamina, AVLP: anterior ventrolateral protocerebrum, SMP: superior medial protocerebrum, FB: fan-
shaped body, PB: protocerebral bridge, rLHl: CBR lateral to the lateral horn, PLF: posterior lateral fascicle.
Scale bar = 100 µm (applies to B,C)

The reporters UAS-dscam::gfp, UAS-sytI/III::gfp and UAS-sytII::gfp were tested (Fig. S1).
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Latter exhibited most leaky expression compared to the other two UAS-lines. Unspecific GFP

expression was observed in LA, SEZ, AL, AVLP, SMP, FB, PB, and PLF.
The postsynaptic marker dscam::GFP revealed unspecific GFP-IR only in neurons located in
the anterior CBR ventral to the AL, in the posterior CBR dorsal of the SLP, and in processes
along the ES. The presynaptic marker sytI/III ::GFP exposed leaky expression only in fibers
projecting into the anterior dorsal brain regions and in arborizations within the SEZ. Thus,
for examinations, the reporter-lines UAS-dscam::gfp and UAS-sytI/III::gfp were the favoured
markers for visualizing the post- and presynaptic nature of pdf -, th-, and trh-GAL4 neurons.

A.3. Spatial relation of PDF-containing clock neurons to
monoaminergic neurons

The following figures depict consecutive single confocal optical sections. They illustrate th-
GAL4/ trh-GAL4 driven gfp expression in spatial relation to PDF-IR processes within the AME

and its ventral elongation VE.
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Th-GAL4 positive neurons in relation to PDF neurons within the AME and its VE

Figure S2a: Th-GAL4 expressing neurons in relation to PDF-IR clock neurons within the AME of
adult D. melanogaster brains Supplement to figure Fig. 3.7. Distribution of th-GAL4 expressing neurons
and PDF-IR neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF
(magenta and white), respectively. A-F: A sequence of six consecutive single confocal optical sections traces the
GFP- and PDF-IR from anterior (A) to posterior (F) exhibiting the spatial relation between th-GAL4 expressing
and PDF+ clock neurons. Arrowheads and whitish signals indicate close vicinity between these two neuron
populations and co-localization of GFP- and PDF-IR signals, respectively. Arrowheads of the same number
point to the selfsame region in the neighboring section. AME: accessory medulla, OL: optic lobe, VE: ventral
elongation. Scale bars = 10 µm in A (applies to B-F)
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Figure S2b: Th-gal4 expressing neurons in relation to PDF-IR clock neurons within the AME and
its VE of adult Drosophila brains Supplement to figure Fig. 3.7. Distribution of th-GAL4 expressing
neurons and PDF-IR neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and
anti-PDF (magenta and white), respectively. A-F: A sequence of six consecutive single confocal optical sections
traces GFP- and PDF-IR from anterior (A) to posterior (F) exhibiting the spatial relation between th-GAL4
expressing and PDF+ clock neurons. Arrowheads and whitish signals indicate close vicinity between these
two neuron populations and co-localization of GFP- and PDF-IR signals, respectively. Arrowheads of the same
number point to the selfsame region in the neighboring section. AME: accessory medulla, OL: optic lobe,
VE: ventral elongation. Scale bars = 20 µm in A (applies to B-F)
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Trh-GAL4 positive neurons in relation to PDF neurons within the AME and its
VE

Figure S3a: Trh-GAL4 expressing neurons in relation to PDF-IR clock neurons within the AME
of adult Drosophila brains Supplement to figure Fig. 3.8. Distribution of trh-GAL4 expressing neurons
and PDF+ neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF
(magenta and white), respectively. A-F: A sequence of six consecutive single confocal optical sections traces
GFP- and PDF-IR from anterior (A) to posterior (F) exhibiting the spatial relation between trh-GAL4 expressing
and PDF+ clock neurons. Arrowheads and whitish signals indicate close vicinity between these two neuron
populations and co-localization of GFP- and PDF-IR signals, respectively. Arrowheads of the same number
point to the selfsame region in the neighboring section. AME: accessory medulla, OL: optic lobe, VE: ventral
elongation. Scale bars = 10 µm in A (applies to B-F)
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Figure S3b: Trh-GAL4 expressing neurons in relation to PDF-IR clock neurons within the VE
of adult Drosophila brains Supplement to figure Fig. 3.8. Distribution of trh-GAL4 expressing neurons
and PDF+ neurons in whole-mount brains is visualized by 10xUAS-myr::gfp (green and white) and anti-PDF
(magenta and white), respectively. A-F: A sequence of six consecutive single confocal optical sections traces
GFP- and PDF-IR from anterior (A) to posterior (F) exhibiting the spatial relation between trh-GAL4 expressing
and PDF+ clock neurons. Arrowheads and whitish signals indicate close vicinity between these two neuron
populations and co-localization of GFP- and PDF-IR signals, respectively. Arrowheads of the same number
point to the selfsame region in the neighboring section. AME: accessory medulla, OL: optic lobe, VE: ventral
elongation. Scale bars = 20 µm in A (applies to B-F)
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A.4. PDF-containing clock neurons and monoaminergic neurons
might communicate with each other within the AME and its
VE

A.4.1. PDF neurons might activate dopaminergic neurons in AME and its VE

The following figures depict several projected and single confocal optical sections illustrating
magnifications of the AME and its VE. Thereby the focus is on the spatial relation of either
putative vesicle release sites in pdf -GAL4 neurons to TH-IRs processes (Fig. S4) or putative
postsynaptic compartments of th-GAL4 neurons to PDF-IR processes (Fig. S5a, Fig. S5b).

In the first case, pictures illustrate especially the singular instances of close vicinities, that
are observed between TH-IRs and Syt-GFP labeled pdf -GAL4 processes, that bifuricate into
the ME (Fig. S4, B-D1). Otherwise they run alongside each other (Fig. S4, E1).

In the second case, pictures illustrate some close vicinity observed in the VE.

A.4.2. PDF neurons might receive input from dopaminergic neurons in AME and
its VE

The following figures depict several projected and single confocal optical sections illustrating
magnifications of the AME and its VE. Thereby the focus is on the spatial relation of either
dendritic compartments in pdf -GAL4 neurons to TH-IRs processes (Fig. S7a, Fig. S7b) or
putative vesicle release sites of th-GAL4 neurons to PDF-IR processes (Fig. S8a, Fig. S8b).

In the first case, pictures illustrate singular instances of DSCAM-GFP signals in close vicinity
to TH-IR. They were especially observed in the transition from AME to ME (Fig. S7a) and
within the VE bifuricating PDF-GAL4 processes reaching into the ME (Fig. S7b).

In the second case pictures illustrate Syt-GFP signals within th-GAL4 neurons in close
vicinity to PDF-IR processes. Note the quantitative variability of DSCAM-GFP signals (Fig. S8a,
Fig. S8b).
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Figure S4
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Figure S4a: Spatial relation of vesicles in PDF neurons to TH-IR neurons within the AME and
its VE in adult D. melanogaster brains Supplement to Fig. 3.19. Distribution of likely presynaptic sites
in PDF neurons and TH-IR is visualized with UAS-sytI/III::gfp (white and green) and anti-TH (white and
magenta), respectively. Images are either projected or single confocal optical sections. A: Projection of the
AME and its VE within a whole-mount brain reveals GFP- and TH-IR. A’-E1’: Anti-GFP staining exhibits
the distribution of the vesicle transmembrane protein Syt in pdf -GAL4 neurons. A”-E1”: Anti-TH staining
reveals TH-IR in dopaminergic neurons. B1-E1: Enlargement of boxed area in A. B1: Arrowheads in this
single section indicate close vicinity of TH-IR processes and Syt-GFP in pdf -GAL4 processes invading the ME.
C,D: Projections of two different VEs. Syt-GFP labeled pdf -GAL4 processes run alongside of TH-IR processes
on the rim of the ME. C1,D1: Single sections from the projection shown in C and D, repectively. Arrowheads
correspond to arrowheads in C and D, repectively. They indicate singular instances of close vicinities between
GFP- and PDF-IR within the VE. E1: Single sections displaying AME and its VE. Region within the dashed oval
displays Syt-GFP distribution in pdf -GAL4 neurons but no TH-IR. Arrowhead indicates a singular instance of
close vicinity of TH-IR and a putative vesicle release site within a bifurcation of the VE. AME: accessory
medulla, ME: medulla, l-LNv: large ventral lateral neuron, OL: optic lobe, s-LNv: small ventral lateral neuron,
VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C,D); 25 µm in E
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Figure S5a: Spatial relation of dendritic compartments from th-GAL4 neurons and PDF-IR
neurons within the AME in adult D. melanogaster brains Supplement to Fig. 3.20. Distribution of
likely postsynaptic sites in dopaminergic neurons and PDF-IR is visualized with UAS-dscam::gfp (white and
green) and anti-PDF (white and magenta), respectively. Images are either projected or single confocal optical
sections. A: Projection of the AME within a whole-mount brain reveals GFP- and PDF-IR. A’-C3’: Anti-GFP
staining exhibits the distribution of the dendritic protein DSCAM in th-GAL4 neurons. A”-C3”: Anti-PDF
staining reveals PDF-IRs clock neurons. B1-3-C1-3: Magnifications of boxed area in A showing two different
AMEs, each represented by a sequence of three consecutive single sections tracing DSCAM-GFP signals and PDF-
IR from anterior (B1/ C1) to posterior (B3/ C3). Arrowheads indicate GFP-IR in close vicinity to PDF-IR within
the AME. B1-3 are supplements to projected AME in Fig. 3.20, B. Single sections in C1-3 join the single section
in Fig. 3.20, C. AME: accessory medulla, OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm in
A; 10 µm in B (applies to C)
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Figure S5b: Spatial relation of dendritic compartments from th-GAL4 neurons and PDF-IR
neurons within the AME in adult D. melanogaster brains Supplement to Fig. 3.20. Distribution
of likely postsynaptic sites in dopaminergic neurons and PDF-IR is visualized with UAS-dscam::gfp (white
and green) and anti-PDF (white and magenta), respectively. Images are either projected or single confocal
optical sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and PDF-IR.
A’-C3’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM in th-GAL4 neurons. A”-
C3”: Anti-PDF staining reveals PDF-IRs clock neurons. B: Magnification of indicated area in A. Projection of
the VE reveals close vicinities of GFP- and PDF-IR especially within the anterior part of the VE, where PDF-IR
processes bifuricate into the ME. B1-2: Enlargement of boxed area in B. Arrowheads in the two single stacks
display DSCAM-GFP signals in close vicinity to PDF-IR. C1-3:Magnification of indicated area in A. A sequence of
three consecutive single sections traces DSCAM-GFP signals and PDF-IR from anterior C1 to posterior C3. PDF-
IR processes are less bifuricated within the anterior part of the VE. Arrowheads indicate GFP-IR in close vicinity
to PDF-IR. Note the different distribution of UAS-dscam::GFP within the VE in B and C. AME: accessory
medulla, OL: optic lobe, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C)
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Figure S6: Spatial relation of dendritic compartments of th-GAL4 expressing neurons to PDF-IR
within the AME and its VE in adult Drosophila brains Supplement to Sec. 3.6.1. Distribution of likely
postsynaptic sites in dopaminergic neurons and PDF-IR is visualized with UAS-DenMark/ anti-DsRed (white and
green) and anti-PDF (white and magenta), respectively. Images are either projected or single confocal optical
sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and PDF-IR (frontal
view, dorsal up). A’-B3’: Anti-DsRed staining exhibits the distribution of the dendritic protein DenMark in
th-GAL4 neurons. A”-B3”: Anti-PDF staining reveals PDF-IRs clock neurons. B: Magnification of boxed area
in A. Projection of the AME reveals a dense network of likely postsynaptic structures originating from th-GAL4
neurons that are in close vicinity to PDF-IR processes. B1-3: Three single sections out of projected AME in B
are depicted from posterior to anterior. Arrowheads indicate DsRed-IR in close vicinity to PDF-IR within the
anterior part of the VE and the AME. B2 and B3 are consecutive sections in which arrowheads with the same
number indicate same positions. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale
bars = 100 µm in A; 10 µm in B
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Figure S7a: Spatial relation of dendritic compartments from pdf -GAL4 and TH-IR neurons within
the AME in adult Drosophila brains Supplement to Fig. 3.21. Distribution of likely postsynaptic sites
in pdf -GAL4 neurons and TH-IR is visualized with UAS-dscam::gfp (white and green) and anti-TH (white and
magenta), respectively. Images are either projected or single confocal optical sections. A: Projection of the
AME and its VE from a whole-mount brain reveals GFP- and PDF-IR. A’-B5’: Anti-GFP staining exhibits the
distribution of the dendritic protein DSCAM in pdf -GAL4 neurons. A”-B5”: Anti-TH staining reveals TH-IRs
in dopaminergic neurons. B: Magnification of boxed area in A. Projection of the AME and dorsal part of its VE
reveals DSCAM-GFP signals juxtaposed to TH-IRs processes in the proximal edge of the ME. B1-4:Magnification
of blue boxed area in B. B1-B2 and B3-B4 represent consecutive single sections from anterior to posterior.
Arrowheads indicate GFP-IR in close vicinity to TH-IR processes. B5: Magnification of white boxed area in B.
Most posterior single section of the sequence. Arrowhead indicates GFP-IR in close vicinity to TH-IR processes
at the posterior edge of the ME, in the transition from AME to ME. AME: accessory medulla, ME: medulla,
VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B; 25 µm in B1 (applies to B2-B5)
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Figure S7b
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Figure S7c: Spatial relation of dendritic compartments from pdf -GAL4 neurons and TH-IR
neurons within the AME and its VE Supplement to Fig. 3.21. Distribution of likely postsynaptic sites
in pdf -GAL4 neurons and TH-IR is visualized with UAS-dscam::gfp (white and green) and anti-TH (white and
magenta), respectively. Images are either projected or single confocal optical sections. A: Projection of the
AME and its VE from a whole-mount brain reveals GFP- and PDF-IR. A’-C1’: Anti-GFP staining exhibits the
distribution of the dendritic protein DSCAM in pdf -GAL4 neurons. A”-C1”: Anti-TH staining reveals TH-IRs
in dopaminergic neurons. B-C1: Magnification of boxed area in A. B: Projection of the AME and its VE reveals
DSCAM-GFP signals juxtaposed to TH-IRs processes in the proximal edge of the ME. Arrowhead indicates
a singular instance of close vicinity at a bifuricated pdf -GAL4 process reaching into the ME. B1,2: Two
consecutive single sections. Arrowheads correspond to arrowhead in B. They confirm the spatial relation
indicated in B on a single section level. C: Projection of the AME and dorsal part of its VE reveals DSCAM-GFP
signals juxtaposed to TH-IRs processes in the proximal edge of the medulla. Dashed region displays no TH-IR
within the AME and its dorsal part of the VE. Arrowhead indicates a singular instance of close vicinity at a
bifuricated pdf -GAL4 process reaching into the ME. This spatial relation is confirmed on a single section level
in C1. Arrowhead in C corresponds to arrowhead in C1. AME: accessory medulla, l-LNv: large ventral
lateral neuron, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B; 10 µm in C
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Figure S8a: Spatial relation of vesicles in th-GAL4 neurons to PDF-IR clock neurons within the
AME and its VE in adult Drosophila brains Supplement to Fig. 3.22. Distribution of likely presynaptic
sites in th-GAL4 and PDF-IR is visualized with UAS-sytI/III::gfp (white and green) and anti-PDF (white and
magenta), respectively. Images are either projected or single confocal optical sections. A: Projection of the
AME and its VE within a whole-mount brain reveals GFP- and PDF-IR. A’-C2’: Anti-GFP staining exhibits the
distribution of the vesicle transmembrane protein Syt in th-GAL4 neurons. A”-C2”: Anti-PDF staining reveals
PDF-IR processes. B:Magnification of boxed area in A. Projection of the AME and its VE. B1,2: Two consecutive
single sections out of projected AME and VE depicted in B (from anterior to posterior). C: Projection of the
VE. C1,2: Two consecutive single sections out of projected VE depicted in C (from anterior to posterior).
B,C: Arrowheads indicate GFP-IR in close vicinity to PDF-IR. Arrowheads correspond to arrowheads in B1 and
B2, and C1 and C2, respectively. They confirm the spatial relation on a single section level. Note the sparsity of
the GFP signal within the AME and along the VE and its restriction to small dots. AME: accessory medulla,
ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C)
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Figure S8b: Spatial relation of vesicles in th-GAL4 neurons to PDF-IR clock neurons within
the VE in adult Drosophila brains Supplement to Fig. 3.22. Distribution of likely presynaptic sites in
th-GAL4 and PDF-IR is visualized with UAS-sytI/III::gfp (white and green) and anti-PDF (white and magenta),
respectively. Images are either projected or single confocal optical sections. A: Projection of the VE within
a whole-mount brain reveals GFP- and PDF-IR. A’-B5’: Anti-GFP staining exhibits the distribution of the
vesicle transmembrane protein Syt in th-GAL4 neurons. A”-B5”: Anti-PDF staining reveals PDF-IR processes.
B: Magnification of boxed area in A. Projection of the VE reveals dense and strong Syt-GFP signals along the VE
indicating large vesicle filled varicose structures. B1-5: A sequence of five consecutive single sections traces the
Syt-GFP signal and PDF-IR from anterior (B1) to posterior (B5). Arrowheads indicate GFP-IR in close vicinity
to PDF-IR processes. Arrowheads with the same number indicate same positions. AME: accessory medulla,
ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B
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A.4.3. PDF neurons might activate serotonergic neurons in AME and its VE

The following figures depict sequences of single confocal optical sections illustrating magnifi-
cations of the AME and its VE. Thereby the focus is on the spatial relation of either putative
vesicle release sites in pdf -GAL4 neurons to 5HT-IRs processes (Fig. S9a - Fig. S10b) or putative
postsynaptic compartments of trh-GAL4 neurons to PDF-IR processes (Fig. S11a - Fig. S11b).

In the first case, consecutive stacks of two different AMEs with its VE are depicted each
spanning two figures (Fig. S9a, Fig. S9b and Fig. S10a, Fig. S10b). In the second case,
consecutive stacks of an AME (Fig. S11a) and a VE (Fig. S11b) are depicted.

In the second case pictures illustrate Syt-GFP signals within trh-GAL4 neurons in close
vicinity to PDF-IR processes. Note the quantitative variability of DSCAM-GFP signals within
the AME and VE (Fig. S12a - Fig. S12c).

A.4.4. PDF neurons might receive input from serotonergic neurons in AME and
its VE

The following figures depict several projected and single confocal optical sections illustrating
magnifications of the AME and its VE. Thereby the focus is on the spatial relation of either
dendritic compartments in pdf -GAL4 neurons to 5HT-IRs processes (Fig. S13a - Fig. S13c) or
putative vesicle release sites of trh-GAL4 neurons to PDF-IR processes (Fig. S12a - Fig. S12c).
In the first case, pictures illustrate DSCAM-GFP signals in close vicinity to 5HT-IR within the
AME (Fig. S12a) and VE and reveal the differences in the presence of 5HT-IR within the VE

(Fig. S13c), if 5HT-IR is present. Note the differences among VEs in the existence of 5HT-IR
processes (Fig. S13b), Fig. S13c).
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Figure S9a: Spatial relation of vesicles in PDF neurons to 5HT-IR neurons within the AME and
its VE in adult D. melanogaster brains Supplement to Fig. 3.23. Distribution of likely presynaptic
sites in PDF neurons and 5HT-IR is visualized with UAS-sytI/III::gfp (white and green) and anti-5HT (white
and magenta), respectively. Images are either projected or single confocal optical sections. A: Projection
of the AME and its VE within a whole-mount brain reveals GFP- and 5HT-IR (frontal view, dorsal up). A’-
B6’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt in pdf -GAL4 neurons.
A”-B6”: Anti-5HT staining reveals 5HT-IR in serotonergic neurons. B1-6: Enlargement of indicated area in A.
A sequence of six consecutive single sections traces the sytI/III ::GFP signal and PDF-IR from anterior (B1) to
posterior (B6). Dashed oval indicates missing 5HT-IR within the VE. Arrowheads in B5 and B6 indicate close
vicinities between GFP- and 5HT-IR within the AME, which is especially observed in the transition from AME
to ME. AME: accessory medulla, VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B
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Figure S9b: Spatial relation of vesicles in PDF neurons to 5HT-IR neurons within the AME
and its VE in adult D. melanogaster brains Supplement to Fig. 3.23 and continuation of Fig. S9a.
Distribution of likely presynaptic sites in PDF neurons and 5HT-IR is visualized with UAS-sytI/III::gfp (white
and green) and anti-5HT (white and magenta), respectively. All images are projections of confocal optical
sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and 5HT-IR (frontal view,
dorsal up). A’-B12’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt in
pdf -GAL4 neurons. A”-B12”: Anti-5HT staining reveals 5HT-IR in serotonergic neurons. (B7-12) Enlargement
of indicated area in A. A sequence of six consecutive projections each comprised of two single optical confocal
sections trace the sytI/III ::GFP signal and PDF-IR from anterior (B7) to posterior (B12). Dashed oval indicates
missing 5HT-IR within the VE. Arrowheads in B7 and B8 indicate close vicinities between GFP- and 5HT-IR
within the AME, which is especially observed in the transition from AME to ME. AME: accessory medulla,
VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B
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A.4. Putative sites of communication between PDF and monoaminergic neurons

Figure S10a: Spatial relation of vesicles in PDF neurons to 5HT-IR neurons within the AME
and its VE in adult D. melanogaster brains Supplement to Fig. 3.23. Distribution of likely presynaptic
sites in PDF neurons and 5HT-IR is visualized with UAS-sytI/III::gfp (white and green) and anti-5HT (white
and magenta), respectively. Images are either projected or single confocal optical sections. A: Projection
of the AME and its VE within a whole-mount brain reveals GFP- and 5HT-IR (frontal view, dorsal up). A’-
B6’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt in pdf -GAL4 neurons.
A”-B6”: Anti-5HT staining reveals 5HT-IR in serotonergic neurons. (B1-6) Enlargement of indicated area in A.
A sequence of six consecutive single sections traces the sytI/III ::GFP signal and PDF-IR from anterior (B1) to
posterior (B6). Dashed oval indicates missing 5HT-IR within the ventral part of the VE. Arrowheads in B2 to B5
indicate close vicinities between GFP- and 5HT-IR within the dorsal part of the VE. Arrows in B1 to B3 indicate
co-localized GFP and PDF-IR within the anterior part of the AME. Asterisks in B4 to B6 indicate close vicinities
between GFP- and 5HT-IR in the anterior part of the AME and transition to the ME. AME: accessory medulla,
ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 20 µm in B
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Figure S10b: Spatial relation of vesicles in PDF neurons to 5HT-IR neurons within the AME and its
VE in adult D. melanogaster brains Supplement to Fig. 3.23 and continuation of Fig. S10a. Distribution
of likely presynaptic sites in PDF neurons and 5HT-IR is visualized with UAS-sytI/III::gfp (white and green)
and anti-5HT (white and magenta), respectively. Images are either projected or single confocal optical sections.
A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and 5HT-IR (frontal view, dorsal
up). A’-B12’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt in pdf -
GAL4 neurons. A”-B12”: Anti-5HT staining reveals 5HT-IR in serotonergic neurons. B7-12: Enlargements of
boxed area in A. A sequence of six consecutive single sections traces the sytI/III ::GFP signal and PDF-IR from
anterior (B7) to posterior (B12). Dashed oval indicates missing 5HT-IR within the ventral part of the VE .
Arrowheads in B7 to B8 indicate close vicinities between GFP- and 5HT-IR at pdf -GAL4 processes invading the
medulla. Arrows in B7 and B8 indicate co-localized GFP- and PDF-IR within the transition from the AME to
the ME, whereas arrowheads in B10 and B12 indicate GFP-IR in close vicinity to PDF-IR in the posterior region
of the AME. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A;
20 µm in B
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A.4. Putative sites of communication between PDF and monoaminergic neurons

Figure S11a: Spatial relation of dendritic compartments from trh-GAL4 expressing neurons and
PDF-IR neurons within the AME in adult D. melanogaster brains Supplement to Fig. 3.24. Distribu-
tion of likely postsynaptic sites in serotonergic neurons and PDF-IR is visualized with UAS-dscam::gfp (white
and green) and anti-PDF (white and magenta), respectively. Images are either projected or single confocal
optical sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and PDF-IR
(frontal view, dorsal up). A’-B6’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM
in trh-GAL4 neurons. A”-B6”: Anti-PDF staining reveals PDF-IRs clock neurons. (B1-6) Enlargement of in-
dicated area in A. A sequence of six consecutive single sections traces the dscam::GFP signal and PDF-IR from
anterior B1 to posterior B6. Arrowheads indicate co-localized GFP- and PDF-IR. AME: accessory medulla,
s-LNv: small ventral lateral neuron. Scale bars = 100 µm in A; 10 µm in B
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Figure S11b: Spatial relation of dendritic compartments from trh-GAL4 expressing neurons and
PDF-IR neurons within the VE in adult D. melanogaster brains Supplement to Fig. 3.24. Distribution
of likely postsynaptic sites in serotonergic neurons and PDF-IR is visualized with UAS-dscam::gfp (white and
green) and anti-PDF (white and magenta), respectively. Images are either projected or single confocal optical
sections. A: Projection of the AME and its VE within a whole-mount brain reveals GFP- and PDF-IR (frontal
view, dorsal up). A’-B6’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM in trh-
GAL4 neurons. A”-B6”: Anti-PDF staining reveals PDF-IRs clock neurons. B1-6: Enlargement of indicated area
in A. A sequence of six single sections traces the dscam::GFP signal and PDF-IR from anterior B1 to posterior
B6. B1 - B2 and B3 - B5 represent consecutive sections. Arrowheads indicate co-localized GFP- and PDF-IR.
B6: E69...hier evtl. eine andere Ebende nehmen (original existiert) AME: accessory medulla, VE: ventral
elongation. Scale bars = 100 µm in A; 10 µm in B
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A.4. Putative sites of communication between PDF and monoaminergic neurons

Figure S12a: Spatial relation of vesicles in trh-GAL4 neurons to PDF-IR processes within the
AME in adult Drosophila brains Supplement to Fig. 3.26, B,C. Distribution of likely presynaptic sites in
trh-GAL4 neurons and PDF-IRs is visualized with UAS-sytI/III::gfp (white and green) and anti-PDF (white and
magenta), respectively (frontal view, dorsal up). Images are either projected or single confocal optical sections.
A: Projection of the AME and its VE within a whole mount-brain reveals GFP- and PDF-IR. A’-C4’: Anti-GFP
staining exhibits the distribution of the vesicle transmembrane protein Syt in trh-GAL4 neurons. A”-C4”: Anti-
PDF staining reveals PDF-IR in clock neurons. B1-C4: Magnifications of boxed area in A. B1: Single section
corresponding to the AME shown in Fig. 3.26, C. Arrowheads indicate GFP-IR in close vicinity to PDF-IR
processes. C: Projection of an AME exposes the distribution of Syt-GFP signals and PDF-IR. C1-4: Sequence of
four selected single sections from the AME shown in C reveal Syt-GFP signals and PDF-IR from anterior (C1) to
posterior (C4). C3 and C4 represent two consecutive stacks. Arrowheads indicate GFP-IR in close vicinity to
PDF-IR processes. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in
A; 10 µm in B (applies to C)
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Figure S12b: Spatial relation of vesicles in trh-GAL4 neurons to PDF-IR processes within the
VE in adult Drosophila brains Supplement to Fig. 3.26, D. Distribution of likely presynaptic sites in trh-
GAL4 neurons and PDF-IRs is visualized with UAS-sytI/III::gfp (white and green) and anti-PDF (white and
magenta), respectively (frontal view, dorsal up). Images are either projected or single confocal optical sections.
A: Projection of the AME and its VE within a whole mount-brain reveal GFP- and PDF-IR. A’-C4’: Anti-GFP
staining exhibits the distribution of the vesicle transmembrane protein Syt in trh-GAL4 neurons. A”-C4”: Anti-
PDF staining reveals PDF-IR in clock neurons. B1-3,C1-3: Magnification of boxed area in A. Two different VEs
(B and C) each representing a sequence of three consecutive single sections trace Syt-GFP signals and PDF-IR
from anterior (B1/C1) to posterior (B3/C3). VE illustrated in B corresponds to VE in Fig. 3.26, D. Arrowheads
indicate occasional GFP-IR in close vicinity to PDF-IR processes. AME: accessory medulla, ME: medulla,
VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B (applies to C)
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A.4. Putative sites of communication between PDF and monoaminergic neurons

Figure S12c: Spatial relation of vesicles in trh-GAL4 neurons to PDF-IR processes within the
AME and its VE in adult Drosophila brains Supplement to Fig. 3.26. Distribution of likely presynaptic
sites in trh-GAL4 neurons and PDF-IRs is visualized with UAS-sytI/III::gfp (white and green) and anti-PDF
(white and magenta), respectively (frontal view, dorsal up). Images are either projected or single confocal
optical sections. A: Projection of the AME and its VE within a whole mount-brain reveal GFP- and PDF-IR.
A’-B6’: Anti-GFP staining exhibits the distribution of the vesicle transmembrane protein Syt in trh-GAL4
neurons. A”-B6”: Anti-PDF staining reveals PDF-IR in clock neurons. B1-6: Magnification of boxed area in A.
A sequence of six consecutive single sections traces Syt-GFP signals and PDF-IR from anterior (B1) to posterior
(B6). Arrowheads indicate GFP-IR in close vicinity to PDF-IR processes in the VE (B1-B4) and the AME (B5,B6).
AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B
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Figure S13a: Spatial relation of dendritic compartments from pdf -GAL4 and 5HT-IR neurons
within the AME in adult Drosophila brains Supplement to Fig. 3.25, B. Distribution of likely postsynaptic
sites in PDF-GAL4 neurons and 5HT-IR is visualized with UAS-dscam::gfp (white and green) and anti-5HT (white
and magenta), respectively. Images are either projected or single confocal optical sections. A: Projection of the
AME and its VE from a whole-mount brain reveals GFP- and 5HT-IR (posterior view, dorsal up). A’-C1’: Anti-
GFP staining exhibits the distribution of the dendritic protein DSCAM in pdf -GAL4 neurons. A”-C1”: Anti-5HT
staining reveals 5HT-IRs in serotonergic neurons. B,C: Magnification of boxed area in A. Projections of the
AME reveal GFP-IR in close vicinity to 5HT-IR processes. B1-3: A sequence of three consecutive single sections
traces the DSCAM-GFP signal and 5HT-IR from anterior (B1) to posterior (B3). Arrowheads indicate GFP-IR in
close vicinity to 5HT-IR processes. Arrowheads with the same number indicate same positions. C1: Arrowheads
indicate GFP-IR in close vicinity to 5HT-IR on a single section level. Arrowheads correspond to arrowheads in
D. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in A; 10 µm in B
(applies to C)
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A.4. Putative sites of communication between PDF and monoaminergic neurons

Figure S13b: Spatial relation of dendritic compartments from pdf -GAL4 and 5HT-IR neurons
within the VE in adult Drosophila brains Supplement to Fig. 3.25, C,D. Distribution of likely post-
synaptic sites in PDF-GAL4 neurons and 5HT-IR is visualized with UAS-dscam::gfp (white and green) and
anti-5HT (white and magenta), respectively. Images are either projected or single confocal optical sections.
A: Projection of the AME and its VE from a whole-mount brain reveals GFP- and 5HT-IR (posterior view, dorsal
up). A’-C3’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM in pdf -GAL4 neurons.
A”-C3”: Anti-5HT staining reveals 5HT-IRs in serotonergic neurons. B1-3,C1-3: Magnifications of boxed area
in A. For both VEs (B and C), a sequence of three consecutive single sections traces the DSCAM-GFP signal
and 5HT-IR from anterior (B1/C1) to posterior (B3/C3). Dashed ovals following GFP-IR in the VE indicate no
5HT-IR processes. AME: accessory medulla, ME: medulla, VE: ventral elongation. Scale bars = 100 µm in
A; 10 µm in B (applies to C)
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Figure S13c: Spatial relation of dendritic compartments from pdf -GAL4 and 5HT-IR neurons
within the VE in adult Drosophila brains Supplement to Fig. 3.25, C,D. Distribution of likely post-
synaptic sites in PDF-GAL4 neurons and 5HT-IR is visualized with UAS-dscam::gfp (white and green) and
anti-5HT (white and magenta), respectively. Images are either projected or single confocal optical sections.
A: Projection of the AME and its VE from a whole-mount brain reveals GFP- and 5HT-IR (posterior view, dorsal
up). A’-D3’: Anti-GFP staining exhibits the distribution of the dendritic protein DSCAM in pdf -GAL4 neurons.
A”-D3”: Anti-5HT staining reveals 5HT-IRs in serotonergic neurons. B1-D3: Magnification of boxed area in
A represent single sections of three different VEs (B, C and D). Arrowheads indicate GFP-IR in close vicinity
to 5HT-IR processes. C1 - C2 and D1 - D3 represent consecutive sections from anterior to posterior. Arrow-
heads with the same number indicate same positions. AME: accessory medulla, ME: medulla, VE: ventral
elongation. Scale bars = 100 µm in A; 20 µm in B; 10 µm in C (applies to D)
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A.5. Putative synaptic interactions between PDF and aminergic neurons

A.5. The visualization of likely communication sites of
PDF-containing clock neurons and aminergic neurons

The following figures present further examples of confocal images that suggest a close vicinity
among the PDF-containing clock neurons and aminergic neurons. These supplementary insights
to Sec. 3.7.1, p. 101 are also based on GRASP and furthermore reveal some conspicuousness.
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Putative synaptic interactions between PDF and th-GAL4 neurons

Figure S14
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A.5. Putative synaptic interactions between PDF and aminergic neurons

Figure S14a: Local identification of likely interactions between pdf -LexA and th-GAL4 neurons
in adult D. melanogaster brains Supplement to Fig. 3.27. th-GAL4 neurons express CD4::spGFP1-10.
pdf -LexA neurons express CD4::spGFP11. Extracellular GFP assembly labels putative neuronal contact sites
and synapses (green and white) in whole-mount brains. PDF- and TH-IR processes are visualized with anti-PDF
(magenta and white) and anti-TH (cyan and white), respectively. Images are either projected or single confocal
optical sections. A1

′-C1
′,D2,D2

′: Fluorescence of reconstituted GFP molecules reveals likely sites of synaptic
interactions. A1

′′-C1
′′,D3,D3

′: Anti-PDF staining reveals PDF-IR clock neurons. D4: Anti-TH staining reveals
TH-IRs in dopaminergic neurons. A1,B1: Projection of dp and dt of the s-LNvs illustrate overlapping GRASP
GFP signals with PDF-IR. Dashed oval in A1’ and A1”/ B1’ and B1” indicates intense GRASP GFP signals but
low PDF-IR in the ventral part of the dp. Arrowheads in A1 indicate PDF-IR of l-LNv cell bodies, that do not
display reconstituted GFP molecules. Asterisks in A1’ indicates GRASP GFP signals labeling a cell body, that
does not display PDF-IR. A2,B2: Enlargement of indicated area in A1 and B1, respectively. Intense GRASP GFP
signals but low PDF-IR in the ventral part of the dp are illustrated on a single section level. A3,C1: Enlargement
of indicated area in B1 illustrates a single section from the dt of the s-LNvs. Arrows indicate GRASP GFP signals
in close vicinity to PDF-IRs processes. D: GRASP GFP signals are observed in close vicinity to PDF-IR in the
AME and seem to follow and overlap with PDF-IR processes of the VE (also indicated by arrows). Dashed oval
in D3 and D4 indicates TH-IR neither in the AME nor VE. D1-5 depict a projection of the AME and its VE,
whereas D1-3

′ confirm obervations on a single section level. AME: accessory medulla, dp: dorsal projection
dt: dorsal terminals, ME: medulla, VE: ventral elongation. Scale bars = 20 µm in A1 (applies to B1,C,D);
10 µm in A2/3 (applies to B2), µm in D (applies to E)
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Putative synaptic interactions between PDF and trh-GAL4 neurons

Figure S15
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A.5. Putative synaptic interactions between PDF and aminergic neurons

Figure S15a: Local identification of likely interactions between pdf -LexA and trh-GAL4 neurons
in adult D. melanogaster brains Supplement to Fig. 3.28. trh-GAL4 neurons express CD4::spGFP1-10.
pdf -LexA neurons express CD4::spGFP11. Extracellular GFP assembly labels putative neuronal contact sites
and synapses (green and white). PDF- and 5HT-immunoreactives (IRs) processes are visualized with anti-PDF
(magenta and white) and anti-Serotonin (cyan and white), respectively. Images are either projected or single
confocal optical sections. A2-F2: Fluorescence of reconstituted GFP molecules reveals likely sites of interactions.
A3-F3: Anti-PDF staining reveals PDF-IR clock neurons. A4-C4, F4: Anti-Serotonin staining reveals Trh-IRs
in serotonergic neurons. A: Projection of dp and dt of the s-LNvs. Dashed oval in A2 - A5 indicate intense
GRASP GFP signals accompanied by low PDF- and 5HT-IR in the middle and ventral part of the dp. Weak
reconstituted GFP signals are observed within the dt. B: Enlargement of indicated area from A1 illustrating
as single section. Arrows indicate intense GRASP GFP signals in close vicinity to low PDF- and 5HT-IR in
the middle part of the dp. C: Enlargement of indicated area in B1 illustrating a single section from the dt
of the s-LNvs. Arrows indicate GRASP GFP signals in close vicinity to PDF- and 5HT-IRs processes, whereas
arrowheads indicate reconstituted GFP signals only in close vicinity to PDF-IR. E: Projection of the AME and
its VE. GRASP GFP signals are observed in close vicinity to PDF-IR in the AME and seem to follow and overlapp
with PDF-IR processes of the VE (single section of projected region in D is depicted in Fig. 3.28, E). Cell bodies
of the l-LNvs reveal no GRASP GFP signals. F: Single section of the AME and its VE out of the projection
shown in E. In the dorsal part of the VE elongation arrows indicate GRASP GFP signals in close vicinity to
PDF- and 5HT-IRs processes, whereas arrowheads indicate reconstituted GFP signals only in close vicinity to
PDF-IR. AME: accessory medulla, dp: dorsal projection dt: dorsal terminals, l-LNv: large ventral lateral
neuron, ME: medulla, VE: ventral elongation. Scale bars = 20 µm in A (applies to D,E); 10 µm in B (applies
to C,F)
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A.6. The visualization of likely contact sites of PDF-containing
clock neurons and glial cells

The following figures present further examples of confocal images that suggest a close vicinity
among the PDF-containing clock neurons and glial cells. These supplementary insights to
Sec. 3.7.2, p. 107 are also based on GRASP and furthermore reveal some conspicuousness.

Putative contact sites between PDF neurons and glial cells

Figure S16
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A.6. GRASP signals between PDF neurons and glial cells

Figure S16a: Local identification of likely neuron-glia interactions between PDF neurons and
repo-GAL4 cells along the s-LNv’s dp and dt in adult D. melanogaster brains Supplement to
Fig. 3.29, B-D. The s-LNv’s dp and dt from two different whole-mount brains (A and B) illustrate the spatial
relation of GRASP GFP signals to PDF+ projections. repo-GAL4 cells express CD4::spGFP1-10 and pdf -LexA
neurons express CD4::spGFP11. Extracellular GFP assembly as consequence of close proximity exposes putative
contact sites (green and white). PDF-IR processes are visualized with anti-PDF (magenta and white). Images
are either projected or single confocal optical sections. A1

′-B3
′: Fluorescence of reconstituted GFP molecules

reveals likely sites of synaptic interactions. A1
′′-B3

′′: Anti-PDF staining reveals PDF-IR clock neurons. A1,
B1: Projections of the the s-LNv’s dps and dts. The dp expose evenly spread GRASP GFP signals that overlap with
PDF-IR. Varicose-like structures of the dt appear to be surrounded by reconstituted GFP molecules. Notably
they appear to contain high amounts of the PDF protein, as PDF-IR signals are strong. A2, B2: Enlargement
of indicated area from A1/ B1 each illustrating a single section from the dp of the s-LNvs. Arrowheads indicate
GRASP GFP signals that appear to envelop the dp thereby embracing the PDF-IR signals. A3, B3: Enlargement
of indicated area from A1/ B1 each illustrating a single section from the dt of the s-LNvs. Arrowheads indicate
varicose-like structures of the dt, which are clearly visible and are apparently encircled by extracellular assembled
and therefor fluorescent GFP molecules. Especially in A3 one can detect accumulated PDF-IR molecules within
large varicose structures. Note the rather compact arborization pattern of the dt. dp: dorsal projection
dt: dorsal terminals. Scale bars = 20 µm in A1 (applies to B1); 10 µm in A2/3 (applies to B2/3)
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Figure S17: Local identification of likely neuron-glia interactions between PDF neurons and repo-
GAL4 cells within the AME and its VE in adult D. melanogaster brains Supplement to Fig. 3.29,
E, F. repo-GAL4 cells express CD4::spGFP1-10 and pdf -LexA neurons express CD4::spGFP11. Extracellular
GFP assembly as consequence of close proximity exposes putative contact sites (green and white). PDF-IR
processes and cell bodies are visualized with anti-PDF (magenta and white). Images are either projected or
single confocal optical sections. A1’-C’: Fluorescence of reconstituted GFP molecules reveals likely sites of
neuron-glia interactions. A1”-B3”: Anti-PDF staining reveals PDF-IR clock neurons. A1,2: An anterior (A1)
and posterior (A2) projection of the same brain hemisphere reveal the LNv cell bodies. Arrowheads indicate
the four small PDF+ cell bodies encircled by weak GRASP GFP signals. Note that one s-LNv cell body is shifted
to cell bodies of the l-LNv. Asterisks in A1 indicate three large PDF+ cell bodies that are not encircled by
reconstituted GFP molecules. Asterisk in A2 indicates the certainly fourth large PDF+ cell body. Its very dorsal
and posterior position close to the dt and apart from the residual l-LNv cell group is unusual. B: Projection of
the l-LNv cell body group of a second brain. Arrowhead indicates a small cell body most likely of the s-LNv. It
is surrounded by GRASP and unusually located within the cell body group of the l-LNvs (indicated by asterisks).
Furthermore it appears to be not PDF+. The large cell bodies of the LNvs reveal PDF-IR but expose no vicinity
to reconstituted GFP molecules. Arrow indicates some cells that do not display PDF-IR but are included in
the pdf -LexA line. These cells have appear at the same position as the ones illustrated in Fig. 3.1, p. 72.
C,D: Projection in C and a single section in D illustrate GRASP GFP signals within the AME and its VE.
GFP reconstitution emerges exclusively in close vicinity to PDF-IR processes. Arrowhead in C indicates GRASP
signals, that follow projections of the VE till they enter the distal medulla layer. The signal appears to be more
punctuated at sites of the PDF processes. Cell bodies of the s-LNv are ensheathed by GRASP. AME: accessory
medulla, dt: dorsal terminals, l-LNv: large ventral lateral neuron, ME: medulla, s-LNv: small ventral lateral
neuron, VE: ventral elongation. Scale bars = 20 µm in A1 (applies to B-D); 10 µm in A2
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A.6. GRASP signals between PDF neurons and glial cells

Figure S18: Local distribution of GRASP GFP signals emerging between PDF neurons and repo-
GAL4 cells in 4 different whole-mount brains of adult D. melanogaster brains Supplement to
Fig. 3.29. repo-GAL4 cells express CD4::spGFP1-10 and pdf -LexA neurons express CD4::spGFP11. Extracel-
lular GFP assembly as consequence of close proximity exposes putative contact sites (green and white). PDF-IR
processes and cell bodies are visualized with anti-PDF (magenta and white). All panels show projections of
confocal optical sections. A’-D’: Fluorescence of reconstituted GFP molecules reveals likely sites of neuron-glia
interactions. A”-D”: Anti-PDF staining reveals PDF-IR clock neurons. This overview of emerging GRASP sig-
nals illustrates its appearance in an ensheathing way surrounding the s-LNv cell bodies, dp and dt. Arrowhead
indicates unusual dorsal position of some s-LNv cell bodies. A: Anterior view, dorsal up. B: Posterior view,
lateral to the left, dorsal up. C: Posterior view, lateral to the left, dorsal up. D: Anterior view, dorsal up.
dp: dorsal projection, dt: dorsal terminals, s-LNv: small ventral lateral neuron Scale bars = 100 µm
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Putative contact sites between PDF neurons and ensheathing/ astrocyte-like glia
cells

Figure S19
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A.6. GRASP signals between PDF neurons and glial cells

Figure S19a: Local identification of likely neuron-glia interactions between PDF neurons and en-
sheathing glial cells in adult D. melanogaster brains Supplement to Fig. 3.30. NP6520-GAL4 cells,
representing ensheathing glia, express CD4::spGFP1-10. pdf -LexA neurons express CD4::spGFP11. Extracel-
lular GFP assembly labels putative contact sites (green and white). PDF-IR processes and nuclei of glial cells
are visualized with anti-PDF (magenta and white) and anti-Repo (cyan and white), respectively. Panels show
either projected or single confocal optical sections. A,B: Projection of one brain hemisphere of two different
whole-mount brains, A and B (frontal view, lateral to the left, dorsal up), revealing various GRASP GFP signals
along the s-LNv’s dps and dts. Arrowheads indicate reconstituted GFP signals in the AME and its VE. Arrows
in A2 indicate GRASP within the OL. Note, the slight bleeding trough of Repo-IR signals. A2,C1’-F2’: Flu-
orescence of reconstituted GFP molecules reveals likely sites of interactions. A3,C1”-F2”: Anti-PDF staining
reveals PDF-IR clock neurons. A4: Composition of GRASP GFP signals and PDF-IR is completed by anti-Repo
staining. C: Enlargements of the s-LNv’s dp and dt. C1: Projection reveals GRASP GFP signals along PDF-IR
processes and within the dt. Dashed oval in C1’ and C1” indicates intense GRASP GFP signals accompanied
with low PDF-IR along the ventral half of the dp. C2: Enlargement of indicated area in C1 illustrating a single
section of the dp’s dorsal half. Arrowheads indicate intense PDF-IR accompanied by faint GRASP GFP signals.
Arrow indicates overlapping reconstituted GFP molecules and PDF-IR. C3: Enlargement of indicated area in
C1 illustrates a single section of the dt. In this case arrowhead and arrow indicate PDF-IR and reconstituted
GFP molecules that are not accompanied by GRASP GFP signals and PDF-IR, respectively. Note the compact
structure of the dt’s arborization. D: Enlargement of the AME and its VE. A confocal projection from AME
depicted in Fig. 3.30, E. PDF+ s-LNv cell bodies are encircled with GRASP GFP signals, whereas cell bodies of
the l-LNvs are not, as indicated by asterisks. Arrowhead indicates strong GRASP GFP signals whereas PDF-IR
is low. Arrows indicate reconstituted GFP molecules within the ME, that appear partly to follow the processes
of the l-LNvs. E: Projection of PDF+ LNv cell bodies. Arrowheads indicate reconstituted GFP molecules that
surround two cell bodies of the s-LNv. Asterisks indicate cell bodies of the l-LNvs. They are not encircled by
reconstituted GFP molecules. Note the untypical position of the s-LNv’s cell bodies within the dorsal located
cell body group of the l-LNvs. F1/2: Two single sections of the same AME and its VE are illustrated. The
GRASP GFP signal encircles the s-LNv cell bodies. Dashed circle in F1 indicates the region within the AME
displaying PDF-IR but less reconstituted GFP molecules. Dashed circle in F2 indicates the region within the
AME displaying reconstituted GFP molecules but no PDF-IR. AME: accessory medulla, dp: dorsal projection,
dt: dorsal terminals, l-LNv: large ventral lateral neuron, ME: medulla, s-LNv: small ventral lateral neuron,
VE: ventral elongation. Scale bars = 100 µm in A (applies to B); 20 µm in C (applies to D,F); 10 µm in E
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Figure S20: Local identification of likely neuron-glia interactions between PDF neurons and
astrocyte-like glial cells in adult D. melanogaster brains Supplement to Fig. 3.31. NP3233-GAL4
cells, representing astrocyte-like glia, express CD4::spGFP1-10. pdf -LexA neurons express CD4::spGFP11.
Extracellular GFP assembly labels putative contact sites (green and white). PDF-IR processes and nuclei of
glial cells are visualized with anti-PDF (magenta and white) and anti-Repo (cyan and white), respectively. Pan-
els show either projected or single confocal optical sections. A1-3

′, B2: Fluorescence of reconstituted GFP
molecules reveals likely sites of synaptic interactions. A1-3

′′, B3: Anti-PDF staining reveals PDF-IR clock
neurons. B4: Composition of GRASP GFP signals and PDF-IR is completed by anti-Repo staining revealing
Repo-positive nuclei of glial cells in spatial relation to GRASP and PDF+ processes. A1: Projection of the s-LNv’s
dps and dts. Dashed oval in A1’ and A1” indicates intense GRASP GFP signals accompanied by rather low
PDF-IR in the ventral half of the dp. Extracellular GFP assembly is observed within the dt. A2: Enlargement
of indicated area from B1. The single section of the dp’s ventral half indicates intense GRASP GFP signals in
unison with rather low PDF-IR. Arrowhead indicates overlapping PDF-IR and fluorescence signals of reconsti-
tuted GFP molecules. A3: Enlargement of indicated area from A1 illustrating a single section from the dt of the
s-LNvs. Arrowheads indicate varicose-like structures of the dt, which are apparently encircled by extracellular
assembled and therefor fluorescent GFP molecules. Arrows indicate reconstituted GFP molecules that appear to
intermingle the dt. Note the compact arborization pattern of the dt. B: Enlargement of the AME and its VE. A
confocal projection from AME depicted in Fig. 3.31, E as single section. GRASP GFPsignals are punctuated and
intermingle PDF+ processes in the AME and VE. AME: accessory medulla, dp: dorsal projection, dt: dorsal
terminals, l-LNv: large ventral lateral neuron, ME: medulla, s-LNv: small ventral lateral neuron, VE: ventral
elongation. Scale bars = 20 µm in A1/3 (applies to B1); 10 µm in A2
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Figure S21a: Evaluation of anti-White raised in rabbit1 on Malpighian tubules of 3rd instar D.
melanogaster wild-type and White-mutant larvae Supplement to Fig. 3.59. White-IR of serum of ID
150 (A1-B2’) and 180 (C1-D2’) was evaluated on MT. Serum of ID 180 was purified before usage. Serums were
tested on MT of both WT Ala (A and C) and White-mutant w1118 (B and D) 3rd instar larvae. Images are either
projected or single confocal optical sections. Asterisks indicate exemplarily nuclei and hastags the MT’ lumen.
Same letter and number represent images of the same specimen. A1-B2’: MT treated with anti-White serum
from ID 150. Nuclei reveal no IR signals. A: Single sections from WT MT display White-IR directed to vesicles,
that are located in high amounts within cells forming the MT’s membrane (A1,A2). No IR is observed within
the lumina (A2’). The staining appears evenly within the vesicles. Arrowheads indicate higher fluorescent
signals of the vesicle membrane. B: Projection of mutant MTs (B1) displays no IR. Single sections of higher
magnification exhibit putative White-IR within the membrane, but cannot clearly be directed to vesicles (B2).
This IR cannot be observed in the lumina of the MT (B2’). C: WT MT treated with purified anti-White serum
from ID 180. Background signals are reduced compared to MT depicted in A. C1: Projection of MT strands
reveal high IR for White. C1’: Single section of the projection in C1 illustrates the IR directed to structures
within cells forming the membrane. The lumina are free of IR. C2: Magnification of membranous cells exhibits
White-IR of vesicle-like structures. D: Mutant MTs treated with purified anti-White serum from ID 180 exhibit
no specific IR for White. Unregular shaped dots visible in the MT projection in D1 are not located in the
membrane as single section in D2 documents. Instead they are located within the lumen of the MT as single
section in D2’ illustrates. They might arise from clustered antibodies. Scale bars = 50 µm in A (applies to
B1,D1); 20 µm in C, 10 µm in B2 (applies to D2)
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Figure S22: Evaluation of anti-White raised in rabbit2 on adult D. melanogaster wild-type and
White-mutant brains Supplement to Fig. 3.60. All images are projections of confocal optical sections.
Same letter and number represent images of the same specimen. A: 80 µm head slices (horizontal sections,
posterior up) from wildtypic flies treated with White serum from ID 90. White-IR appears in processes that
expose many varicosities. A1: Section of the dorsal brain. Arrowheads indicate two big IR-fibers, that run
from anterior to posterior. They arise from a large cell body within the PCBR located posterior to the PLP, as
indicated by arrowhead in A1’. Arrowheads in A1” and A1”’ indicate more but smaller IR cell bodies within the
PCBR and LCBR. A1’-A1”’: from ventral to dorsal. A2: Section of the middle brain. IR-processes extend into the
OL innervating the LOX. No IR is observed within the ME and LA. Within the central brain especially the VLP
is innervated by IR varicose fibers. A2’: Magnification of indicated area in A2, again illustrates the distribution
of IR fibers within the LOX and VLP. B: Whole-mount brains (frontal view, dorsal up) of WT flies treated
with serum of ID 120. The surfaces of depicted brains reflect intense fluorescence signals. This might indicate
penetration problems of the antibodies resulting in their accumulation onto the tissue’s surface. Therefore
the inside of the brains appears dark. Nevertheless White-IR is visible in varicose processes that project into
the LOX but not ME. Within the central brain those IR fibers are observed within the VLP and SEZ. The IB
appears to be surrounded by IR-processes. Arrowheads in B1 indicate thick IR-fibers presumably arisen from
the same large neurosecretory cells, that were already indicated in A1 and A1’. C: Whole-mount brains (frontal
view, dorsal up) of W- flies treated with serum of ID 180. Instead of IR-processes mostly IR cell bodies are
visible. They surround the neuropils. Still some processes arisen from large cell body (indicated by arrowhead
in C3) are visible and indicated by arrowheads in (C1-C3). AL: antennal lobe, CA: calyx, CX: central
complex, FB: fan-shaped body, IB: inferior bridge, ID: day of immunization, LA: lamina, LCBR: lateral cell
body rind, LH: lateral horn, LOX: lobula complex, ME: medulla, OL: optic lobe, PCBR: posterior cell body
rind, RE: retina, SEZ: subesophageal zone, VLP: ventrolateral protocerebrum. Scale bars = 50 µm in A1/2
(applies to B,C); 25 µm in A2’
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Figure S23a: Evaluation of anti-White raised in rabbit2 on Malpighian tubules of 3rd instar D.
melanogaster wild-type and White-mutant larvae Supplement to Fig. 3.61. White-IR of serum of ID
150 (A and B) and 180 (C and D) was evaluated on MT. Serum of ID 180 was purified before usage. Serums
were tested on MT of both WT Ala (A and C) and W- w1118 (B and D) 3rd instar larvae. Images are projected or
single confocal optical sections. Asterisks indicate exemplarily nuclei and hastags the MT’ lumen. Same letter
and number represent images of the same specimen. A: WT MT treated with serum of ID 150 expose White-IR
on vesicles located in cells forming the membrane. A1: Single section of the MT’s membrane (The projected
membrane of this MT is shown in Fig. 3.61, A2). Arrows indicate higher fluorescence signals within the vesicle’s
membrane. A2: Single section of a further MT membrane. Vesicles are less clearly stained and arrowheads
indicate black holes perforating the membrane. A3: Partial projection of several MT strands. Different strands
appear to vary in the vesicle’s quantity and staining quality. B: MT of W-s treated with serum of ID 150 display
no White-IR. Neither the single section of a MT membrane (B1) nor the single section of MT lumen (B1’)
display vesicles exposing IR for White. C: WT MT treated with purified serum of ID 180 expose White-IR.
C1: Single section of two MT strand reveals the distribution of White-IR vesicles. C2,C2’: Magnified single
section of membranous cells and lumen, respectively. White-IR vesicles are exclusively directed to cells of the
MT’s membrane. No IR vesicles are observed within the MT’s lumen. D1: Projection of a MT strand of W-s
treated with purified serum of ID 180 display no White-IR, but irregular shaped stains. D1’,D1”: Projection of
the MT’s membrane and single section of its lumen, respectively. Bright stains are exclusively observed within
the lumen. They might arise from agglutinated antibodies. Scale bars = 10 µm in A1 (applies to C2); 20 µm
in A2/3 (applies to B,C2); 50 µm in C1 (applies to D)

Evaluation of anti-White raised in guinea pig

Figure S24: Evaluation of anti-White raised in guinea pig1 on adult D. melanogaster wild-type
brains Supplement to Fig. 3.62 illustrating the IR cell bodies. Wildtypic whole-mount brains treated with
serum of ID 120. Images are projections of confocal optical sections. A,A’: Surface of the brain tissue shows
intense fluorescence signals, indicating penetration problems resulting presumably in agglutinated antibodies.
Neuropils are surrounded by small White-IR cell bodies. A: Projection of the anterior brain region, same picture
as in Fig. 3.62, D1. A’: Projection of magnified region indicated by dashed area in A illustrating small cell bod-
ies. B: Projection of the VLP, that is surrounded by White-IR cell bodies. Arrowheads indicate their primary
neurites. C: The outer layer of the ME reveals White-IR cell bodies. AVLP: anterior ventrolateral proto-
cerebrum, CX: central complex, ME: medulla, OL: optic lobe, SEZ: subesophageal zone, VLP: ventrolateral
protocerebrum Scale bars = 50 µm in A; 20 µm in B (applies to C)
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Figure S25: Evaluation of anti-White raised in guinea pig1 on Malpighian tubules of 3rd instar
D. melanogaster wild-type and White-mutant larvae Supplement to Fig. 3.63. White-IR of purified
ID 180 serum was applied to MT of WT and W- 3rd instar larvae. Images are single confocal optical sections.
Asterisks indicate exemplarily nuclei and hastags the MT’ lumen. Same letter and number represent images
of the same specimen. A: WT MT expose White-IR directed to vesicles located in cells forming the MT’s
membrane. A1,A2: Single sections illustrate membranous cells filled with IR vesicles. Depending on the MT
strand or section of the strand, cells differ in their quantity of vesicles. Some appear to be filled more densely
(A1) than others (A2). A3: Single stack of the MT’s lumen emerges no IR vesicles. They are exclusively located
in cells of the membrane (arrowheads). B: W- MT expose no White-IR. Some sections of MT strands expose
bright stains (B2). B2’: Magnification of indicated area in B2. Bright stains emerge as irregular shaped spots,
which do not resemble vesicles. They might arise from agglutinated antibodies. Scale bars = 10 µm in A
(applies to B2’; 50 µm in B1/2
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Figure S26: Evaluation of anti-White raised in guinea pig2 on adult D. melanogaster wild-type
and White-mutant brains Supplement to Fig. 3.64 illustrating the LA and IR cell bodies. Purified serum of
ID 180 was applied to whole-mount brains from both, WT animals of the Ala strain and W-s of the w1118 strain.
Images are projected or single confocal optical sections. A1: Projection of the middle brain region. Surface
of the brain tissue shows intense fluorescence signals, indicating penetration problems resulting presumably
in agglutinated antibodies. Neuropils such as CB, FB, LAL and AVLP are surrounded by small IR cell bodies.
A3:Magnification of indicated region in A1. Projection of the dorsal posterior brain. Arrowheads indicate large
IR cell bodies within the SCBR and PCBR, dorsal and posterior to the SLP and SMP. They form four clusters.
A2: This brain also reveals penetration problems of the antibody. The LA exhibits bright fluorescence signals
especially on its surface. A2’: Single section illustrates a magnification of indicated region in A2’. There is no
IR in the LA. B1: Many bright fluorescent dots testify to background stainings. B2: Magnification of indicated
region in B1. Arrowheads indicate some IR cell bodies dorsal and posterior to the SLP and SMP. B3: Single
section of the LA displays no IR. AVLP: anterior ventrolateral protocerebrum, CA: calyx, CB: central body,
CBR: cell body rind, FB: fan-shaped body, ID: day of immunization, LA: lamina, LAL: lateral accessory lobe,
PCBR: posterior cell body rind, SCBR: superior CBR, SLP: superior lateral protocerebrum, SMP: superior
medial protocerebrum. Scale bars = 50 µm in A1-3 (applies to b1); 25 µm in B2; 10 µm in A2’ (applies to B3)
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Figure S27: Evaluation of anti-White raised in guinea pig2 on Malpighian tubules of 3rd instar
D. melanogaster wild-type and White-mutant larvae Supplement to Fig. 3.65. White-IR of purified
ID 180 serum was applied to MT of WT and W- 3rd instar larvae. Images are single confocal optical sections.
Asterisks indicate exemplarily nuclei and hastags the MT’ lumen. Same letter and number represent images of
the same specimen. A: WT MT expose White-IR directed to vesicles located in cells forming the MT’s membrane.
A1,A2: Single sections illustrate membranous cells densely filled with IR vesicles. Depending on the MT strand,
vesicles display different qualities. They appear as nicely rounded shapes in A1, which are less clearly to identify
in A2. A1’: Single stack of the MT’ lumen emerges no IR vesicles. They are exclusively located in cells of the
membrane (arrowheads). B: W- MT expose no White-IR, neither within the MT’s membrane (B1) nor in their
lumen (B1’). Instead, irregular shaped, bright stains presumably arisen from agglutinated antibodies are visible.
Some sections of the MT strands do not even show any background stainings as illustrated in (B2). Scale
bars = 20 µm in A1; 10 µm in A2 (applies to B)
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