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Summary

Sighted animals use visual motion information to navigate in their environment, to search for food
sources or mating partners and to avoid potentials predators. However, directional motion infor-
mation is not explicitly represented in the photoreceptor signals, but rather needs to be extracted
by postsynaptic circuits. For such a motion computation, different algorithmic models were pro-
posed. The most prominent model multiplies the signal of two neighboring photoreceptors after
one of them was temporally delayed. Fruit flies are well suited as a model organism to study
the neuronal mechanisms underlying motion perception. With a low spatial but high temporal
visual resolution, fruit flies are able to detect many different kinds of motion stimuli and perform
a wide range of visually evoked behaviors. Thanks to the multitude of genetic tools optimized
for Drosophila melanogaster, detailed manipulation of neuronal function can be performed on a
molecular as well as on a cellular level. These tools allow to dissect the components of a neuronal
circuit and investigate their respective function. In the visual system of flies exist neurons sensitive
to wide field motion, which are important for the course control of flies. An open question remains
the computation of upstream neurons detecting local motion.

During my doctoral work | studied various aspects of the local motion sensing cells in the
fly visual system: their functional properties, their importance for different behavioral tasks as
well as their differentiation during development. In the first manuscript included in this thesis,
we demonstrated that T4 and T5 cells are the elementary local motion sensing neurons of the
fly. Calcium activity imaging of T4 and T5 cells revealed that four subtypes exist, each sensitive
to motion along one of the four cardinal directions. Moreover, T4 cells responded specifically to
light increments and T5 cells to light decrements. Blocking T4 neurons abolished the ON motion
responses of postsynaptic lobula plate tangential cells. Accordingly, inactivating T5 cells inhibited
the reaction of lobula plate tangential cells to OFF motion. We confirmed this effect by examining
the turning behavior of walking flies with either T4 or T5 cells blocked. Flies without T4 output
responded only to OFF edge motion, while flies with blocked T5 cells responded exclusively to ON
edge motion.

To investigate the functional role of the local motion sensing T4 and T5 cells, we studied the
consequences of blocking these neurons and tested visual behavior. In the second manuscript,
we described that inactivating T4 and T5 cells abolished the optomotor turning response of the

flies. However, the motion blind flies were still able to orient towards a dark, vertical bar. We
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demonstrated that flies respond to the position of a bar independent of a motion cue. Therefore,
we concluded that flies use positional as well as motion information to orient towards an attractive
object.

In the third manuscript, we further investigated the role of T4 and T5 cells in flight behavior
and found these cells involved in the detection of expansion motion. Flight avoidance turns as well
as landing responses of flies depend on functional T4 and T5 cells. These behaviors are evoked by
expansion motion like a looming stimulus, which mimics an approaching predator or object. The
importance of T4 and T5 cells for looming evoked behavior suggests, that these cells are not only
connected to lobula plate tangential cells, which respond to rotatory wide-field motion, but are
also presynaptic to looming sensitive neurons in the lobula plate.

The last manuscript describes transcription factors important for the differentiation of T4 and
T5 neurons. The morphology of all T4 and T5 subtypes is comparable; their dendrites are oriented
opposite to the preferred direction of the cell and the axon terminals target one of the four lobula
plate layers. Both the dendrites and the axon terminals are limited to only one layer of their
respective neuropil. We found two postmitotic transcription factors expressed in the young T4
and T5 cells, SoxN and Sox102F, which regulate the common features of all subtypes. These
transcription factors are crucial for the proper morphology of the T4 and T5 cells, as well as the

function of the adult neurons.



Zusammenfassung

Sehende Tiere nutzen visuelle Bewegungsinformationen, um sich in ihrer Umgebung zu orientieren,
nach Nahrungsquellen oder Paarungspartnern zu suchen, oder auch um potentiellen Fressfeinden
zu entgehen. Informationen liber die Bewegungsrichtung eines visuellen Reizes werden nicht von
den Photorezeptoren selbst bestimmt, sondern den postsynaptischen Schaltkreisen entnommen.
Fiir eine derartige Bewegungsdetektion wurden verschiedene algorithmische Modelle vorgeschla-
gen. Das bekannteste Modell multipliziert das Signal von zwei nebenliegenden Photorezeptoren,
nachdem eines von ihnen zeitlich verzdgert wurde. Drosophila melanogaster eignet sich exzellent
als Modellorganismus, um die neuronalen Mechanismen der Bewegungswahrnehmung zu unter-
suchen. Mit einer zwar geringen raumlichen, aber hohen zeitlichen visuellen Auflésung kénnen
Fruchtfliegen viele verschiedene Arten von Bewegungsreizen erkennen, dabei zeigen sie ein breites
Repertoire an visuell induzierten Verhaltensweisen. Dank der Vielzahl an moglichen genetischen
Methoden kénnen detaillierte Manipulationen der neuronalen Funktion auf molekularer, aber auch
auf zellularer Ebene durchgefiihrt werden. Diese Methoden ermdglichen es, die Komponenten eines
neuronalen Schaltkreises zu analysieren und ihre jeweilige Funktion zu untersuchen. Im visuellen
System der Fliege existieren Neurone, welche Weitfeld-Bewegungen detektieren. Diese Neurone
sind wichtig um ungewollte Kursinderungen auszugleichen und eine Richtung beizubehalten. Die
neuronale Berechnung der vorgeschalteten Zellen, welche lokale Bewegungen erfassen, bleibt eine
offene Frage.

In der vorliegenden Doktorarbeit untersuchte ich verschiedene Aspekte der lokalen Bewegungs-
detektoren im visuellen System der Fliege: |hre funktionalen Eigenschaften, ihre Bedeutung fiir
verschiedene Verhaltensweisen sowie ihre Differenzierung wahrend der Entwicklung. Im ersten
Manuskript wird gezeigt, dass Interneurone der optischen Loben, die T4- und T5-Zellen, als el-
ementare, lokale Bewegungsdetektoren der Fliege agieren. Die Kalzium-Aktivitatssignale der T4-
und T5-Zellen zeichneten vier Subtypen ab, welche jeweils sensitiv auf Bewegung entlang einer
der vier Himmelsrichtungen sind. Dariiber hinaus reagierten T4-Zellen spezifisch auf eine pos-
itive Helligkeitsanderung und T5-Zellen auf eine negative Helligkeitsinderung. Mit Hilfe einer
spezifischen Inhibition der T4-Zellen Aktivitdt wurde die Bewegungsreaktion der postsynaptischen
Lobula Platte Tangentialzellen auf Bewegungsstimulation mit einer positiven Helligkeitsdnderung
blockiert. Dementsprechend inhibierte die Inaktivierung der T5-Zellen Aktivitat die Reaktion der

Tangentialzellen auf Bewegungsstimulation mit einer negativen Helligkeitsianderung. Diesen Effekt
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konnten wir zusatzlich im Verhalten bestdtigen, dabei untersuchten wir die Drehbewegung der
laufenden Fliege als Reaktion auf dunkle oder helle bewegende Kanten. Fliegen in denen wir die
T4-Zellen inhibierten, reagierten nur auf die Bewegung der dunklen Kanten, wihrend die Fliegen
mit inaktiven T5-Zellen nur noch die Bewegung der hellen Kanten wahrnahmen.

Um herauszufinden inwieweit unterschiedliche visuelle Verhaltensweisen von einer lokalen Be-
wegungsdetektion der T4- und T5-Zellen abhdngen, untersuchten wir das Verhalten von Fliegen
in denen wir die Aktivitat dieser Neurone inhibierten. In dem zweiten Manuskript wird eine Ab-
hangigkeit der optomotorische Drehreaktion von T4- und T5-Zellen dargestellt. Eine Inaktivierung
dieser Zellen blockiert daher die Bewegungs-Wahrnehmung der Fliegen. Dennoch waren diese
Tiere noch in der Lage, einen dunklen, vertikalen Streifen in einer frontalen Position zu fixieren.
Wir konnten demonstrieren, dass solche bewegungs-blinde Fliegen auf die Position eines Streifens
reagieren, unabhangig von einer Bewegungsinformation. Daher schlussfolgerten wir, dass Fliegen
sowohl Informationen iiber die Position, als auch iiber die Bewegung eines attraktiven Objektes
verwenden, um sich zu diesem hin zu orientieren.

Im dritten Manuskript untersuchten wir dariiber hinaus die Rolle von T4- und T5-Zellen im
Flugverhalten und fanden heraus, dass diese Zellen an der Erkennung von Expansionsbewegung
beteiligt sind. Sowohl| die Vermeidungsreaktion im Flug als auch die Landereaktion waren von der
Funktion der T4- und T5-Zellen abhdngig. Diese Verhaltensweisen werden durch Expansionsbe-
wegungen, wie ein Kollisionsstimulus mit exponentieller Expansion, ausgel6st. Ein solcher Kolli-
sionsstimulus imitiert einen sich ndhernden Fressfeind oder ein ndherkommendes Objekt. Die Ab-
hangigkeit von T4- und T5-Zellen fiir die durch Expansionsbewegung stimulierte Verhaltensweisen
lasst vermuten, dass diese Zellen nicht nur mit den Tangentialzellen der Lobula-Platte verbunden
sind, sondern auch mit weiteren Zellen spezifisch fiir die Wahrnehmung von Kollisionsstimuli.

Das letzte Manuskript beschreibt Transkriptionsfaktoren welche speziell fiir die Differenzierung
von T4- und T5-Neuronen wichtig sind. Die Morphologie aller T4- und T5-Subtypen ist in mehreren
Punkten vergleichbar. lhre Dendriten sind entgegen der Vorzugsrichtung der Zelle ausgerichtet und
die Axone enden in einer der vier Schichten der Lobula-Platte. Dabei sind sowohl die Dendriten als
auch die Axonterminale auf nur eine Schicht ihres jeweiligen Neuropils beschrankt. Wir konnten
zeigen, dass die postmitotische Transkriptionsfaktoren SoxN und Sox102F die gemeinsamen Eigen-
schaften aller T4- und T5-Subtypen regulieren. Diese Transkriptionsfaktoren sind entscheidend fiir
die korrekte Morphologie der T4- und T5-Dendriten und daher auch fiir die Funktion der adulten

Neurone.



Chapter 1

Introduction

1.1 Drosophila as a Model for Circuit Neuroscience

Circuit neuroscience aims to link behavioral function to a dissected circuit micro-structure (Yuste,
2008). In order to fulfill this goal, one has to face several critical questions beforehand. How does
the brain control a behavior and further adapt the behavioral response to a changing environment?
How does an animal integrate multiple sensory streams of different modalities? How does this
information affect the animals’ internal state and ultimately translate to an altered motor output?

One possible approach to answer such questions is to choose a simple model organism with a
low number of neurons and minimal variability of anatomy and behavior. Due to a rapid increase
of genetic tools, Drosophila emerged as a widely used model organism for circuit neuroscience
(reviewed by |Olsen and Wilson| (2008)) and Bellen et al.|(2010])). One advantage of Drosophila is
that, despite the relative simplicity of its nervous system, fruit flies exhibit a wide range of different
behaviors. Compared to vertebrate model organisms, like mice or zebra fishes, the morphology
and connections of Drosophila neurons are hard-wired and comparable between individual animals.
In addition, the genetic tools allow targeting of single cell types and manipulation of neuronal or
gene function. Another model organism for circuit neuroscience is the nematode Caenorhabditis
elegans. Its small brain, consisting of only 302 neurons with a fully described connectome (White
et al., 11986), also enables the study of single neurons. However, the behavioral repertoire of C.
elegans is quite limited compared to Drosophila.]

For several decades, neuroscience studies with Drosophila involved mutagenesis and screening
for a behavioral phenotype. In this way, many genes important for behaviors like olfactory learning
(Keene and Waddell, 2007)) or visual course control (Bausenwein et al., 1986 were described. The
development of binary expression systems (Brand and Perrimon, [1993) and the creation of GAL4
line libraries (Pfeiffer et al., 2010; Tirian and Dickson, 2017)) allows precise manipulation of single
cell types in Drosophila. Different effector genes enable imaging of neuronal activity, blocking or
activation of neurons and labeling neurons to describe their morphology (Kazama, 2015)). Thanks

to the small size of the Drosophila brain, connectome data from a large proportion of the brain is
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available, enabling to reconstruct many neuronal connections (Zheng et al., 2018)).

The motion vision pathway of Drosophila is ideally suited to decipher a neuronal circuit. The
inputs are well defined, motion vision elicits different hard-wired behaviors and most neuronal
cell types of the Drosophila optic lobes are described. Visual stimuli can be presented with high
spatio-temporal precision, enabling the derivation of the systems transfer function with high fi-
delity. Despite their poor spatial resolution, flies respond to a wide range of visual stimuli with
a high temporal resolution and are able to perform fast visually-guided flight maneuvers (Muijres
et al., 2014). The motion vision circuits of vertebrates and invertebrates developed by convergent
evolution, allowing comparison of the fundamental modules. Understanding the neuronal basis
of motion detection in different biological systems can help to gain more insights into neuronal

computation.

1.2 How Drosophila Became a Favorite Model Animal

The career of the fruit fly Drosophila melanogaster as one of the most important model organisms
began in the early 1900s. After the entomologist Charles W. Woodworth suggested fruit flies
as a useful lab animal, William E. Castle, a geneticist at Harvard University, started to breed
Drosophila. He published his observations about inbreeding and fertility (Castle et al [1906)), in
which he emphasized the advantages of fruit flies, like their short life cycle or the possibility to
breed at room temperature throughout the whole year. At the same time Frank Lutz, a young
biologist at Cold Spring Harbor was breeding fruit flies and described their advantages of being an
easy lab animal for student projects (Lutz, [1907).

Nettie Stevens, an extraordinarily talented cytologist, brought fruit flies into the lab of Thomas
Hunt Morgan at Bryn Mawr (Fig. 1.1 a). She discovered the chromosomal basis of sex determi-
nation by staining the chromosomes of female and male germ cells of meal worms and different
fly species (Stevens, |1905| |1908)). She found unequal chromosome pairs in male spermatocytes
and concluded that sex is inherited through these heterochromosomes. By breeding Drosophila
melanogaster on different food sources and counting male versus female offspring she further
demonstrated that food has no influence on the sex of fly offspring (Stevens, 1908). N. Stevens
suspected that cross breeding of flies will help to understand the Mendelian inheritance of sex and
supposed that 'in some cases at least, other characters may be so correlated with sex that their
behavior in heredity may throw light on the sex question’ (Stevens, |1908]).

Indeed, her former supervisor Thomas H. Morgan (Fig. 1.1 b) discovered an X chromosomal
gene. He realized the immense potential of fruit flies for genetic studies, though he was critical
about Nettie Stevens sex chromosome theory for several years. In order to find a genetic mutant,
Thomas Morgan observed the phenotype of fruit flies over many generations. His approach was
successful as he discovered a white eyed male fly. Fortunately, the location of the white gene is on

the X chromosome. Backcrossing this white eyed male fly to wild-type females resulted in only red
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eyed first filial generation, but white eyed males in the second filial generation (Morgan and Cattell,
1912)). Therefore, he could determine the origin of the white gene to be the X chromosome and

confirm the Mendelian inheritance of a recessive allele.

Drosophila became a broadly used model organism in short time, because it is simple and
very cost effective to breed fruit flies, their generation time is short and many mutations induce a
clear phenotype. While Thomas Morgan looked for spontaneously occurring mutants, Hermann J.
Muller (Fig. 1.1 c) experimented with X-rays in order to induce mutations in Drosophila ,
11927). This was the first proof that radiation induces mutagenesis. For this discovery, he was
awarded the Nobel Prize in Physiology or Medicine in 1946. Muller's attempts to find a mutational
chemical failed, but were solved by Charlotte Auerbach. First she discovered that sulfur mustard,
the chemical warfare known as mustard gas, induces mutations. She experimented with possible

mutant chemicals until she found that DNA alkylating agents like ethyl methane sulphonate (EMS),

which can be fed to Drosophila larvae, are also mutagenic (Auerbach, [1967)). EMS enabled large

screenings for Drosophila mutants, leading to substantial genetic discoveries like the description
of genes controlling embryogenesis by Christiane Nisslein-Volhard and Eric Wieschau (Nusslein-
\Volhard and Wieschaus, |1980). They received the Nobel Prize in Physiology or Medicine in 1995.

Figure 1.1: Pioneers of Drosophila Research.

a Nettie Stevens in 1909, picture from Bryn Mawr College Special Collections. b Thomas H.
Morgan in 1920, photo taken by A.F. Huettner. ¢ Hermann Muller in his laboratory, picture from
Encyclopaedia Britannica.
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1.3 Drosophila Tools for Circuit Neuroscience

Being a model organism for over 100 years, Drosophila offers many useful genetic tools. In the
following, | will describe methods commonly used to investigate the connectivity and the biophysical
properties of neural circuits. These methods allow for anatomical analyses of specific cell types
and their synaptic connections, circuit manipulations by knockdown as well as gain-of-function
experiments, functional manipulations by targeted activation or silencing of neurons, transcriptomic

analyses of neurotransmitter and receptor genes, and the recording of neuronal activity in vivo.

1.3.1 Genetic Tools
Balancer Chromosomes

The genome of Drosophila is distributed on just four pair of chromosomes: three pair of autosomes
and two sex chromosomes, X and Y. They carry the information for at least 15.000 genes (Adams
et al., 2000; |Hoskins et al., [2015). The fourth chromosome is very short with only 1.4 mega
base pairs and contains only a small number of genes. In contrast to the other chromosomes, it
does not undergo meiotic recombination. Due to the limited size of the fourth chromosome, it is
normally not used for genetic modifications. Therefore, transgenes are mostly inserted into the X
chromosome, chromosome |l or chromosome lII.

In 1935, Hermann Mueller discovered an X chromosome that does not undergo homologous
recombination, because multiple chromosomal inversions prevent meiotic crossover with the sister
chromosome (Sutton, 1943). Such balancer chromosomes are used to maintain altered chromo-
somes carrying a recessive lethal mutation or transgene insertion by avoiding recombination. To
visualize the balancer chromosomes, they usually carry physical markers. Such markers are muta-
tions that induce easily visible phenotypes, e.g. shorter bristles on the thorax in Stubble flies. If
the chromosomal inversion are not homozygous lethal, balancer chromosomes carry recessive lethal
mutations in addition to keep them heterozygous. Balancer chromosomes are labeled the following
way: The first letter describes the chromosome ('F' for X, 'S’ for the second and 'T" for the third),
the second letter is 'm’ for multiple inverted, followed by a number (chronology of the balancer
chromosomes) and the marker. For example, Tm3, Sb is a balancer for the third chromosome with
the marker Stubble, whereas Fm7, Bar is a balancer for the X chromosome combined with the
marker Bar eye. An exception is the CyO balancer for the second chromosome, which is named

after the marker inducing curly wings.

Generation of Transgenic Lines

The discovery of the Drosophila transposon P-element (or P-factor) was a milestone for Drosophila
research. A P plasmid, containing transposase recognition sites and a marker gene, allows mu-
tagenesis through random insertions (Spradling and Rubin| [1982; Rubin and Spradling, |1983).

Expression of the marker gene indicates the successful transposition. Usually, the white gene,
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which induces red eyes, is used as a marker gene in a white” background (Klemenz et al., 1987)).
Instead of destroying the function of a gene, P plasmid insertions can be used to generate trans-
genic fly lines expressing a reporter gene (Thummel et al., [1988). In this case, the possibility of
disrupting gene expression is a disadvantage, especially since there is a tendency of P-elements
to insert near promoters of active genes (Bellen et al., 2004). The second disadvantage is the
variability of the reporter gene expression level, it depends strongly on the genomic location of the
insertion. Such problems were solved by the use of a bacteriophage phiC31 integrase, which induces
a site-specific recombination at attP docking sites (Groth et al., 2004} Bischof et al., 2007)). Flies
in which attP sites are inserted with a P-element can be tested for the side effects and expression
strength at this specific location. The best locations are used for a more effective generation of
transgenic lines with comparable expression levels. Most common used insertion sites to generate
fly lines are attP18 and attP8 in the X chromosome, attP40, su(Hw)attp5 and attP1 in the second
chromosome, attP2 and VK00005 in the third chromosome (Pfeiffer et al., |2010).

Binary Expression Systems

Binary expression systems, like the GAL4-UAS system, allow the cell-type specific expression of a
reporter gene. The yeast transactivator GAL4 controlled by a regulatory element (enhancer) binds
the activating sequence UAS (= upstream activating sequence) to initiate transcription of a gene
downstream of the UAS sequence (Ptashne, |1988). GAL4 expression in Drosophila can activate
gene translation in combination with a UAS sequence (Fischer et al.,|1988). Using enhancer-driven
GAL4 expression together with insertion of a UAS-gene of interest allows cell- or tissue-specific
gene expression (Fig. 1.2 a) (Brand and Perrimon, [1993).

The GAL4-induced transcription can be repressed by the regulatory protein GAL80 (Lee and
Luo, |1999; Suster et al., 2004), a repressor protein binding to GAL4 and inactivating it. This allows
refinement of the GAL4-induced translation to a smaller number of cells (Fig. 1.2 b). Moreover,
a temperature sensitive version of GAL80, GAL80', blocks expression until application of a heat
shock by incubation at 37°C for a relatively short time (McGuire et al., 2003). A more restricted
UAS expression can be achieved by splitting the transactivator GAL4 into an activation domain
and a DNA-binding domain (Luan et al| [2006)). Leucine zippers were attached to each protein
domain to allow the reconstitution of the GAL4 protein. If the activation domain and the DNA-
binding domain are expressed under control of two different enhancers, reporter gene expression is
restricted to the overlapping cells containing both proteins (Fig. 1.2 c). The generation of split-
GALA4 lines refined the GAL4 line expression pattern and made targeting of one cell type possible.
Split-GAL4 lines usually do not reach the same expression strength as conventional GAL4 lines,
but their expression can be enhanced by using the p65 activation domain. The GAL80 does not
bind to the p65 activation domain, but split-GAL4 expression can be refined with the so-called
'Killer Zipper'. This protein inhibits reconstitution of the activation domain and the DNA-binding
domain into GAL4, by binding the leucine zippers (Dolan et al., 2017)).
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Figure 1.2: Binary Expression Systems.

a The transactivator GAL4 binds to the UAS sequence, which starts expression of the reporter
gene. b LexA driven expression of GAL80 inhibits GAL4, UAS driven expression occurs only in
LexA negative cells. ¢ Two different enhancers drive expression of the p65 activation domain
and the GAL4 DNA binding domain. Only in cells where both are present, they can form a
transactivator and bind to the UAS sequence. d The LexA-LexAop binary system works equivalent
to the GAL4-UAs system, with the transactivator LexA binding to the LexAop sequence.

The LexA-LexAop binary expression system works in a complementary way (Fig. 1.2 d), here
the transcription factor is a chimera of the bacterial DNA-binding LexA protein and the transactiva-
tion domain from the yeast GAL4 protein (LexA::GAD) (Sziits and Bienz, 2000). Since the GAL80
protein binds to the GAL4 activation domain, LexAop expression can also be suppressed by expres-
sion of GAL80. Other combinations of LexA with the VP16 acidic activation domain (LexA::VP16)
or the human p65 activation domain (LexA::p65) result in a GAL8O0 insensitive protein (Lai and
Lee, 2006; |Pfeiffer et al., 2010). The LexA protein binds to the LexA operator sequence (LexAop)

to drive expression.

The GAL4-UAS as well as the LexA-LexAop system have been improved by increasing the
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number of UAS or LexAop repeats. Addition of the post-transcriptional regulatory element intron
16 (IVS) enhances RNA transport to the cytoplasm (Pfeiffer et al., 2010). Whereas early GAL4
lines were created with P element insertions, the development of the phiC31 integrase system and
the characterization of useful attP sites enabled the efficient creation of GAL4 and LexA lines
with strong expression. Using the best attP sites, thousands of GAL4 and LexA lines with different
enhancer fragments were generated to drive expression in most neuronal subpopulations (Pfeiffer et
al., 2008; |Jenett et al., 2012; |Tirian and Dickson, [2017). Thereby, specific lines for most neuronal

cell types can be found or combined.

1.3.2 Anatomy of Neuronal Circuits
Labeling Neurons with Fluorescent Proteins

Before specific neurons became genetically accessible, they could be stained randomly. The Golgi
staining, a silver staining method in which sparse cells are filled with silver chromate (C. Golgi,
1873), enabled single cell staining. Using this method, Ramén y Cajal described the anatomy of
fly visual system neurons (Cajal and Sanchez, [1915). The GAL4-UAS System made it possible to
express fluorescent proteins in the neuron of interest. The most prominent example is the green
fluorescence protein (GFP) from Aequoea, a jellyfish species (Chalfie et al., |1994). By adding
several mutations, the brightness of the original GFP variant was optimized to what is named
enhanced GFP or eGFP (Zhang et al| 1996). There are also red, yellow and cyan variants of
GFP (RFP, YFP, CFP) available (Feng et al. 2000). Another red fluorescence protein is DsRed,
a protein responsible for the red color of a Discosoma coral species. There are different variants
of DsRed with colors from orange to dark red, the most commonly used ones are tdTomato and
mCherry (Shaner et al| 2004).

These fluorescent proteins can be membrane bound with a CD4, CD8 or a myristoyl tag, or
localized to the nucleus with a nuclear localization signal (nls), for example Stinger-GFP. For single
cell labeling, the expression of the fluorescent protein is repressed by a stop codon flanked by
flippase recognition target (FRT) sites (Fig. 1.3). To cut out the stop codon in only a few cells,
stochastic activity of a flippase is achieved by weak flippase variants. The flippase variant with the
lowest activity is the Flpl2 version with a glycine instead of aspartic acid at position 5 and a leucine
at position 70. Compared to FlpD5, its activity is tenfold weaker. In addition, adding a PEST tag,
which is a peptide sequence enhancing the protein degradation, shortens the half life of the Flpl2
variant (Nern et al., 2015). This flippase Flpl2::PEST allows to label single neurons, thereby the
number of neurons labeled is dependent on the GAL4 line. The expression of the weak flippase is
controlled by a heat shock promoter or a panneuronal enhancer from the neuronal Synaptobrevin
gene, which results in panneuronal flippase expression without the need of a heat shock.

To optimize the brightness and allow single cells to be labeled in different colors, a GFP which
is tagged with many peptide epitopes (spaghetti monster Green darkend Protein or smGdP) can
be used (Fig. 1.3). Antibody staining of the tags results in high brightness and detection of small
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Figure 1.3: MultiColor FlpOut Method.

The weak flippase Flpl2::PEST is expressed under control of a panneuronal enhancer. It cuts out
the stop codons of the smGdP construct stochastically, therefore different combinations peptide
tags or attached to the sparsely expressed GdP. Antibody staining of the tags results in multicolor
staining of single cells.

neuronal branches (Nern et al., 2015). Removal of FRT flanked stop codons can stochastically
allows expression of different epitope tags, resulting in differently labeled single cells. The method
using a weak flippase and the smGdP construct with different tags is named MultiColor FIpOut.
The MultiColor FlpOut methods allows to label many neurons and still see the morphology of

individual cells.

Labeling Synapses

Neurons communicate through chemical synapses and gap junctions, both kind of synapses can be
detected by electron microscopy. To label chemical synapses with fluorescent proteins and detect
them with light microscopy, there are several possibilities. A special modification of two GFP frag-
ments, GFP reconstitution across synaptic partners (GRASP), allows detection of cell-cell contacts
(Feinberg et al., 2008). One GFP fragment containing ten of its beta-barrel structures (spGFP1-
10) is expressed in one cell type, the second GFP fragment, the eleventh beta-barrel (spGFP11),
is expressed in a connected cell type. Both GFP fragments are located extracellular and carry a
membrane tag. Close cell-cell contacts like synapses induce whole, detectable GFP formation. If
the spGFP1-10 is fused to the neuronal synaptobrevin (nSyb) protein, this nSyb::GRASP will only
label active synapses (Macpherson et al., 2015)).

Another possibility to visualize synapses is overexpression of pre- or postsynaptic proteins tagged
with a fluorescent protein. Brp-Short-mStraw, a fragment of the Bruchpilot protein tagged with
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mStrawberry, localizes in the presynaptic active zones (Mosca and Luo, [2014). The Synaptic
Tagging with Recombination (STaR) method also labels Bruchpilot, but induces a V5 tag to
the endogenous protein in a cell-type specific way, depending on flippase mediated removal of a
stop codon ((Chen et al., 2014b). Postsynaptic areas can be labeled by overexpression of tagged
receptors. For example, the GFP tagged nicotinic acetylcholine receptor subunit Da7-GFP can be

used to label cholinergic synapses (Mosca and Luo, [2014).

Labeling of Neuronal Activity in Fixed Tissue

Staining of active neurons can help to identify cells involved in a neuronal circuit. In the 1980s,
a radioactive staining using tritiated [3H]2-deoxy-D-glucose allowed detection of activity in the fly
brain (Buchner and Buchner, 1980). The active neurons have a higher uptake of [3H]2-deoxy-
D-glucose, which can be detected by autoradiography of the fixed tissue detecting accumulated
radioactive deoxyglucose. While this staining method reveals areas in the neuropils with high
activity, it does not label single cell types.

More recent methods use activity dependent expression of fluorescent proteins. The calcium-
dependent nuclear import of LexA (CaLexA) method uses a transcription factor that is located in
the nucleus only in active neurons (nuclear factor of activated T cells or NFAT) linked to a LexA.
The expression of the LexA-VP16-NFAT is dependent on GAL4. Inside the nucleus, the LexA
can start transcription of a GFP gene under control of LexAop (Masuyama et al., 2012). The
calcium-modulated photoactivatable ratiometric integrator (CaMPARI) method uses a fluorescent
protein that, provided coincident illumination with violet light and high intracellular calcium levels,
changes its emission from green to red (Fosque et al., [ 2015)). Therefore, neurons with high activity
can be distinguished from neurons with a lower activity.

These methods can shed light onto an unknown circuit and proof which neurons are involved
in stimulus perception. The disadvantages are that they only stain highly active neurons and the
cells have to be stimulated over a long period. In addition, they require antibody staining or

autoradiography of the fixed tissue.

Connectomics

The little nematode worm Caenorhabditis elegans was the first (and so far the only) animal with
a complete reconstructed connectome (White et al [1986). The connectome of Caenorhabditis
elegans was reconstructed from serial ultrathin sections using transmission electron microscopy,
for which the thin slices had to be cut manually. While this small nematode with its 302 neurons
is an exceptionally simple model organism, the size of the Drosophila brain, containing about
100.000 neurons, poses a bigger challenge. Nevertheless, the technical improvements in electron
microscopy techniques enable faster sampling and 3D reconstruction of neurons. Serial block-face
scanning electron microscopy allows to obtain data from larger volumes (Denk and Horstmann|,

2004). Thereby, an ultramicrotome inside a vacuum chamber removes around 30 nm of the tissue
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surface, which is scanned subsequently. The process is automated to achieve fast scanning of large
volumes. Another improvement was achieved by using a focused ion beam combined with scanning
electron microscopy: a gallium ion beam removes a layer of the tissue surface resulting in serial
images (Knott et al., 2008} |[Bushby et al., 2011). The serial section transmission techniques enable
scanning of the whole Drosophila brain. However, the biggest challenge became processing the
huge amount of data and optimizing computer reconstructions (Boergens et al., 2017).

The connectome of the smaller brain of the Drosophila larva is within reach with its mushroom
body and eye networks being fully reconstructed (Schneider-Mizell et al., 2016; |Larderet et al.,
2017)). Part of the adult brain like connections in the mushroom body « lobe are already recon-
structed (Takemura et al 2017). A big effort was put into solving the connectomics of the motion
vision pathway neurons in the medulla and the lobula (Takemura et al. 2013, |2017; |Shinomiya et
al., |2019)) and their output neurons in the lobula plate (Boergens et al., [2018)). In a recent project,
the whole adult brain of Drosophila was scanned, and so far parts of the olfactory circuit were
reconstructed (Zheng et al.| 2018).

1.3.3 Manipulating Neuronal Function
Blocking Neurons

Blocking neuronal activity is important to learn more about the role of a neuron within its circuit.
An effective way to block neuronal function is expression of pro-apoptosis genes like hid or reaper.
These genes induce programmed cell death in the cell type of interest (Zhou et al.,|{1997)). However,
by killing a neuronal cell type, the architecture of the circuit could change due to the absence of
this cell type during development of the circuit. Expression of proteins that block neuronal activity
instead of ablating the cell can be used to reduce side effects on the connected or surrounding
neurons.

Expression of the tetanus toxin light chain (TeTxLC) disturbs neuronal function (Fig. 1.4 a).
TeTxLC cleaves the v-SNARE protein synaptobrevin (Ahnert-Hilger et al., 1989), which binds to
the t-SNARE protein syntaxin. This process is essential for membrane fusion during exocytosis of
neurotransmitters (Broadie et al., [1995; Sweeney et al., 1995). In this way, TeTxLC expression
blocks the output of the neuron (Baines et al., [1999). The signaling within the cell remains normal
and TeTxLC expression does not affect electrical coupling.

Another method to block neurons is expression of a potassium channel, which can open at rest-
ing membrane potential and prevents depolarization of the neuron. The most prominent example
is the the inwardly rectifying potassium channel Kir2.1 (Fig. 1.4 b). This channel hyperpolarizes
the cell and therefore blocks its normal function (Paradis et al., |2001). A GFP tag enables to
detect the Kir2.1 expression. In contrast to TeTxLC expression, Kir2.1 effects are not restricted to
chemical synapses because the hyperpolarization can spread to electrically coupled cells.

A less disruptive blocking method is overexpression of the shibire temperature-sensitivel (UAS-

shibire®), a mutant version of shibire (Fig. 1.4 c). The shibire® mutation was found in a screening
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Figure 1.4: Blocking Neuronal Function.

a The tetanus toxin light chain cleaves synaptobrevin, which prevents exocytosis. b Overexpression
of the inwardly rectifying potassium channel Kir2.1 induces a hyperpolarization of the neuron. c A
temperature sensitive method to block neurons is overexpression of the dominant negative shibire®s.
At high temperatures, the dysfunctional shibire inhibits endocytosis.

for temperature dependent paralysis (Grigliatti et al., [1973)). At temperatures above 30°C, the
mutant flies quickly became paralyzed but walked in a normal way at lower temperatures. The
protein encoded by the shibire gene turned out to be the Drosophila dynamin, a protein important
for vesicle recycling (Chen et al) 1991). Dynamin induces the membrane pinch-off during the
membrane fission process of endocytosis by GTPase activity (Poodry and Edgar, [1979; Kosaka and
lkeda|, 1983)). The shibire’* mutation is semidominant, heterozygous flies exhibit the temperature
sensitive phenotype. The dominant effect of the mutation is likely due to the function of dynamin
in a multimeric complex. If some proteins are dysfunctional in their GTPase activity, this affects
the whole complex and inhibits the membrane pinch-off (Antonny et al., [2016). Overexpression
of shibire™ blocks endocytosis at temperatures above 27°C (Kitamoto, [2001). Since the protein
functions normally at lower temperatures, shibire's overexpression provides an internal control.
Reducing the temperature again after a period of high temperature results in normal neuronal
function after several minutes of recovery. Therefore, expression of shibire® is the least destructive
way of blocking neuronal activity. Similar to expression of TeTxLC, shibire'™ overexpression only

blocks chemical synapses.

Optogenetic Effectors

In the last decade, optogenetic activation or inactivation of neurons became more and more utilized
in science. Optogenetics uses genetically encoded light-sensitive ion channels and ion pumps. The
use of light introduces a new level of spatial and temporal control to manipulate neuronal activity.
The first light activation of neurons was achieved by expression of arrestin-2, rhodopsin and a Ga

subunit (Zemelman et al., 2002). The first manipulating of neuronal activity and fly behavior with
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light was achieved by activation of an ATP-gated cation channel. Thereby, caged ATP was injected
into flies expressing the ionotropic purinoceptor P2X5 in all neurons. Light induced uncaging of
ATP activated the receptor and subsequently the neurons (Lima and Miesenbock, 2005). Since
these experiments, the use of optogenetic methods rapidly increased. Channelrhodopsin, an ion
channel from the green algae Chlamydomonas reinhardtii, opens after activation with 470 nm
light (Nagel et al. 2003). Expression of channelrhodopsin in larval motor neurons resulted in fast
depolarization after illumination of the larvae (Schroll et al., 2006). There are several versions
of channelrhodopsin available, some are activated by different light wavelengths. For example,
Chrimson and Chronos are versions of Channelrhodopsin with the light sensitivity shifted towards
red or violet light, respectively (Klapoetke et al., 2014). This allows independent activation of two
different neuronal populations. Compared to activating neurons by expression of the thermosensitive
cation channel dTrpAl, which opens at 30 dg Celsius (Rosenzweig et al., 2005), optogenetic
activation occurs without a temperature shift and at a fast timescale (Pulver et al., 2009).
Optogenetic effectors are also used to block neurons by opening a light sensitive chloride pump.
Such a chloride pump from halobacteria, Halorhodopsin, is activated by 593 nm light (Zhang et
al., [2007)). Another light-gated anion channel discovered in an algae species, GtACR, is more light-
sensitive than Halorhodopsin (Govorunova et al. 2015). Expression of GtACR1 enables reversible
and effective silencing of neurons (Mauss et al., 2017). Inactivating neurons with chloride pumps
while recording behavior or imaging calcium levels of downstream neurons will further increase our
understanding of neuronal circuits. The advantage of optogenetic activation or blocking of neurons
is the fast timing with changes of the membrane potential in milliseconds. Before light activation,

the neurons are not affected and animals can display a normal behavior.

1.3.4 Recording Neuronal Activity
Electrophysiology

Neurons transfer information by releasing neurotransmitters to their downstream partners. This
neurotransmitter release is preceded by changes in membrane potential. To access neuronal func-
tion, the electrical activity can be measured directly with electrophysiological methods. They allow
detection of membrane potential changes with a very high temporal resolution. The first electro-
physiological recordings of fly neurons were performed in blowflies and houseflies. Extracellular
recordings with sharp electrodes identified motion sensitive areas in the Calliphora and Musca eyes
(Bishop et al., |1968; |McCann and Dill, |1969). Due to their small size, intracellular or extracellu-
lar recordings with sharp electrodes are technically challenging for most Drosophila neurons. Such
recordings were restricted to cells with larger somata like motor leg neurons and muscles (lkeda and
Kaplan| |1970; |Levine and Tracey, 1973) or the Drosophila giant fibers, which are large descending
neurons (Tanouye and Wyman| [1980; Thomas and Wyman, (1984)).

The development of the whole-cell patch-clamp technique (Sakmann and Neher| 1984) enabled

recordings of smaller Drosophila neurons. This method uses micropipettes with relatively large
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openings, which are moved on the membrane to establish a high resistance seal. Gentle suction
or current pulses rupture the membrane, which allows electrical access to the neuron. Whole-cell
patch-clamp recordings of Drosophila neurons were first performed in developing neurons of the
embryo (Baines and Bate, [1998). Different types of adult neurons were recorded in the last decade
like neurons in the antennal lobe (Wilson et al., 2004), mushroom body Kenyon cells (Turner et
al., [2008; |Groschner et al., 2018) and large tangential neurons of the lobula plate (Joesch et al.,
2008)). Despite the progress with whole cell patch clamp recordings, many Drosophila neurons are
very challenging to record from due to their small size. Therefore, investigation of their membrane

potential remains difficult.

Calcium Imaging

Before the development of genetically encoded calcium indicator proteins, calcium sensitive dyes
like Fura-2 (Grynkiewicz et al., [1985) were applied to cell cultures (Barreto-Chang and Dolmetsch),
2009)). Such chemical sensors are often based on mild chelators combined with fluorescent domains,
whose excitation characteristics change rapidly with the amount of bound calcium. Genetically
encoded calcium indicators, on the other hand, fostered in vivo calcium imaging in restricted
neuronal populations as their expression can be driven by cell-type specific promoters (Reiff et
al., [2005). Such indicators are either based on energy transfer between two fluorophores (Forster
Resonance Energy Transfer or FRET), like the troponin C variants (Heim and Griesbeck, 2004;
Mank et al | 2006), or indicators based on a single fluorescent proteins like GCaMP. GCaMP proteins
consist of a GFP, calmodulin and M13, which is a peptide from the myosin light chain binding
to calmodulin (Miyawaki et al., [1997; |Nakai et al. [2001)). There are several different variants of
GCaMP available, with improvements in terms of their brightness level and kinetics. Currently, the
variants of the CGaMP6 generation are widely used (Helassa et al., 2016a,b).

The advent of two-photon laser scanning microscopy (Denk et al., [1990) revolutionized the
possibilities of neuronal activity imaging. Two photon imaging of GCaMP activity signals (Yuste
and Denk, 1995; Wang et al., 2003) allows to measure neurons that are inaccessible for electro-
physiological methods due to their size or location. The two-photon microscope uses infrared light
pulses with a very small pulse duration of about 100 fs and a high laser pulse repetition rate of
about 100 MHz (Helmchen and Denk, 2005). Two photons of a long wavelength and therefore low
energy can excite a fluorophore if both are absorbed simultaneously. Compared to confocal laser
microscopy with pinhole apertures, the resolution is lower, but the infrared light can penetrate the
tissue deeper. Other advantages of two photon microscopy are the lower bleaching of the fluo-
rophore and the reduced background signal. Therefore, two photon microscopy enables imaging of
calcium activity with a high spatial and temporal resolution.

Using two photon microscopy and cell type specific GCaMP expression enables activity recording
of every Drosophila neuron. The calcium imaging can be combined with recording behavior like
walking (Seelig et al., 2010; |Chiappe et al., [2010). A disadvantage of GCaMP calcium imaging is
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the low temporal resolution compared to electrophysiological methods, since the neuronal cytosolic
calcium transients are slower than the voltage changes. In addition, the calcium sensor acts as a
calcium buffer, changing the calcium dynamics in the cell (Borst and Abarbanel, [2007)).

Voltage Sensors

A more direct way to image neuronal activity is the use of genetically encoded voltage sensors,
which detect the changes in membrane potential. In the last years, several new voltage indicators
were developed, but the signal-to-noise ratio is still low. In contrast to calcium indicators, voltage
sensors must be transmembrane proteins. Most of the genetically encoded voltage sensors consist
of a voltage sensing domain from a phosphatase linked to a fluorescent protein. Two promising
voltage sensors developed in the last years and tested in vivo are ArcLight and ASAP. The ArcLight
sensor consists of a voltage sensing domain from a tunicate phosphatase fused to super ecliptic
pHluorin GFP (Jin et al., |2012). ArcLight was successfully tested in Drosophila clock neurons and
neurons of the olfactory system (Cao et al., 2013)). The ASAP1 (short for accelerated sensor of
action potentials 1) protein consists of a chicken voltage sensing domain linked to an extracellular
GFP variant, which is a circularly permuted superfolder GFP (St-Pierre et al., 2014). Two variants
of ASAP1 with slightly higher sensitivity, ASAP2f and ASAP2s were expressed and imaged in lamina
neurons of the Drosophila optic lobe (Yang et al., 2016; |Chamberland et al., 2017). With improving
signal to noise ratios and already fast kinetics, voltage sensors might become an important tool in

the next years.

1.3.5 Transcriptomics

The transcriptome of neurons, which means the sum of their RNA transcripts, emerges as an im-
portant field with new technologies enabling better high-throughput sequencing. To study RNA
differentially expressed between cell types is important in many different research fields. In neu-
roscience, the genes related to neuronal function, like synapse proteins, are of particular interest.
The increasing transcriptomic data from Drosophila neurons will help to unravel biophysical details
of functional properties by revealing the repertoire of ion channels, neurotransmitters and receptors
of specific neuronal cell types. Furthermore, it will help to understand how closely related neurons
establish their specific properties by differential expression of transcription factor combinations and
their effectors. Comparing the transcriptome of developing neurons to adult neurons can demon-
strate the upregulation of genes important during development, thereby elucidating what controls
neuronal differentiation.

Two different approaches are used to achieve cell-type specific transcriptomics: single cell RNA
sequencing (scRNA-seq) and bulk RNA sequencing from a purified cell type. Single cell sequencing
allows comparison of many cell types. The technologies for single cell RNA-seq are becoming
more efficient with deeper sequencing depths. Recent studies achieving single cell data from the
whole Drosophila brain, the midbrain or the optic lobes (Davie et al., 2018; |Croset et al., 2018;
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Konstantinides et al| [2018) used high throughput methods like the nanoliter droplets (Drop-Seq
or inDrop) method (Macosko et al., 2015; Klein et al. 2015). While single cell sequencing does
not give a full representation of the transcriptome of a cell, it can identify enough genes specifically
expressed to compare related cell types. For example, single cell sequencing could reveal differences
between olfactory projection neuron subtypes (Li et al., [2017b).

However, RNA sequencing of a purified cell type using a high number of cells from many animals
results in a more complete transcriptome. To purify nuclei of one cell type, these cells have to be
specifically labeled. With the growing number of split-GAL4 lines, more and more cell types can be
purely labeled. The GFP expressing nuclei are either isolated by FACS sorting (Harzer et al., 2013))
or with the help of streptavidin-coated magnetic beads binding to an anti-GFP antibody (INTACT
or isolation of nuclei tagged in specific cell types method) (Deal and Henikoff, 2011). Adding a
second purification step with magnetic beads enhances the specificity of the sample (TAPIN or

Tandem affinity purification of intact nuclei) (Davis et al., |2018]).

1.3.6 Manipulating Gene Function

Loss-of-Function Mutants

O pEam

X marker

/ Homozygous mutant,

uniquely labeled

Homozygous wild type

Heterozygous cell
undergoing
mitotic recombination

Figure 1.5: Mosaic Analysis with a Repressible Cell Marker (MARCM).
Flippase-FRT mediated mitotic recombination induces homozygous mutant clones with expression
of a marker gene in a heterozygous mutant background. Image modified from Lee and Luo| (2001)).

Since Thomas Morgan's description of the white mutant (Morgan and Cattell, (1912)) and Her-
mann Muller's directed mutagenesis (Muller, 1927)), Drosophila mutants were used to understand
the function of the disrupted gene of interest. Many mutations are homozygously lethal and the
phenotype can, for example, just be examined in the embryo. A possibility to overcome this problem

are single, homozygous mutant cells. The advantage of mutant clones is that the surrounding cells
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are unaffected, thus the mutant cells can be directly compared to wild type cells. Furthermore,
affecting either a high number of cells or sparse cells can change the effect of a mutation. Such
mutant clones are generated by mosaic analysis with a repressible cell marker (MARCM, see Fig.
1.5) (Lee and Luo, 2001). MARCM works in a background heterozygous for the mutation and with
a cell-type specific marker suppressed by ubiquitously expression of GAL80. Heat shock induced
translation of a flippase induces recombination during mitosis, resulting in sparse cells homozygous
for the mutation and cells homozygous for the GAL8O0 insertion. Therefore, the mutant clones can

express the marker gene to label their morphology.

Loss of Function - MiMIC Insertions

The Minos-Mediated Integration Casette (MiMIC) lines are a collection of fly lines with MiMIC
insertions in most Drosophila genes. The MiMIC insertions are useful for gene disruption as well
as protein tagging (Venken et al., [2011; |Nagarkar-Jaiswal et al.| 2015]). Compared to P-elements,
which are unlikely to insert into introns (Aleksic et al., 2009), Minos elements are less biased in
their insertion sites. The MiMIC insertions can disrupt gene function, making such MiMIC lines
useful as mutant lines. About half of the intragenic MiMIC lines are inserted in coding regions.
The casette contains a stop codon in three reading frames (Fig. 1.6 a), if it is inserted in the same
orientation as the gene, it can be used as a gene trap. Since the casette is flanked by two phiC31
integrase attP sites, the sequence can be exchanged with any other casette. By recombinase-
mediated cassette exchange with an artificial exon containing a eGFP sequence and a splice donor,
the endogenous protein can be tagged with eGFP (Fig. 1.6 b) (Nagarkar-Jaiswal et al., 2015).
Such an insertion allows, for example, knockdown of the gene by expression of GFP-RNA..

The MiMIC insertions can also be exchanged with a sequence disturbing the gene function. For
instance, the FlpStop method uses MiMIC lines with insertions in the coding intron for cell-type
specific gene disruption (Fisher et al.,2017). In the non-disrupting orientation, the FlpStop casette
is removed by RNA splicing. If a flippase is expressed, the orientation becomes inverted and a stop
signal blocks transcription. The flip event also enables expression of the marker tdTomato. Crossed

to a mutant line, the FIpStop method can label homozygous mutant cells.

Loss of Function - RNA Interference

The discovery of the RNA interference (RNAi) mechanism opened completely new possibilities
to study gene function. RNA interference is a cellular response to exogenous, double-stranded
RNA (dsRNA) or endogenous microRNA (Fig. 1.7). RNA interference is evolutionary conserved
throughout eukaryotic species. It was first described in the nematode C. elegans (Fire et al., 1998).
Exogenous dsRNA is cut by the RNAse Dicer-2 together with the dsRNA binding protein R2D2
into small interfering RNA fragments (siRNA) (Liu et al., [2006b)). These siRNA fragments build a
complex with Argonaute-2, an endonuclease, and heat shock chaperones (Hammond et al., 2001}
Nakanishi, 2016). They form the RNA-induced silencer complex (RISC), in which one strand of the
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Minos Mediated Integration Casette

a
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Figure 1.6: Minos-Mediated Integration Casettes.

a MiIMIC transposons carry a splice acceptor site (SA), stop codons in three reading frames, a
GFP sequence, a polyadenylation signal and a yellow+ marker. Dependent on the insertion site,
a MiMIC transposon can disrupt gene expression. In addition, the attP sites allow to replace the
sequence within the casette. b MiMIC insertions in introns can be used to tag the endogenous
protein, by exchanging the MiMIC with a casette containing a splice acceptor site, a modified eGFP
sequence and a splice donor. The GFP is flanked with a linker to enable binding to the protein of
interest.

siRNA can target complementary mRNA (Pham et al., [2004). The target mRNA is subsequently
cleaved and degraded. This process can be used to knock down a gene of interest.

The first attempt to use RNA interference for gene knockdown was injection of dsRNA into
Drosophila embryos (Misquitta and Paterson, [1999). Comparison with mutant phenotypes revealed
the effective downregulation mediated by the dsRNA. Overexpression of dsRNA is an easy tool
for cell type specific gene silencing. Several RNAi-line libraries with UAS-dsRNA constructs are
available for Drosophila. They cover thousands of target genes, very extensive libraries are the
Harvard TRiP lines, the GD, KK and shRNA lines from the Vienna Drosophila Resource Center
library and NIG lines from Kyoto (Dietzl et al., 2007} |Cook et al., [2010; |Hu et al., [2013} 2017).

The most efficient RNA interference constructs are short hairpin RNA (shRNA), which is dsRNA
that forms a hairpin turn. Expression of shRNA can achieve a strong knockdown of gene expression,
even without the co-expression of transgenic Dicer-2 (Bartoletti et al., 2017)). Such shRNA lines are
used by the second generation valium vector TRIP lines from the Harvard Medical and the shRNA
stocks from the VDRC stock collection. A disadvantage of dsRNA expression are the possible
Off-targets. The RISC complex sometimes binds to partly homologous sequences in the 3'UTR
region of other mRNAs, which is a major source of off-target effects (Ma et al., [2006)).

The endogenous, small non-coding microRNAs are an efficient cell intrinsic way to regulate
translation. The first microRNA was described in C. elegans (Lee et al., 1993). MicroRNAs
are highly conserved, they have a far more extensive role than was anticipated in the first years

after their discovery. MicroRNA undergoes preprocessing in the nucleus (Fig. 1.7). There, the pri-
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Figure 1.7: RNA Interference Pathways

MiRNA is expressed by the cell itself to control gene expression. The pri-miRNA is modified in the
cell nucleus before it is transported into the cytoplasm. Here, miRNA and exogenous dsRNA are
processed similarly. Yet, the RISC complexes are built up of slightly different proteins. The miRNA
RISC complex contains Ago-1 and Dcr-1, binding to mRNA blocks the translation. In comparison,
the dsRNA is processed by a RISC complex containing Dcr-2 and Ago-2. Binding of mRNA by the
dsRNA-RISC complex results in mRNA degradation.

miRNA is modified by the dsRNA binding protein Pasha and the RNase Drosha into the pre-miRNA
with short hairpin structures (Yeom et al., [2006; Lee et al., 2003). Subsequently, the pre-miRNA is
transported to the cytoplasm, where the RNase Dicer-1 recognizes its loop structures (Tsutsumi et
al, 2011)). It processes the pre-miRNA into smaller fragments, similar to the dsRNA treatment by
Dicer-2 (Lee et al., 2004; [Jiang et al., 2005). These small RNA fragments are also included into a
RISC complex, where they bind to Argonaute-1 (Miyoshi et al., [2005). In comparison to the guide
strand of siRNA, the miRNA strand binds only partially to its complementary strand, mediated by
Argonaute-1 (Forstemann et al, 2007). The miRNAs target the 3'UTR region of mRNA with an
imperfectly complementary site (Lai, 2002). This partial mismatch does not allow Ago-catalyzed
cleavage of the mRNA, instead the translation is blocked.

In the recent years, the number of described miRNAs increased rapidly. Developmental and
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behavioral consequences of miRNA mutants or miRNA overexpression, as well as their specific gene
regulation became an important topic (Kim et al., 2014; |Chen et al., 2014a} |Busto et al., 2015;
Picao-Osorio et al., [2017). There are two possibilities to explore the functional role of miRNAs:
to study the phenotype of mutant flies or downregulation of miRNAs with sponge RNA expression
(Ebert et al., 2007)), which are RNAs with a complementary binding site. Another possibility to
regulate microRNA levels are antisense oligonucleotide inhibitors (Meister et al., [2004). MiRNAs
could, for example, regulate the development of a neuronal circuit by controlling the levels of

transcription factors in related cell types.

Gain of Function

Silencing of genes does not always induce a phenotype for various reasons: the knockdown might
be incomplete and the still existing low protein level might be enough to ensure normal. Moreover,
protein function can be redundant to other proteins and, in this case, silencing just one has no
or only minor effects. Instead of a knockdown, gain-of-function experiments like overexpression
can provide information about gene function. In addition, the expression levels of many genes are
tightly controlled and even slight changes in either direction can result in a strong phenotype. Gain-
of-function experiments can also mean misexpression by expression in other cell types or changing
the time-point of expression. The first gain-of-function experiments used a heat shock promoter to
drive expression of a gene, with the advantage of a controlled onset by temperature change (Struhl,
1985; |Schneuwly et al., 1987; |Ish-Horowicz and Pinchin, |1987). Nevertheless, the expression was
not cell-type specific but ubiquitous. Using promoters from characterized genes resulted in a more

specific expression (Parkhurst and Ish-Horowicz, |1991)).

With the establishment of the UAS-GAL4 system in Drosophila, the possibilities of gain-of-
function experiments were enhanced tremendously. UAS driven overexpression of a gene was
used quickly after the establishment of the GAL4-UAS system (Staehling-Hampton and Hoffmann|
1994; [Kraus and Lis| [1994; |Luo et al., [1994)). Compared to transcription controlled by a heat shock

promoter, this allowed cell-type specific overexpression and ectopic misexpression.

Instead of the wild type protein, overexpression of mutant versions is often used. Dominant
negative mutant proteins block the normal function of the endogenous wild type protein (Her-
skowitz, |1987)). By the use of the GAL4-UAS system, screenings with panneuronal overexpression
of wild type or mutant gene variants became possible, searching for the neuronal function of a
gene (Luo et al} 1994). Besides dysfunctional mutant genes, also constitutive active version can
be used for gain-of-function experiments (Brand and Perrimon, |1994). The GAL4-UAS system
also allows screening for misexpression effects by random insertions of P vector carrying UAS sites.
The genes near such an insertion will be expressed driven by a GAL4 line (Rgrth, |1998).



20 1. Introduction

Gene Editing using CRISPR

A cell specific targeting of genes is possible with the more recent clustered regulatory interspaced
short palidromic repeat (CRISPR) method (lIshino et al., [1987; |Jansen et al., 2002; (Garneau et
al, 2010). It is adapted from a bacterial defense system against bacteriophages. The simplest
version of CRISPR mediated genome editing, the type |l CRISPR-Cas9 system, uses three main
components: a CRISPR RNA (crRNA), a trans-encoded crRNA (tracrRNA) and the nuclease Cas9
(Jinek et al., 2012; [Mali et al., [2013]). The pre-crRNA targets a complementary DNA sequence
(Brouns et al., [2008; |Gasiunas et al., 2012), while the small tracrRNA binds to the pre-crRNA
forming an RNA double helix (Deltcheva et al., [2011). Together they recruit the Cas9 protein to
the target sequence, where the Cas9 induces DNA double strand breaks. To simplify the application
of the CRISPR method, a chimera of both the crRNA and the tracrRNA was created (Jinek et al.,
2012)). This single guide RNA (or sgRNA) can not only mark the target sequence, but also form
a complex with Cas9. This system allows to modify any gene of interest.

Mutagenesis can now be achieved by crossing flies with an ubiquitous expression of sgRNA
under control of the Pol-Ill promoter U6:3 or U6:2 (Huang et al [2017) to a line with germline
specific expression of Cas9 (for example, under control of a nanos promoter) (Ren et al., 2013;
Bassett et al., 2013; Sebo et al., [2014; |Port et al., [2014). The Cas9 induces double strand breaks
into the coding sequence of the gene. In this process, DNA modifications are achieved with a
higher efficiency by expression of two sgRNAs. GAL4 driven Cas9 expression results in a cell-type
specific knockout (Xue et al., [2014).

This approach is already advanced enough to generate a large scale collection of sgRNA lines
as well as optimized tissue specific Cas9 lines (Ren et al., [2013; |Chavez et al., 2015).The Harvard
Medical School and the German Cancer Research Center established a library for CRISPR medi-
ated knockout, the TRIP-KO lines. They provide U6:3-sgRNA fly lines that express the sgRNA
ubiquitously. Since the CRISPR method has almost endless possibilities, it will enable more precise
regulation of gene expression by, for example, CRISPR knockout of regulating non-coding RNA
(Ghosh et al., [2016)).

One advantage of CRISPR methods is, that they can not only be used to induce mutations
but also for gene overexpression. This can be done by preventing the nuclease activity of Cas9:
an inactive version of the protein, the nuclease-null Cas9 or deadCas9/dCas9 (Mali et al., [2013),
binds to the target gene without inducing double strand breaks. This inactive nuclease is fused to a
transcriptional activator domain like the chimeric VPR activator domain containing a VP64, a p65
and an Rta domain (Gilbert et al,, |2013; |Chavez et al 2015)). The dCas9-VPR is functioning in
vivo in Drosophila and can induce overexpression phenotypes (Lin et al.). As for CRISPR mediated
knockout, the Harvard Medical School is establishing a fly line library for CRISPR based activation
(CRISPRa) (Ewen-Campen et al., 2017; [Jia et al, 2018).

Since dCas9-VPR is very effective but requires two sgRNAs, the Harvard Medical School estab-
lished the flySAM approach (Konermann et al., |2015; |Jia et al., [2018), which uses the dCas9-VP64
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Figure 1.8: Transcriptional Activation with CRISPRa flySAM2.0.

The sgRNA is expressed ubiquitously and targets the gene of interest. Expression of dCas9 and
the synergistic activation mediator SAM (MCP, p65 and HSF1) is controlled by GAL4. The SAM
mediator binds to the MS2 aptamers of the sgRNA. Together with the dCas9-VP64 it drives
expression of the gene of interest. The overexpression is cell-type specific and results in strong
activation. SAM complex picture modified from |[Konermann et al.| (2015).

in combination with a low expression of a modified synergistic activation mediator (SAM). The
SAM mediator consists of MCP-p65-HSF1 (Fig. 1.8), which is a transactivation chimera together
with the MS2 bacteriophage coat protein (MCP). The MCP is recruited to MS2 hairpin structures
added to the sgRNA. The SAM genes are combined into a single vector with the sgRNA, reducing
the transgenes necessary. Both dCas9-VP64, as well as the (at high levels toxic) SAM proteins,
are expressed under control of a 10xUAS. The dCas9-VP64 together with the SAM complex can
activate strong gene expression without the requirement of a second sgRNA. The flySAM collection
lines contain the UAS-dCa9, the SAM genes and the U6:2-sgRNA-MS2 constructs, therefore the
fly can be directly crossed to a GAL4 line.

The advantage of CRISPR activation compared to UAS overexpression is the possibility to
overexpress genes with multiple isoforms or large genes, which are difficult to clone. While GAL4-
UAS based expression can result in extremely high protein levels, dCas9 mediated gene activation

results in more physiological levels (Chavez et al., [2015).
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1.4 Visual Behavior of Drosophila

At first glance, fruit flies may appear to be very simple animals, but they exhibit a broad repertoire
of visually driven behavior. Their motion vision enables fruit flies to keep their path, avoid predators
or track an attractive object. The first experiments testing visual responses of fruit flies examined
which wave lengths they detect and described simple light driven behavior. The most obvious
visual behavior of flies is phototaxis, which means a tendency to walk towards light (McEwen,
1918). Thereby, fruit flies react to a spectrum from UV light to green light, with a preference
for shorter wavelengths (Lutz and Richtmyer, |1922; |Bertholf, [1932)). Flies became a broadly used
model organism for visual behavior in short time due to several reasons. Visual behavior of flies
is mostly hard-wired and reflexive, with a low variability between individuals. When flying, flies
react to motion in all directions and over a wide range of velocities. Visual stimulation can elicit
extremely fast turning maneuvers of flying flies (Fry et al., 2003; Muijres et al [2014). Since the
first description of fly phototaxis, a range of visual behaviors was tested, like the response to whole
field motion or avoidance behavior. Many visual responses are comparable between different insect
species or can even be compared to vertebrate behavior. The behavioral assays are important to
test the output of a neuronal circuit. The genetic manipulations possible in Drosophila enable to
investigate the role of single cell types for different behavioral tasks.

Fly behavior is mainly examined under artificial conditions to control the visual stimulation.
Walking or flight behavior of flies can be examined in freely moving animals or by fixing the fly at a
certain position. This allows to define the visual stimulus detected by the fly. The visual stimulation
used for behavioral assays are often highly simplified compared to a natural environment. Therefore,

typical visual stimulation uses patterns like a sinusoidal grating, moving bars or squares.

1.4.1 The Optomotor Response

When presented whole field motion, many animals try to compensate this by moving in the same
direction as the stimulus. This turning tendency along with wide-field movement of the environment
is described as the 'optomotor response’. This behavior likely helps animals to keep course control
and is a part of the stability reflex system. The optomotor behavior serves to maintain a straight
course by compensating for involuntary body movements caused, for example, by wind during flight.
In 1927, 'optomotoric reactions’ of different insect species, a crab and a lizard were described. The
animals were fixed and the angle of compensatory eyestalk movement or, in case of the lizard,
head rotation were detected while rotating a striped cylinder around them. Moreover, this study
described the walking pattern of ladybeetles and bees inside a rotating cylinder; as a response to
the rotating cylinder they were walking in small circles (Schlieper, |1927)). A similar behavior was
observed with ladybeetles walking on a rotating board (Radl, |1903). Compensatory movements
along with the environment are performed by most animals, like fishes (Lyon, |1904)), lobsters
(Hadley, [1906), frogs (King et al., 1993) or pigeons (Fite, 1968). A first attempt to measure the
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Figure 1.9: Different Setups to measure Optomotor Behavior.

a A Chlorophanus beetle holds onto the 'Spangenglobus’, a metal Y-maze, which forces the beetle
into left-right choices. The beetle is placed in the middle of three cylinders looking through slits
in the inner cylinder. Movement of the middle cylinder induces motion reactions of the beetle.
Image modified from Hassenstein| (1961)) b Flies walking in a small glass ball respond to rotation of
the surrounding cylinder. Image modified from Kalmus| (1943). c Flight simulator measuring the
flight turns with a wing-beat analyzer, built up of light sources above the fly and photoelectrodes
detecting the wing shadows through crescent shaped masks. Image modified from |Gotz| (1987).

optomotor response quantitatively was carried out with a beetle glued to forceps located in the
middle of a rotating cylinder (Fig. 1.9 a). The beetle then held on to a little metal Y-maze named
'Spangenglobus’, which forces the beetle into left-right choices (Hassenstein| |1951} [1957)). This

enabled a quantification of the walking direction chosen by the beetle.

The optomotor response of Drosophila was first described in 1943 as a turning reaction of flies
walking in a small glass ball (Fig. 1.9 b). Rotating a striped cylinder around the flies induced a
compensatory rotational walk (Kalmus, |1943)). While this setup allowed to detect the optomotor
response of flies, a more quantitative measurement of the behavior was missing. A setup detect-
ing the turning forces of flying Drosophila enabled to measure optomotor response turns with a
high temporal resolution (Fermi and Richardt, [1963; |Gotz, [1964). Measuring the flight optomotor
behavior of Drosophila in response to a cylinder rotation with a periodic pattern of different wave-
lengths enabled to estimate the inter-ommatidial angle of Drosophila. The flies stopped responding
when stimulated by a rotating grating with a wavelength of 9.2°, indicating an inter-ommatidial
angle of 4.6°. Presenting a grating with a lower wavelength resulted in an inverted response, due
to undersampling of the pattern (Gotz, 1964, 1970). Another method to measure flight turns
uses the change of wing position. The difference and the sum of the wing-beat amplitudes are
equivalent to the torque and thrust of the fly, respectively (Gotz, 1968)). Therefore, a simple setup
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using a photoelectric sensor to detect the wing-beat amplitude can measure horizontal flight turns
of Drosophila (Fig. 1.9 c). However, Drosophila optomotor responses are not restricted to flight
behavior. To measure the optomotor response of walking flies, they can be fixed on top of a
styrofoam sphere rolling over an air stream (Buchner, 1976)).

Independent of the way the optomotor response was examined, two characteristics of the
behavior stand out: first, the optomotor response increases with a rising stimulus contrast, but
saturates for high values (Fig. 1.10 a) (Buchner et al., |1978; Duistermars et al., 2007a)). Second,
it is tuned to an optimal frequency (Fig. 1.10 b), not velocity (Gotz and Wenking, 1973; Blondeau
and Heisenberg, |1982; Duistermars et al., | 2007a,b; |Reiser and Dickinson, [2008). The value of such

a maximal response frequency varies between the studies, but is ranging between 5 to 10 Hz.
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Figure 1.10: Optomotor Response Characteristics.

a The optomotor response of flying flies saturates with increasing stimulus contrast. b The op-
tomotor response is tuned to frequency. a, b Plot modified from Duistermars et al.| (2007a)). ¢
Free flight behavior with white or textured arena. The stripes induce a more narrow flight path
concentrated in the middle of the arena. Plot modified from Tammero and Dickinson| (2002b))

Since flight maneuvers are not restricted to horizontal rotations, the optomotor behavior of flies
can follow vertical motion. The pitch optomotor responses of flies are comparable to yaw optomotor
turns (Buchner et al., 1978 Blondeau and Heisenberg, |1982). In addition, head movements
follow whole field motion (Hengstenberg, [1988; Duistermars et al. 2012). If flies can control the
movement of their environment during a fixed flight experiment (a closed-loop experiment), they
will try to avoid movement, e.g. their optomotor response enables them to stabilize their course
(Heisenberg and Wolf, 1979).

Both flight and walking arenas reveal a strong influence of the visual environment on the be-
havior of freely moving Drosophila (Strauss et al., 1997; Mronz and Lehmann| [2008)). In a free
flight arena with a uniform background, flies moved in circles close to the wall. A textured back-
ground changed the flight path to more concentrated circles in the middle of the arena (Fig. 1.10

c) (Tammero and Dickinson| [2002b)). If a textured cylinder was turning with different velocities,
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the flight path became less concentrated and more distributed with increasing velocity (Mronz
and Lehmann, [2008)). Therefore, the optomotor response can suppress the normal flight behavior,

which alternates between fast saccades and a straight course.

1.4.2 Object Orientation
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Figure 1.11: Object Orientation Behavior.

a In a free flight arena, fruit flies avoid short objects but are attracted to dark, vertical objects.
Picture modified from Maimon et al.| (2008). b Closed loop experiment with a fixed fly controlling
a 20 degree dark bar. The fly keeps the bar in a frontal position. Plot from|Coombe and Heisenberg
(1956).

If flies are freely walking in an arena with three-dimensional objects, they spend most of the time
on the tallest, steepest objects (Robie et al., 2010). Freely flying flies are attracted by long vertical
objects, while avoiding short objects (Maimon et al., 2008) (Fig. 1.11 a). This likely reflects the
tendency of flies to search for trees in a natural environment. If a dark vertical bar stimulus is
presented to a fixed fly in a closed-loop experiment, the fly keeps the bar at a frontal position.
Such a response is named a fixation behavior. The first fixation experiments were performed with
Musca domestica. If able to control the position of a vertical dark stripe, the flies clearly kept the
stripe in a frontal position (Reichardt and Wenking, 1969)). Similar experiments with Drosophila
confirmed the observations from blowflies (Fig. 1.11 b). The flies fixate dark, vertical objects in
front of them (Heisenberg et al., |1978; |Heisenberg and Wolf, [1979; |Gotz, 1987) or walk towards
the position of a vertical stripe in a free walking arena (Horn and Wehner, 1975)). Such a fixation
behavior is strong enough to suppress the aversive reaction to an expansion stimulus (Reiser and
Dickinson) 2010)).

Flies have a preference for dark vertical objects, but they also fixate a bright stripe presented
on a dark background (Pick, 1974; Heisenberg and Wolf, |1979). If two dark stripes are presented
to freely walking Drosophila with an angular width of less than 60 degree between the stripes, the
flies walk in the middle between the stripes (Horn and Wehner, 1975). Stripes separated with more

than 70 degree or just two objects presented at the opposing sides of an arena will induce the fly to
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walk back and forth between them (Buridans paradigm) (Horn and Wehner, 1975; [Bulthoff, 1982;
Strauss and Pichler, 1998)).
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Figure 1.12: The Position System.

a Open-loop responses to a rotating black bar and a theoretical decomposition into a position
response D(1)) and the motion response r¢). Image modified from |Heisenberg et al.| (1978)). b
Torque responses of a housefly to a flickering lamp at different positions, the fly responded strongest
to a flicker stimulus at £+ 20 degree. Image modified from |Pick (1974)).

Under open-loop conditions with a fixed fly, a rotating bar induces a stronger turning response
when the bar is moving in a front-to-back direction than when it is moving back-to-front (Heisenberg
et al., [1978; Geiger, |1981). Similar reactions were observed with Musca domestica; the reaction to
progressive (front-to-back) motion is stronger than to regressive (back-to-front) motion (Reichardt,
1973). Such an asymmetric reaction could explain the frontal fixation of a bar in closed-loop
experiments. An alternative explanation would be a reaction of the fly towards the position of the
bar, as well as to its motion. When presenting a rotating bar in both directions, the theoretical
position and motion response can be dissected: the visual response to a rotating bar could be
the sum of a motion reaction ri» and a pure position reaction D(v) (Fig. 1.12 a) (Reichardt and
Poggio, 1976).

In open-loop experiments with appearing or oscillating stripes, Musca flies turned towards
the stripe position with the strongest reaction to a lateral position between 30 and 60 degree
(Fig. 1.12 b) (Pick| 1974; |Heimburger et al 1976). If this flicker reaction represents a position
system, a combination of the position dependent reaction and a symmetrical motion response
would also explain the closed-loop fixation. If the fixation behavior of Drosophila depends on such

a combination or rather asymmetric responses to front-to-back and back-to-front motion remains
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unsolved.

1.4.3 Looming Evoked Behavior
Escape Jumps

Avoidance of an approaching object, which could be a predator, is essential for most animals. It
is no surprise that avoidance of looming objects and neurons sensing looming have been described
throughout the animal kingdom for arthropods like locusts, mantis or crabs (Robertson and John-
son, 1993} |Sato and Yamawaki, 2014; Oliva and Tomsic, |2014)), in birds (Wu et al., [2005]) and also
mammals like mice and human infants (Yilmaz and Meister, 2013; Ball and Tronick, 1971]).

In a natural environment, flies have to be able to avoid predators or collision by correcting their
flight path quickly. If a resting fly is approached by a predator, the fly has to jump off and start
flying. Such escape jumps are most reliably elicited by an approaching dark disc, which can be
described as a looming stimulus (Holmqvist and Srinivasan, (1991} [Fotowat et al., [2009)). Flies can
escape in two different ways: an instable but fast jump or a longer, directed one (Fig. 1.13 a) (von
Reyn et al| [2014). Thus, flies can jump away from the direction of the looming stimulus (Card
and Dickinson| 2008).
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Figure 1.13: Escape Jumps and Avoidance Turns.

a There are two modes of escape jumps in response to a looming stimulus, short-duration jumps or
oriented, long-duration escape jumps. The directed escape jumps consist of four steps: freezing,
postural adjustment, wing elevation, takeoff. Image modified from von Reyn et al.|(2017)). b High
speed tracking of flies avoiding a looming stimuli by directed rapid turns. Image modified from
Muijres et al|(2014).

Collision Avoidance Turns

Looming stimuli presented to a flying fly can elicit collision avoidance turns, which are fast, saccadic
like turns (Fig. 1.13 b) (Tammero and Dickinson| [2002b; Tammero et al., |2004; |Bender and



28 1. Introduction

Dickinson, 2006). These rapid turns are performed within 7 ms (under free flight conditions) with
a peak turn rate of 5300 deg/s (Muijres et al. |2014). The speed of the stimulus expansion as
well as its more frontal or lateral position determines the response of the fly as an avoidance turn
or a landing response (Tammero and Dickinson, [2002b)). During a normal flight path, a fly would
constantly encounter visual expansion stimuli. How can the fly still keep its course? Fixation
of an attractive object can overrule the avoidance to a moderate expansion stimulus (Reiser and
Dickinson|, 2010)). In addition, mechanosensory wind stimuli, which a fly would experience during
flight, suppress the reaction to visual expansion to some extent (Budick et al., 2007)). The effect
of an expansion stimulus is strongly dependent on its velocity. A slow expansion can even appear
attractive to the fly (Reiser and Dickinson, 2013)).

Landing Response

A dark expanding or looming stimulus presented in front of a flying Drosophila will induce leg
extension and an increase in the wingbeat frequency, which indicates that the fly is trying to land
on the approaching object (Braitenberg and Ferretti, |1966; | Tammero and Dickinson, 2002a)). The
landing response is dependent on the contrast, the position and the expansion velocity of the
stimulus (de Talens and Ferreti, |1970; |Taddei-Ferretti and de Talens| [1973)). Not only looming
stimuli, also bilateral front-to-back motion with a high velocity or a light-off stimulus can elicit
landing responses of a flying fly (Heisenberg and Buchner, [1977; |Borst, 1986)). The latency of the
landing response elicited by gratings moving front-to-back is dependent on the stimulus frequency,
its contrast and its wavelength (Borst and Bahde, 1986). Compared to the optomotor response,
the strongest reaction (or shortest latency) is achieved by much higher velocities.

In contrast to other responses, Drosophila can habituate to a progressive stimulus and stop
reacting with a landing response (Fischbach| [1981). However, if the response is elicited, the
behavior can not be modulated. During an optomotor response or collision avoidance turns, the
fly can adapt to the stimulus by changing the wing beat amplitude, the wing beat frequency or the

walking velocity. In contrast, the landing response is a fixed pattern once elicited (Borst, 19806).
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1.5 Visual Pathways

The compound eye of Drosophila consists of 700 to 800 ommatidia (Fig. 1.14 a) resulting in a
rather poor resolution (Zeleny, 1922). However, flies have a wide angle of view and detect motion
with a high temporal resolution. The optic lobes of most insects consist of the retina and three
retinotopic neuropils: the lamina, the medulla and the lobula complex (Johannsen, [1924; |Richards
and Furrow, 1925)). In Diptera, as well as in Lepidoptera and Coleoptera, the lobula complex is
subdivided into a lobula and a lobula plate. Like the ommatidia organization of the retina, the
lamina and medulla are organized in columns (Braitenberg, 1966; Campos-Ortega and Strausfeld,
1972; Strausfeld, [1971). There are two optic chiasms in the optic lobe, the first one between
lamina and medulla, the second one between medulla and lobula complex. In the optic lobe, the
retinotopic arrangement of the neurons is kept throughout the different neuropils (Braitenberg and
Braitenberg, [1979; Bausenwein et al., 1992)).

1.5.1 The Photoreceptors

Each retina ommatidium or facet is built up of the cornea, pigment cells and an arrangement of
photoreceptor cells (Fig. 1.14 b). In the center of the ommatidia, eight photoreceptor cells build
seven rhabdomeres (the 'light trapping area’). Here, the photoreceptors tightly pack microvilli full
of rhodopsin, comparable to the outer segments of vertebrate rod cells (Wolken et al., 1957). The
photoreceptors R1 to R6 are arranged around R7, which sits on top of R8 (Dietrich, 1909; Wolken
et al., 1957} Braitenberg, 1966, |1967)).

The photoreceptors R1-R6 all express the photopigment Rhodopsinl in their microvilli, which
has a maximal sensitivity at 478 nm (Fig. 1.14 c) (Salcedo et al. 1999). R1-R6 cells show a
second sensitivity peak for UV light due to a sensitizing pigment (Kirschfeld et al., 1977). The
photoreceptors R7 and R8 each express two different rhodopsins: About 30 % of the eyes ommatidia
are 'pale ommatidia’, with R7 expressing Rhodopsin3 and R8 Rhodopsin5 (Papatsenko et al., [1997;
Chou et al., |1996)). These rhodopsins are sensitive to UV (Rhodopsin3) and blue (Rhodopsin5)
light. The other 70 % ommatidia are 'yellow ommatidia’ with R7 expressing Rhodopsin4 and R8
expressing Rhodopsin6. This 70:30 ratio is achieved by stochastic expression of a transcription
factor in R7 cells, leading to Rhodopsin4 expression (Wernet et al., [2006). Rhodopsin4 has a
maximal sensitivity at 375 nm, Rhodopsin6 at 508 nm (Fig. 1.14 c) (Salcedo et al., |1999).

In the dorsal peripheral area of the retina (the dorsal rim), special R7 and R8 photoreceptors
with enlarged rhabdomeres both express Rhodopsin3. The microvilli of these dorsal rim R7 and
R8 are oriented orthogonally. The dorsal rim photoreceptors enable Drosophila to detect polarized
light (Wernet et al.| [2012). In addition to the dorsal rim area, photoreceptors in the ventral retina
can detect polarized light, too: special R4-6 cells with a reduced rhabdomere twist are polarization
sensitive and act together with R7 and R8 cells (Wernet et al., |2012)). Like many other insects,

flies use the e-vector of polarized light to orient during long travels (Weir and Dickinson, 2012]).
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Figure 1.14: The Drosophila Photoreceptors.

a The ommatidia structure of a Drosophila eye. b Composition of an ommatidium: the red
pigment cells surround the eight photoreceptors with their rhabdomeres oriented in the middle.
R7 is arranged on top of R8. c Spectral sensitivity of the Drosophila Rh1-Rh6 pigments. Image
modified from Salcedo et al.|(1999). d Single photon responses of a Drosophila photoreceptor
compared to mouse rod responses. Image modified from Hardie and Juusola| (2015)).

All photoreceptors are involved in phototaxis, but flies show a preference for the shorter wave-

length if they can choose between UV and blue, or blue and green light (Yamaguchi et al., 2010).

The main input to the motion vision pathway is provided by the photoreceptors R1-R6. Since flies
with a mutant rhodopsin Rh1 (encoded by ninaE) were motion blind and could not perform a func-

tional optomotor response (Zhu et al., [2009), it was assumed that R7 and R8 are not contributing

to motion vision. Moreover, stimuli with a color but no luminance contrast failed to induce an

optomotor response (Schlieper, [1927; [Yamaguchi et al [2008). However, a more recent study
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measured a reduced, but still functional flight optomotor response of ninaE mutant flies as well
as flies with light-insensitive R7/R8 (Wardill et al., [2012). This indicated that R7 and R8 improve
motion responses, although they are not necessary for motion vision. A contribution of R7/R8 to
the motion vision pathway could be due to the electrical coupling of R7/R8 with R1-R6 photore-
ceptors via gap junctions (Shaw et al., [1989). In addition, R8 photoreceptors form synapses with
medulla neurons of the motion vision pathway (Takemura et al 2017). Color vision is mediated
mainly by R7 and R8 photoreceptors of the yellow ommatidia, but also R1-R6 photoreceptors can
contribute (Schnaitmann et al., [2013).
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Figure 1.15: Comparison of Optic Superposition and Neural Superposition.

a Optic superposition eyes fuse the input of several ommatidia into one rhabdom. This results in
a high sensitivity but low resolution b Neural superposition eyes wire the photoreceptors receiving
input from the same light path to the same lamina cartridge. This results in high sensitivity without
loosing resolution. a and b modified from Agi et al | (2014)).

To achieve a higher sensitivity without loosing resolution, the dipteran eye uses a wiring principle
known as neuronal superposition. The axons of photoreceptors activated by the same light path
but located in neighboring ommatidia converge on the level of the lamina into one cartridge
(Kirschfeld, |1967; |Braitenberg, 1967; |Strausfeld, [1971). This enhances the sensitivity similar to
an optic superposition eye used by many nocturnal insects (Fig. 1.15 a), where input from several
ommatidia become superimposed on one rhabdom (Agi et al., 2014). In comparison to an optic
superposition, the rhabdomeres of the eight Drosophila photoreceptors are not fused, but separated.
They detect slightly different optical pathways, insofar allowing the higher resolution of a neuronal

superposition eye (Fig. 1.15 b).

1.5.2 Phototransduction

The kinetics of Drosophila photoreceptors are very fast with the maximum current after about 50
ms (Fig. 1.14 d) (Hardie, 2001)). Invertebrate photoreceptors depolarize in response to light. In
comparison, mammalian rods slowly hyperpolarize in response to light (Fig. 1.14 d). The densely
packed microvilli membrane of the R1-R6 rhabdomere region are filled with rhodopsins, which are
G-protein coupled receptors, and two calcium permeable cation channels, TRP (transient receptor
potential) and TRPL (trp-like).
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Figure 1.16: Drosophila Phototransduction Compared to Vertebrate Phototransduction.

a In invertebrates, photoisomerization of rhodopsin activates a phospholipase-C via a Gaq subunit.
The PLC signaling results in opening of Ca®t channels. b In comparison, vertebrate phototrans-
duction uses phosphodiesterase signaling activated by the Ga subunit transducin. The phospho-
diesterase increases the levels of 5'-GMP, which closes sodium channels and subsequently voltage
gated calcium channels.

Photon absorption of the rhodopsin results in transformation of 3-OH-11-cis-retinal to 3-OH-
all-trans-retinal. The Drosophila rhodopsin is a bistable pigment with the chromophore staying

bound to the opsin, until it receives a second photon that isomerizes the retinal back into an

11-cis-conformation (Hillman et al,, [1983)). While it was long assumed that invertebrate pigment

cells do not use an enzymatic pathway for chromophore recovery, more recent studies concluded it
does exist in addition to the light induced recovery (Wang et al.| 2010). Not all 3-OH-trans-retinal

remain bound to the chromophore, the free opsins become transformed back to 3-OH-11-cis-retinal
in the retinal pigment cells.

Photoisomerization of rhodopsin to metarhodopsin results in activation of a phospholipase-C
(PLC) cascade (Hardie and Juusola) [2015). In detail, the G-protein Gaq subunit is released by

GTPase activity and activates the phospholipase-C (encoded by norpA). PLC hydrolyses phos-
phatidylinositol 4,5-bisphosphate (PIP;) into inositol 1,4,5 triphosphate (InsP3), diacylglycerol
(DAG) and a proton (Fig. 1.16 a). The cleavage of PIP, induces the opening of the calcium
channels TRP (transient receptor potential) and TRPL (transient receptor potential-like), but the
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exact mechanism of this interaction is unclear. The protons produced by PIP, cleavage probably
contribute to it, since acidification can open TRPL channels (Huang et al/ [2010). In addition,
DAG is necessary to open the TRP channel, either through direct binding or indirect mechanisms
(Delgado et al., [2019). One possibility is a physical effect of the PIP, cleavage into the lipid-soluble
DAG on the membrane properties, such mechanical forces could contribute to the channel opening
(Hardie and Franze, [2012). The TRP channels can be phosphorylated to achieve light adaptation,
resulting in a different temporal resolution and detection limit of photoreceptors dependent on the
light level (Wu and Wong| |1977} Voolstra et al., [2017)).

In addition to the canonical phototransduction pathway in photoreceptors, there exists a second
one that uses a different Phospholipase-C encoded by PLC21C (Ogueta et al., 2018). It resets the
circadian rhythm of Drosophila together with cryptochrome expressing clock neurons.

Invertebrate phototransduction results in depolarization due to opening of TRP/TRPL channels.
In comparison, light activation of mammalian rod and cone photoreceptors results in hyperpolar-
ization due to closure of cGMP gated sodium channels (Fig. 1.16 b). However, the invertebrate
phototransduction pathway is similar to signaling in mammalian intrinsically photosensitive retinal
ganglion cells, in which light stimulation also starts a PLC signaling cascade (Pickard and Sollars,
2011)).

1.5.3 Lamina, Medulla and Lobula Plate Neurons

The Drosophila photoreceptors are all histaminergic and connect either to lamina monopolar cells
(R1-R6) or transmedulla cells (R7 and R8) (Hardie et al., |1989; |Pollack and Hofbauer, [1991). The
lamina monopolar cells express the ort receptor, a histamine-gated chloride channel, resulting in a
hyperpolarization after histamine release from the photoreceptors (Gengs et al., [2002; Pantazis et
al, [2008).

Ramon y Cajal first described the anatomy of Drosophila optic lobe neurons like lamina monopo-
lar cells, transmedulla cells and T4/T5 cells (Cajal and Sanchez, 1915)). In the 1970s and 1980s,
Golgi staining of sparse cells was used to describe the morphology of almost all optic lobe cell types
(Buschbeck and Strausfeld, |1996; Strausfeld, (1971} Fischbach and Dittrich| 1989)). In one lamina
cartridge, the five monopolar cells L1-L5 are postsynaptic to R1-R6 axon terminals (Strausfeld,
1970; |Strausfeld and Braitenberg, [1970)). The lamina also receives feedback information from T1,
Lawf and C2 and C3 cells (Strausfeld, [1970) Fischbach and Dittrich| (1989) described mainly three
types of medulla cells: the medulla intrinsic neurons, the medulla amacrine cells and the trans-
medulla cells. Medulla intrinsic (Mi) cells are unicolumnar and connect the upper (distal) with the
lower (proximal) part of the medulla. The amacrine cells either arborize in the distal medulla (Dm
cells) or in the proximal medulla (Pm cells). The third cell type, transmedulla or Tm cells, connect
the medulla with the lobula.

The motion vision pathway is split into an ON and an OFF pathway, similar to the ON and
OFF retinal ganglion cells of the mammalian retina (Joesch et al.,|2010; |Clark et al., 2011)). Recent
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electron microscopy studies defined the neurons involved in the ON and OFF pathway
et al., [2013} 2017; [Shinomiya et al 2019). The input to the ON pathway is provided by L1, L3
and L5. While L1 and L5 connect to Mil, Tm3 and Mi4, L3 connects to Mi9. These medulla
neurons, together with CT1, are the main input cells to the T4 cells, which are lobula plate cells
with dendrites in the medulla layer 10 (Fig. 1.17 a). In the OFF pathway, L2 and L4 connect

to Tml, Tm2 and Tm4. L3 is a common input lamina monopolar cell of the ON and the OFF
pathway, it connects to Tm9. The Tm1l, Tm2, Tm4 and Tm9 together with CT1 provide input to
T5, which have their dendrites in lobula layer 1.

L2 L3 L4 5

Figure 1.17: Neurons of the Motion Vision Pathway.

a Lamina monopolar cells L1-L5 receive input from R1-R6. Medulla intrinsic neurons and trans-
medulla neurons Mil, Mi4, Mi9 and Tm3 are the main inputs to T4 whereas Tm1l, Tm2, Tm4,
Tm9 provide input to T5. b Golgi staining of a Calliphora T4 dendrite. Arrowheads point towards
the two axons deriving from one dendrite. ¢ Drawing of Calliphora T4 neurons on a VS2 dendrite.
b and c Images modified from |Strausfeld and Lee| (1991)).

The axons of T4 and T5 neurons are divided in the four lobula plate layers with four subtypes
(T4 a,b,c,d and T5 a,b,c,d) providing input to one layer (Strausfeld and Lee, 1991). Since the

T4 and T5 dendrites are not unicolumnar but span over several medulla or lobula columns, each

column is occupied by several overlapping T4 dendrites (Strausfeld and Lee, 1991). The dendrites

of the four T4/T5 subtypes are oriented in four directions (example dendrite in Fig. 1.17 b)
(Takemura et al., 2013; Shinomiya et al., 2019). In the lobula plate, the T4 and T5 axon terminals
form synapses on the dendrites of giant lobula plate tangential cells (Fig. 1.17 c) (Strausfeld and




1.5 Visual Pathways 35

Lee, [1991)). Blocking T4 and T5 cells abolished motion responses of lobula plate tangential cells,
proving their critical role in the motion vision pathway (Schnell et al., [2012]).

The giant tangential cells (LPTCs) can be subdivided into a vertical and a horizontal system
(Pierantoni, [1976; |Strausfeld, 1970; Dvorak et al., [1975b; |Scott et al., [2002)). There are three
horizontal system cells, HSN (north), HSE (equatorial) and HSS (south) (Fig. 1.18 a), the same
as in the Calliphora optic lobe (Hausen, 1982). Vertical system cells differ between Drosophila and
Calliphora, while there are 11 different vertical tangential cells described in Calliphora (Hengsten-
berg et al., [1982)) until now only six VS cells are known in Drosophila, VS1-6 (Fig. 1.18 a) (Scott
et al., 2002} |Boergens et al., 2018). Other lobula plate tangential cells next to VS and HS cells are
vCH, dCH and VSlikel-3 cells (Chiang et al| [2011; Boergens et al. 2018). Two tangential cells
projecting to the other hemisphere are described in Calliphora, H1 and H2. There is an H2 like cell
in the Drosophila optic lobe, but so far no H1 is described (Cruz et al. 2019).

1.5.4 Functional Properties of the Lobula Plate Tangential Cells

The huge dendrites of the lobula plate tangential cells (LPTCs) cover large receptive fields with
inputs from often more than 100 columns in Drosophila. Electrophysiological characterization of the
LPTCs started with extracellular recordings in Musca and Calliphora flies (Bishop and Keehn|, 1966;
Mastebroek et al. [1980). Lewis Bishop described directionally selective units next to the lobula
region with a response similar to the optomotor behavior. Intracellular recordings and subsequent
dye filling confirmed that such directionally selective units are the previously anatomically described
vertical system (VS) and horizontal system (HS) tangential cells of the lobula plate (Fig. 1.18 a)
(Dvorak et al., 1975a,b). The HS cells respond to progressive horizontal motion (Fig. 1.18 b),
with the HSN, HSE and HSS cells covering the upper, middle and lower part of the visual field
(Hausen, 1982} |Schnell et al [2010). The VS neurons detect rotatory pitch or roll motion (Fig.
1.18 c) that the fly would encounter during flight (Krapp et al., [1998). The receptive fields of
VS cells resemble optic flow fields induced by the fly’'s own movement, thus the role of VS cells is
likely to detect self-motion during flight (Krapp and Hengstenberg, |1996)). The receptive fields and
the anatomy of LPTC dendrites seem to be hard-wired, since they develop independent of early
sensory experiences (Karmeier et al., [2001; Knott et al., 2003).

To achieve their large receptive fields, LPTC dendrites are not always restricted to one lobula
plate layer, but can span over several ones (Hengstenberg et al., |1982} Scott et al., 2002; Hopp
et al., 2014; Boergens et al., [2018). Whereas HS and VS cells are ipsilateral, some tangential
cells like H2 project to the other hemisphere (Haal 2001). In addition, different VS and HS cells
are electrically coupled among each other (Strausfeld and Bassemir, |1983; |[Haag and Borst, 2004,
2005} Schnell et al., 2010). This broadens their receptive field and allows the tuning to rotational
flow fields.

VS and HS cells depolarize in response to their preferred direction of motion and hyperpolarize
if presented the null direction motion (Hengstenberg, |1982; |Gauck and Borst, |1999; |Joesch et al.|
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Figure 1.18: Anatomy and Response Vector Fields from Lobula Plate Tangential Cells.

a Reconstruction of the three HS (left panel) and six VS (right panel) cells from Drosophila.
Images modified from [Boergens et al.| (2018). b Vector field of the Drosophila HS-Equatorial cell
responding to horizontal motion. Picture modified from |Schnell et al.| (2010). c Vector field of the
Calliphora VS8 cell. Picture modified from Haag and Borst| (2004)

. The ipsilateral VS, HS and CH cells transfer information through graded potentials with
superimposed action potentials, whereas heterolateral cells like H1-6 and V1-3 are spiking neurons
(Hausen|, |1982; Haag and Borst, (1997} |Wertz et al., [2008; |Schnell et al, 2010).

The axons of the VS and HS cells project into the protocerebrum of the central brain (Hausen|,
11982; Raghu et all 2007). They connect to descending neurons like DNHS1, DNOVS2 and
DNOVS1 (Pierantoni, 1976; [Strausfeld et al., 1984} Strausfeld and Bassemir, 1985} [Farrow et al.,
2003), which activate motor neurons controlling neck, haltere and wing movement (Suver and
Dickinson, 2016)).

1.5.5 Behavioral Relevance of the Lobula Plate Tangential Cells

An involvement of the lobula plate tangential cells in course control is likely due to their optic

flow fields. Electrophysiological characterization of tangential cells revealed striking similarities to
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the properties of the optomotor response, with a dependence on stimulus contrast and a velocity
optimum tuned to frequency (Fig. 1.19 a,b) (Mastebroek et al., [1980; Hengstenberg et al., 1982}
Joesch et al., [2008; Schnell et al., [2010)). Microsurgical removal of Musca and Calliphora HS cells
with a laser beam strongly reduced the optomotor response of the flies (Geiger and Nassel, 1982}
Hausen, K. Wehrhahn, C., 1983} Hausen and Wehrhahn, |1990).

a b
1,0 1,0{ —=—PD .
ND —
08 N 0,8 /i/
' AN 8 06 §/§
& 7
0,6 Y % 044 /
-
B 0,2
OI4_ \ GN) ,
= trast [%
!m } 3 0,0-?-’( , contras [Io] . '
0,2 ‘8' 021 2 40 60 80 100
0,0+— ; . - 0.41

0 1 2 3 4 5
temporal frequency [Hz]

Figure 1.19: Patch-clamp Recordings of HS Cells.

The HS cells were stimulated with horizontal rotation of a grating. a The response is tuned to
a frequency optimum, with a maximal response to 1 Hz. b The responses is dependent on the
stimulus contrast. Images modification from (Schnell et al., [2010).

The crucial role of VS and HS cells for the optomotor turns was further supported by different
motion blind Drosophila mutants. The optomotor blind"3! (omb) mutant flies are missing HS and
VS cells, whereas the mutant lobula plate-lessN®* (lop) lacks a lobula plate and the remaining
LPTCs grow into the medulla or lobula (Blondeau and Heisenberg, 1982; [Fischbach et al., [1989).
The omb mutant flies indicated that LPTCs are essential for both optomotor flight responses and
optomotor head turns (Pflugfelder and Heisenberg, 1995). LPTCs are not only necessary for the
optomotor response but also sufficient to induce a turning behavior. Electrical stimulation of the
Calliphora lobula plate could indeed evoke flight turns (Blondeau, (1981) similar to optogenetic
activation of HS cells in Drosophila (Haikala et al., [2013).

The LPTC responses are dependent on the behavioral state of the fly with stronger responses
during flight or walking activity (Maimon et al., 2010; Jung et al [2011} |Chiappe et al., 2010).
This modulation is due to octopaminergic input into the optic lobe (Suver et all [2012)). While
HS cells are more active during flight than in a quiescent state of the animal, their membrane
potential failed to predict flight turn responses to whole field motion stimuli. In contrast, the
temporal dynamics of presynaptic calcium accumulation fit to the behavioral responses (Schnell et
al, 2014).

The role of the LPTCs is likely to detect motion induced by self-movement and compensate for
involuntary movement. HS cells also receive information about the velocity and turning movement

independent of visual information (Fujiwara et al., 2017)). The natural flight behavior of Drosophila
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alternates between a straight flight course and fast saccade turns. To perform voluntary turns
without interference of an optomotor response, the output of LPTCs should be inhibited. Self-
motion information suppresses LPTC responses to visual motion during saccade turns (Kim et al.|,
2015, [2017).

1.5.6 Color Vision Pathway

Figure 1.20: Neurons Involved in Color Vision.

The input to the color vision circuit is mainly provided by the photoreceptors R7 and R8. The
transmedulla neurons Tmba, Tm5b, Tmbc, the amacrine cell Dm8 as well as different TmY neurons
receive input from R7/R8. In the lobula, the lobula intrinsic neurons Li3 and Li4 are postsynaptic
to Tmba/Tmb5b/Tmbc.

Fruit flies can be conditioned to memorize color combined with a stimuli (Menne and Spatz,
1977; Schnaitmann et al., 2010, 2013; |Melnattur et al.,[2014)). Color vision requires the comparison
of at least two different photoreceptor outputs with different sensitivities. Indeed R7 and R8 (of
both kinds, the pale and yellow ommatidia) inhibit each other via histamine-gated chloride channels
at their axon terminals in the medulla (Schnaitmann et al| 2018). Downstream of the R7/R8
photoreceptors are several medulla neurons known to be involved in color vision. UV preference is
mediated by the medulla amacrine cell Dm8 and the transmedulla cell Tm5c, which receive input
from R7 (Karuppudurai et al 2014)). The medulla neurons Tm5a, Tmb5b, Tm5c and Tm20 also

receive input from R7 and R8. They are required to distinguish equiluminant blue and green, but
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act in a redundant way (Melnattur et al., 2014)). These medulla neurons connect to lobula neurons,
so far LT11, LC14 and the lobula intrinsic neurons Li3 and Li4 are known to be involved in color
vision (Fig. 1.20) (Lin et al., 2016).

1.5.7 Lobula Columnar Cells

Lobula columnar (LC) cells are visual projection neurons that connect the lobula to optic glomeruli
in the central brain. They are thought to play a role in many visual behaviors like escape responses
or orientation behavior, by detecting specific visual features and providing information about their
location. In the last years, several studies addressed the LC neurons. Some are involved in different
kind of escape behaviors elicited by looming stimuli. While LC16 activation results in backward
walking or 'moonwalk’ (Sen et al., 2017)), optogenetic activation of LC4, LC6 and LC15 triggers an
escape jump (Wu et al 2016)). LC4 connects to the giant fiber, a descending neuron that elicits
fast escape jumps, and encodes information about angular velocity of the looming stimulus (von
Reyn et al [2017). Although LC6 and LC16 also respond to looming stimuli (Wu et al., 2016)),
they are not connected to the giant fiber.

Another avoidance behavior of Drosophila is its evasive behavior away from small moving
objects (Maimon et al., 2008). LC11 neurons might be involved in this behavior, since they
respond specifically to small, moving dark objects. In contrast, they are inhibited by long objects
and wide-field motion (Keles and Frye, [2017; Wu et al., 2016). Similar characteristics were found
in optic glomeruli interneurons in the lateral protocerebrum: they respond to small moving objects
but not wide-field motion (Kim et al., [2015).

While all so far described behaviors are similar in males and females, there is a sex specific visual
behavior: tracking the females during courtship. LC10, another lobula neuron that is responsive to
small moving objects, was shown to play a crucial role in courtship behavior (Ribeiro et al., 2018).
Optogenetic activation of LC10 results in wing extension, which is part of the male courtship

behavior.

1.5.8 The Central Complex

The central complex is involved in higher order processing like navigation over long distances. It
receives multisensory information about the internal state of the fly. The main neuropils of the
central complex are the protocerebral bridge, the fan-shaped body, the ellipsoid body and the noduli
(Franconville et al., 2018; Wolff and Rubin| 2018; Omoto et al., 2018). Flies are able to remember
the position of objects and use them as landmarks. The fan-shaped body is involved in detection
of visual features used as landmarks and to perceive flight heading (Liu et al., 2006a; |Pan et al.,
2009; Weir and Dickinson, 2015). The ellipsoid body is also important for navigation, ellipsoid
body neurons are essential to remember the position of distinct visual features (Neuser et al., 2008;
Ofstad et al., [2011)).
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Input neurons of the ellipsoid body columnar neurons, the ring neurons, are important to map
visual features in the environment of the fly. They respond to visual cues in a retinotopically order
(Seelig and Jayaraman, 2013). The ring neurons inherit their feature selectivity and their receptive
fields from upstream neurons. They receive input from the medulla via the anterior optic tubercle
and the bulbs (Sun et al., 2017)). Neurons projecting from the anterior optic tubercle to the bulbs
as well as bulb neurons have similar tuning properties as the ring neurons (Omoto et al., [2017;
Shiozaki and Kazama, 2017)). Other neurons of the ellipsoid body, the E-PG neurons (or 'compass
neurons'), encode a representation of the fly's orientation relative to visual landmarks (Seelig and
Jayaraman, [2015)). In the absence of visual cues, the neurons use self-motion cues for orientation.
In a behavioral experiment with an artificial sun, the compass neurons were necessary to orient
relative to the sun landmark (Giraldo et al., 2018). P-EN neurons, which are connected to the E-PG
neurons, exist in two subpopulations. The subpopulations encode the recent rotational velocity of
the fly in a mirror symmetric way (Turner-Evans et al., [2017)).

While many studies published in recent years addressed the central complex neurons, the com-
putations within its neuropils are still hardly understood. Future studies will reveal how visual
information together with other sensory input are processed in the central complex to achieve

orientation within a natural environment.

1.6 Algorithmic Models of Motion Computation

1.6.1 The Hassenstein-Reichardt Detector

A single photoreceptor only reacts to light increments or decrements, but not to the direction of an
input signal. Direction sensitive cells have to compare the light changes detected from at least two
photoreceptors. Two algorithmic models describe such a basic motion detection: correlation and
gradient detectors (Borst, [2007)). The motion detection of a gradient detector arises from dividing
the temporal gradient of local luminance by the spatial gradient. A correlation model compares
the luminance change at one location with the delayed change at a neighboring location.

To obtain insights into the underlying algorithm, W. Reichardt and B. Hassenstein measured
the optomotor response of the beetle Chlorophanus as left-right decisions in response to motion
stimuli (described in 1.4.1). They found a temporal frequency optimum of the response, which can
not be explained by a gradient detector model. To describe the optomotor response properties of
the beetle, Hassenstein and Reichardt proposed a correlation detector model in which inputs of two
neighboring photoreceptors are multiplied after one of them has passed a low-pass filter with a time
constant 7 (Fig. 1.21 a) (Hassenstein| [1951; Hassenstein and Reichardt, |1956; |Hassenstein, 1961).
Subsequently, two mirror-symmetric subunits with an opposite preferred direction are subtracted
from each other, resulting in a positive response to preferred direction and a negative response to
null direction stimulation.

To explain the functional properties of direction-selective ganglion cells in the rabbit retina,
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Figure 1.21: A Comparison of Different Correlation Detectors.

a The Hassenstein-Reichardt half achieves direction selectivity by multiplication of a delayed input
signal with a fast signal. The arrow points towards the preferred direction of the detector. Photos
from Stadtarchiev Kiel and Bundesarchiv, B145. b The Barlow Levick inhibits a response to the
null direction by dividing a fast signal by a delayed signal. The arrow points towards the preferred
direction of the detector. ¢ 2-Quadrant Hassenstein-Reichardt detector with ON and OFF inputs.
Subtraction of the output from to half detectors induces direction selectivity. ON-ON or OFF-OFF
inputs are processed in two independent subunits.

Barlow and Levick (1965) developed another version of a correlation model. The Barlow-Levick
model suppresses the response to null direction stimulation using a division of a fast input signal
by a delayed signal (Fig. 1.21 b). Therefore, the Barlow-Levick detector results in an inhibition
of null direction responses, in contrast to the Hassenstein-Reichardt detector which enhances the
preferred direction response. It should be noted that the Barlow-Levick detector explains the
direction-selectivity of retinal ganglion cells inadequately, since these cells receive already direction-
selective input from starburst amacrine cells(Euler et al., [2002).

The Hassenstein-Reichardt detector takes into account both positive and negative signals at the
input stage. However, the fly visual system is subdivided into an ON (sensitive to light increments)
and an OFF (sensitive to light decrements) pathway (Joesch et al., [2010; |Clark et al., |2011)).
Blocking the two main input cells to the ON and the OFF pathway, while recording the response
of lobula plate tangential cells to apparent motion stimuli with different ON/OFF combinations,
revealed that both pathways are separated from each other and feed input to the lobula plate
independently (Joesch et al., [2013)). This can be simulated by a 2-Quadrant Hassenstein-Reichardt
detector with two components multiplying ON-ON and OFF-OFF inputs, thereby the inputs to
both subunits are processed by a half-wave rectification resulting in only non-negative signals (Fig.
1.21 ¢) (Eichner et al| 2011). Since lobula plate tangential cells respond to apparent motion

stimuli with several seconds in between stimulation, the model uses a proportion of the input signal
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as a tonic (or DC) signal. This also results in an incomplete separation of the ON and OFF
pathway, otherwise the two pathways are processed independently. The cellular implementation of
the multiplication step was supposed to be the T4/T5 cells, while the dendrites of lobula plate
tangential cells represent the summation step (Joesch et al.| [2013).

1.6.2 Looming Detectors

Avoidance behavior like escape jumps and avoidance turns, but also the landing response depend on
the detection of expansion stimuli. Neurons which are tuned to looming motion should specifically
detect nonlinear expansion rather than overall luminance changes or whole-field motion. Such a
looming sensing neuron of another insect species, the locust Schistocerca americana, is studied
in detail. The descending contralateral motion detector neuron (DCMD) is important for gliding
(Santer et al., 2008), an escape behavior during flight, and involved in the timing of escape jumps
(Simmons et al 2010)). Its input neuron is the lobula giant movement detector (LGMD), which
has two dendritic branches in the lobula. DCMD as well as the LGMD are looming sensitive and
act as a size threshold detector: after a fixed delay when the looming object reaches an angular
threshold size on the retina, the neurons fire maximally (Gabbiani et al., 1999). A model that
describes the activity of the LGMD neuron multiplies the logarithm of the angular velocity with
an inhibitory input related to the angular size of the looming object (Gabbiani et al., 2002, [2005)).
On a cellular level, the smaller dendritic branch of the LGMD receives the feed-forward inhibition
related to the angular size (Wang et al 2018), whereas the bigger branch receives excitatory
information proportional to the angular velocity (Zhu et al., [2018) (Fig. 1.22 a). The excitatory
input is enhanced by lateral excitation in the presynaptic network and receives global, normalizing
inhibition. Stimulating single ommatidia of the locust’s eye indicated that the input elements of
the LGMD do not perform a Reichardt detector like computation, but rather signal the rate of
luminance change on individual photoreceptors (Jones and Gabbiani, 2010)). The sensitivity of the
LGMD inputs to edge acceleration tune this neuron to looming stimuli.

In the Drosophila brain, one comparable neuron detecting expansion stimuli is described. The
giant fiber, a descending neuron connecting the central brain with motor neurons in the thoracic
ganglion, responds to expansion and looming stimuli (Sherman et al., [2004) and is involved in
escape behavior (King and Wyman, 1980; |Zhang et al., [2007)). This neuron was shown to have
a peak response at a critical retinal size of the approaching stimulus object (von Reyn et al.,
2014). The giant fiber receives two main visual inputs. LC4 neurons provide an excitatory input
proportional to the angular velocity of a looming object (Fig. 1.22 b) (von Reyn et al., 2017).
The second main input cells to the giant fiber are LPLC2 neurons. These cells provide excitation
input to the giant fiber dependent on the angular size of the looming stimulus (Ache et al., 2019).
Blocking both LC4 and LPCL2 neurons while recording from the giant fiber revealed an additional
input, which inhibits the giant fiber at large disc sizes. A model using a supralinear summation
of the LC4 and LPLC2 input, together with the large size inhibition, can predict the giant fiber
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Figure 1.22: Looming Detection Models.

a Model of the looming sensitive LGMD neuron from the locust Schistocerca americana. It multi-
plies an excitatory input proportional to angular velocity of the looming object with a feed-forward
inhibition related to angular size. Picture modified from |Gabbiani et al|(2002). b Model of the
Drosophila giant fiber sensing looming by a supralinear summation of two excitatory inputs. While
LC4 provides input proportional to the angular velocity, LPLC2 encodes the angular size of the
looming object. In addition, an unknown input inhibits the giant fiber at a larger stimulus size.
Image modified from Ache et al.| (2019).

response properties for different looming velocities and also expansion with constant velocity (Ache
et al., [2019).

1.7 Development of the Optic Lobe

The neuropils of the optic lobe preserve the retinotopic map from the photoreceptors throughout
the lamina, medulla and lobula. During the development of the optic lobe neurons, the retinotopy
has to be kept over the different neuropils while at the same time creating a large number of cells,
creating many different cell types. For example, the lobula together with the lobula plate consist
of about 15.000 cells (Hofbauer and Campos-Ortega, (1990).

The development of most optic lobe neurons starts with two anlagen in the young larva, the
outer proliferation center (OPC) and the inner proliferation center (IPC) (Hofbauer and Campos-
Ortega, (1990). Both anlagen become crescent shaped during the second larval stage and start
producing neurons at the late third larval stage (Fig. 1.23). Whereas the OPC produces the
lamina neurons and most medulla neurons, the IPC is the origin of most lobula plate neurons
(Meinertzhagen and Hanson, 1993; Apitz and Salecker, |2014; |Suzuki et al., [2016). An exception

are the optic lobe projection neurons, the lobula plate tangential cells and the lobula columnar cells,
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which develop from central brain neuroblasts (Lovick et al., [2013; Wong et al., 2013)). During the
third larval stage, the OPC becomes separated into two proliferation zones, subdivided by the
lamina furrow (White, |1982). The IPC forms three domains: a surface IPC (sIPC), the proximal
(pIPC) IPC and the distal IPC (dIPC) (Apitz and Salecker, 2015).

L1 L2 L3
larval stage
PG dIPC
/ oPC / (
lateral view ‘ d / . oFC
/ IPC .
oPc cell stream SIPC

from the pIPC
to the dIPC /

Figure 1.23: The Inner and Outer Anlagen of the Optic Lobe.

During the first larval stage (L1), two proliferation anlagen form: the inner proliferation center
(IPC) and the outer proliferation center (OPC). Both anlagen become crescent shaped during the
second larval stage. During the third larval stage, progenitor cells migrate from the IPC and form
the distal IPC (dIPC). The dIPC separates the IPC and OPC in the late L3 larva.

1.7.1 Neurogenesis in the OPC

The neuroepithelium cells in the OPC start a proneural wave during the second larval stage, in
which symmetric division of neuroephitelial cells produce neuroblasts (Yasugi et al., |2008)). This
proneural wave does not involve delamination or cell migration. The neuroblasts in the medial
edge of the OPC divide asymmetrically and produce most medulla neurons (Egger and Boone,
2007). During the third larval stage, the second proliferation zone of the OPC starts to produce
the lamina neurons. The division of OPC neuroblasts is a type | division, in which one neuroblast
cell divides asymmetrically into a ganglion mother cell (GMC) and a neuroblast (Egger and Boone,
2007; |Egger et al., 2010). The GMC divides symmetrically into two postmitotic cells, the progeny
cells are either neuron or glia cells. After several divisions, the OPC neuroblasts undergo apoptosis,
hereby the survival or death fate is controlled by Notch signaling (Bertet et al., |2014). The
neuroblasts are characterized by expression of Asense and Deadpan, whereas ganglion mother cells
express Prospero.

The cell fate of the neuroblast progeny in the OPC is determined by temporal patterning (Fig.
1.24 a,b). A sequential expression of different transcription factors (Homothorax, Eyeless, Sloppy
paired 1 and 2, Dichaete and Tailless) defines the different identity of the offspring cells (Li et al.,
2013; Bertet et al., [2014). The progeny of the ganglion mother cells is further distinguished by a
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Figure 1.24: Neurogenesis in the OPC and IPC.

a and b Sequential expression of temporal transcription factors (Homothorax, Eyeless, Sloppy
paired 1 and 2, Dichaete, Tailless) in OPC neuroblasts results in the generation of different medulla
neurons. The lateral to medial order of young to old neuroblasts and the ordered growth of young
to old neurons ensures that the different neurons target one medulla column. Images modified from
/Apitz and Salecker (2014). c In the dIPC, sequential expression of transcription factors switches the
early stage neuroblasts, which generate C/T neurons, to late stage, T4/T5 producing neuroblasts.
d The early stage neuroblasts express Dichaete, Tailless and Asense. Tailless suppresses Dichaete
and Asense, this allows expression of Atonal. The older neuroblasts express Tailless and Dac and
divide into T4 and T5 neurons.

Notch mediated binary cell fate choice. That way, every neuroblast produces the medulla neurons
of one column |Apitz and Salecker| (2014).

1.7.2 Neurogenesis in the IPC

The inner and outer proliferation center are connected until the second larval stage. The neu-

roepithelial cells of the proximal IPC start an epithelial-mesenchymal like transition into neural



46 1. Introduction

progenitors (Apitz and Salecker| [2015). They express the transcription factor Dichaete, which is
a neuroblast marker in the OPC. The progenitor cells start migrating between the IPC and the
OPC, where they form the distal IPC (Fig. 1.23). In the dIPC, the transition from progenitors
to neuroblasts is marked by the proneural factors Lethal of scute and Asense (Apitz and Salecker,
2015). The neuroblasts divide asymmetrically, every neuroblast produces one ganglion mother cell
and one neuroblast. These later neuroblasts change their identity by expressing different temporal
factors, similar to the OPC neuroblasts (Fig. 1.24 c,d). The transcription factors Dichaete and
Tailless control the transition into the second neuroblast identity by inhibiting Asense expression
and activating expression of Atonal and Dachshund (Oliva et al., 2014; |Apitz and Salecker, |2015)).

Unlike the old medulla neuroblasts, the second stage IPC neuroblasts do not undergo apoptosis.
Instead, they stop proliferation and divide into two ganglion mother cells (Mora et al., 2018; Pinto-
Teixeira et al., 2018)). The ganglion mother cells each divide into two neurons with different identity,
characterized by a Notch binary choice in the ganglion mother cells (Fig. 1.24 d). The progeny of
the first stage, Asense expressing neuroblasts are the C2, C3, T2 and T3 (C/T) neurons, whereas

the second stage neuroblasts produce the T4 and T5 neurons.

1.7.3 The T4 and T5 subtypes

There are eight subtypes of T4/T5 cells per cartridge: T4 a-d in every column of medulla layer 10
and T5 a-d in every column of lobula layer 1. Therefore, each optic lobe possesses about 6.400
T4/T5 cells, which have to be produced by the late stage dIPC neuroblasts. T4 and T5 cells of
the same subtype and receiving input from the same retina ommatidium, target the same area in
the lobula plate.

The identities of T4/T5 a,b and T4/T5 c,d progenitors are specified already in the neuroepithe-
lium (Apitz and Salecker, 2018; |Pinto-Teixeira et al., 2018)). In this process, the Wingless signaling
is necessary to produce the T4 and T5 c,d subtypes. The glial precursor cells, a neuroepithelium
domain next to the OPC, releases Wingless in the late second larva stage. The protein diffuses
to the sIPC inducing the IPC neuroepithelial cells to start Wingless expression themselves. Subse-
quently, the Wingless target gene decapentaplegic (dpp) is expressed in a subregion of the pIPC
(Fig. 1.25 a). This wave continues to the progenitor cells, which start expressing the Dpp target
optomotor blind (omb or bifid). Expression of the T-box transcription factor Omb is continued
until the adult stage, it is important for the identity of T4 c,d and T5 c,d neurons (Apitz and
Salecker, 2015, |2018).

The transcriptional repressor brinker (brk) is specifically expressed in neuroblasts producing
T4/T5 a,b (Pinto-Teixeira et al., 2018). It is negatively regulated by Dpp signaling, therefore
Omb negative neuroblasts express Brk (Apitz and Salecker, [2015)). In the young T4/T5 neurons,
Omb represses Dachshund (Dac), a transcriptional cofactor which is expressed at high levels in all
T4/T5 neuroblasts. Thus, adult T4/T5 a,b neurons keep expressing Dac, whereas adult T4/T5
c,d neurons still express Omb (Apitz and Salecker, 2018).
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Figure 1.25: Development of the T4 and T5 Subtypes.

a Wingless release in the GPC area induces Dpp expression in a subdomain of the pIPC. This results
in a subdivision of the IPC progenitors, the T4/T5 c,d progenitors express Dpp. Image modified
from |Apitz and Salecker| (2018). b The Brk expressing neuroblasts produce T4 a,b and T5 a,b.
A Notch on/off binary choice in the neuroblast division and the ganglion mother cell division
distinguishes between a or b subtype and T4 or T5 cell. In the same way, Omb™* neuroblasts
produce T4 c,d and T5 c,d. Image modified from Pinto-Teixeira et al.| (2018

How are the a and b subtypes set up in the Brk* neuroblasts and the c and d subtypes in
the Dpp/Omb™ neuroblasts? Notch on/off binary choices in the neuroblast define the identity
of the GMC progeny as one subtype (Fig. 1.25 b). Another Notch on/off binary choice in the
ganglion mother cells results in one T4 and one T5 offspring cell from each ganglion mother cell
(Pinto-Teixeira et al., 2018). For example, a Brk™ neuroblast divides into one subtype a and one
subtype b ganglion mother cell, the ganglion mother cells divide into T4 a/T5 a and T4 b/T5 b.

In contrast to medulla neurons generated by the OPC, the young T4/T5 neurons are not born
right next to their target neuropil. To keep the retinotopy, the eight T4/T5 offspring neurons
of one neuroblast grow towards the same retinotopic position (Pinto-Teixeira et al., |2018). The
developing neuropils establish an anterior to posterior axis of young to older neurons, according
to this young T4 or T5 neurons project to the new column of the medulla or lobula, respectively.

This keeps a retinotopic order of the optic lobe neurons throughout the different neuropils.
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The extraction of directional motion information from changing
retinal images is one of the earliest and most important processing
steps in any visual system. In the fly optic lobe, two parallel process-
ing streams have been anatomically described, leading from two
first-order interneurons, L1 and L2, via T4 and T5 cells onto large,
wide-field motion-sensitive interneurons of the lobula plate’. There-
fore, T4 and T5 cells are thought to have a pivotal role in motion
processing; however, owing to their small size, it is difficult to
obtain electrical recordings of T4 and T5 cells, leaving their visual
response properties largely unknown. We circumvent this problem
by means of optical recording from these cells in Drosophila, using
the genetically encoded calcium indicator GCaMP5 (ref. 2). Here we
find that specific subpopulations of T4 and T5 cells are directionally
tuned to one of the four cardinal directions; that is, front-to-back,
back-to-front, upwards and downwards. Depending on their pre-
ferred direction, T4 and T5 cells terminate in specific sublayers of
the lobula plate. T4 and T5 functionally segregate with respect to
contrast polarity: whereas T4 cells selectively respond to moving
brightness increments (ON edges), T5 cells only respond to moving
brightness decrements (OFF edges). When the output from T4 or
T5 cells is blocked, the responses of postsynaptic lobula plate
neurons to moving ON (T4 block) or OFF edges (T5 block) are
selectively compromised. The same effects are seen in turning res-
ponses of tethered walking flies. Thus, starting with L1 and L2, the
visual input is split into separate ON and OFF pathways, and
motion along all four cardinal directions is computed separately
within each pathway. The output of these eight different motion
detectors is then sorted such that ON (T4) and OFF (T5) motion
detectors with the same directional tuning converge in the same
layer of the lobula plate, jointly providing the input to downstream
circuits and motion-driven behaviours.

Most of the neurons in the fly brain are dedicated to image processing.
The respective part of the head ganglion, called the optic lobe, consists of
several layers of neuropile called lamina, medulla, lobula and lobula plate,
all built from repetitive columns arranged in a retinotopic way (Fig. 1a).
Each column houses a set of identified neurons that, on the basis of Golgi
staining, have been described anatomically in great detail’*. Owing to
their small size, however, most of these columnar neurons have never
been recorded from electrophysiologically. Therefore, their specific func-
tional role in visual processing is still largely unknown. This fact is con-
trasted by rather detailed functional models about visual processing
inferred from behavioural studies and recordings from the large, electro-
physiologically accessible output neurons of the fly lobula plate (tangen-
tial cells). As the most prominent example of such models, the Reichardt
detector derives directional motion information from primary sensory
signals by multiplying the output from adjacent photoreceptors after
asymmetric temporal filtering®. This model makes a number of rather
counter-intuitive predictions all of which have been confirmed experi-
mentally (for review, see ref. 7). Yet, the neurons corresponding to most
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Figure 1 | Directional tuning and layer-specific projection of T4 and T5
cells. a, Schematic diagram of the fly optic lobe. In the lobula plate, motion-
sensitive tangential cells extend their large dendrites over many hundreds of
columns. Shown are the reconstructions of the three cells of the horizontal
system®. b, Anatomy of T4 and T5 cells, as drawn from Golgi-impregnated
material (from ref. 5). ¢, Confocal image of the Gal4-driver line R42F06, shown
in a horizontal cross-section (from ref. 10). Neurons are marked in green
(Kir2.1-EGFP labelled), whereas the neuropile is stained in purple by an
antibody against the postsynaptic protein DIg. Scale bar, 20 pm. d, Two-photon
image of the lobula plate of a fly expressing GCaMP5 under the control of the
same driver line R42F06. Scale bar, 5 pm. The size and orientation of the image
approximately corresponds to the yellow square in c. e, Relative fluorescence
changes (AF/F) obtained during 4-s grating motion along the four cardinal
directions, overlaid on the greyscale image. Each motion direction leads to
activity in a different layer. Minimum and maximum AF/F values were 0.3 and
1.0 (horizontal motion), and 0.15 and 0.6 (vertical motion). f, Compound
representation of the results obtained from the same set of experiments. Scale
bar, 5 um. Results in e and f represent the data obtained from a single fly
averaged over four stimulus repetitions. Similar results were obtained from six
other flies.
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of the circuit elements of the Reichardt detector have not been iden-
tified so far. Here, we focus on a set of neurons called T4 and T5 cells
(Fig. 1b) which, on the basis of circumstantial evidence, have long been
speculated to be involved in motion detection"*™°. However, it is
unclear to what extent T4 and T5 cells are directionally selective or
whether direction selectivity is computed or enhanced within the den-
drites of the tangential cells. Another important question concerns the
functional separation between T4 and T5 cells; that is, whether they
carry equivalent signals, maybe one being excitatory and the other
inhibitory on the tangential cells, or whether they segregate into
directional- and non-directional pathways'' or into separate ON-
and OFF-motion channels'>"*.

To answer these questions, we combined Gal4-driver lines specific
for T4 and T5 cells'* with GCaMP5 (ref. 2) and optically recorded the
visual response properties using two-photon fluorescence microscopy"*.
In a first series of experiments, we used a driver line labelling both T4
and T5 cells. A confocal image (Fig. 1¢, modified from ref. 10) revealed
clear labelling (in green) in the medulla (T4 cell dendrites), in the
lobula (T5 cell dendrites), as well as in four distinct layers of the lobula
plate, representing the terminal arborizations of the four subpopula-
tions of both T4 and T5 cells. These four layers of the lobula plate can
also be seen in the two-photon microscope when the calcium indicator
GCaMP5 is expressed (Fig. 1d). After stimulation of the fly with grating
motion along four cardinal directions (front-to-back, back-to-front,
upwards and downwards), activity is confined to mostly one of the four
layers, depending on the direction in which the grating is moving
(Fig. Le). The outcome of all four stimulus conditions can be combined
into a single image by assigning a particular colour to each pixel depend-
ing on the stimulus direction to which it responded most strongly
(Fig. 1f). From these experiments it is clear that the four subpopulations
of T4 and T5 cells produce selective calcium signals depending on the
stimulus direction, in agreement with previous deoxyglucose labelling®.
Sudden changes of the overall luminance evokes no responses in any of
the layers (field flicker; n = 4 experiments, data not shown). However,
gratings flickering in counter-phase lead to layer-specific responses,
depending on the orientation of the grating (Supplementary Fig. 1).

The retinotopic arrangement of this input to the lobula plate is
demonstrated by experiments where a dark edge was moved within
a small area of the visual field only. Depending on the position of this
area, activity of T4 and T5 cells is confined to different positions within
the lobula plate (Fig. 2a). Consequently, when moving a bright vertical
edge horizontally from back to front, activity of T4 and T5 cells is
elicited sequentially in layer 2 of the lobula plate (Fig. 2b). These two
experiments also demonstrate that T4 and T5 cells indeed signal
motion locally. We next investigated the question of where direction
selectivity of T4 and T5 cells arises; that is, whether it is already present
in the dendrite, or whether it is generated by synaptic interactions
within the lobula plate. This question is hard to answer, as the den-
drites of both T4 and T5 cells form a dense mesh within the proximal
layer of the medulla (T4) and the lobula (T5), respectively. However,
signals within the inner chiasm where individual processes of T4 and
T5 cells can be resolved in some preparations show a clear selectivity
for motion in one over the other directions (Fig. 2¢). Such signals are as
directionally selective as the ones measured within the lobula plate,
demonstrating that the signals delivered from the dendrites of T4 and
T5 cells are already directionally selective.

To assess the particular contribution of T4 and T5 cells to the signals
observed in the above experiments, we used driver lines specific for T4
and T5 cells, respectively. Applying the same stimulus protocol and
data evaluation as in Fig. 1, identical results were obtained as before
for both the T4- as well as the T5-specific driver line (Fig. 3a, b). We
conclude that T4 and T5 cells each provide directionally selective
signals to the lobula plate, in contrast to previous reports''. Thus, both
T4 and T5 cells can be grouped, according to their preferred direction,
into four subclasses covering all four cardinal directions, reminiscent
of ON-OFF ganglion cells of the rabbit retina'®.
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Figure 2 | Local signals of T4 and T5 cells. a, Retinotopic arrangement of T4
and T5 cells. A dark edge was moving repeatedly from front-to-back within a
15° wide area at different azimuthal positions (left). This leads to relative
fluorescence changes at different positions along the proximal-distal axis
within layer 1 of the lobula plate (right). Scale bar, 5 pm. Similar results have
been obtained in four other flies. b, Sequential activation of T4 and T5 cells. A
bright edge was moving from back-to-front at 15° s~ . Scale bar, 5 um. Similar
results have been obtained in six other flies. ¢, Signals recorded from individual
fibres within the inner chiasm (left) reveal a high degree of direction selectivity
(right). Scale bar, 5 pm. Similar results were obtained from four other flies,
including both lines specific for T4 and T5 cells. Response traces in b and c are
derived from the region of interest encircled in the image with the same colour.

We next addressed whether T4 cells respond differently to T5 cells.
To answer this question, we used, instead of gratings, moving edges
with either positive (ON edge, brightness increment) or negative (OFF
edge, brightness decrement) contrast polarity as visual stimuli. We
found that T4 cells strongly responded to moving ON edges, but
showed little or no response to moving OFF edges (Fig. 3c). This is
true for T4 cells terminating in each of the four layers. We found the
opposite for T5 cells. T5 cells selectively responded to moving OFF
edges and mostly failed to respond to moving ON edges (Fig. 3d).
Again, we found this for T5 cells in each of the four layers. We next
addressed whether there are any other differences in the response
properties between T4 and T5 cells by testing the velocity tuning of
both cell populations by means of stimulating flies with grating motion
along the horizontal axis from the front to the back at various velocities
covering two orders of magnitude. T4 cells revealed a maximum res-
ponse at a stimulus velocity of 30°s™", corresponding to a temporal
frequency of 1 Hz (Fig. 3e). T5 cell responses showed a similar depend-
ency on stimulus velocity, again with a peak at a temporal frequency of
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Figure 3 | Comparison of visual response properties between T4 and T5
cells. a, b, Relative fluorescence changes (AF/F) of the lobula plate terminals of
T4 (a) and T5 (b) cells obtained during grating motion along the four cardinal
directions. Results represent the data obtained from a single fly each, averaged
over two stimulus repetitions. Scale bars, 5 pm. Similar results have been
obtained in ten other flies. ¢, d, Responses of T4 (c) and T5 (d) cells to ON and
OFF edges moving along all four cardinal directions. ON (white) and OFF
(black) responses within each layer are significantly different from each other,
with P < 0.005 except for layers 3 and 4 in T5 cells, where P < 0.05.

e, f, Responses of T4 (e) and T5 (f) cells to gratings moving horizontally at
different temporal frequencies. Relative fluorescence changes were evaluated
from layer 1 of the lobula plate and normalized to the maximum response
before averaging. g, h, Responses of T4 (g) and T5 (h) cells to gratings moving
in 12 different directions. Relative fluorescence changes were evaluated from all
four layers of the lobula plate normalized to the maximum response before
averaging. Data represent the mean * s.e.m. of the results obtained in n = 8
(c),n=7(d),n==6(e),n="7(f), n=16 (g) and n = 5 (h) different flies.
Significances indicated are based on two-sample ¢-test.

1Hz (Fig. 3f). Thus, there is no obvious difference in the velocity
tuning between T4 and T5 cells. As another possibility, T4 cells might
functionally differ from T’5 cells with respect to their directional tuning
width. To test this, we stimulated flies with gratings moving into 12
different directions and evaluated the relative change of fluorescence in
all four layers of the lobula plate. Using the T4-specific driver line, we
found an approximate half width of 60-90° of the tuning curve, with
the peak responses in each layer shifted by 90° (Fig. 3g). No decrease of
calcium was detectable for grating motion opposite to the preferred
direction of the respective layer. When we repeated the experiments
using the T5-specific driver line, we found a similar dependence of the
relative change of fluorescence on the stimulus direction (Fig. 3h). We
conclude that T4 cells have the same velocity and orientation tuning as
T5 cells. The only functional difference we were able to detect remains
their selectivity for contrast polarity.

Our finding about the different preference of T4 and T5 cells for the
polarity of a moving contrast makes the strong prediction that selective

214 | NATURE | VOL 500 | 8 AUGUST 2013

blockade of T4 or T5 cells should selectively compromise the responses
of downstream lobula plate tangential cells to either ON or OFF edges.
To test this prediction, we blocked the output of either T4 or T5 cells
via expression of the light chain of tetanus toxin'” and recorded the
responses of tangential cells via somatic whole-cell patch to moving
ON and OFF edges. In response to moving ON edges, strong and
reliable directional responses were observed in all control flies (Fig. 4a).
However, T4-block flies showed a strongly reduced response to ON
edges, whereas the responses of T5-block flies were at the level of
control flies (Fig. 4b, ¢). When we used moving OFF edges, control
flies again responded with a large amplitude (Fig. 4d). However, the
responses of T4-block flies were at the level of control flies, whereas the
responses of T5-block flies were strongly reduced (Fig. 4e, f). These
findings are reminiscent on the phenotypes obtained from blocking
lamina cells L1 and L2 (ref. 13) and demonstrate that T4 and T5 cells
are indeed the motion-coding intermediaries for these contrast polar-
ities on their way to the tangential cells of the lobula plate. Whether the
residual responses to ON edges in T4-block flies and to OFF edges in
T5-block flies are due to an incomplete signal separation between the
two pathways or due to an incomplete genetic block in both fly lines is
currently unclear.

To address the question of whether T4 and T5 cells are the only
motion detectors of the fly visual system, or whether they represent
one cell class, in parallel to other motion-sensitive elements, we used
tethered flies walking on an air-suspended sphere'® and stimulated
them by ON and OFF edges moving in opposite directions'®. As in
the previous experiments, we blocked T4 and T5 cells specifically by
selective expression of the light chain of tetanus toxin. During balanced
motion, control flies did not show significant turning responses to
either side (Fig. 4g). T4-block flies, however, strongly followed the
direction of the moving OFF edges, whereas T5-block flies followed
the direction of the moving ON edges (Fig. 4h, i). In summary, the
selective preference of T4-block flies for OFF edges and of T5-block
flies for ON edges not only corroborates our findings about the selec-
tive preference of T4 and T5 cells for different contrast polarities, but
also demonstrates that the signals of T4 and T5 cells are indeed the
major, if not exclusive, inputs to downstream circuits and motion-
driven behaviours.

Almost a hundred years after T4 and T5 cells have been anato-
mically described’, this study reports their functional properties in a
systematic way. Using calcium as a proxy for membrane voltage®, we
found that both T4 and T5 cells respond to visual motion in a direc-
tionally selective manner and provide these signals to each of the four
layers of the lobula plate, depending on their preferred direction. Both
cell types show identical velocity and orientation tuning which
matches the one of the tangential cells***. The strong direction selec-
tivity of both T4 and T5 cells is unexpected, as previous studies had
concluded that the high degree of direction selectivity of tangential
cells is due to a push-pull configuration of weakly directional input
with opposite preferred direction****. Furthermore, as the preferred
direction of T4 and T5 cells matches the preferred direction of the
tangential cells branching within corresponding layers, it is currently
unclear which neurons are responsible for the null-direction response
of the tangential cells. As for the functional separation between T4 and
T5 cells, we found that T4 cells selectively respond to brightness incre-
ments, whereas T5 cells exclusively respond to moving brightness decre-
ments. Interestingly, parallel ON and OFF motion pathways had been
previously postulated on the basis of selective silencing of lamina neu-
rons L1 and L2 (ref. 13). Studies using apparent motion stimuli to
probe the underlying computational structure arrived at controversial
conclusions: whereas some studies concluded that there was a separate
handling of ON and OFF events by motion detectors'>*>*, others did
not favour such a strict separation'®”. The present study directly
demonstrates the existence of separate ON and OFF motion detectors,
asrepresented by T4 and T5 cells, respectively. Furthermore, our results
anatomically confine the essential processing steps of elementary
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Figure 4 | Voltage responses of lobula plate tangential cells and turning
responses of walking flies to moving ON and OFF edges. a, d, Average time
course of the membrane potential in response to preferred direction motion
minus the response to null direction motion (PD — ND response) as recorded
in three types of control flies (stimulation period indicated by shaded area).
b, e, Same as in a, d, but recorded in T4-block flies (green) and T5-block flies
(red). The stimulus pattern, shown to the left, consisted of multiple ON- (a) or
OFF-edges (d). ¢, f, Mean voltage responses (PD — ND) of tangential cells in
the five groups of flies. Recordings were done from cells of the vertical*' and the
horizontal* system. Because no difference was detected between them, data
were pooled. Data comprise recordings from # = 20 (TNT control), n = 12 (T4
control), n = 16 (T5 control), n = 17 (T4 block) and n = 18 (T5 block) cells. In
both T4 and T5-block flies, ON and OFF responses are significantly different

motion detection—that is, asymmetric temporal filtering and non-
linear interaction—to the neuropile between the axon terminals of
lamina neurons L1 and L2 (ref. 28) and the dendrites of directionally
selective T4 and T5 cells (Supplementary Fig. 2). The dendrites of T4
and T5 cells might well be the place where signals from neighbouring
columns interact in a nonlinear way, similar to the dendrites of star-
burst amacrine cells of the vertebrate retina®.

METHODS SUMMARY

Flies. Flies used in calcium imaging experiments (Figs 1-3) had the following
genotypes: T4/T5 line (w™; +/+; UAS-GCaMP5,R42F06-GAL4/UAS-GCaMP5,
R42F06-GAL4), T4 line (w™; +/+; UAS-GCaMP5,R54A03-GAL4/UAS-GCaMP5,
R54A03-GAL4), T5line (w ™ ; +/+; UAS-GCaMP5,R42H07-GAL4/UAS-GCaMP>5,
R42H07-GAL4). Flies used in electrophysiological and behavioural experiments
(Fig. 4) had identical genotypes of the following kind: TNT control flies (w*/w";
UAS-TNT-E/UAS-TNT-E; +/+), T4 control flies (w*/w™; + /+; VT37588-GAL4/
+), T5 control flies (w"/w™; +/+; R42H07-GAL4/+), T4-block flies (w"/w™;
UAS-TNT-E/+; VT37588-GAL4/+), T5-block flies (w™/w™; UAS-TNT-E/+;
R42H07-GAL4/+).

Two-photon microscopy. We used a custom-built two-photon laser scanning
microscope ** equipped with a X40 water immersion objective and a mode locked
Ti:sapphire laser. To shield the photomultipliers from the stimulus light, two
separate barriers were used: the first was placed directly over the LEDs, the second
extended from the fly holder over the arena. Images were acquired at a resolution
of 256 X 256 pixels and a frame rate of 1.87 Hz, except where indicated, using
Scanlmage software™.
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from each other with P < 0.001. In T4-block flies, ON responses are
significantly reduced compared to all three types of control flies, whereas in T5-
block flies, OFF responses are significantly reduced, both with P < 0.001.

g, Average time course of the turning response of three types of control flies to
ON and OFF edges moving simultaneously to opposite directions (stimulation
period indicated by shaded area). h, Same as in g, but recorded from T4-block
flies (green) and T5-block flies (red). i, Mean turning tendency (*s.e.m.)
during the last second of the stimulation period averaged across all flies within
each group. Data comprise average values obtained in #n = 12 (TNT controls),
n =11 (T4 controls), n = 11 (T5 controls), n = 13 (T4 block) and n = 12 (T5
block) flies. Values of T4 and T5-block flies are highly significantly different from
zero with P < 0.001. Significances indicated are based on two-sample ¢-test.

Electrophysiology. Recordings were established under visual control using a Zeiss
Microscope and a X40 water immersion objective.

Behavioural analysis. The locomotion recorder was custom-designed according
to ref. 18. It consisted of an air-suspended sphere floating in a bowl-shaped sphere
holder. Motion of the sphere was recorded by two optical tracking sensors.
Visual stimulation. For calcium imaging and electrophysiological experiments,
we used a custom-built LED arena covering 180° and 90° of the visual field along
the horizontal and the vertical axis, respectively, at 1.5 resolution. For the beha-
vioural experiments, three 120-Hz LCD screens formed a U-shaped visual arena
with the fly in the centre, covering 270° and 114° of the visual field along the
horizontal and the vertical axes, respectively, at 0.1° resolution.

Data evaluation. Data were evaluated off-line using custom-written software
(Matlab and IDL).

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Flies. Flies were raised on standard cornmeal-agar medium at 25 °C and 60%
humidity throughout development on a 12h light/12h dark cycle. For calcium
imaging, we used the genetically encoded single-wavelength indicator GCaMP5,
variant G, with the following mutations: T302L, R303P and D380Y (ref. 2).
Expression of GCaMP5 was directed by three different Gal4 lines, all from the
Janelia Farm collection'. Flies used in calcium imaging experiments (Figs 1-3)
had the following genotypes: T4/T5line (w™; +/+; UAS-GCaMP5,R42F06-GAL4/
UAS-GCaMP5,R42F06-GAL4), T4 line (w; +/+; UAS-GCaMP5,R54A03-GAL4/
UAS-GCaMP5,R54A03-GAL4), T5 line (w; +/+; UAS-GCaMP5,R42H07-
GAL4/UAS-GCaMP5,R42H07-GAL4). All driver lines were generated by the
methods described in ref. 14 and were identified by screening a database of imaged
lines, followed by reimaging of selected lines*'. As homozygous for both the Gal4-
driver and the UAS-GCaMP5 genes, T4 flies also showed some residual expression
in T5 cells, and T5 flies also in T4 cells. This unspecific expression, however, was in
general less than 25% of the expression in the specific cells. Flies used in electro-
physiological and behavioural experiments (Fig. 4) had identical genotypes of the
following kind: TNT control flies (w*/w™; UAS-TNT-E/UAS-TNT-E; +/+), T4
control flies (w*/w™; + /+; VT37588-GAL4/+), T5 control flies (w'/w™; +/+;
R42H07-GAL4/+), T4-block flies (w*/w™; UAS-TNT-E/+; VT37588-GAL4/+),
T5-block flies (w™/w™; UAS-TNT-E/+; R42H07-GAL4/+). UAS-TNT-E flies
were derived from the Bloomington Stock Center (stock no. 28837) and VT37588-
Gal4 flies were derived from the VDRC (stock no. 205893). Before electrophysio-
logical experiments, flies were anaesthetized on ice and waxed on a Plexiglas
holder using bees wax. The dissection of the fly cuticle and exposure of the lobula
plate were performed as described previously (for imaging experiments, see ref. 32;
for electrophysiology, see ref. 21). Flies used in behavioural experiments were
taken from 18 °C just before the experiment and immediately cold-anaesthetized.
The head, the thorax and the wings were glued to a needle using near-ultraviolet
bonding glue (Sinfony Opaque Dentin) and strong blue LED light (440 nm, dental
curing-light, New Woodpecker).

Two-photon microscopy. We used a custom-built two-photon laser scanning
microscope® equipped with a X40 water immersion objective (0.80 NA, IR-
Achroplan; Zeiss). Fluorescence was excited by a mode locked Ti:sapphire laser
(<100fs, 80 MHz, 700-1,020 nm; pumped by a 10 W CW laser; both Mai Tai;
Spectraphysics) with a DeepSee accessory module attached for dispersion com-
pensation control resulting in better pulse compression and fluorescence at the
target sample. Laser power was adjusted to 10-20 mW at the sample, and an excita-
tion wavelength of 910 nm was used. The photomultiplier tube (H10770PB-40,
Hamamatsu) was equipped with a dichroic band-pass mirror (520/35, Brightline).
Images were acquired at a resolution of 256 X 256 pixels and a frame rate of
1.87 Hz, except in Fig. 2 (7.5 Hz), using the ScanImage software™.
Electrophysiology. Recordings were established under visual control using a X40
water immersion objective (LumplanF, Olympus), a Zeiss microscope (Axiotech
vario 100, Zeiss), and illumination (100 W fluorescence lamp, hot mirror, neutral
density filter OD 0.3; all from Zeiss). To enhance tissue contrast, we used two
polarization filters, one located as an excitation filter and the other as an emission
filter, with slight deviation on their polarization plane. For eye protection, we
additionally used a 420-nm LP filter on the light path.

Behavioural analysis. The locomotion recorder was custom-designed according
to ref. 18. Briefly, it consists of an air-suspended sphere floating in a bowl-shaped
sphere holder. A high-power infrared LED (800 nm, JET series, 90 mW, Roithner
Electronics) is located in the back to illuminate the fly and the sphere surface. Two
optical tracking sensors are equipped with lens and aperture systems to focus on
the sphere behind the fly. The tracking data are processed at 4 kHz internally, read
out via a USB interface and processed by a computer at =200 Hz. This allows real-
time calculation of the instantaneous rotation axis of the sphere. A third camera
(GRAS-20S4M-C, Point Grey Research) is located in the back which is essential for
proper positioning of the fly and allows real-time observation and video recording
of the fly during experiments.

Visual stimulation. For calcium imaging and electrophysiological experiments,
we used a custom-built LED arena that allowed refresh rates of up to 550 Hzand 16
intensity levels. It covered 180° (1.5° resolution) and 90° (1.5° resolution) of the
visual field along the horizontal and the vertical axis, respectively. The LED arena
was engineered and modified based upon ref. 34. The LED array consists of 7 X 4
individual TA08-81GWA dot-matrix displays (Kingbright), each harbouring
8 X 8 individual green (568 nm) LEDs. Each dot-matrix display is controlled by
an ATmegal68 microcontroller (Atmel) combined with a ULN2804 line driver
(Toshiba America) acting as a current sink. All panels are in turn controlled via an
I2C interface by an ATmegal28 (Atmel)-based main controller board, which
reads in pattern information from a compact flash (CF) memory card. Matlab
was used for programming and generation of the patterns as well as for sending
the serial command sequences via RS-232 to the main controller board. The
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luminance range of the stimuli was 0.5-33cdm™ > For the calcium imaging
experiments, two separate barriers were used to shield the photomultipliers from
the stimulus light coming from the LED arena. The first was a spectral filter with
transparency to wavelengths >540 nm placed directly over the LEDs (ASF SFG 10,
Microchemicals). The second was a layer of black PVC extending from the fly
holder over the arena. Square wave gratings had a spatial wavelength of 30° of
visual angle and a contrast of 88%. Unless otherwise stated, they were moving at
30°s~'. Edges had the same contrast and were also moving at 30°s~'. For the
experiments shown in Figs 1, 2b and 3, each grating or edge motion was shown
twice within a single sweep, resulting in a total of eight stimulation periods. Each
stimulus period lasted 4 s, and subsequent stimuli were preceded by a 3-s pause. In
the experiment shown in Fig. 2a, a dark edge of 88% contrast was moved for 1 s at
15°s~ ! from the front to the back at three different positions (22°, 44°, 66°, from
frontal to lateral). At each position, edge motion was repeated 15 times. For the
experiment shown in Fig. 2b, a bright edge of 88% contrast was moving at 15°s ™"
from the back to the front, and images were acquired at a frame rate of 7.5 Hz. For
the experiments shown in Figs 3e, , all six stimulus velocities were presented once
within one sweep, with the stimulus lasting 4 s, and different stimuli being sepa-
rated by 2 s. In the experiments shown in Figs 3g, h, a single sweep contained all 12
grating orientations with the same stimulus and pause length as above. For the
electrophysiology experiments (Fig. 4a—f), multiple edges were used as stimuli
moving simultaneously at 50°s~ L. To stimulate cells of horizontal system (HS
cells), a vertical, stationary square-wave grating with 45° spatial wavelength was
presented. For ON-edge motion, the right (preferred direction, PD) or the left edge
(null direction, ND) of each light bar started moving until it merged with the
neighbouring bar. For OFF-edge motion, the right or the left edge of each dark
bar was moving. To stimulate cells of the vertical system (VS cells), the pattern
was rotated by 90° clockwise. For the behavioural experiments (Fig. 4g-i), three
120-Hz LCD screens (Samsung 2233 RZ) were vertically arranged to form a
U-shaped visual arena (w=31cm Xd=31cm X h=47cm) with the fly in
the centre. The luminance ranged from 0 to 131 cdm ™2 and covered large parts
of the flies’ visual field (horizontal, =135 vertical, £57°; resolution, <0.1°).
The three LCD screens were controlled via NVIDIA 3D Vision Surround Tech-
nology on Windows 7 64-bit allowing a synchronized update of the screens
at 120 frames per second. Visual stimuli were created using Panda3D, an open-
source gaming engine, and Python 2.7, which simultaneously controlled the
frame rendering in Panda3D, read out the tracking data and temperature and
streamed data to the hard disk. The balanced motion stimulus consisted of a
square-wave grating with 45° spatial wavelength and a contrast of 63%. Upon
stimulation onset, dark and bright edges moved into opposite directions at 10°s ™"
for 2.25s. This stimulation was performed for both possible edge directions and
two initial grating positions shifted by half a wavelength, yielding a total of four
stimulus conditions.

Data evaluation. Data were evaluated off-line using custom-written software
(Matlab and IDL). For the images shown in Figs e, f, 2a and 3a, b, the raw image
series was converted into four images representing the relative fluorescence change
during each direction of grating motion: (AF/F)gim = (Fstim — Fref)/Frer- The image
representing the stimulus fluorescence (F;,) was obtained by averaging all images
during stimulation; the image representing the reference fluorescence (Fief)
was obtained by averaging three images before stimulation. Both images were
smoothed using a Gaussian filter of 10 pixel half-width. For the images shown
in Figs 1fand 3a, b, AF/F images were normalized by their maximum value. Then,
a particular colour was assigned to each pixel according to the stimulus direction
during which it reached maximum value, provided it passed a threshold of 25%.
Otherwise, it was assigned to background. The response strength of each pixel was
coded as the saturation of that particular colour. For the data shown in Figs 2b, ¢
and 3c-h, the raw image series was first converted into a AF/F series by using the
first three images as reference. Then, a region was defined within a raw image, and
average AF/F values were determined within that region for each image, resulting
in a AF/F signal over time. Responses were defined as the maximum AF/F value
reached during each stimulus presentation minus the average AF/F value during
the two images preceding the stimulus. For the bar graphs shown in Fig. 4c, f, the
average voltage responses during edge motion (0.45s) along the cell’s preferred
(PD) and null direction (ND) were calculated. For each recorded tangential cell,
the difference between the PD and the ND response was determined, and these
values were averaged across all recorded cells. The data shown in Fig. 4g, h were
obtained from the four stimulus conditions by averaging the turning responses for
the two starting positions of the grating and calculating the mean difference
between the turning responses for the two edge directions. For the bar graph
shown in Fig. 4i, the average turning response of each fly during the last second
of balanced motion stimulation was calculated. These values were averaged across
all recorded flies within each genotype.

©2013 Macmillan Publishers Limited. All rights reserved



AT LETTER

31.  Jenett, A etal. AGald-driver line resource for Drosophila neurobiology. CellRep.2, ~ 33.  Euler, T. et al. Eyecup scope—optical recording of light stimulus-evoked
991-1001 (2012). fluorescence signals in the retina. Pfluger Arch. 457, 1393-1414

32. Reiff,D.F, Plett,J., Mank, M., Griesbeck, O. & Borst, A. Visualizing retinotopic half- (2009).
wave rectified input to the motion detection circuitry of Drosophila. Nature 34.

Reiser, M. B. & Dickinson, M. H. A modular display system for insect behavioral
Neurosci. 13,973-978 (2010).

neuroscience. J. Neurosci. Methods 167, 127-139 (2008).

©2013 Macmillan Publishers Limited. All rights reserved



SUPPLEMENTARY INFORMATION

doi:10.1038/nature12320

vertical grating

0.4 =
w 02
i
<
(0]
o 4
C
2 A4
@ .Y

0.0 — A AL Vi /\
8 Rud ‘\mmvwﬂx

[ Counter Phase Flicker, 0.5 Hz|
02 — T T T
0 10 20 30
Time [sec]
horizontal grating
L
[T
<
(0]
7]
C
(o]
o
1]
o)
o
| Counter Phase Flicker, 0.5 Hz |
02 T T ) s e
0 10 20 30

Time [sec]

Supplemental Fig.1 Responses of T4 and T5 cells to counter-phase flicker. Square-wave gratings (15 deg spatial
wavelength and 88% contrast) with vertical (top) and horizontal (bottom) orientation were phase-shifted every
second by 180 deg for 20 seconds. Response traces are derived from the region of interest encircled in the image

to the left with the same color from a single stimulation period. T4 and T5 cells in layers 1 and 2 only respond to

the vertical grating, cells in layers 3 and 4 selectively respond to the horizontal grating. Similar results were obtained
in n=4 flies. Scale bar =5 um. Together with the missing response of T4 and T5 cells to full-field flicker, these findings
suggest that T4 and T5 cells receive input signals from neurons with different orientation tuning , depending on
whether they respond to motion along the horizontal (layers 1 and 2) or the vertical (layers 3 and 4) axis 12,

1 Pick, B. & Buchner, E. Visual movement detection under light- and dark-adaptation in the fly, Musca domestica.
J. Comp. Physiol. 134, 45-54 (1979).

2 Srinivasan, M.V. & Dvorak, D.R. Spatial processing of visual information in the movement-detecting pathway of the
fly. J. Comp. Physiol. 140, 1-23 (1980).
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Supplemental Fig.2 Circuit diagram of the fly elementary motion detector. Visual input from photoreceptors

R1-6 is split into parallel pathways, L1 and L2, at the level of the lamina. Two neighboring columns are shown.
The outputs from both L1 and L2 are half-wave rectified, such that downstream elements carry information
about ON (L1-pathway) and OFF (L2-pathway) signals separately. After temporal low-pass filtering (‘LP’)

the signals from one column, they interact in a supra-linear way with the instantaneous signals derived from

the other column. This interaction takes place, separately in both pathways, along all four cardinal directions.
Directionally selective signals are carried via T4 and T5 cells to the four layers of the lobula plate where

T4 and T5 cells with the same preferred direction converge again on the dendrites of the tangential cells (‘LPTCs’).
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Object tracking in motion-blind flies

Armin Bahl, Georg Ammer, Tabea Schilling & Alexander Borst

Different visual features of an object, such as its position and direction of motion, are important elements for animal orientation,
but the neural circuits extracting them are generally not well understood. We analyzed this problem in Drosophila, focusing on
two well-studied behaviors known as optomotor response and fixation response. In the neural circuit controlling the optomotor
response, columnar T4 and T5 cells are thought to be crucial. We found that blocking T4 and T5 cells resulted in a complete loss
of the optomotor response. Nevertheless, these flies were still able to fixate a black bar, although at a reduced performance level.
Further analysis revealed that flies in which T4 and T5 cells were blocked possess an intact position circuit that is implemented
in parallel to the motion circuit; the optomotor response is exclusively controlled by the motion circuit, whereas the fixation

response is supported by both the position and the motion circuit.

Optomotor and fixation responses of flies have been studied exten-
sively. Experiments on tethered Drosophila walking or flying inside a
rotating drum revealed a strong and persistent optomotor response
along the direction of the rotating drum!=3 (open loop). The effect
of large-field stimuli on visual course control can also be seen in free
flight, where the structure of the flight path of Drosophila depends on
the visual pattern of the surrounding environment®. When the pattern
is rotating, the fly’s behavior exhibits distinct, circular flight paths
around the center of the arena. Fixation behavior was first observed
in tethered flying house flies in which the fly’s torque was fed back
into a servo motor controlling the position of a black bar®” (closed
loop). Under these conditions, flies keep the bar in front of them
most of the time. Moreover, it was shown that bar fixation interacts
with the expansion avoidance reaction of Drosophila when presented
with translatory full-field optic flow®. Fixation behavior has also been
studied in freely walking and flying Drosophila®-12. On the basis of
their different dynamics and spatial sensitivity, the optomotor and
fixation responses were proposed to represent the output of differ-
ent visual processing pathways!3. Similar conclusions were drawn
from experiments in which the tangential cells of the lobula plate
were either genetically or surgically removed'4-17, or in mutants with
reduced optic lobes!8; in general, flies seem to be impaired more
strongly in their response to large-field rotating patterns than in their
reaction to single, moving bars. However, none of the techniques used
provided a sufficiently high resolution to make any definitive state-
ments about the involvement of individual cell types of the fly optic
lobe in one or the other pathway.

To dissect the neural circuits underlying the optomotor and fixa-
tion responses, we built on recent progress in our understanding of
the visual processing stream!® leading from the photoreceptors R1-6
via lamina and medulla to directionally selective motion responses
in the lobula plate tangential cells (LPTCs; Fig. 1a). Recording from
LPTCs via whole-cell patch?%2! combined with selective blockade
of individual columnar cells revealed that lamina cells L1 and L2
provide the main input to the motion detection circuit, functionally

segregating into an ON and an OFF pathway, respectively??23.

The L1 and L2 pathways, which have been described anatomically?+2,
converge again on the dendrites of the tangential cells in the lobula
plate via T4 and T5 cells; blocking the synaptic output from T4 and
T5 cells completely abolishes the motion response in tangential cells,
but leaves some residual response to full-field flicker26. To test the
behavioral performance of these flies, we used a procedure in which
a tethered fly walks on a small sphere supported by an air stream?2”.
A computer reads the movement of the sphere, controls the visual
stimulus presented to the fly and adjusts the ambient temperature.
Moreover, we used the Gal4-UAS system?$ to genetically express a
temperature-sensitive allele of shibire?” in a small subset of neurons
in the fly brain. This permitted a selective shut down of the desired
part of the neuronal circuit during the experiment by switching
from the permissive temperature for shibire’s (25 °C) to its restrictive
one (34 °C).

RESULTS

Optomotor and fixation response

We tested the optomotor and fixation response of flies in which
shibire's was expressed in T4 and T5 cells (T4/T5 block flies). As the
behavior of flies turned out to be highly dependent on temperature
(Supplementary Fig. 1), all of our control experiments were carried
out with flies of a different genotype using the same temperature
protocol. For controls, we used flies with two different genotypes:
flies that carried the shibire® effector allele, but no Gal4 driver gene
(shi*s control), and flies that carried the Gal4 driver gene, but no
shibire's effector gene (T4/T5 control). We examined the temperature
dependency of the block: T4/T5 block flies behaved similar to control
flies at 25 °C, as well as when the temperature was slowly elevated
to 34 °C. However, clear differences emerged approximately 5 min
after reaching 34 °C (Supplementary Fig. 1). To exclude any motor
deficits in T4/T5 block flies, we analyzed their general walking and
turning activity, which were not different from those of control flies
(Supplementary Fig. 2).
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Figure 1 Optomotor response and fixation a
response of control and T4/T5 block flies.

(a) Schematic of the fly’s optic lobe. In each

lamina column, photoreceptors R1-6 synapse

onto lamina cells L1 and L2, forming parallel

\J
pathways for motion detection. The output Medulla
signals of both pathways converge via T4 and
T5 cells on the dendrites of LPTCs. (b,c) Turning
speed of control (shifs control (dashed black Lobula plate

line) and T4/T5 control (solid gray line); b) and
T4/T5 block (solid red line; ¢) flies in response
to clockwise and counterclockwise rotation of
a grating pattern (contrast = 22%, gray shaded Retina Lamina Medulla  Lobula plate

areas; 20 trials per fly, n =10 flies per group).

Inset, optomotor response as function of grating Controls T4/T5 block
contrast (clockwise minus counterclockwise b
rotation response divided by 2; averaged in 1 s
after stimulus onset). (d) Average optomotor
response (average over contrasts). ***P < 0.001,
two-sided t test compared with both control
groups. The response of the T4/T5 block

group was not significantly different from zero
(P=0.47, two-sided t test). (e,f) Bar position
over time during closed-loop fixation (single
trial of one shits control fly (e), single trial for
one T4/T5 block fly (f)). Vertical dashed lines
indicate the frontal area (+10°). (g,h) Average
probability density as function of bar position
for control (40 trials per fly, n = 10 flies per
group; g) and T4/T5 block (40 trials per fly,

n =12 flies; h) flies. (i) Integration of the
probability density curves between £10° gives
the percentage of time the bar is held in the
frontal visual field (fixation in front). Upper
horizontal dashed line represents the chance
level (5.6%, no fixation). *P < 0.05, two-sided
t test compared with both control groups.

The value of the T4/T5 block group was
significantly different from chance
(P<0.001, two-sided t test). All data
represent mean  s.e.m.
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We first confronted the flies with a large- e

field grating moving clockwise and counter- 180 _Bg 0 0 90 180 7180 -0 0 90 180

ar position (°) Bar position (°) o S,
clockwise (Fig. 1b-d). Both types of control %‘i‘;&
flies exhibited a strong and reliable optomotor
response over a wide range of pattern contrasts (Fig. 1b,d). Instead, ~ direction and the response to the position of a moving bar, we used a
T4/T5 block flies no longer followed the motion of the panorama, no  classical approach3® and moved a single bar in open loop around the
matter how high the pattern contrast (Fig. 1c,d). We next performed  fly, first in a clockwise and then in a counterclockwise direction, and
closed-loop fixation experiments and coupled the flies’ turning ten-  measured both responses (R.,, and R, respectively) as a function
dency to the position of a single black bar such that whenever the fly  of bar position (¥)31.
turned into one direction, the bar moved into the other (Fig. le-i). Assuming that the turning response R of the fly to the rotating
Control flies robustly moved the bar to the front and kept it there  bar reflects a superposition of a position system P and a motion
(Fig. 1e,g,i). When we tested the flies in which the output from T4  system M (with v = d'¥'/dt denoting the angular velocity of the bar),
and T5 cells was blocked, we were surprised that they were still clearly ~ we can write
able to fixate the bar, although with a somewhat broader position dis-
tribution than control flies (Fig. 1f,h,i). Taken together, these results R=P(¥,v)+ M(¥,v)
indicate that T4 and T5 cells are a necessary part of the neural circuit
controlling the optomotor response to large-field motion, but are not  For the two directions of bar rotations, we obtain
needed for fixation behavior.

Rew = P(¥,v)+ M(Y,v)

Dissection of motion and position system Recw = P(¥,—v)+ M(¥,-v)
Does that mean that fixation behavior relies on a separate set of
motion-sensitive neurons tuned specifically to small moving objects,  To simplify these equations, two classical assumptions can be made3?.
or does fixation behavior rely on a purely position-dependent sys-  First, the position system is velocity independent (P(\¥,v) = P(¥)).
tem that is insensitive to motion? To tease apart the response to the  Second, the motion system is linear in v (M(‘¥,v) = M(\V')-v). Following
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Figure 2 Open-loop analysis of the fixation
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a Controls T4/T5 block

response. (a,b) Responses of control (a) and _
T4/T5 block (b) flies to a single black bar moving — 7, 1001 —~ 501
clockwise (thicker lines) and counterclockwise R g s0{ /\\x : 54
around the fly. Responses are plotted as a function ] PO 51 CA,,)VQ A
of the azimuth position of the bar; that is, during > ‘i 0 S S % 0 M
counterclockwise rotation, time progresses from E -50 A D g -25 4 O
right to left. (c,d) Summation of the clockwise and L d 37100 ] 2 _spd
counterclockwise responses divided by 2 revealed 180 90 0 90 180 180 -90 O 90 180
the position-dependent response component, P(\¥), Bar position (%) Bar position (°)
of control (c) and T4/T5 block (d) flies. (e) The position c d e
response (the integral of the curve P(0° < ¥ < 180°) 40 1 20 4 o 4]
minus the integral of P(-180° < ¥ < 0°) divided by 2). ~ 20 17 ~ 104 gr;«
The response of the T4/T5 block group was significantly o / % o §~°-
greater than zero (P < 0.001, two-sided t test). 5 0 5 0 w ng 2
(f,g) Subtraction of the clockwise and counterclockwise a 20 W a -10 4 2%
responses divided by 2 yielded the motion-dependent v £ ol

-40 A —20 4
response component, M(\P)-v, of control (f) and T4/T5 180 90 0 90 180 180 90 0 90 180
block (g) flies (a positive value indicates a tendency to Bar position (%) Bar position (%)
turn with the stimulus). (h) The motion response f g h
(the integral of the curve M(0° < ¥ < 180°)-v plus 60 1 30 { o 61
the integral of M(—~180° < ¥ < 0°)-v divided by 2). = = 2o
The response of the T4/T5 block group was not < < 15 4 §“
significantly different than zero (P = 0.06, two-sided ,;? ,;? <o
t test). All data represent mean + s.e.m.; 35 trials per fly, s "- s o /‘« i J\\N 5T
n=10, 11 and 14 flies per group (shi®s control, dashed 0 WY YA =
black lines; T4/T5 control, solid gray lines; T4/T5 block, 180 90 0 90 180 180 90 O 90 180
solid red lines). ***P < 0.001, two-sided t test compared Bar position (°) Bar position (%) $ 0<\(° g

o Al

with both control groups.

these assumptions, the position system as well as the motion system
can be recovered

P(¥) = (Rey + Reew)/2
M(¥)-v=(Rey — Recw)/2

We performed such experiments on control and T4/T5 block flies
(Fig. 2). With a starting position behind the flies, control flies fol-
lowed the direction of motion of the bar, turning clockwise (+)
during clockwise motion and counterclockwise (~) during coun-
terclockwise motion (Fig. 2a), which is slightly different from what
has been measured in flying Drosophila under similar conditions®.
According to the formal decomposition outlined above, we recov-
ered a position-dependent response component, P(¥) (Fig. 2c,e),
and a motion-dependent response component, M('¥) (Fig. 2f,h). The
responses of T4/T5 block flies to such stimuli were markedly different
from those of control flies; in general, T4/T5 block fly responses had
smaller amplitudes and were almost identical for both directions of
bar motion (Fig. 2b). Decomposing the reaction into the position-
and motion-dependent components revealed that the response of
these flies to the position of the bar, P(\¥'), was still present, although
reduced in amplitude (Fig. 2d,e). However, the response to the motion
of the moving bar, M(\¥'), was completely abolished (Fig. 2g,h). We
conclude that T4/T5 block flies are blind to the motion of a single bar,
but can still detect its position. Thus, the ability of motion-blind flies
to fixate a bar in closed loop (Fig. 1f,h,i) is a result of the remaining
position response.

What is the visual cue used by the position system that allows the
detection of bar position: is it mere stationary contrast, its temporal
change or its local motion? To address these questions, we presented
control flies with an appearing black bar (10° width) at +90° azimuth
which stayed there for 4 s before disappearing again (Fig. 3). The time
during which the bar appeared and disappeared amounted to 0.5 s
approximating the local luminance change when a black bar (width =
10°and v =20 ° s~!) moves into a 10°-wide window and, after 4 s, moves

out again. Control flies exhibited a strong, but transient, response toward
the position at which the bar was appearing as well as where it was dis-
appearing, but, during the stationary phase of the bar, no response was
detectable (Fig. 3a). We then determined the response values as func-
tion of bar position. In control flies, the shape of the resulting response
functions (Fig. 3¢,i) looked similar to P(¥') as obtained in the previous
experiment (Fig. 2¢,d). We next repeated the experiments on T4/T5
block flies. Like control flies, T4/T5 block flies responded transiently to
both the appearance as well as to the disappearance of the bar, but not
when the bar was stationary (Fig. 3b). Moreover, the shape of the posi-
tion-dependent response functions was almost identical to the ones of
control flies (Fig. 3d,g,j). We conclude that the position system is insen-
sitive to a stationary image but uses the change of luminance over time
as its input signal®2. Furthermore, the position system is not affected
by blocking the output of T4 and T5 cells.

Turning responses to local motion and luminance changes

We observed a clear reduction of the performance of T4/T5 block flies
compared to controls when we characterized their position response
under closed-loop fixation conditions (Fig. 1e-i) and when we used a
rotating bar (Fig. 2). However when we used local luminance changes,
we found no difference between T4/T5 block and control flies (Fig. 3).
This discrepancy suggests that the detection of motion somehow
enhances the fly’s response toward the position of the bar. We consid-
ered two possible mechanisms. First, the motion and position system
may not be fully separable on the neuronal level. In this case, local
motion might directly modify the position system to enhance the
position response. Second, the motion system may have a stronger
response to front-to-back than back-to-front motion. In the behaving
fly, this would lead to a stronger compensation of bar motion away
from the front, thereby improving fixation33. In both cases, T4/T5
block flies would no longer be able to detect the motion of the bar
and their position response would be reduced. Furthermore, both
arguments indicate that our assumptions (Fig. 2), which were adopted
from classical experiments®’, might not be fully correct.
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ns indicates not significant, P> 0.05, two-sided ¢ test compared with both control groups. Responses of T4/T5 block flies at 45° were not significantly
different to control responses (P> 0.05; two-sided t test compared with both control groups). Responses of shits control and T4/T5 block flies during
steady state were not significantly different from zero, but the response of T4/T5 control flies was (P=0.37, 0.11, 0.02, respectively; two-sided t test).

To test these ideas, we investigated the turning responses to local
front-to-back motion, back-to-front motion and luminance changes
in isolation (Fig. 4). We created a virtual environment consisting of a
gray cylinder with a 10° window at two azimuthal positions (either ¥ =
30° or ¥ = 60°). Outside, a 10° black bar rotates at 40 ° s~! around the
cylinder. Whenever the bar passes the window, it briefly allows the
fly’s motion system to detect the direction of bar motion (either front
to back or back to front), inducing a turning tendency (Mgrp and
Mprg) in the same direction. Moreover, when the bar passes through
the window, it produces local luminance changes such that luminance
first decreases and then increases again. This change in luminance is
detected by the fly’s position system, leading to an additional turning
tendency toward that position (Pgrg and Pgrg). Thus, the turning
response to local front-to-back and back-to-front motion can be
described as the sum of both turning tendencies.

Rprp = MpTB + PRTB
RpTE = MpTE + PBTE

To tease apart the different response components, we need the
response of the position system alone. We approximated the local

luminance change when the rotating bar passes the window with a
non-moving stimulus. The whole window starts at background lumi-
nance, darkens and then brightens again. This stimulus should only
activate the position system, resulting in a turning tendency toward
the position of the local luminance change (R = Pp).

When measuring the turning response of control flies to the three
different stimulus conditions, all turning responses were found to be
different. The response to the front-to-back stimulus (Rgyg) was posi-
tive and large in amplitude (Fig. 4a,c), the response to the back-to-front
stimulus (Rgrp) was biphasic and weak (Fig. 4d,f), and the response
to local luminance changes (R) was positive and weak (Fig. 4g,i).
In contrast, the responses of T4/T5 block flies to front-to-back
motion, back-to-front motion and local luminance changes were all
identical (Fig. 4b,e,h,j). We found no differences in the responses to
local luminance changes of controls and T4/T5 block flies (Fig. 4i),
which is consistent with our earlier observations (Fig. 3). Taken
together, these results indicate that the position system only detects
changes in local luminance and that local motion does not influence
its response properties. Thus,

Rp =P, = Perp = Pe7F
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Figure 4 Open-loop responses to local bar motion and to local luminance changes. (a—i) Turning responses of control (a,d,g) and T4/T5 block (b,e,h)
flies to local front-to-back motion (a,b), local back-to-front motion (d,e) and local luminance changes (g,h) at ¥ = 30° and ¥ = 60° (gray shaded
areas). The corresponding average turning responses are shown in ¢, f and i (Rgrg, Rg7r and R, respectively; averaged between t=0.1 s and

t=2.1 s after stimulus onset). (j) Comparison of responses to the different stimuli of T4/T5 block flies. (k) Comparison of isolated motion responses
(Mg1g = Rer — R and Mgtr = Rgrr — RL). Motion responses of T4/T5 block flies were not significantly different from zero (P> 0.05, two-sided t
test). All responses were measured as the response with the bar at ¥ = +30° or ¥ = +60° minus the response with the bar at ¥ = -30° or ¥ = -60°,
respectively, divided by 2. All data represent mean + s.e.m.; 60 trials per fly of n=10, 12 and 11 flies (at ¥ = 30°) and of n=10, 11 and 11 flies
(at ¥ = 60°) per group (shits control, dashed black lines; T4/T5 control, solid gray lines; T4/T5 block, solid red lines). ns indicates not significant
(P>0.05), *P<0.05, **P< 0.01 and ***P < 0.001; two-sided t-test compared with both controls (c,f,i) or comparing Mgrg to —Mg7f within the
groups (k); one-way ANOVA in j.

This finding allowed us to isolate the responses of the motion system  Analyzing the data of control flies in this way revealed a strong
to front-to-back and back-to-front stimulation. asymmetry in the motion system for the frontal part of the visual field
(¥ = 30°), where its response to front-to-back was approximately

twice as strong as that to back-to-front motion (Fig. 4k). In the lat-

Mprp = RprB — R, eral part (¥ = 60°), we observed a similar tendency (Fig. 4k). This

MgpTE = RpTF — R, finding implies that M (¥, v) # —-M (¥, —v) and suggests that it is
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of P(¥) obtained in the previous experiment
with the rotating bar (Fig. 2). Thus, P(¥)
actually overestimates the response of the
pure position system (Pp) in control flies.

P(\P)controls = (Rey + Recyy)/2
=(M(¥,v) + M(¥Y,-v)+2-P1)/2
>PL

On the other hand, for T4/T5 block flies, the motion responses were
zero (Figs. 2h and 4k). Under these conditions, P(¥') corresponds to
the response of the position system alone (Py).

T4/T5block

P(Y) =(Rew + Reew)/2

=(M(¥,v) + M(W,—v) +2-P1)/2
=Py

Taken together, these results indicate that the visual pathways of the
motion and position system are indeed separable at the neuronal level.
However, fixation is shaped by an interaction of both systems at the
level of behavior.

Object tracking with background motion

Do both control systems also superimpose when the fly encounters a
more natural situation where it has to track an object while the whole
background is in motion? To answer this question, we fed back the
fly’s turning tendency on the position of the black bar, as in the usual
fixation procedure (closed loop), and displayed a large-field sine-
grating rotating in one or the other direction without giving the fly
control over it (open loop) (Fig. 5). If both responses superimpose at
the level of the fly’s turning tendency, the large field stimulus should
create a permanent offset, leading to a shift of the position where the
fly fixates the bar.

We tested whether the presence of the sine-grating alone would alter
the fixation response. To our surprise, the fixation response clearly
improved for both control and T4/T5 block flies when the back-
ground was a static sine-grating (Supplementary Fig. 3), although
the grating had the same average luminance as the uniformly gray
background used in previous fixation experiments (Fig. 1e-i). This
indicates that the fixation response is modulated by the spatial prop-
erties of the background, yet the detailed mechanism of this effect
remains unknown.

Bar position (°) Bar position (°)

With the sine-grating background moving clockwise or counter-
clockwise, control flies were still able to fixate the bar, but the peak
of the position histogram was shifted in the direction opposite to the
direction of the moving large-field stimulus (Fig. 5a,d). The motion
system produced a tendency to turn in the direction of the moving
background, whereas the position system induced turning toward
the position of the bar. When the bar was shifted opposite to the
direction of background motion, both responses summed to zero.
Under the same conditions, T4/T5 block flies did not shift the fixation
peak, but rather kept the bar in front of them, regardless of whether
the large-field stimulus was moving clockwise or counterclockwise
(Fig. 5b,e). These results suggest a superposition of the large-field
motion system and the position system at the level of behavioral out-
put, as has been proposed?3’.

Electrophysiology in horizontal and vertical system cells
In our behavioral experiments, we found that a turning response
could be elicited by local luminance changes and that this response
was not changed when blocking T4 and T5 cell output (Figs. 3 and 4).
In electrophysiological recordings from LPTCs sensitive to horizontal
and vertical motion (horizontal and vertical system cells, respectively),
the response to full-field flicker is only moderately reduced when T4
and T5 cell output is blocked?S, indicating that horizontal system and
vertical system cells receive additional input from an unidentified
flicker pathway. To investigate whether horizontal system or vertical
system cells use this information to mediate the position response,
we performed electrophysiological recordings from horizontal system
and vertical system cells in the immobilized fly (Fig. 6). We presented
gratings moving in different directions, full-field OFF and ON flicker,
as well as appearing and disappearing black bars at different positions
along the azimuth. Vertical system cells responded strongly in a direc-
tion-selective manner to vertical motion (Fig. 6a), whereas horizontal
system cells responded most strongly to horizontal motion (Fig. 6b).
Both cell types also responded strongly to full-field OFF and ON
flicker. However, cellular responses to appearing and disappearing
vertical bars were orders of magnitude weaker. Moreover, horizontal
system cells slightly hyperpolarized when the black bar appeared, but
depolarized when it disappeared.

These recordings conflict with the behavioral responses that
we observed in several ways. First, flies robustly turned toward the
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Figure 6 /n vivo electrophysiological recordings a
from vertical system (VS) and horizontal system
(HS) cells in the immobilized fly. (a,b) Voltage
traces obtained from vertical system (a) and
horizontal system cells (b) while presenting
vertical (a) or horizontal (b) grating motion

into the preferred direction (PD) and the wo
null direction (ND) of the cell, full-field OFF 4,
and ON flicker, and a vertical dark bar that b
appeared and disappeared (fast or slow in 0.5 s
or 1.5 s, respectively) at ¥ = 30° in the front
of the fly (responses at ¥ = 60° and ¥ = 90°
were similar in amplitude; data not shown).

All data represent mean + s.e.m. obtained from
n = 8 vertical system cells and n = 6 horizontal
system cells from wild-type Canton S flies.

ul

VS cell response
Voltage (mV)

HS cell response
Voltage (mV)

location of an appearing and a disappearing black bar, and this posi-
tion response was on the same order of magnitude as the optomo-
tor response to full-field grating motion (Figs. 1b and 3a). Second,
assuming that horizontal system and vertical system cells convey
position information, we would not expect the fly to remain capable
of tracking objects when the background is moving (Fig. 5); the tiny
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voltage responses to local luminance changes would vanish in the
much stronger voltage response to the background motion. These
discrepancies between electrophysiological responses of horizontal
system and vertical system cells and behavioral responses render it
unlikely that horizontal system and vertical system cells are part of
the fly’s position circuit.
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Figure 7 Model simulations of the fly’s course control system. (a) Outline of the model. The visual scene was analyzed in parallel by a motion and a
position system. Their output signals, plus noise, were summated and low-pass filtered to yield the fly’s turning speed. To simulate closed-loop fixation
behavior, this signal was used to control the bar position. (b) Turning responses of the model to full-field clockwise and counterclockwise grating
rotation. (c,d) Bar position over time (c) and the resulting activity pattern of the array of position detectors (d) during a single run of closed-loop fixation.
(e) Model responses to a bar rotating in open-loop clockwise, followed by counterclockwise. (f) Position component, P(¥) (calculated by summing

the two responses obtained in e and dividing them by 2). (g) Motion component, M(¥) (calculated by subtracting the two responses obtained in e and
dividing by 2). (h) Probability density as function of bar position obtained from 20 runs of closed-loop bar fixation. (i,j) Closed-loop fixation behavior
during superimposed open-loop background sine-grating motion (solid lines, 10 ° s=! clockwise (CW) rotation of the grating; dashed lines, =10 ° s~1
counterclockwise (CCW) rotation of the grating). Model responses were calculated with an intact motion system (black lines) and with the gain of the

motion system set to zero (red lines).
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Modeling

Our results suggest the existence of two course control systems oper-
ating in parallel. Can such a system track a single object effectively
and quantitatively account for the observed behavior of the flies? To
address this question, we modeled the two course control systems and
tested them under the conditions that were used in the experiments
(Fig. 7). We implemented the large-field motion system as an array
of elementary motion detectors of the Reichardt type3* weighted by a
spatial sensitivity profile similar to M('¥), as obtained in the experi-
ments (Fig. 2f), and with a 50% stronger weight on front-to-back
than on back-to-front motion, as we observed (Fig. 4k). The output
signals of all motion detectors were summated. The position system
was modeled as an array of squared high-pass filters. From the array,
the location of the maximum response was extracted at each time
point. The response amplitude toward this position was determined
from a spatial sensitivity profile similar to the experimentally deter-
mined one (Fig. 2¢,d). Both signals were multiplied by a gain factor,
added together with white noise and low-pass filtered to obtain a
turning signal. This could either be interpreted as the output signal
under open-loop conditions or fed back into the bar position when
simulating closed-loop fixation behavior (Fig. 7a).

Stimulating the model with grating motion under open-loop con-
ditions resulted in a syndirectional optomotor response (Fig. 7b).
When tested under closed-loop conditions, the model revealed a pro-
nounced fixation behavior, bringing and keeping the bar in a frontal
position (Fig. 7¢,h). Comparing the bar position (Fig. 7¢) with the
output of the squared high-pass filters over time (Fig. 7d) revealed the
effective detection of bar position. Moving the bar in open loop, first
clockwise, then counterclockwise, led to a response profile that was
consistent with the respective experimental data (Fig. 7e). We added
and subtracted both responses to reveal the position-dependent and
motion-dependent components (P(W¥) and M(\V'), respectively) and
obtained similar profiles as in our experiments (Fig. 7f,g). We then
tested the system for closed-loop fixation during open-loop back-
ground grating motion. As seen in the experiments, the maximum of
the fixation histograms moved opposite to the direction of the drifting
grating and the histograms became broader (Fig. 7i).

We then tested the model with the gain of the large-field motion
system set to zero, simulating the blockage of T4 and T5 cell output;
the model was still able to keep the bar in front, yet with a broader
distribution (Fig. 7h). When the model was presented with the clock-
wise and counterclockwise rotating bar, the responses were identical
for both directions of bar motion and only depended on the bar’s posi-
tion (Fig. 7e). Moreover, the resulting position-dependent response
function, P(V), was reduced in amplitude compared with the control
(Fig. 7f). Finally, in the case of closed-loop fixation with background
motion, the model kept the bar in front, no matter the direction in
which the background was moving (Fig. 7j). In summary;, all of the
effects that we observed in the experiments were reproduced by the
model with one set of parameters.

DISCUSSION

Behavioral and electrophysiological studies in larger fly species have
proposed that fixation behavior is mediated by a special class of
lobula plate neurons that are selective for small moving objects3>-38.
These cells are thought to receive retinotopic input from the same
set of columnar, motion-sensitive neurons as the large field-
sensitive tangential cells. Their selectivity for small moving objects
arises from additional inhibition that they receive from other large-
field neurons of the lobula plate®*-41. In contrast, we found that trans-
genic Drosophila in which the T4 and T5 cells were blocked were

still able to fixate and track individual objects, even though their
lobula plate tangential cells were motion blind and flies consequently
did not show an optomotor response?®. Our genetic and behavioral
experiments revealed a control system that is purely sensitive to the
position of the object and not to the direction in which it is mov-
ing, with the exact same spatial sensitivity profile as that revealed
by the mathematical examination of behavioral results in wild-type
houseflies performed many years ago3(. Although the reduction in
fixation strength observed in T4/T5 block flies might, at first sight,
be interpreted as a partial overlap between the motion and the posi-
tion circuit at the neuronal level, our analysis indicates that this is
not the case; as a result of its asymmetry with respect to the direc-
tion of motion (front to back as compared to back to front), the
motion circuit contributes to the fixation response at the behavioral
level, but is separate from the position circuit at the neuronal level.
An asymmetry in turning was also observed in the responses to rotat-
ing stripes®3% (Fig. 2), but, from these findings, one cannot con-
clude that the response of the motion circuit is asymmetrical. Even a
perfectly symmetrical motion response, combined with the position
response, would lead to the very same behavior. Our investigation of
the two response components revealed that the asymmetrical turning
response has two sources: a turning response to the position of the
rotating bar and an asymmetrical motion response to its direction
of motion. The powerful genetic tools available in Drosophila*? will
allow the future identification of the specific neural components of
the position circuit.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Behavioral experiments. The locomotion recorder®?” consisted of an air-
suspended sphere floating in a bowl-shaped sphere holder. The sphere had
a diameter of 6 mm and a weight of 40 mg; it was made from polyurethane
foam and coated with polyurethane spray (spheres were kindly provided by
V. Jayaraman, Janelia Farm). The airflow is adjusted to ~0.7 I min~! by a rotary
vane pump (G6/01-K-EBIL Gardner Denver Thomas GmbH) such that the
sphere rotated freely in the holder, but did not jump out. A high-power infrared
LED (800 nm, JET series, 90 mW, Roithner Electronics) was located in the back
to illuminate the fly and the sphere surface. Two optical tracking sensors were
equipped with lens and aperture systems to focus two 1-mm? equatorial spots
(at £30°) on the sphere at a distance 15 cm behind the fly. The tracking data
were processed in a custom-designed circuit?’ at 4 kHz internally, read out via
a USB interface and processed by a computer at ~200 Hz. This allowed real-
time calculation of the instantaneous rotation axis of the sphere. A third camera
(GRAS-2084M-C, Point Grey Research) was located in the back, which is essen-
tial for proper positioning of the fly and allowed real-time observation and video
recording of the fly during experiments. The bottom of the sphere holder was
surrounded by an open plastic funnel connected to a metal fan with an aluminum
tube. A self-designed Peltier controlling system read out the temperature of a
thermometer placed just below the sphere and controlled the fan temperature
such that the air temperature around the fly was regulated precisely (0.1 °C).
In all experiments, the temperature started at the permissive temperature level
for shibire’ (25 °C) and was raised linearly to the restrictive temperature of 34 °C
in 10-20 min. Three 120-Hz LCD screens (Samsung 2233 RZ) were vertically
arranged and formed a U-shaped visual arena (31 x 31 x 47 cm) with the fly in
the center. We removed the monitor covers to minimize the borders between the
screens in the corners of the arena and glued thin sheets of parchment paper onto
the screens to scatter and evenly distribute the emitted light. The visual arena had
a luminance ranging from 0-131 cd m™2 and covered almost the whole visual
field of the fly (horizontal, + 135° vertical, £ 57° resolution < 0.1°). The three
LCD screens were controlled via NVIDIA 3D Vision Surround Technology on
Windows 7 64 bit, allowing a synchronized update of the screens at 120 frames per
s. For visual stimulation, we use Panda3D, an open-source gaming engine, and
Python 2.7, which simultaneously controlled the frame rendering in Panda3D,
read out the tracking data and temperature, and streamed data to the hard disk.

Time-position plots for the visual stimuli are illustrated in Supplementary
Figure 4 for all experiments. The large-field open-loop optomotor stimulus
(Fig. 1b-d and Supplementary Fig. 4a,b) consisted of a striped grating (A = 20°)
rotating clockwise (+) or counterclockwise (-) at a velocity of 20 ® s™! for 0.5 s.
Seven contrasts were tested. The dark stripes always had a luminance value of
27 cd m2, whereas the luminance values of the brighter stripes ranged from
30-104 cd m™2, resulting in contrast values between 4 and 58%, measured as
(Imax—Imin)/ (Imax*+Imin)- In the open- and closed-loop fixation experiments,
we showed a single black bar (10° wide, 114° high, 9 cd m~2) on a gray back-
ground (58 cd m~2). In the first set of open-loop fixation experiments (Fig. 2 and
Supplementary Fig. 4d,e), the bar started in the back and rotated at velocities of
+18 ° s~ around the fly. In another set of experiments (Fig. 3 and Supplementary
Fig. 4f), the bar did not move, but slowly appeared (in 0.5 s), remained static for
4 s and disappeared (in 0.5 s) at well-defined locations (£120°, £90°, £60°, +45°,
+30° and £15°). In another experiment (Fig. 4 and Supplementary Fig. 4g-i),
we chose two locations (W = 30° and ¥ = 60°) to show local motion (front to back
and back to front) and local luminance change. Here, the local luminance change
dynamics were chosen such that they approximated the luminance change when
the local motion was shown. In the case of closed-loop fixation, the bar was placed
atarandom position (between —180° and +180°) around the fly before each trial
and the fly was then given 20 s control of the angular position of that bar (Abar =
—fly turning, updated approximately every 9 ms). This was done either in front of
a gray background (Fig. 1e-i and Supplementary Figs. 3a—c and 4c) or a large-
field sine-grating (A = 30°, the luminance values of the pattern were between 27
and 104 cd m~2). The sine-grating was either static (Supplementary Figs. 3d-f
and 4j) or rotated at £15 ° s~! (Fig. 5 and Supplementary Fig. 4k ).

Flies were raised on standard cornmeal-agar medium at 18 °C and 60% humid-
ity throughout development on a 12-h light, 12-h dark cycle. We used shi* con-
trol flies (w*; +; +/UAS-shi*), T4/T5 control flies (w*/w=; +; R42F06-Gal4/+)
and T4/T5 block flies (w*/w~; +; R42F06-Gal4/UAS-shi*). The T4 and T5 cell-
specific driver line R42F06-Gal4 was kindly provided by A. Nern and G. Rubin

(Janelia Farm) and was generated*? using a 4.0-kb DNA fragment of the bab2 gene
amplified from genomic DNA with primers CGGCTGATCCAACAAAGGATG
CACC and CTCAGTGTAGCCGCACCTTGTTCCT. The shibire' effector has
multiple insertions on the third chromosome. We used wild-type Canton S flies
for the control crosses. Only female flies aged 2-10 d were used in experiments.
Flies were taken from 18 °C just before the experiment and immediately cold
anesthetized. The head, thorax and wings were glued to a needle using near-
ultraviolet bonding glue (Sinfony Opaque Dentin) and strong blue LED light
(440 nm, dental curing light, New Woodpecker).

For each fly, the experiment lasted approximately 50 min and was split into
50-200 trials depending on the length and the number of visual stimuli. Stimuli
in one trial were presented in random order. For data analysis, we chose a
range of trials (same for control and T4/T5 block flies per experiment) dur-
ing which the temperature was constant at 34 °C and during which flies had a
constant average turning and walking speed. The experimental raw data were
first downsampled (interpolated from 120 to 20 Hz). Turning speed traces
were then determined by taking the average over trials and low-pass filtering
the resulting trace (7 = 0.1 s in all experiments, except those shown in Fig. 2,
where 7= 0.4 s). Probability density functions of bar position were calculated
separately for each trial with a bin size of 5° and then averaged over trials and
flies. The measure ‘fixation in front’ was determined by integrating the prob-
ability density function of one trial between —10° and 10°, which resulted in a
percentage value for how probable it was to find the bar in that area during that
trial. These values were then averaged over trials and flies. Flies were excluded
from data analysis when the average walking speed during the whole experiment
was below 0.1 cm s7!, indicating severe walking problems, or (only in closed-
loop fixation experiments with static background) when the average turning
speed was either larger than +10 ° s7! or smaller than —10 ° 57!, indicating an
asymmetry in walking behavior that led to a substantially reduced fixation
performance. All data analysis was performed in Python 2.7 using NumPy and
SciPy on Mac OSX 10.8.

P values were obtained using different statistical tests. To test the hypothesis
that a group had a certain mean, we performed a two-sided t test. When two
groups were compared (Fig. 4k), we performed a two-sided ¢ test. When T4/T5
block flies were compared with shi®* control and T4/T5 control flies, we per-
formed a two-sided ¢ test comparing each control with the block flies and chose
the larger P value. When three groups were compared (Fig. 4j), we performed a
one-way ANOVA. We used approximately the same sample size (smallest 7 =9
flies, largest n = 16 flies) per group and experiment, which permitted a statistical
comparison between the different experiments. This sample size was considered
as sufficiently large because the optomotor response of T4/T5 block flies shown in
Figure 1b—d was highly significantly reduced at n = 10 flies (P < 0.001, two-sided
t test compared with both controls). See Supplementary Statistics for a detailed
list of group sizes, statistical tests and P values.

Electrophysiology. Patch-clamp recordings were performed as described pre-
viously?” with minor modifications. All electrophysiological experiments were
performed with female wild-type Canton S flies 6-24 h post-eclosion. Flies were
raised on standard cornmeal-agar medium and kept at 25 °C and 60% humidity
on a 12-h dark/light cycle.

Flies were anesthetized on ice and immobilized on a plexiglas holder with
wax. The head was bent downwards and fixed by waxing the proboscis to the
thorax. The fly was then inserted into an opening cut into a piece of aluminum
foil mounted in a recording chamber. A part of the posterior side of the head
cuticle and the muscle that covers the cell bodies of LPTCs was removed with
fine forceps. Extracellular saline (103 mM NaCl, 3 mM KCl, 5 mM TES, 10 mM
trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO;, 1 mM NaH,PO,,
1.5 mM CaCl, and 4 mM MgCl,, pH 7.3, 280 mOsm) was bubbled with 95% O,
and 5% CO, and continuously perfused over the preparation. The brain of the fly
was visualized with an upright microscope (Axiotech Vario 100, Zeiss) equipped
with a 40x water-immersion objective (LumPlanFL, NA 0.8, Olympus) and an
Hg-light source (HXP-120, Visitron Systems). For contrast enhancement, we used
two polarization filters that were slightly shifted with respect to their polariza-
tion plane. The health of the flies was checked regularly by monitoring periodic
movements of the brain. A glass electrode filled with collagenase (Collagenase
1V, Gibco, 0.5 mg ml~! in extracellular saline) was used to weaken the perineural
sheath and expose the somata of LPTCs.
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Somata of vertical system and horizontal system cells were patched with a glass
electrode (6-9 MQ) filled with internal solution (140 mM potassium aspartate,
10 mM HEPES, 4mM Mg-ATP, 0.5 mM Na-GTP, 1 mM EGTA, 1 mM KCl and
0.03 mM Alexa 568-hydrazide sodium, pH 7.26, 265 mOsm). All recordings were
performed in current-clamp bridge mode with an NPI BA-1S amplifier (NPI
electronics), low-pass filtered at 3 kHz and digitized at 10 kHz. Data acquisition
was performed with Matlab (version R2011a, MathWorks). Cells had an average
resting membrane potential of —51.6 £ 0.7 mV (corrected for a liquid junction
potential of 12 mV) and an average input resistance of 204.5+ 16.7 MQ. Cell types
were identified on the basis of their typical response profiles to moving gratings.
In addition, fluorescence images of each cell were taken after the recording with
a CCD camera (Spot Pursuit, Visitron Systems) to verify their identity.

Visual stimuli were presented on a custom-built LED arena that subtended
170° in azimuth and 85° in elevation with a resolution of approximately 1.4°
per LED. The arena allowed refresh rates of up to 600 Hz and had a maximum
luminance of 80 cd m~2 Motion stimuli consisted of square-wave gratings with
a wavelength of 20° moving at 1 Hz. Stimuli lasted for 3 s with an interstimulus
interval of 5 s and were repeated three times. For bar flicker stimuli, the arena
background was set to full luminance. After 1.5 s, a dark bar that had a width of
10° and was centered at 30°, 60° or 90° along the azimuth appeared. The contrast
of that bar was increased linearly to a maximum of 66% over 0.5 s or 1.5 s. After
an interval of 3 s, the dark bar disappeared again in the same time period. Bar
flicker stimuli were presented five times. For full-field flicker stimuli, the arena
was stepped to full luminance for 3 s and then back to zero again for 3 s. Full-field
flicker stimuli were presented ten times per cell.

Data analysis was performed with Matlab (version R2011b, MathWorks) using
custom-written scripts. For all stimuli, we averaged voltage traces over sweeps and
calculated the mean and s.e.m. over cells. The baseline membrane potential was
calculated by averaging over a period of 500 ms preceding the stimulus onset and
subtracted from the responses. For horizontal system cells, we pooled responses
of all three horizontal system cell types. To properly match the receptive field of
vertical system cells?’, we averaged the responses of vertical system cells with
frontal receptive fields (VS1-VS3) to obtain the responses to the appearing and
disappearing bar at 30° and 60°. Responses of vertical system cells with lateral
receptive fields (VS5-6) were averaged to determine the responses at 90°.

Modeling. Visual patterns were modeled as one-dimensional luminance func-
tions at a spatial resolution of 0.01° and a temporal resolution of 1 ms. They were
covered by 360 elementary motion detectors of the Reichardt type34. Briefly,
the luminance value at one location was low-pass filtered (first-order, 20-ms
time constant) and subsequently multiplied with the instantaneous value derived
from the neighboring location, separated by 1° of visual angle. This was done

twice in a mirror-symmetrical fashion, and the output signals of both operations
were subtracted. All elementary motion detectors were weighted according to
the M(V) sensitivity profile and subsequently summated. In each hemisphere,
motion detection subunits tuned to back-to-front motion were given half the
response amplitude of those tuned to front-to-back motion. The visual pattern
was also viewed by an array of 360 position detectors. These were modeled as
high-pass filters (first-order, 10-ms time constant), the outputs of which were
squared. From this array, the location of the maximum was determined. If this
maximum was below a certain threshold, the location decayed back to zero with
a 20-ms time constant. The output of the position system was calculated as the
value of the P(W) function at this location. The M(¥) and P(\V) functions were
approximated in the following way, with Z('¥) describing the shape of their pro-
files, gp being the gain factor of the position system (= 3) and g being the gain
factor of the motion system (= 5).

Z(¥)= _ 4 virs?
d¥

P(Y)=gp Z(¥)
M(P) =gy |Z(P)

M(¥) was subsequently smoothed by a box filter of 20° width. As a noise
function we used Gaussian white noise that was filtered by a first-order low-
pass filter with 100-ms time constant and multiplied with a noise-gain factor
(gn = 15). The sum of noise, motion and position system was then fed through
a first-order low-pass filter with 100-ms time-constant to result in the turning
speed. In closed-loop simulations, the turning speed was used to update the bar
position each millisecond.

bar position(t + 1) = bar position(t) — 0.1- turning speed (¢)

Fixation histograms were obtained from 20 simulation runs, each 30 s long.
At the beginning of each run, the bar was positioned in front of the fly. As large
field pattern, we used a sine-grating with a spatial wavelength of 22.5°, a mean
luminance of 0.5 and a contrast of 1. When activated, it moved at 10 °s™!, resulting
in a temporal frequency of 0.44 Hz. The black bar was simulated as zero lumi-
nance from —5° to + 5° around the bar location, replacing the luminance value
of either the grating or the one of a uniform background of luminance value 1.
The model was simulated in IDL (Exelis) on 64-bit Windows 7.

43. Pfeiffer, B.D. et al. Tools for neuroanatomy and neurogenetics in Drosophila.
Proc. Natl. Acad. Sci. USA 105, 9715-9720 (2008).
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Temperature protocol during the full-field grating motion experiment (Fig. 1b-d). The
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optomotor response — defined as the turning speed in response to clockwise motion minus
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analysis (Fig. 1). ¢ Temperature protocol for closed-loop bar fixation (Fig. 1e-i). d Probability
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Fig. S4 Position-time plots of all visual stimuli in all experiments. a,b Full-field grating moving
clockwise (cw) or countclockwise (ccw). ¢ Closed-loop fixation of a black bar on an uniformly
gray background. d,e Rotating black bar (cw, ccw). f Slowly appearing and disappearing
black bar at W = +60° (other locations were +15°, +30°, +45°, —60°, +90°, +120°). g,h A
localized black bar moves front-to-back (g) and back-to-front (h) at W = +60° (other locations
were W = +30°, W = -60°). i Approximation of the local luminance dynamics in (g,h). j Closed-
loop fixation of a black bar on a static sine-grating with the same average brightness as in
(c). k,I Closed-loop bar fixation during background motion (cw, ccw, respectively); the black
traces in (c,j-1) are experimental example traces of bar position for a single trial of a shi®
control fly. Monitor position 0° is directly in front of the fly. The black areas indicate the
region of no visual stimulation behind the fly (-180° < x < —135° and +135° < x < +180° in

azimuth).
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Detailed statistics (list of group sizes, statistical tests and p-values)

The degree of significance was given as follows: not significant (-ns-) when p >=0.05; *
when p < 0.05; ** when p < 0.01; *** when p < 0.001.

Figure 1
Fig. 1d
20 trials per fly; N7 "' = 10 flies, N™/™ ©" = 10 flies, N™™ ?° = 10 flies.
Shi* control <> T4/TS control: p = 0.254, t = —1.177 (two-sided t-test)
Shi® control <> T4/TS block: p < 0.001, t = 15.663 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p < 0.001, t = 9.882 (two-sided t-test)
T4/T5 block ¢ zero: p = 0.473, t = 0.749 (two-sided t-test)

Fig. 1i
40 trials per fly; N*" "' = 10 flies, N™/ "' = 10 flies, N™/™ 2% = 1 fljes.
Shi* control <> T4/T5 control: p = 0.307, t = 1.052 (two-sided t-test)
Shi* control <> T4/T5 block: p = 0.012, t = 2.759 (two-sided t-test)
T4/T5 control <> T4/T5 block: p = 0.025, t = 2.427 (two-sided t-test)
T4/T5 block <> chance: p < 0.001, t = 5.862 (two-sided t-test)

Figure 2 _
35 trials per fly; N7 "' = 10 flies, N™/™ ©" = 11 flies, N™/™ % = 14 flies.

Fig. 2e
Shi* control <> T4/T5 control: p = 0.725, t = 0.356 (two-sided t-test)
Shi® control <> T4/TS block: p < 0.001, t = 4.136 (two-sided t-test)
T4/T5 control <> T4/T5 block: p < 0.001, t = 4.068 (two-sided t-test)
T4/T5 block <> zero: p <0.001, t = 7.086 (two-sided t-test)

Fig. 2h
Shi® control <> T4/T5 control: p =0.618, t = 0.507 (two-sided t-test)
Shi® control <> T4/TS block: p < 0.001, t = 13.408 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p < 0.001, t = 16.735 (two-sided t-test)
T4/T5 block <> zero: p = 0.056, t = 2.098 (two-sided t-test)

Figure 3
10 trials per fly; N <ol = 17 flies, N™/™ ool = 1) flies, N™/™ % = 16 flies. Half of each
group was used to measure responses at positions +15°, +60°, £120°, the other half at

+30°, +45°, £90°.

Fig. 3e
Shi* control <> T4/T5 control: p = 0.611, t = 0.524 (two-sided t-test)
Shi® control <> T4/TS block: p = 0.086, t = 1.872 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.489, t = 0.713 (two-sided t-test)

Fig. 3h
Shi® control <> T4/T5 control: p =0.151, t = 1.553 (two-sided t-test)



Shi® control <> T4/T5 block: p =0.527, t = 0.650 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.465, t =—0.753 (two-sided t-test)
Shi® control <> zero: p = 0.368, t = —0.990 (two-sided t-test)

T4/T5 control ¢ zero: p = 0.018, t = —3.451 (two-sided t-test)

T4/T5 block ¢ zero: p = 0.107, t = -1.851 (two-sided t-test)

Fig. 3i,j
At 45°:
Shi® control <> T4/TS block: p = 0.054, t = 2.137 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.155, t = 1.517 (two-sided t-test)

Fig. 3k
Shi* control <> T4/T5 control: p = 0.407, t = 0.865 (two-sided t-test)
Shi® control <> T4/TS block: p = 0.470, t = 0.745 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.939, t = —0.077 (two-sided t-test)

Figure 4 '
60 trials per fly; At W = 30°: N* "™ = 10 flies, N™/™ <" = 12 flies, N'™/TP°* = 11 flies. At
W = 60°: Additional N*" "' = 10 flies, N™/™ "' = 11 flies, N™°P'° = 11 fljes.

Fig. 4c

At 30°
Shi® control <> T4/TS control: p = 0.027, t = 2.390 (two-sided t-test)
Shi* control <> T4/T5 block: p < 0.001, t = 8.262 (two-sided t-test)
T4/T5 control <> T4/T5 block: p < 0.001, t = 5.103 (two-sided t-test)

At 60°:
Shi® control <> T4/T5 control: p = 0.067, t = -1.939 (two-sided t-test)
Shi® control <> T4/TS block: p < 0.001, t = 7.148 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p < 0.001, t = 9.596 (two-sided t-test)

Fig. 4f

At 30°
Shi* control <> T4/T5 control: p = 0.969, t = 0.039 (two-sided t-test)
Shi® control <> T4/TS block: p < 0.001, t = -4.101 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p < 0.001, t = -3.962 (two-sided t-test)

At 60°
Shi® control <> T4/TS control: p = 0.666, t = 0.438 (two-sided t-test)
Shi® control <> T4/T5 block: p < 0.001, t = —4.842 (two-sided t-test)
T4/T5 control <> T4/T5 block: p = 0.002, t = —3.488 (two-sided t-test)

Fig. 4i
At 30°
Shi® control <> T4/TS control: p = 0.955, t = 0.057 (two-sided t-test)
Shi* control <> T4/T5 block: p = 0.471, t = 0.736 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.485, t = 0.711 (two-sided t-test)
At 60°:
Shi* control <> T4/T5 control: p = 0.609, t =-0.518 (two-sided t-test)



Shi® control <> T4/T5 block: p =0.165, t = 1.443 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.069, t = 1.916 (two-sided t-test)

Fig. 4j
At 30°
Rrre €2 Rerr €2 RL (T4/T5 b|OCk)I p= 0.742, F=0.300 (one-way ANOVA)
At 60°
Rets € Rate €2 RL(T4/T5 block): p = 0.902, F = 0.103 (one-way ANOVA)

Fig. 4k

At 30°
Mers € —Mare (shi®® control): p < 0.001, t = 5.696 (two-sided t-test)
Merg € —Mpre (T4/T5 control): p = 0.028, t = 2.346 (two-sided t-test)
Merg € —Mare (T4/T5 block): p =0.209, t = 1.299 (two-sided t-test)
Mers € zero (T4/T5 block): p = 0.447, t = 0.790 (two-sided t-test)
Meare € zero (T4/T5 block): p = 0.325, t = -1.035 (two-sided t-test)

At 60°
Mers <> —Mgre (shi® control): p = 0.639, t = 0.476 (two-sided t-test)
Merg € —Mgrr (T4/T5 control): p = 0.147, t = 1.508 (two-sided t-test)
Merg € —Marr (T4/T5 block): p = 0.499, t = —0.687 (two-sided t-test)
Merg € zero (T4/T5 block): p = 0.653, t = —0.463 (two-sided t-test)
Mere € zero (T4/T5 block): p = 0.622, t = 0.508 (two-sided t-test)

Figure 5 ‘
30 trials per fly; N7<°"l = 11 flies, N/ ool = g fligs, N™/TPlok = g fjies.

Fig. 5¢
Shi® control <> T4/TS control: p = 0.394, t = 0.874 (two-sided t-test)
Shi® control <> T4/T5 block: p=0.047,t=-2.127 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.010, t = —-2.908 (two-sided t-test)

Fig. 5f
Shi* control <> T4/T5 control: p = 0.176, t = 1.410 (two-sided t-test)
Shi® control <> T4/TS block: p = 0.012, t = -2.797 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.001, t = -3.999 (two-sided t-test)

Figure S1
Fig. S1b
Nehieontrol 2 1 flies, NT/T° ool = 10 flies, N™T° Pk = 10 flies. Same flies as in Fig. 1b-d.

Fig. S1d
Nehieontrol - 1 flies, NT#/T° <ol = 10 flies, N™T° P = 12 flies. Same flies as in Fig. le-i.

Figure S2 4
40 trials per fly; N*" " = 10 flies, N™T° "' = 10 flies, N™/™ % = 12 flies. Same flies as
in Fig. 1e-i.



Fig. S2c
Shi® control <> T4/T5 control: p = 0.023, t = -2.490 (two-sided t-test)
Shi® control <> T4/TS block: p = 0.006, t = —3.049 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.095, t = —-1.767 (two-sided t-test)

Fig. S2f
Shi* control <> T4/T5 control: p = 0.486, t = 0.710 (two-sided t-test)
Shi* control <> T4/T5 block: p = 0.319, t = —1.021 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.131, t =-1.575 (two-sided t-test)

Figure S3 4
15 trials per fly; N7 <! = 10 flies N™/ ! = 10 flies, N™° P = 9 fljes.

Fig. S3c
Shi® control <> T4/TS control: p = 0.561, t = 0.591 (two-sided t-test)
Shi* control <> T4/T5 block: p = 0.115, t = 1.659 (two-sided t-test)
T4/T5 control ¢ T4/T5 block: p = 0.252, t = 1.186 (two-sided t-test)

Fig. S3f
Shi® control <> T4/TS control: p = 0.246, t = —1.200 (two-sided t-test)
Shi* control <> T4/T5 block: p = 0.047, t = 2.136 (two-sided t-test)
T4/T5 control <> T4/T5 block: p = 0.008, t = 3.004 (two-sided t-test)

Fig. S3g
Uniform <> Sine grating (shi® control): p = 0.016, t = —2.651 (two-sided t-test)
Uniform < Sine grating (T4/T5 control): p < 0.001, t = —4.079 (two-sided t-test)
Uniform & Sine grating (T4/T5 block): p = 0.021, t = -2.553 (two-sided t-test)
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Local motion detectors are required for the computation of

expansion flow-fields

Tabea Schilling and Alexander Borst*

ABSTRACT

Avoidance of predators or impending collisions is important for
survival. Approaching objects can be mimicked by expanding flow-
fields. Tethered flying fruit flies, when confronted with an expansion
flow-field, reliably turn away from the pole of expansion when
presented laterally, or perform a landing response when presented
frontally. Here, we show that the response to an expansion flow-field
is independent of the overall luminance change and edge
acceleration. As we demonstrate by blocking local motion-sensing
neurons T4 and T5, the response depends crucially on the neural
computation of appropriately aligned local motion vectors, using the
same hardware that also controls the optomotor response to
rotational flow-fields.s

KEY WORDS: Collision avoidance, Looming, Local motion detectors

INTRODUCTION

Whenever an animal moves or something else is moving in the
environment relative to it, visual motion occurs on the retina. Such
visual motion cues are of importance particularly for fast flying
animals, enabling them to perform various flight maneuvers such as
maintaining a straight course, flying towards an object or avoiding
it. A well-studied example is the optomotor response, which
represents compensatory movements of the body and head
syndirectional with rotational large-field motion that may signal
deviation from a straight course (Blondeau and Heisenberg, 1982).
This behavior is controlled by lobula plate tangential cells as
demonstrated by genetic or surgical ablation (Geiger and Néssel,
1981; Hausen and Wehrhahn, 1983; Heisenberg et al., 1978) and
activation studies (Haikala et al., 2013). Lobula plate tangential
cells receive their input from a 2-dimensional, retinotopically
arranged array of columnar T4 and T5 cells (Schnell et al., 2012)
with T4 cells responding preferentially to moving bright and T5 to
moving dark edges (Maisak et al., 2013).

Other visually controlled behaviors are evoked by expanding optic
flow, which is generated on the retina by objects moving towards the
fly or by impending collision with stationary objects. Looming
stimuli can induce two different behaviors in flying flies dependent on
the position of the stimulus. A frontal position of the pole of
expansion elicits a landing response (Borst and Bahde, 1988;
Braitenberg and Ferretti, 1966), whereas laterally expanding stimuli
evoke an avoidance behavior (Tammero and Dickinson, 2002).
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The avoidance behavior has been studied in freely (Muijres et al.,
2014, 2015) as well as in tethered flying flies (Tammero and
Dickinson, 2002; Tammero et al., 2004). However, the neuronal basis
of both these behaviors is not well understood. We asked whether the
T4/T5 cells, which act as local motion detectors known to underlie
optomotor responses, are also necessary for avoidance and landing
behavior. We first characterized the avoidance and landing response
of tethered flying flies using different expanding stimuli. Silencing
T4 and T5 neurons genetically, we found that information from local
motion circuits is essential for both the avoidance and the landing
response. We thus conclude that computation of an expansion flow-
field depends on the activity of the same set of elementary motion
detecting neurons that control the optomotor response.

RESULTS AND DISCUSSION
In order to characterize visual features which elicit avoidance
responses, we confronted tethered flying flies (Fig. 1A) with various
visual stimuli presented laterally at an angle of £50° to the flight
course. The first stimulus consisted of a vertical dark bar expanding
with different angular velocities to 180° width. A typical collision
avoidance response to a bar expanding at a constant velocity of
180 deg/s is shown in Fig. 1B: After a brief latency the animals
attempted to turn away as long as the stimulus was presented. The
strength of the avoidance response was strongly dependent on the
angular expansion velocity of the stimulus with a maximal response
at a velocity of 340 deg/s (Fig. 1C). Objects moving towards a fly
with a constant velocity induce not a constantly but exponentially
increasing expansion pattern on the retina. To mimic a physically
realistic approach dynamic, we used looming squares and presented
them with different patterns inducing either a decrease, an increase
or no overall luminance change. A looming dark square (Fig. 1D), a
bright square on a dark background (Fig. 1E) and a square with a
checkerboard pattern (Fig. 1F) elicited similar avoidance responses
independent of the global luminance change. In addition, dimming
of a laterally presented square with 120° width induced even a slight
turning towards the square (Fig. 1G). A looming horizontal bar
expanding only vertically elicited an avoidance yaw turn (Fig. 1H)
comparable in amplitude and time-course to the reaction away from
a horizontally expanding bar. Finally, we replaced the expanding
bar by two vertical bars moving away from each other for 0.25 sata
velocity of 360 deg/s. This elicited an avoidance behavior away
from the stimulus (Fig. 1I). In summary, we found no or little
influence of the overall luminance change on the reaction of the fly.
Avoidance turns could result from a different tuning of the
optomotor response to front to back (FtB) and back to front (BtF)
motion. To test this possibility we separated the looming bar
stimulus, expanding in both directions, into single edge motion.
When presenting a bar looming either FtB or BtF direction, a strong
turning along with the respective edge direction was observed
(Fig. 1J,K). However, when the bar was expanding in both
directions, flies only turned along with the edge moving BtF,
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Fig. 1. Characterization of the avoidance
behavior elicited by different stimuli.
Average turning responses of Canton-S
wild-type flies, elicited by expanding stimuli.
(A) lllustration of the flight setup.

(B) Avoidance response to a vertical bar
expanding horizontally presented at +50°.
The bar expands from 0° to 180°in 1 s, n=13.
(C) Velocity tuning of the avoidance
response to an expanding bar with
expansion velocities from 40 to 5400 deg/s.
The flies reacted with comparable strong
turning to a broad range of expansion
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velocities from 180° to 2700° with a
maximum at 360 deg/s, n=10. (D-I) Turning
responses to different expansion/looming
stimuli, n=10. (D-F) Avoidance responses to
a dark looming square (D), a bright looming
square (E) and a looming square with a
checkerboard pattern (F). (G) Response to a
dimming 120°x120° square. (H) Avoidance
response to a horizontal bar expanding
vertically at a velocity of 360 deg/s,
width=60°, presented at +60°. (I) Avoidance
of two 10° broad vertical stripes moving away
from each other for 0.25 s at a velocity of
360 deg/s. (J,K) Reactions to a looming bar
where either the anterior or the posterior
edge is moving, n=10. (L) The sum of the
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single edge responses (upper line) and the
response to the sum of both edges moving
(lower line), n=10. FtB, front to back; BtF,
back to front. All data represent meants.e.m.
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i.e. away from the stimulus. The sum of the responses to individual
edges was clearly distinct from the response to the sum of both
edges, i.e. the whole bar expansion (Fig. 1L).

Our data so far indicate that the avoidance behavior is distinct
from the optomotor response, but depends on the evaluation of local
motion signals rather than on overall luminance changes. Since T4
and T5 neurons are known to represent the elementary motion
detectors in the fly brain (Maisak et al., 2013), we measured the
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Time (s)

avoidance behavior of flies with blocked T4/T5 cells. We silenced
T4 and TS5 cells by expressing the tetanus-toxin light chain
(Sweeney et al.,, 1995) and measured the response of T4/T5
blocked flies to different looming stimuli. The response to an
expanding bar was completely abolished in T4/T5 blocked flies
(Fig. 2B) compared to both groups of parental control flies
(Fig. 2A). To confirm this with another stimulus, we presented a
looming circle, a stimulus eliciting very strong avoidance reactions
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Fig. 2. T4 and T5 block abolished both landing
and avoidance responses. Flight behavior and
landing responses of flies with TNT-E expression
in T4 and T5 cells. (A) Turning responses of TNT
and T4/T5 control flies to an expanding bar with an
expansion velocity of 180 deg/s, n=12. (B) Turning
responses of T4/T5 blocked flies to an expanding
bar, n=12. (C) Maximal turning responses are
significantly reduced in T4/T5 block flies
(***P<0.001, two-sided t-test compared with both
control groups). (D) Flight turning behavior of TNT
and T4/T5 control flies in response to a looming
circle, n=12. (E) Turning responses of T4/T5

blocked flies to a looming circle, n=14. (F) Maximal
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turning responses are significantly reduced in
T4/T5 blocked flies (***P<0.001, two-sided t-test
compared with both control groups). (G) GFP
expression in T4 and T5 cells. (H) Example of a
landing response. () Percentage of flies showing
extension of their front legs in response to a
looming square presented in front of them. TNT
and T4/T5 controls showed a positive response in
97% and 100% of all trials, respectively, whereas
T4/T5 blocked flies performed only 6.3% positive
leg extension. This reduction was significant
(***P<0.001, two-sided t-test compared with
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meanzs.e.m.
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in control flies (Fig. 2D). T4/T5 blocked flies did not react at all to
this stimulus (Fig. 2E).

If presented in front of the fly, looming or expanding stimuli do
not elicit avoidance turns, but rather a leg extension typical for the
landing response (Tammero and Dickinson, 2002). We presented a
looming square (expanding to 180° in 1 s) and captured images of
the fly from above. We quantified the landing response as the
percentage of positive front leg extension at the time point of
expected collision with the square stimulus. Control flies almost
always reacted with an extension of their front legs (TNT controls
97%, T4/T5 controls 100%), whereas T4/T5 blocked flies showed
only 6.3% positive reactions (Fig. 21). These data strongly indicate
that the avoidance as well as the landing response are dependent on
the activity of T4 and T5 cells.

Neurons reacting to looming stimuli and induce various kinds of
avoidance or escape behaviors have been described in many animal
models like locusts, crabs, pigeons and mice (Gabbiani et al., 1999;
Oliva and Tomsic, 2014; Wang and Frost, 1992; Zhao et al., 2014).
The detection of a looming stimulus can be realized in different

(‘9\ \0&
AP
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>
&

<>

ways. The giant fiber of Drosophila, a large neuron receiving part of
its input from the lobula, elicits fast escape jumps (von Reyn et al.,
2014) and reacts to approaching stimuli, sudden light-ON or light-
OFF stimuli and mechanical stimulation (Mu et al., 2014). A giant
lobula neuron in the locust, called LGMD neuron, is selectively
sensitive to looming stimuli (Gabbiani et al., 1999). The angular
size of a looming stimulus increases exponentially, which decreases
the latency of the photoreceptor inputs. The LGMD synchronizes
these excitatory inputs derived from progressing edges due to the
successive latency decrease (Jones and Gabbiani, 2010). A different
computation is used by PV-5, an approach-sensitive retinal ganglion
cell of the mouse. PV-5 integrates excitatory OFF and inhibitory ON
inputs which tunes the neurons to dark approaching or dimming
objects (Miinch et al., 2009).

In contrast, the landing and avoidance responses of flies were
proposed to rely on summation of elementary motion detectors
(Borst and Bahde, 1988; Tammero and Dickinson, 2002). We found
that both behaviors are indeed dependent on the activity of T4 and
TS neurons, which become directionally selective by performing a
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spatiotemporal correlation of their input (Maisak et al., 2013), a
computation described by the Hassenstein-Reichardt detector
model (Hassenstein and Reichardt, 1956). Accordingly, in our
experiments the avoidance response was elicited by the diverging
edge motion of expanding or looming stimuli, independent of an
overall luminance change or edge acceleration. T4/TS neurons are
grouped in four subtypes each tuned to motion in one out of the four
cardinal directions. These T4/T5 subtypes project their axonal
terminals into four adjacent layers of the lobula plate, where they
form excitatory synapses onto the dendrites of lobula plate
tangential cells (Maisak et al., 2013; Mauss et al., 2014). Our data
suggest that an approach-sensitive neuron should receive excitatory
input from T4/T5 cells in at least two lobula plate layers. Such a
neuron would be activated by simultaneous activation of the two
vertical or the two horizontal layers. There are cells in the flies optic
lobe reported to be looming sensitive and influence escape
behavior, the foma-1 neurons (De Vries and Clandinin, 2012).
One of them has a dendrite located in the lobula plate and could be a
candidate neuron for the avoidance and landing response.

Different visual behaviors use neural modules in the visual lobe
which partially overlap with each other. In case of behaviors driven
by expansion flow-fields, our results indicate that they share the
circuits for elementary motion detection, i.e. T4 and T5 cells and
their presynaptic circuitry, with the optomotor response and
bifurcate at the level of large-field tangential cells of the lobula
plate (Borst, 2014).

MATERIALS AND METHODS

Fly strains

Flies were raised on standard cornmeal-agar medium at 25°C and 60%
humidity on a 12h light/I12h dark cycle. The genotypes used are the
following: Wildtype Canton-S flies, T4T5 block flies (w+/w—;UAS-TNT-E/
RS9E08-AD; R42F06-DBD/+), T4TS control flies (w+/w—;R59E08-AD/+;
R42F06-DBD/+) and TNT-E control flies (w+/w—;UAS-TNT-E/+,+/+). The
TATS split Gal-4 line was kindly provided by Aljoscha Nern, HHMI Janelia
Research Campus (GMRSS00324), the UAS-TNT-E flies derived from the
Bloomington Stock Center (stock no. 28837).

Behavioral experiments

We used female flies two days after eclosion. They were anesthetized by
cooling to 3°C, glued to a needle with blue-light-activated cement with their
heads fixed and, after recovery, placed into the arena. Visual stimulation was
provided by three LCD screens arranged around the fly, controlled by a
NVIDIA 3D Vision Surround Technology (Bahl et al., 2013). The fly
turning behavior was measured with a ‘wingbeat analyzer’ (Gotz, 1987).
Above the fly a camera (Grasshopper 03K2M-+Infinity InfiniStix 94 nm/
1.00x) helped to position it and allowed video tracking. Landing responses
were measured as front leg extension.

Data analysis and presented stimuli

Wing beat data were converted with an analog-digital converter from
National Instruments (USB-6009). The left-right wingbeat signal difference
was used as a value proportional to the yaw torque of the fly. The stimuli
were presented at £50° lateral to the flies with a contrast of 50% for wild type
flies and 33% for T4/T5 blocked experiments. Each fly performed eight
trials; trials and both sides were averaged to a mean turning response.
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ABSTRACT

In the Drosophila visual system, T4/T5 neurons represent the first stage
of computation of the direction of visual motion. T4 and T5 neurons exist
in four subtypes, each responding to motion in one of the four cardinal
directions and projecting axons into one of the four lobula plate layers.
However, all T4/T5 neurons share properties essential for sensing
motion. How T4/T5 neurons acquire their properties during development
is poorly understood. We reveal that the transcription factors SoxN
and Sox102F control the acquisition of properties common to all T4/T5
neuron subtypes, i.e. the layer specificity of dendrites and axons.
Accordingly, adult flies are motion blind after disruption of SoxN or
Sox102F in maturing T4/T5 neurons. We further find that the
transcription factors Ato and Dac are redundantly required in T4/T5
neuron progenitors for SoxN and Sox102F expression in T4/T5
neurons, linking the transcriptional programmes specifying progenitor
identity to those regulating the acquisition of morphological properties in
neurons. Our work will help to link structure, function and developmentin
a neuronal type performing a computation that is conserved across
vertebrate and invertebrate visual systems.

KEY WORDS: Neural development, Layer specificity, Optic lobe,
Drosophila, SoxN, Sox102F

INTRODUCTION

The formation of neural circuits comprising neurons with specific
morphological and physiological properties is key for the proper
function of the brain. The Drosophila optic lobe has emerged as a
powerful model in which to study this process. It consists of four
neuropils downstream of the retina: lamina, medulla, lobula and
lobula plate, all made of repeating columns that process signals from
specific points in space and are arranged in a retinotopic fashion. In
addition, the medulla, lobula and lobula plate are subdivided into
layers that process distinct visual features in parallel (Maisak et al.,
2013; Strother et al., 2014). The four neuropils of the optic lobe
contain more than 100 different neuronal types (Fischbach and
Dittrich, 1989), some of which have been studied in great
anatomical and functional detail. Prominent examples are T4 and
T5 neurons, the local motion detectors in Drosophila (Maisak et al.,
2013). Whereas T4 neurons have their dendrites in the medulla and
receive input from neurons encoding brightness increments, TS
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dendrites arborise in the lobula and receive input from neurons
encoding brightness decrements (Joesch et al., 2010; Maisak et al.,
2013; Shinomiya et al., 2014; Takemura et al., 2017). Apart from
this difference, T4 and T5 neurons share many morphological and
functional properties (Shinomiya et al., 2015). Remarkably, their
dendrites extend across a similar number of columns, are confined
to a specific layer of their target neuropil (Fig. 1A) (Fischbach and
Dittrich, 1989), and use a common mechanism to compute local
motion from the signals of columnar, non-direction-selective
neurons (Haag et al.,, 2016, 2017). Interestingly, T4 and T5
neurons exist in four subtypes (a, b, ¢ and d), each responding
exclusively to motion in one of the four cardinal directions (front-to-
back, back-to-front, upwards and downwards) (Maisak et al., 2013).
Axons from T4 and TS neurons of the same subtype terminate
specifically in one of four lobula plate layers (Fig. 1A) (Fischbach
and Dittrich, 1989; Maisak et al., 2013). There, they establish
synapses with the dendrites of wide-field, direction-selective lobula
plate tangential cells (Joesch et al., 2008; Mauss et al., 2014; Schnell
et al., 2010), some of which are also restricted to a single lobula
plate layer (Boergens et al., 2018; Scott et al., 2002). How T4/T5
neurons acquire these properties during development to establish a
map of directional tuning is poorly understood.

T4/TS neurons originate from a progenitor domain in the
developing fly brain known as the inner proliferation centre (IPC)
(Hofbauer and Campos-Ortega, 1990; Oliva et al., 2014). In a process
that extends from late second instar larval stage to early pupal stage,
neuroepithelial cells from the proximal IPC (pIPC) progressively
become progenitors that migrate to a second zone, the distal [PC
(dIPC), where they assume a neuroprogenitor (neuroblast in
Drosophila) fate (Apitz and Salecker, 2015; Hofbauer and
Campos-Ortega, 1990; Nassif et al., 2003; Ngo et al.,, 2017).
Neuroblasts in the dIPC transit through two temporal stages. Early-
stage dIPC neuroblasts express Dichaete (D) and Asense (Ase), and
generate ganglion mother cells that eventually produce postmitotic
C2, C3, T2, T2a and T3 neurons (also known as C/T neurons) (Apitz
and Salecker, 2015). Late-stage dIPC neuroblasts express Tailless
(TII), Atonal (Ato) and Dachshund (Dac), and produce ganglion
mother cells that are the precursors of postmitotic T4/TS neurons
(Fig. 1B,C) (Apitz and Salecker, 2015; Mora et al., 2018; Olivaetal.,
2014; Pinto-Teixeira et al., 2018). Therefore, temporal patterning of
dIPC neuroblasts contributes to the specification of C/T versus T4/T5
neuron fate. Two recent studies have uncovered the mechanisms
specifying T4 versus T5 identity and the identity of the four T4/T5
neuron subtypes (Apitz and Salecker, 2018; Pinto-Teixeira et al.,
2018). These mechanisms involve spatial patterning in the pIPC
neuroepithelium and Notch-dependent binary fate choices during the
divisions of the neuroblast and ganglion mother cell precursors of
T4/T5 neurons. In contrast to our current understanding regarding the
specification of T4/TS neuron progenitor identity, very little is known
about how this translates into the acquisition of structural and
functional properties in postmitotic T4/T5 neurons.
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Fig. 1. SoxN or Sox102F knockdown in T4/T5 neurons impairs the optomotor response. (A) Schematic of adult optic lobe (dorsal view) highlighting
T4/T5 neuron subtypes (a,b,c,d). C/T neurons (T2, T2a, T3, C2 and C3) and a lobula plate tangential cell (LPTC) with dendrites in lobula plate layer 4 receiving
input from T4/T54 axons are also shown. (B) Schematic of L3 larval optic lobe highlighting early- and late-stage dIPC neuroblasts, and their offspring C/T and
T4/T5 neurons. (C) Summary of transcription factors expressed in early- and late-stage dIPC neuroblasts. (D) Set-up used for measuring the optomotor response
of adult flies. (E,F) Average turning speeds in response to rotation of a grating pattern (grey shaded areas) of flies expressing GFP-RNAI (negative control),
shi* (positive control, T4/T5 block), SoxN-RNAi or Sox102F-RNAi in T4/T5 neurons (n=10 flies per group). (G) Average optomotor responses of flies expressing
GFP-RNAI, shi*s, SoxN-RNAi or Sox102F-RNAi in T4/T5 neurons (n=10 flies per group). (H-S) SoxN and Sox102F expression in late L3 larval and adult
optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons expressing SoxN-RNAi or Sox102F-RNAI. T4/T5 neurons were labelled with membrane-
targeted GFP (memGFP). Neuronal somata in H-L were marked with anti-Elav. Quantifications of SoxN and Sox102F levels in T4/T5 somata are shown in
J,M,P,S (n=4-11 optic lobes per group; a.u., arbitrary units). ns, not significant (P>0.05); ***P<0.001. Scale bars: 20 ym (H,|,K,L); 10 um (N,O0,Q,R).
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Each newborn T4 and TS neuron must initiate gene expression
programmes to terminally differentiate, i.e. to express a unique
combination of effector genes defining its identity and function
(Hobert, 2011). How are these effector genes selected during
development? One possibility is that transcription factors expressed
in T4/TS neuron progenitors are inherited through successive cell
divisions to regulate the acquisition of terminal characters in
postmitotic T4/T5 neurons. This is the case for Optomotor-blind
(Omb; also known as Bifid), which is expressed in dIPC neuroblasts
and ganglion mother cells producing T4/T5, 4 neurons as a result of
pIPC neuroepithelium spatial patterning. Omb is further maintained
in maturing T4/T5, 4 neurons to endow them with subtype-specific
terminal characters (Fig. 1C) (Apitz and Salecker, 2018). As a
complementary mechanism, transcription factors transiently
expressed in  T4/T5 neuron progenitors might start a
transcriptional cascade to control the acquisition of terminal
properties in postmitotic T4/T5 neurons. Ato is transiently
expressed in late-stage dIPC neuroblasts (Apitz and Salecker,
2015; Mora et al., 2018; Oliva et al., 2014), where it is required
together with Dac for the generation of offspring neurons
with T4/T5 neuron identity (Apitz and Salecker, 2018). The
transcriptional programmes downstream of Ato/Dac conferring
T4/T5 neurons with their properties have remained elusive so far.

Here, we perform an RNA interference (RNAI) screen to identify
novel transcription factors affecting the acquisition of terminal
characters in postmitotic T4/T5 neurons. We use the optomotor
response of adult flies as a readout of T4/T5 neuron function and,
thus, of proper terminal differentiation. T4/TS5 neuron-specific
silencing of SoxN or Sox!02F, two members of the Sox family of
transcription factors, abolishes the optomotor response in flies,
indicative of aberrant T4/T5 neuron maturation. Notably, both
transcription factors regulate the acquisition of dendritic and axonal
innervation patterns common to all T4/TS neuron subtypes. We
further show that SoxN and Sox102F regulate the expression of the
cell-surface molecule Connectin in all T4/T5 neuron subtypes,
although only T4/T5. 4 neurons express high Connectin levels in
wild-type flies. Finally, we demonstrate that ato and dac are
redundantly required in late-stage dIPC neuroblasts to control
SoxN and Sox102F expression in offspring T4/T5 neurons,
providing a link between transcription factors previously shown to
specify T4/T5 neuron progenitor identity and novel, downstream
transcription factors regulating postmitotically morphological
properties common to all T4/T5 neurons.

RESULTS

Silencing SoxN or Sox102F in T4/T5 neurons impairs the
optomotor response

To find molecular players involved in the terminal differentiation of
T4/T5 neurons, we pursued a candidate gene approach focusing on
transcription factors revealed to be highly expressed in T4/T5
neurons by a transcriptome analysis (Pankova and Borst, 2016). We
performed specific knockdown of these transcription factors in
T4/T5 neurons by combining UAS-RNAI effector lines (Dietzl
et al., 2007; Perkins et al., 2015) with the R40E11-Gal4 driver line.
R40E11-Gal4 drives expression in maturing T4/T5 neurons of all
subtypes at late third instar (L3) larval stage, and in mature T4/T5,,
neurons at adult stage (Fig. SIA). The optomotor response consists
of turning in the direction of a rotating full-field grating and relies on
T4/T5 neuron function (Bahl et al., 2013; Maisak et al., 2013). We
reasoned that the optomotor response would be affected upon
depletion of transcription factors controlling neuronal properties
essential for T4/T5 neuron function.

We found that flies expressing either SoxN-RNAi or Sox102F-
RNAi in T4/T5 neurons lacked an optomotor response, similar to
flies with blocked synaptic transmission in T4/T5 neurons
(Fig. 1D-G) (Bahl et al., 2013; Maisak et al., 2013). Because
RNAI might cause off-target effects (Kaya-Copur and Schnorrer,
2016), we confirmed these results by using additional UAS-RNAI
transgenes targeting other regions of SoxN and Sox102F (Fig. S2A-C).
Next, we expressed membrane-targeted GFP in T4/T5 neurons
using the R40E11-Gal4 line and performed immunohistochemistry
with antibodies recognising SoxN and Sox102F to confirm that
both transcription factors were expressed in T4/T5 neurons
(Fig. 1H,K). We found strongly reduced levels of SoxN and
Sox102F in T4/T5 neurons upon expression of UAS-RNAi
transgenes against them, both at late L3 larval and adult stages
(Fig. 1H-S, Fig. S2D-G). Together, these results show that sustained
knockdown of SoxN or Sox/02F in postmitotic T4/T5 neurons
severely impairs the optomotor response.

SoxN and Sox102F are expressed in all T4/T5 neuron
subtypes, but not in their progenitors or in C/T neurons

To assess further the role of SoxN and Sox/02F during T4/T5
neuron development, we examined their spatial and temporal
patterns of expression in more detail. The SS00324-splitGal4 line
labels specifically mature T4/T5 neurons of the four subtypes in the
adult (Schilling and Borst, 2015) and all these neurons expressed
SoxN and Sox102F (Fig. 2A,B). SoxN and Sox102F were not
detected in the region occupied by C/T somata, which were
identified with the SS00779-splitGal4 line (Fig. 2C,D) (Tuthill
et al., 2013). Next, we examined the dIPC in late L3 larvae, when it
still contains Dac' neuroblasts and Dac* ganglion mother cells
producing T4/T5 neurons (Apitz and Salecker, 2015), and found
that T4/T5 neuron progenitors lacked SoxN and Sox102F (Fig. 2E,
F). In late L3 larvae, all younger, maturing T4/T5 neurons express
Dac whereas only older, maturing T4/T5,;, neurons express Dac
(Apitz and Salecker, 2018). Both Dac* T4/T5,, and Dac™ T4/T5. 4
neurons expressed SoxN and Sox102F (Fig. 2E,F). SoxN
and Sox102F were not detected at late L3 larval stage in C/T
neurons, which were identified by both the location of their somata
and the expression of Abnormal chemosensory jump 6 (Acj6)
(Fig. 2G,H) (Apitz and Salecker, 2015). Therefore, SoxN and
Sox102F are expressed in immature and mature T4/T5 neurons of all
subtypes, yet they are absent in T4/T5 neuron progenitors and
developmentally related C/T neurons.

SoxN-mediated transcriptional activation is required for
Sox102F expression in T4/T5 neurons

In late L3 larvae, younger T4/T5 somata form columns closest to the
dIPC whereas older T4/T5 somata are displaced centrally (Apitz and
Salecker, 2015). We observed Sox102F and SoxN expression in the
most central columns of T4/T5 somata, whereas the T4/T5 somata
closer to the dIPC showed only SoxN expression (Fig. 2E-H). This
indicates that SoxN is expressed at an earlier time point of T4/T5
neuron maturation than Sox102F, and that SoxN might regulate
Sox102F expression. Indeed, Sox102F expression was severely
reduced in T4/T5 neurons upon SoxN knockdown with the R40E 1 1-
Gal4 line (Fig. 3A-C, Fig. S3A-C), and in SoxN mutant T4/T5
neurons generated by mosaic analysis with a repressible cell marker
(MARCM) (Fig. 3G-J). However, overexpression of a wild-type
version, an obligatory activator version, or an obligatory repressor
version of SoxN (Bahrampour et al,, 2017) did not increase
Sox102F levels in T4/T5 somata (Fig. 3K-N). In fact, T4/T5 somata
lacked Sox102F when expressing the obligatory repressor version

3
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Fig. 2. SoxN and Sox102F are expressed in all T4/T5 neuron subtypes, but not in their progenitors or in C/T neurons. (A-D) SoxN and Sox102F
expression in adult optic lobes with T4/T5 or C2/C3 neurons labelled with memGFP. Neuropils were labelled with anti-DN-Cadherin (DN-Cad). Insets show
zoomed views of T4/T5 (A,B) or C2/C3 (C,D) somata. (E,F) SoxN and Sox102F expression in late L3 larval optic lobes afterimmunostaining against Elav and Dac.

Late-stage dIPC neuroblasts and ganglion mother cells (GMCs) are Dac*/Elav-

. All young T4/T5 neurons (closest to dIPC) are Dac*/Elav*. Older T4/T5,),

neurons are Dac*/Elav* whereas older T4/T5. 4 neurons are Dac™/Elav*. (G,H) SoxN and Sox102F expression in late L3 larval optic lobes after immunostaining
against Acj6, which labelled somata located in the region occupied by C/T neurons, and T4/T5 somata. Scale bars: 40 ym (A-D); 20 pm (E-H).

of SoxN (Fig. 3N). Altogether, these results indicate that SoxN-
mediated transcriptional activation is required for Sox102F
expression in T4/T5 neurons. In contrast, Sox/02F is dispensable
for SoxN expression in T4/TS neurons, as SoxN levels were
unchanged after silencing Sox/02F in T4/T5 neurons with either
RNAI transgenes or the microRNA mir-263a (also known as bff)
(Fig. 3D-F, Fig. S3D-J), which is predicted to target Sox/02F
(according to TargetScanFly, Release 7.2, October 2018) and
reduces Sox102F levels (Fig. S3H). In agreement with this, SoxN
levels were normal in Sox!02F mutant flies (Fig. 30-T), generated
by combining the Sox/02F™°195% hypomorphic allele with the
Df(4)02 deficiency chromosome lacking the Sox/02F locus
(Contreras et al., 2018).

SoxN and Sox102F regulate dendritic and axonal
development autonomously in T4/T5 neurons, and

dendritic development non-autonomously in lobula plate
tangential cells

Our previous results suggest that SoxN and Sox/02F are part of the
terminal differentiation programmes responsible for defining T4/T5
neuron function. One possibility is that SoxN and Sox/02F control
morphological properties of T4/T5 neurons. We examined the shape
of membrane-targeted GFP-labelled T4/T5 neurons in adult flies in
which SoxN or Sox!02F were silenced from late L3 larval stage
onwards with either the R39H12-Gal4 or the T4/T5-splitGal4 driver
line (Fig. S1B,C). Wild-type T4 and T5 dendrites arborised only in
medulla layer M10 and in lobula layer Lol, respectively, and
wild-type T4/T5 axons formed four layers in the lobula plate
(Fig. 4A,A’, Fig. S4A). In flies expressing SoxN-RNAi in all T4/T5
neurons, T4 and T5 dendrites extended into extra medulla and

lobula layers, and T4/T5 axons did not form four layers but
accumulated predominantly in the most anterior half of the lobula
plate (Fig. 4B,B’, Fig. S4B). Very similar defects were observed in
SoxN mutant T4/T5 neurons (Fig. 4D,E), confirming that these
phenotypes are caused by a specific disruption of SoxN function.
Moreover, T4/T5 neurons expressing an obligatory repressor
version of SoxN showed dendritic overgrowth and axons failing
to form layers in the lobula plate (Fig. S4G). Upon Sox!02F-RNAi
expression in all T4/T5 neurons, we also observed overgrowth of
T4/T5 dendrites and a loss of the layered structure in the lobula plate
with T4/TS axons forming clusters (Fig. 4C,C’, Fig. S4C). The
specificity of this phenotype was confirmed by examining T4/T5
neurons in Sox/02F mutants (Fig. 4F,G) and upon expression of
mir-263a (Fig. S4D). T4/T5 neurons overexpressing Sox102F also
showed dendritic and axonal defects (Fig. S4H-J).

Moreover, lobula plate volume was reduced when SoxN or
Sox102F were silenced in all T4/T5 neurons (Fig. SSA-D), further
supporting the conclusion that T4/T5 axons were defective and
suggesting that other neurons innervating the lobula plate might
be affected. To test this, we labelled lobula plate tangential cells
innervating lobula plate layers 1 and 4 with the V'723749-LexA line
(Mauss etal., 2015) in control flies and in flies expressing SoxN-RNAi
or Sox102F-RNAi in all T4/T5 neurons. When RNAi" T4/T5 axons
failed to form layers, dendrites from RNAi~ lobula plate tangential
cells did not form layers in the lobula plate either (Fig. SSE-G). These
results show that SoxN and Sox/02F regulate dendritic and axonal
morphology autonomously in T4/T5 neurons, and dendritic
morphology non-autonomously in lobula plate tangential cells.

To determine whether the observed phenotypes were caused by
developmental defects, we examined wild-type T4/T5 neurons and
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Fig. 3. SoxN-mediated transcriptional activation is required for Sox102F expression in T4/T5 neurons. (A-C) Sox102F expression in late L3 larval

optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons expressing SoxN-RNAI. Quantification is shown in C (control: n=6; SoxN-RNAi: n=7 optic
lobes). (D-F) SoxN expression in late L3 larval optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons expressing Sox702F-RNAi. Quantification is
shown in F (control: n=11; Sox102F-RNA/: n=5 optic lobes). (G-J) SoxN and Sox102F expression in adult SoxNVC¢7# heterozygous (GFP~) and homozygous
(GFP*) mutant T4/T5 somata after MARCM. Quantifications are shown in H and J [control (GFP~): n=6; SoxN mutant (GFP*): n=7 optic lobes]. (K-N) Sox102F
expression in T4/T5 neurons upon overexpression of SoxN (wild type), Vp16-SoxN (obligatory activator) or EnR-SoxN (obligatory repressor). The three SoxN
versions were epitope-tagged with V5. In each panel, the yellow arrowhead marks a T4 or T5 soma with high V5 levels, and the white arrowhead marks a
neighbouring T4 or T5 soma without V5 expression. Quantification is shown in N (n=10 pairs of somata per group). (O-T) Sox102F and SoxN expression in adult
T4/T5 neurons from controls (Sox102F'954/+) and Sox102F mutants (Sox102F"'1954Df(4)02). Quantifications are shown in Q and T (n=4 optic lobes per
group). ns, not significant (P>0.05); ***P<0.001. Scale bars: 20 um (A,B,D,E,O,P,R,S); 10 um (G,I,K-M).

T4/T5 neurons expressing SoxN-RNAi or Sox102F-RNAi at late L3
larval stage, and at pupal stages 24 h and 48 h after puparium
formation (APF). At late L3 larval stage and at 24 h APF, RNAi"
T4/T5 dendrites were indistinguishable from wild-type T4/T5
dendrites (Fig. S6A-F). At 48 h APF, however, we found dendritic
overgrowth in RNAi" T4/T5 neurons compared with wild-type
T4/T5 neurons. Wild-type T4/T5 axons formed layers in the lobula
plate at 48 h APF but not at the earlier stages examined. In contrast,

RNAI" T4/T5 axons failed to form distinct layers in the lobula plate
at 48 h APF (Fig. S6G-I). Finally, we excluded a transformation of
T4/TS neurons into developmentally related neurons upon SoxN
and Sox!02F disruption by examining markers of T4/T5 and C/T
neurons. LIM homeobox 1 (Liml) expression in T4/T5 neurons
(Suzuki et al., 2016) was unchanged after SoxN and Sox102F
knockdown, and C/T neuron markers Twin of Eyeless (Toy) (Apitz
and Salecker, 2015) and Apterous (Ap) were absent in T4/T5
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Fig. 4. SoxN and Sox702F control dendritic and axonal morphology in T4/T5 neurons. (A-C’) Dorsal views of adult optic lobes with wild-type T4/T5 neurons,
and with T4/T5 neurons expressing SoxN-RNAi or Sox102F-RNAI. A’-C’ show detailed views of T4 dendrites from the conditions in A-C. Anterior is to the
left. (D,E) Adult optic lobes with wild-type T4/T5 neurons, and SoxN"V¢"# homozygous mutant T4/T5 neurons generated by MARCM and labelled with the
R42F06-Gal4 line. (F,G) Adult optic lobes with T4/T5 neurons labelled with the R42F06-Gal4 line in controls (Sox102F™'195%/+) and in Sox102F mutants

[Sox102FM'1954/Df(4)02]. Scale bars: 20 um.

neurons upon SoxN-RNAi and SoxI02F-RNAi expression
(Fig. S7A-L). From these results, we conclude that SoxN and
Sox102F are required in maturing T4/T5 neurons for dendritic and
axonal patterning between 24 and 48 h APF stages.

SoxN and Sox102F mediate layer-specific innervation of
T4IT5 dendrites and axons, and neuropil-specific

innervation of T4/T5 axons

To determine unambiguously which aspects of dendritic and axonal
patterning are regulated by SoxN and SoxI02F, we analysed
individual neurons labelled stochastically by using the Flp-out
technique (Nern et al., 2011) after silencing SoxN or Sox/02F in all

T4/TS5 neurons with the R39H12-Gal4 line. We defined the neuropil
layers innervated by single-labelled T4 and T5 dendrites by staining
optic lobes with DN-cadherin (Cadherin-N) and Connectin
(Gao et al., 2008; Ngo et al., 2017). In control flies, none of the
single-labelled T4 and TS neurons had dendrites in layers other than
medulla layer M10 (Fig. 5A,G) and lobula layer Lol (Fig. 5D,H),
respectively. After SoxN or Sox102F silencing in all T4/T5 neurons,
in contrast, T4 and TS dendrites spanned over extra layers of neuropil.
T4 dendrites often reached medulla layer M7 in the case of SoxN
silencing and medulla layer M8 in the case of Sox02F silencing, and
T5 dendrites often reached lobula layer Lo4 when SoxN or Sox102F
were silenced (Fig. SA-H). We also found that, in contrast to wild-
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type T4 and TS5 axons, which always innervated exclusively the
lobula plate, one-third of T4 and T5 axons co-innervated the lobula
plate and the medulla upon SoxN or Sox102F silencing in all T4/T5
neurons (Fig. SE,I). On rare occasions, T4 axons co-innervated the
lobula plate and the lobula upon Sox/02F silencing (Fig. 5C,I).
Finally, we analysed in more detail those T4 and TS5 axons that
specifically innervated the lobula plate upon knockdown of SoxN or
Sox102F and compared them with wild-type T4 and T5 axons. Wild-
type T4 and TS5 axons occupied 13+4% (n=12 axons) of the lobula
plate along the anteroposterior axis, reflecting layer-specific
innervation. Upon SoxN or Sox!02F silencing, T4 and T5 axons
occupied 50+13% (n=13 axons) or 41+19% (n=9 axons) of the
lobula plate along the anteroposterior axis, respectively (Fig. 5J).
As the length of the lobula plate along the anteroposterior axis
was unchanged at the positions occupied by the analysed wild-type
and RNAi" T4/T5 axons (Fig. 5K), we concluded that the axons
of T4/T5 neurons expressing SoxN-RNAi or Sox102F-RNAi lack
the layer-specific innervation characteristic of wild-type T4/T5
neurons. These results demonstrate a requirement of SoxN and
Sox102F for the development of the layer-specific innervation of

FlpOut, R39H12>Sox102FRNAI

F  Fipout, R39H12>Sox102FRNA

Axon Terminals in:

0
Control

Fig. 5. SoxN and Sox702F mediate layer-
specific innervation of T4/T5 dendrites and
axons, and neuropil-specific innervation of
T4/T5 axons. (A-F) Adult optic lobes with single-
labelled T4 and T5 neurons in control flies, and in
flies expressing SoxN-RNAi or Sox102F-RNAi in
all T4/T5 neurons. Neuropil layers were identified
after immunostaining against DN-Cad and
Connectin. Arrowheads mark the presence of
axonal boutons. (G) Percentages of T4 dendrites
reaching the medulla layers M10, M9, M8 or M7 in
control flies, and in flies expressing SoxN-RNAi
or Sox102F-RNAi in all T4/T5 neurons (control:
n=9; SoxN-RNAi: n=14; Sox102F-RNAi. n=11
neurons). (H) Percentages of T5 dendrites
reaching the lobula layers Lo1, Lo2, Lo3 or Lo4 in
control flies, and in flies expressing SoxN-RNAi
or Sox102F-RNAi in all T4/T5 neurons (control:
n=7; SoxN-RNAi: n=5; Sox102F-RNAi: n=5
neurons). (I) Percentages of T4 and T5 axons
innervating only the lobula plate, co-innervating
the lobula plate and the medulla, or co-
innervating the lobula plate and the lobula, in
control flies and in flies expressing SoxN-RNAi or
Sox102F-RNAi in all T4/T5 neurons (control:
n=12; SoxN-RNAi: n=19; Sox102F-RNAi: n=16
neurons). (J) Extension of lobula plate
(normalised) along the anteroposterior axis
occupied by T4 and T5 axons in control flies, and
in flies expressing SoxN-RNAi or Sox102F-RNAi
in all T4/T5 neurons. 0 and 1 represent the most
anterior and the most posterior edges of the
lobula plate, respectively. (K) Average lobula
plate lengths (absolute values) along the
anteroposterior axis at the positions occupied by
the analysed axons in J (control: =12, SoxN-
RNAI: n=13, Sox102F-RNAi: n=9 positions). ns,
not significant (P>0.05). Scale bars: 20 ym.

=1 Lobula Plate (LP)
BN LP and Medulla
BN LP and Lobula

SoxNRNwA Sox102FRNA

T4/TS dendrites and axons, and the neuropil-specific innervation of
T4/T5 axons.

SoxN and Sox102F control the layer specificity of dendrites
and axons autonomously in different T4/T5 neuron subtypes
Next, we investigated whether SoxN and Sox/02F control neuronal
morphology in every T4/T5 neuron subtype in a similar and
autonomous manner. To this end, we first silenced SoxN or Sox102F
in specific T4/T5 neuron subsets with the V737588-Gal4 (Maisak
et al., 2013), R11F07-Gal4 and R42H07-Gal4 (Maisak et al., 2013)
lines. These lines labelled, respectively, T4, T4/T5,;, and T5 4
neurons in the adult, and drive gene expression in T4/T5 neuron subsets
already at late L3 larval or early pupal stages (Fig. SID-F). Knockdown
of SoxN or Sox102F in T4, 4 and TS 4 neurons caused severe dendritic
and axonal defects (Fig. 6A-C,G-I), which resembled the defects
observed upon their knockdown using lines driving expression in all
T4/T5 neurons (Fig. 4A-C). Defects in layer specificity of dendrites and
axons were also observed upon SoxN or Sox102F silencing in T4/T5,,
neurons (Fig. 6D-F), although these defects were less pronounced than
those observed upon silencing them in T4, 4 and T5_ 4 neurons.
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Fig. 6. SoxN and Sox702F regulate the layer specificity of dendrites and axons autonomously in different T4/T5 neuron subtypes. (A-C) Adult optic lobes
with wild-type T4,.4 neurons, and with T4,_.4 neurons expressing SoxN-RNAi or Sox102F-RNAi. (D-F) Adult optic lobes with wild-type T4/T5, ), neurons, and
with T4/T5, p, neurons expressing SoxN-RNAi or Sox102F-RNAI. (G-1') Adult optic lobes with wild-type T5. 4 neurons, and with T5; 4 neurons expressing
SoxN-RNAi or Sox102F-RNAi. RNAi~ T4/T5, , neurons are shown in G'-H'. Arrowheads indicate T5, , dendrites restricted to lobula layer Lo1 in the presence
of defective, RNAI* T5; 4 dendrites. LP, lobula plate. (J-L) Detailed views of the lobula plate showing T5, axons in the presence of wild-type T4 axons, and

in the presence of T4 axons expressing SoxN-RNAi or Sox102F-RNAI. Scale bars: 20 pm.

Next, we examined the morphology of RNAi- T4/T5 neurons in
the presence of RNAi", defective T4/T5 neurons from other subtypes.
The dendrites of RNAi- T5,}, neurons, labelled with the V'738815-
LexA line, did not reach other layers than lobula layer Lol in the
presence of RNAi" T5. 4 dendrites with overgrowth. Moreover, the
axons of RNAi- T5,}, neurons were undistinguishable from control
T5,, axons when RNAi", defective T5.4 axons were present
(Fig. 6G-I'). In line with this, RNAi- TS, axons, marked with the
VT50384-LexA line (Haag et al., 2016), terminated in lobula plate
layer 3 in spite of the presence of RNAi', defective T4 axons

(Fig. 6J-L). Altogether, these results indicate that SoxN and Sox!02F
control the layer specificity of dendrites and axons autonomously in
each T4/T5 neuron subtype.

SoxN and Sox102F are required for the regulation of
Connectin levels in T4/T5 neurons

We noticed an increase in Connectin levels in the neuropil layers
occupied by T4/T5 dendrites upon Sox/02F silencing in all T4/T5
neurons, and in Sox/02F mutants (Fig. 7A-C,G,J-L). To determine
whether this is caused by a non-cell-autonomous mechanism, such
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as ectopic innervation of these layers by adjacent Connectin-
expressing neurons, we co-expressed Sox/02F-RNAi with a
validated Connectin-RNAi (Fig. 7D,G) in all T4/T5 neurons. In
this condition, Connectin levels in medulla layer M10 were
comparable to those in controls (Fig. 7E,G), demonstrating that
Sox102F is required cell-autonomously in T4/T5 neurons for
repressing Connectin expression.

In wild-type flies, Connectin signal is higher in layers 3 and 4
than in layers 1 and 2 of the lobula plate (Fig. 7A) (Gao et al., 2008),
suggesting a higher Connectin expression in T4/T5_ 4 than in T4/
T5,, neurons. A recent transcriptome study has indeed revealed that
TS5, 4 neurons express higher Connectin than T5,;, neurons (Davis
et al., 2018 preprint). T4/T5 neuron subtype-specific expression of
other transcription factors controlling Connectin expression might
influence the capacity of distinct T4/T5 neuron subtypes to
upregulate Connectin upon Sox/02F knockdown. This is not the
case, however, as Sox/02F-RNAi expression in T4/T5,, T5.4 or
T4, 4 neurons also resulted in Connectin upregulation (Fig. S8A-I).

Because Sox102F expression in T4/T5 neurons requires SoxN,
we expected SoxN and Sox/02F loss of function to upregulate
Connectin levels similarly. However, Connectin levels did not
increase in T4/T5 neurons expressing SoxN-RNAi or in SoxN mutant
T4/T5 neurons (Fig. 7F,G,M-0). We excluded that this is caused by
a transformation of T4/T5 4 (high Connectin) into T4/T5,}, (low
Connectin) neurons because the proportion of Dac'/Omb™ (T4/T5,,
p) and Dac™/Omb " (T4/T5, 4) neurons upon SoxN silencing was the
same as in controls (Fig. S7TM-0). Collectively, these observations
are consistent with SoxN regulating Connectin expression in all
T4/T5 neuron subtypes through two pathways with opposing
effects. Firstly, SoxN is required for Sox102F expression, which
in turn is necessary for repressing Connectin expression. Secondly,
SoxN is required for Connectin expression in a Sox/02F-
independent manner. Finally, we attempted to support this model
by performing overexpression experiments. However, Sox102F or
SoxN overexpression was not sufficient to downregulate or
upregulate, respectively, Connectin expression in T4/T5 neurons
(Fig. S8J-0O). This might be due to wild-type expression levels of
proteins required for SoxN and Sox102F transcriptional activity in
T4/T5 neurons (She and Yang, 2015).

ato and dac are redundantly required in late-stage dIPC
neuroblasts for SoxN and Sox102F expression in

offspring neurons

Loss of the transcription factor Ato in late-stage dIPC neuroblasts,
which normally produce T4/T5 neurons, results in offspring
neurons with fasciculation problems, dendritic overgrowth (Oliva
et al.,, 2014) and a global downregulation of genes involved in
neuronal differentiation (Mora et al., 2018). Loss of the transcription
factor Dac in T4/T5 neuron progenitors results in offspring neurons
with dendrites that overgrow into medulla layer M9 and more distal
layers, and axons that lack neuropil-specific innervation (Apitz and
Salecker, 2018). These defects resemble the anatomical phenotypes
we reported upon silencing SoxN or Sox02F in T4/T5 neurons. Ato
and/or Dac might start transcriptional programmes in late-stage
dIPC neuroblasts that eventually control SoxN and Sox102F
expression in postmitotic T4/T5 neurons. To test this, we analysed
SoxN and Sox102F expression in T4/T5 neurons in afo mutants
(Fig. 8A-D) (Jarman et al., 1994) and in flies expressing a validated
dac-RNAi in the dIPC with the R12G08-Gal4 line (Fig. 8E,F,H,I)
(Apitz and Salecker, 2018). In both experiments, SoxN and
Sox102F were detected in the region occupied by T4/T5 somata
at prepupal stages, demonstrating that disrupting afo or dac

individually in late-stage dIPC neuroblasts does not abolish SoxN
and Sox102F expression in offspring T4/TS neurons.

ato and dac in late-stage dIPC neuroblasts might redundantly
control SoxN and Sox102F expression in T4/T5 neurons, leading to
one transcription factor compensating for the silencing of the other.
In fact, only after simultaneous silencing of ato and dac in late-stage
dIPC neuroblasts, do offspring neurons fail to acquire T4/T5 neuron
morphologies, indicating a redundant role of afo and dac in the
control of T4/T5 neuron identity (Apitz and Salecker, 2018). This
model predicts that removing simultaneously afo and dac in
late-stage dIPC neuroblasts should remove factors controlling the
maturation of T4/T5 neurons, such as SoxN and Sox102F. We
co-expressed validated afo-RNAi and dac-RNAi in the dIPC with the
RI12G08-Gal4 line (Apitz and Salecker, 2018) and found that most
of the neurons in the region normally occupied by T4/T5 somata at
prepupal stages lacked SoxN and Sox102F expression (Fig. 8G,J).
The remaining SoxN* and Sox102F" neurons might be due to
incomplete RNAi knockdown. These results demonstrate that ato
and dac are redundantly required in late-stage dIPC neuroblasts for
SoxN and Sox102F expression in offspring neurons.

DISCUSSION

As neurons are generated during development, they acquire a rich
and diverse repertoire of morphological and physiological
properties in order to form functional neural circuits. T4/T5
neurons represent a very interesting model for understanding this
process. All T4/T5 neurons share a set of terminal characteristics,
such as dendrites with a stereotyped size and arborisation in single
layers of neuropil, and axons terminating in one of the four layers of
the lobula plate. These properties are essential for their function as
local motion sensors and to communicate with downstream
neurons. At the same time, four subtypes of T4/T5 neurons exist
with differences in directional tuning and the layer of the lobula
plate innervated by their axons, the latter defining the specific
postsynaptic partners of each subtype. Here, we show that the
acquisition of morphological properties common to all T4/T5
neuron subtypes is controlled by the postmitotic transcription
factors SoxN and Sox102F. Moreover, the two transcription factors
appear to play a permissive role in the emergence of subtype-
specific properties in T4/T5 neurons. Therefore, SoxN and Sox102F
represent two core components of the programmes controlling the
maturation of postmitotic T4/T5 neurons and that act downstream of
the identity programmes initiated by Ato and Dac in T4/T5 neuron
progenitors (Apitz and Salecker, 2018). In conjunction with other
recent studies (Apitz and Salecker, 2015, 2018; Mora et al., 2018;
Pinto-Teixeira et al., 2018), our work provides a basis for
understanding precisely how T4/T5 neurons acquire their
properties during development.

Temporal and spatial transcription factors specify neuroblast
identity in the developing Drosophila optic lobe (Apitz and
Salecker, 2015, 2018; Erclik et al., 2017; Li et al., 2013; Suzuki
et al., 2013). How do these transcription factors regulate the
acquisition of properties defining identity and function in offspring
neurons? Homothorax (Hth) is one of the temporal transcription
factors expressed in medulla neuroblasts. Hth expression is
maintained in the progeny of Hth™ neuroblasts, including Mil
neurons, where it controls neuronal morphology in part by
regulating Brain-specific homeobox (Bsh) and DN-cadherin
expression (Hasegawa et al., 2013, 2011; Li et al., 2013; Suzuki
et al., 2013). Other temporal transcription factors expressed in
medulla neuroblasts, such as Klumpfuss (Klu), are not maintained
in offspring neurons and are thought to control neuronal terminal
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Fig. 7. SoxN and Sox702F are required for the regulation of Connectin levels in T4/T5 neurons. (A-G) Connectin expression in adult optic lobes with
wild-type T4/T5 neurons, and with T4/T5 neurons expressing Sox102F-RNAI, mir-263a, Connectin-RNAI, Sox102F-RNAi and Connectin-RNAI, or SoxN-RNAI.
The right panels show Connectin signals colour-coded for intensity. Ratios of Connectin signal in medulla layer M10 to Connectin signal in medulla layer M9
are shown in G (n=8-11 optic lobes per group). (H,l) Adult optic lobes with T4/T5 neurons overexpressing UAS-Connectin alone or with SoxN-RNAI.
Overexpression of Connectin induces the formation of axon clusters. (J-L) Connectin expression in adult optic lobes with T4/T5 neurons labelled with the
R42F06-Gal4 line in controls (Sox702F954/+) and in Sox102F mutants [Sox102FM/795%Df(4)02]. Quantification is shown in L (control: n=7; Sox102F
mutant: n=9 optic lobes). (M-O) Connectin expression in adult optic lobes with wild-type T4/T5 neurons, and SoxNN¢’4 homozygous mutant T4/T5 neurons
generated by MARCM and labelled with the R42F06-Gal4 line. Quantification in shown in O (control: n=7; SoxNN¢7# MARCM: n=14 optic lobes). In H-N,
right-hand panels show Connectin signals colour-coded for intensity. ns, not significant (P>0.05); ***P<0.001. Scale bars: 20 pm.

differentiation through an intermediate tier of transcription factors neurons also occur during T4/T5 neuron development. Omb is
(Li et al., 2013; Suzuki et al., 2013). These two complementary initially expressed in a subset of spatially patterned T4/T5 neuron
mechanisms for conveying identity information from neuroblaststo  progenitors and is maintained in their offspring T4/T5, 4 neurons,
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Fig. 8. ato and dac are redundantly required in late-stage dIPC neuroblasts to control SoxN and Sox102F expression in offspring neurons. (A-D) SoxN
and Sox102F expression in prepupal optic lobes from ato’ heterozygous and homozygous mutants. Neuronal somata were marked with anti-Elav. T4/T5
somata were labelled with anti-Dac. (E-J) SoxN and Sox102F expression in prepupal optic lobes with wild-type, late-stage dIPC neuroblasts, and with late-stage
dIPC neuroblasts expressing Dac-RNAi alone or together with Ato-RNAI. Dac signal was absent in the dIPC upon Dac-RNAi expression with the R12G08-Gal4.
(K) Summary of genetic interactions between ato/dac, SoxN, Sox102F and Connectin revealed in this study. (L) Summary of transcription factors expressed
in early- and late-stage dIPC neuroblasts, and in postmitotic T4/T5 neurons revealed by this and a previous study (Apitz and Salecker, 2018). Differential
expression of Connectin between T4/T5 neuron subtypes is also depicted. Scale bars: 20 pm.

where it controls subtype-specific properties (Apitz and Salecker,
2018). In contrast, Ato is transiently expressed in T4/T5 neuron
progenitors. There, together with Dac, it initiates transcriptional
programmes important for T4/T5 neuron specification (Apitz and
Salecker, 2018). The output of these programmes comprises, at
least, SoxN and Sox102F expression in postmitotic T4/T5 neurons.
Future studies will be required to identify the transcriptional cascade
linking Ato/Dac with SoxN/Sox102F, and other transcription
factors controlling the terminal differentiation of postimitotic T4/
TS5 neurons. Neuron type-specific expression of transcription factors
restricted to postmitotic stages also generates neuronal diversity in
nematodes and in mammals (Hobert, 2016; Lodato and Arlotta,
2015). Therefore, we expect that our findings will help to
understand how the expression of this type of transcription factors
is selected during development in invertebrates and vertebrates.
T4/T5 neurons require SoxN and Sox!02F function in order to
establish their specific innervation patterns. In particular, our results

indicate that SoxN and Sox!02F are required for maintaining T4/T5
dendrites and axons within single neuropil layers during neuronal
maturation, rather than for guiding them towards the correct target
layers (Fig. 5, Fig. S6). In order to understand the cellular and
molecular mechanisms preventing the overgrowth of T4/T5
dendrites and axons into extra neuropil layers, future studies will
be needed to characterise in detail the development of both
wild-type T4/T5 neurons and T4/T5 neurons with SoxN or Sox102F
loss of function, and to identify the direct targets of SoxN and
Sox102F in T4/T5 neurons. These studies will also shed light on the
redundant and distinct functions of SoxN and Sox/02F during
T4/TS neuron development.

SoxN and SoxI/02F control dendritic and axonal patterning
in every T4/T5 neuron subtype. However, we found that silencing
SoxN or Sox102F in T4/TS,,, caused milder phenotypes than in
T4/T5.4 neurons. This might result from different activities of
these transcription factors in distinct T4/T5 neuron subtypes upon
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subtype-specific post-translational modifications or subtype-specific
expression of transcriptional co-regulators (Savare et al., 2005; She
and Yang, 2015). Alternatively, SoxN and Sox102F transcriptional
activities might be equivalent in all T4/T5 neuron subtypes. In this
scenario, the differences observed between T4/T5 neuron subtypes
upon SoxN or Sox!02F knockdown could result from disparate
expression levels of target genes that are dysregulated in an
equivalent manner but have different basal expression levels
between subtypes. In line with this, T4/T5,}, and T4/T5 4 neurons
with knockdown of Sox/02F seem to express moderate and high
levels of Connectin, respectively (Fig. S8B,E). This is likely the result
of combining a similar upregulation of Connectin in T4/T5, ;, and T4/
T5.4 neurons with T4/T5.4 expressing higher basal levels of
Connectin than T4/T5,;, neurons. As Connectin functions as a
homophilic cell-adhesion molecule (Nose et al., 1997; Raghavan and
White, 1997), high Connectin levels might be the cause of T4/T5
axons forming clusters upon Sox/02F silencing. In agreement with
this, Connectin overexpression in wild-type T4/T5 neurons or in T4/
T5 neurons with SoxN silenced induced the formation of axon
clusters (Fig. 7H,I). However, knockdown of Connectin in T4/T5
neurons with Sox02F silenced did not rescue the formation of axon
clusters (Fig. 7E). Therefore, one possibility is that other cell-surface
molecules dysregulated upon Sox102F silencing play redundant roles
with Connectin in the generation of this phenotype. Furthermore,
Connectin knockdown in wild-type T4/T5 neurons did not prevent
their axons from forming layers in the lobula plate (Fig. 7D). The role
of the differential expression of Connectin between T4/T5 neuron
subtypes needs further investigation. Finally, the disparity in the basal
levels of Connectin between T4/T5 neuron subtypes appears to
emerge from its tight regulation by transcription factors present in
all T4/T5 neuron subtypes, such as SoxN and Sox102F, and
transcription factors expressed in a subtype-specific manner, such as
Omb (Fig. 8K,L) (Apitz and Salecker, 2018). Future studies should
explore whether the same holds true for other molecular players
controlling subtype-specific morphological properties in T4/T5
neurons. We envision T4/T5 neurons as a powerful system for
improving our understanding of how the acquisition of properties
common to a neuronal population and the acquisition of
subtype-specific characters within this population are coordinated
at the transcriptional level.

In addition, some of our findings bring insight into the
development of motion vision circuits in Drosophila and of
layered neural circuits in general. When we disrupted the
dendrites and axons of specific T4/T5 neuron subtypes by
silencing SoxN or SoxI102F, the dendrites and axons from other
T4/T5 neuron subtypes were unaffected. Therefore, SoxN and
Sox102F act autonomously in distinct T4/T5 neuron subtypes to
ensure the layer specificity of their dendrites and axons. In contrast,
when T4/T5 axons failed to form distinct layers in the lobula plate,
the dendrites of their postsynaptic partners also failed to form layers,
suggesting that T4/T5 neurons play an instructive role in lobula plate
patterning. The finding that SoxN and Sox/02F function in T4/T5
neurons is non-autonomously required for the layer specificity of
lobula plate tangential cells supports a recently proposed model
describing layer formation as a stepwise process relying on
transcription factors that restrict neurons to specific layers in a
cell-intrinsic manner, and recruit other circuit components in a
cell-extrinsic manner (Peng et al., 2018).

Finally, our finding that SoxN plays a role in the terminal
differentiation of T4/T5 neurons is in agreement with previous
studies that implicated SoxN both in the regulation of terminal
differentiation genes (Ferrero et al., 2014; Girard et al., 2006) and in

the control of axonal patterning in Drosophila embryonic neurons
(Girard et al., 2006; Overton et al., 2002). SoxN and its mammalian
orthologues, the SoxB1 family genes, have conserved roles in
neural stem cell development (Neriec and Desplan, 2014; She and
Yang, 2015). Whether mammalian SoxB1 transcription factors
regulate the terminal differentiation of neurons is unclear. In
mammals, members of the SoxD family are well known for
controlling neuronal terminal differentiation (She and Yang, 2015).
A previous study showed that neuronal silencing of Sox/02F, the
only Drosophila orthologue of the SoxD family (Phochanukul and
Russell, 2010), leads to abnormal neuronal development and
behavioural impairment (Li et al., 2017). However, this study did
not identify the specific developmental processes affected. Our
work, in agreement with a recent study (Contreras et al., 2018),
demonstrates a conserved role of Sox/02F in controlling the
terminal differentiation of neurons. Moreover, our observations
suggest that one of the roles of Sox/02F in T4/T5 neurons is to
prevent the acquisition of morphological traits characteristic of
developmentally related T2/T3 neurons, such as dendritic
arborisation in medulla layer M9 and axons in the lobula. In
agreement with this, Sox/02F negatively regulates Connectin
expression in T4/T5 neurons, which is highly expressed in T3
neurons (Konstantinides et al., 2018). Sox5, a member of the
mammalian SoxD family, regulates postmitotically the molecular
identity and connectivity of early-born corticofugal neurons by
repressing the expression of genes characteristic of late-born
corticofugal neurons (Kwan et al., 2008; Lai et al., 2008).
Therefore, SoxD-mediated transcriptional — repression  in
postmitotic neurons might represent a conserved mechanism for
controlling neuronal identities in vertebrates and invertebrates.

MATERIALS AND METHODS

Fly strains

Flies were raised at 25°C and 60% humidity on standard cornmeal agar
medium at 12 h light/dark cycle, except for RNAi experiments, in which
offspring were shifted from 25°C to 29°C at first larval instar stage. At larval
and pupal stages, female and male brains were analysed. At adult stages, only
female brains were analysed. The following fly strains were used as driver lines
(BL# strains are from Bloomington Drosophila Stock Center): R40E11-Gal4
(BL#48140), SS00324-splitGal4 (R59E0-AD attP40; R42F06-DBD attP2)
(Schilling and Borst, 2015), SS00779-splitGal4 (R20C11-AD attP40;
R48D11-DBD attP2) (Tuthill et al., 2013), R39HI2-Gal4 (BL#50071),
VT37588-Gal4 (Maisak et al., 2013), R11F07-Gal4 (BL#39414), R42H07-
Gal4 (BL#50172), R12G08-Gal4 (BL#47855), VT23749-LexA (Mauss et al.,
2015), VT38815-LexA and VT50384-LexA (Haag et al., 2016). The 74/7T5-
splitGal4 driver line was generated by combining the R4/GI11-AD
(BL#71050) and R39H12-DBD (BL#69444) hemidriver lines (Dionne et al.,
2018). The T4, splitGal4 driver line was generated by combining the
VT16255-AD (BL#75205) and V'T37588-DBD (BL#75793) hemidriver lines
(Tirian and Dickson, 2017 preprint). The following fly strains were used as
reporter lines: UAS-myr::GFP (BL#32198), UAS-mCD8.:GFP (BL#32188),
UAS-CD4-tdGFP (BL#35836), UAS-myr::tdTomato (BL#32222), UAS-
mCD8::RFP, LexAop-mCDS8::GFP (BL#32229) and LexAop-GCaMP6m
(BL#44275). To label individual neurons stochastically, we combined Gal4
driver lines with the following lines: R57C10-Fip2::PEST (Nem et al., 2015)
and UAS-(FRT.stop)myr::GFP (Nermn et al., 2011). For knockdown
experiments, we used the following lines: UAS-Dcr2 (BL#24646,
BL#24650 and BL#24651), UAS-GFP-RNAi (BL#41553), UAS-SoxN-RNAi
(Vienna Drosophila Stock Center, shRNA-330056), UAS-SoxN-RNAi2
(BL#25996), UAS-Sox102F-RNAi (Vienna Drosophila Stock Center,
shRNA-330016),  UAS-SoxI02F-RNAi2 ~ (BL#26220), UAS-mir-263a
(BL#59894), UAS-Connectin-RNAi (BL#28967), UAS-dac-RNAi (Vienna
Drosophila Stock Center, KK106040) and UAS-ato-RNAi (BL#26316). For
overexpression experiments, we used the following lines: UAS-SoxN-V'5 (wild-
type version of SoxN), UAS-Vp16-SoxN-V5 (obligatory activator version of
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SoxN), UAS-EnR-SoxN-V'5 (obligatory repressor version of SoxN) (provided
by S. Thor, Linkdping University, Sweden), UAS-SoxI02F and UAS-
Connectin (this study). The UAS-shi® line (BL#66600) was used to block
synaptic transmission at elevated temperatures (Kitamoto, 2001). We also used
Canton-S (BL#64349) as a wild-type strain, Sox/02F191057 flies
(BL#32729), Df{4)02 flies (BL#7084), and the ato’ mutant strain (a gift
from B. A. Hassan, ICM — Hopital Piti¢ Salpétriere, Paris). MARCM
experiments were performed by crossing hs-Flp UAS-mCDS::GFP; tub-
Gal80 FRT40A4; R42F06-Gal4/TM6 flies (a gift from F. Pinto-Teixeira, New
York University, USA) with FRT40A flies (a gift from I. Salecker, Francis
Crick Institute, UK) or SoxN"# FRT404/CyO flies [generated by us after
recombining FRT40A4 with the SoxNV¢’# mutant allele (BL#9937)]. Second
and third instar larvae resulting from these crosses were heat shocked for
120 min in a 37°C water bath.

The UAS-Sox102F and UAS-Connectin strains were generated as follows:
Sox102F and Connectin DNAs were produced by gene synthesis (Genewiz)
based on the FlyBase CDS sequences FBpp0100057 and FBpp0073231,
respectively, and subsequently cloned into Xhol-Xbal sites of pJFRC7-
20XUAS-IVS-mCD8::GFP (Pfeiffer et al., 2010; Addgene plasmid #26220,
deposited by Gerald Rubin), after removal of the mCDS8::GFP cassette.
The resulting UAS-Sox102F and UAS-Connectin plasmids were injected
into the su(Hw)attP1 landing site strain BL#34760 and the VK05 landing
site strain BL#9725, respectively, for PhiC31 integrase-mediated
transgenesis (BestGene).

Behavioural assay and analysis

We cold-anaesthetised adult flies before the experiment and glued head,
thorax and wings to a needle with bonding glue (Sinfony Opaque Dentin)
under blue LED light (440 nm). Afterwards, we positioned animals on an air-
suspended polyurethane ball. A virtual environment was projected onto three
high-definition screens that collectively spanned 270° (along the vertical axis)
and 114° (along the horizontal) of the fly eye’s visual field. This gave an
approximate spatial resolution of below 0.1°. We used six such set-ups for
recording fly locomotion as described previously (Bahl et al., 2013). Two set-
ups displayed stimuli at a refresh frequency of 120 Hz; on four set-ups, the
frequency was 144 Hz. All monitors were equilibrated in brightness and
contrast. Within the immediate area surrounding the fly, we controlled
temperature using a custom-built closed-loop thermoregulation system. For
the first 5 min, temperature was kept at 25°C and then raised to 34°C within
10 min. We used an optomotor stimulus similar to previous studies (Bahl
et al., 2013). Flies were presented with a stationary square wave grating that
had a spatial wavelength of 45° in visual angle and a Michelson contrast of
50%. Each individual trial lasted 8 s. Between 2 s and 6 s, the pattern travelled
at a fixed velocity of 50°/s (corresponding to a temporal contrast frequency of
2 Hz) in either clockwise or counterclockwise direction. We repeated the
stimulus 55 times per fly. The pattern was rendered in real-time using
Panda3D, an open source game engine, and Python 2.7.

Data were processed as described previously (Ammer et al., 2015).
Tracking data from optical sensors were processed at 4 kHz, read out via a
USB interface, and recorded by a computer at 100 Hz. This allowed real-
time calculation of the instantaneous rotation axis of the sphere. Rotation
traces were re-sampled to 20 Hz for further processing and fed through a
first-order low-pass filter with a time constant of 100 ms. We manually
selected 30 consecutive trials that fulfilled the following criteria. First, the
average turning tendency of the fly was roughly zero. Second, the mean
forward velocity of the fly was at least 5 mmy/s, indicating visual
responsiveness. For further processing, we subtracted responses for the
two symmetrical pattern directions to reduce the magnitude of residual
walking asymmetries. We then took the mean across trials. For statistical
purposes, we calculated the optomotor response of each fly as the average of
the turning response between 4 s and 6 s. All data analysis was performed
using Python 2.7 and the NumPy library.

Antibodies and immunolabelling

Primary antibodies used in this study were: rabbit anti-GFP (1:600,
Biolabs, TP401), mouse anti-GFP (1:600, Sigma-Aldrich, G6539),
chicken anti-GFP (1:600, ThermoFisher, A10262). rat anti-DN-Cadherin
(1:50, Developmental Studies Hybridoma Bank, AB528121), mouse anti-

Connectin (1:50, Developmental Studies Hybridoma Bank, AB10660830),
rabbit anti-DsRed (1:1000, Clontech, 632496), mouse anti-Dachshund (1:20,
Developmental Studies Hybridoma Bank, AB528190), rat anti-Elav (1:50,
Developmental Studies Hybridoma Bank, Rat-Elav-7E8A10), mouse anti-
Acj6 (1:50, Developmental Studies Hybridoma Bank, AB528067), rabbit
anti-SoxN (1:300, a gift from S. Russell; Ferrero et al., 2014), rabbit anti-
Sox102F (1:300), rabbit anti-Lim1 (1:500), rabbit anti-Toy (1:1000), rabbit
anti-Ap (1:200) (gifts from C. Desplan, New York University, USA) and
rabbit anti-Omb (1:400, a gift from G. Pflugfelder, Johannes Gutenberg-
University, Mainz, Germany). Secondary antibodies used in this study were:
Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen, A11034), Alexa
Fluor 488-conjugated goat anti-mouse (Thermo Fisher, A28175), Alexa
Fluor 488-conjugated goat anti-rat (Invitrogen, A11006), Alexa Fluor 488-
conjugated donkey anti-chicken (Jackson ImmunoResearch, 703-545-155),
Alexa Fluor 568-conjugated goat anti-rabbit (Life Technologies, A11011),
Alexa Fluor 568-conjugated goat anti-mouse (Invitrogen, A11004), ATTO
647N-conjugated goat anti-mouse (Rockland, 610-156-040) and Alexa
Fluor 647-conjugated goat anti-rat (Life Technologies, A21247) (all used at
1:500).

For immunolabelling, brains were dissected in cold PBS and fixed in 4%
formaldehyde (containing 0.3% Triton X-100) at room temperature for 24
(adult) or 15 (larval and pupal ) min. Afterwards, they were washed three times
with PBT (PBS containing 0.3% Triton X-100) and blocked with 10% normal
goat serum in PBT at room temperature for 2 h. Brains were incubated with
primary antibodies diluted in PBT containing 5% normal goat serum for 24-
48 h at 4°C. After washing five times with PBT, brains were incubated with
secondary antibodies diluted in PBT containing 5% normal goat serum for
24-48 h at 4°C. After washing five times with PBT and one time with PBS,
brains were mounted in Gold Antifade Mountant (Thermo Fisher).

Imaging and quantification

Imaging was performed with a Leica SP8 laser scanning confocal
microscope equipped with 488-, 561- and 633-nm lasers, and using a 63%
objective. Image processing and quantitative analyses were performed with
the Fiji software package (Schindelin et al., 2012).

Relative expression levels of SoxN or Sox102F in T4/T5 neurons were
quantified as follows: for each optic lobe, we measured the mean grey values
(anti-SoxN or anti-Sox102F channel) of either at least 15 manually
segmented T4/T5 somata (in Fig. IN-S and Fig. 3G-J) or the region
occupied by T4/T5 somata (Fig. 1H-M and Fig. 3A-F,O-T) across several
optical sections. Afterwards, we obtained the average of these values and
divided it by the average of mean grey values (anti-SoxN or anti-Sox102F
channel) measured in the region occupied by C/T somata across several
optical sections. To assess changes in Sox 102F expression in T4/T5 neurons
upon overexpression of different V5-tagged versions of SoxN (Fig. 3K-N),
we measured the mean grey value (anti-Sox102F channel) of a manually
segmented T4/T5 soma overexpressing SoxN (high anti-VS5 signal), and
divided it by the mean grey value (anti-Sox 102F channel) of a neighbouring
T4/TS5 soma without SoxN overexpression (negative for anti-V5 signal).
This was carried out in late L3 larval optic lobes for SoxN-V5 and Vp16-
SoxN-V5, and in adult optic lobes for EnR-SoxN-V5 overexpression
experiments, because only at these stages could we clearly find T4/T5
somata with very high anti-V5 signal and neighbouring T4/T5 somata
without anti-V5 signal.

Lobula plate volume was quantified as follows: for each optic lobe
mounted in a posterior orientation, a z-stack of the entire lobula plate
(labelled with anti-DN-Cadherin) was acquired with a z-step of 2 pm. In
each optical section, the area of the manually segmented lobula plate was
measured. The areas obtained from all optical sections were summed to
estimate the 3D volume of the lobula plate.

The extension of lobula plate along the anteroposterior axis occupied by
individual T4 and T5 axons was quantified as follows: for each lobula plate
mounted in a dorsal orientation, individual axons were identified. For each axon,
we measured the distance between each of its axonal boutons and the most
anterior edge of the lobula plate in single optical sections. These values were
normalised by the length of the lobula plate along the anteroposterior axis at the
proximodistal position occupied by the axon. Finally, the normalised values of
the most anterior and the most posterior axonal boutons were subtracted.
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Connectin expression levels were measured as follows: for each optic lobe
imaged in a dorsal orientation, we first averaged the mean grey values (anti-
Connectin channel) measured in a manually defined neuropil layer across
several optical sections. Next, to detect changes between experimental
conditions in Connectin expression in a specific neuropil layer, for instance
medulla M10, we divided Connectin levels in M10 by Connectin levels in M9,
which was unchanged between conditions. For Fig. 7M-O, Connectin levels in
M10 were only measured in the regions occupied by memGFP T4 dendrites.

Calculations were performed and plots were generated using Microsoft
Excel Software and Python 2.7 using the NumPy and Scipy libraries. In box-
and-whisker plots, the end of the whiskers represent the minimum and
maximum values, and outliers were plotted as individual points. Statistical
significance was assessed by calculating the P-value for unpaired two-tailed
Student’s #-test (*P<0.05; **P<0.01; ***P<0.001). Figures were prepared
using Inkscape software.
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Figure S1. Characterization of enhancer-Gal4 driver lines used for UAS-RNAI transgene expression
in T4/T5 neurons.

(A-G) Expression patterns of R40E11-Gal4, R39H12-Gal4, T4/T5-splitGal4, VT37588-Gal4, R11F07-Gal4,
R42H07-Gal4 and T4¢ d-splitGal4 driver lines in late L3 larval or early pupal optic lobes (5 h APF), and in
adult optic lobes. Arrows in A mark Dac*/Omb- and Dac/Omb* somata, which correspond to T4/T5a,b and
T4/T5c,d neurons, respectively. Inset in E shows that most T4/T5 somata labelled by the R7171F07-Gal4 at 5
h APF are Dac*. Inset in G shows that most T4/T5 somata labelled by the T4c g-splitGal4 at 5 h APF are
Dac. Neuropils were labelled with anti-DN-Cad at pupal and adult stages.
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Figure S2. Use of additional UAS-RNAI transgenes supports that knockdown of SoxN or Sox102F
in T4/T5 neurons impairs the optomotor response.

(A,B) Average turning speeds in response to rotation of a grating pattern (grey shaded areas) of flies
expressing GFP-RNAI (negative control), shits (positive control, T4/T5 block), SoxN-RNAi2 or Sox102F-
RNAI2 in T4/T5 neurons (n = 10 flies per group).

(C) Average optomotor responses of flies expressing GFP-RNAI, shis, SoxN-RNAi2 or Sox102F-RNAI2 in
T4/T5 neurons (n = 10 flies per group).

(D-G) SoxN and Sox102F expression in adult optic lobes with wild-type T4/T5 neurons, and with T4/T5
neurons expressing SoxN-RNAi2 or Sox102F-RNAi2.

Scale bars = 20 um.
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Figure S3. Use of additional UAS-RNAI transgenes and microRNA supports that SoxN is required
for Sox102F expression while Sox102F is dispensable for SoxN expression in T4/T5 neurons.

(A-C) Sox102F expression in late L3 larval optic lobes with wild-type T4/T5 neurons, and with T4/T5
neurons expressing Sox102F-RNAI2 or SoxN-RNAi2.

(D-F) SoxN expression in late L3 larval optic lobes with wild-type T4/T5 neurons and with T4/T5 neurons
expressing SoxN-RNAi2 or Sox102F-RNAi2.

(G-J) Sox102F and SoxN expression in in late L3 larval optic lobes with wild-type T4/T5 neurons, and with
T4/T5 neurons expressing miR-263a.

Scale bars =20 pm.
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Figure S4. T4/T5 neuron morphology upon SoxN or Sox102F silencing, and upon SoxN or Sox102F
overexpression with the T4/T5-splitGal4 driver line.

(A-D) Adult optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons expressing SoxN-RNAI,
Sox102F-RNAi or miR-263a by means of the T4/T5-splitGal4 line.

(E-G) Adult optic lobes with T4/T5 neurons overexpressing three different versions of SoxN by using the
T4/T5-splitGal4 line: a wild-type version (SoxN), an obligatory activator version (Vp16-SoxN), or an
obligatory repressor version (EnR-SoxN).

(H) Adult optic lobe with T4/T5 neurons overexpressing Sox102F by means of the T4/T5-splitGal4 line.

(I-J) Sox102F expression in adult optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons
overexpressing Sox102F by means of the R39H12-Gal4 line.

Scale bars =20 pm.
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Figure S5. SoxN and Sox102F control dendritic development non-autonomously in LPTCs.

(A-C) Posterior views of adult optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons expressing
SoxN-RNAi or Sox102F-RNA..

(D) Average lobula plate volumes in adult flies with wild-type T4/T5 neurons (control), and with T4/T5
neurons expressing SoxN-RNAi or Sox102F-RNAi (n = 5 optic lobes per group). ***P<0.001.

(E-G) Dorsal view of lobula plates showing the dendrites of LPTCs in the presence of wild-type T4/T5 axons,
and in the presence of T4/T5 axons expressing SoxN-RNAi or Sox102F-RNA..

Scale bars: A-C =40 ym, E-G =20 ym.
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A L3, B L3, C L3
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_T4/T5, DN-Cad

D 24hAPF, E 24hAPF, _F 24hAPF _
R39H12>memGFP R39H12>memGFP, SoxNRNAI  R39H12>memGFP, Sox102FRNAI
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G 48hAPF, H 48hAPF, | 48hAPF _
R39H12>memGFP R39H12>memGFP, SoxNRNAI  R39H12>memGFP, Sox102FRNAI
- . - y T NS =

i

T4/T5, DN-Cad
T4/T5, DN-Cad
T4/T5, DN-Cad

Figure S6. T4/T5 neuron morphology during development upon silencing SoxN and Sox102F with
the R39H12-Gal4 line.

(A-1) Dorsal views of optic lobes at late L3 larval stage, and at pupal stages 24 hours APF and 48 hours
APF with wild-type T4/T5 neurons, and with T4/T5 neurons expressing SoxN-RNAi or Sox102F-RNA..

Scale bars: A-C =10 uym, D-1 =20 pm.
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Figure S7. Lim1, Toy, Ap, Dac and Omb expression in optic lobes with wild-type T4/T5 neurons, and
with T4/T5 neurons with SoxN and Sox102F silenced.

(A-L) Lim1, Toy and Ap expression in the region occupied by T4/T5 and C/T somata at adult stage. Wild-
type T4/T5 somata, and somata from T4/T5 neurons expressing SoxN-RNAi, Sox102F-RNAI, or SoxN-
RNAi and Sox102F-RNAi together were labelled with memGFP.

(M-O) Dac and Omb expression in adult, wild-type T4/T5 somata, and in adult, T4/T5 somata after
knockdown of SoxN. Blue and magenta arrowheads indicate Dac*/Omb™ and Dac/Omb* somata,

respectively. The percentages of Dac*/Omb™ (T4/T5ab) and Dac/Omb* (T4/T5cd) neurons in each
condition are shown in O (n = 5 optic lobes per group, 150-200 somata examined per optic lobe).

Scale bars =20 um.
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Figure S8. Connectin levels upon overexpression of SoxN or Sox102F in T4/T5 neurons, and upon
silencing of SoxN or Sox102F in distinct T4/T5 neuron subtypes.

(A-C) Connectin expression in adult optic lobes with wild-type T4/T5a,b neurons, and with T4/T5a,b neurons
expressing Sox102F-RNAI. Axons from T4/T5a,b neurons with Sox102F knockdown show similar Connectin

levels (yellow arrowhead in B) than axons from wild-type T4/T5c,d neurons (white arrowhead in B). Ratios
of Connectin signal in medulla layer M10 to Connectin signal in medulla layer M9, and ratios of Connectin
signal in lobula layer Lo1 to Connectin signal in lobula layer Lo3 are shown in C (n = 8-13 optic lobes per
group). The right panels show Connectin signals colour coded for intensity.

(D-F) Connectin expression in adult optic lobes with wild-type T5¢,d neurons, and with T5¢,d neurons
expressing Sox102F-RNA.. Ratios of Connectin signal in lobula layer Lo1 to Connectin signal in lobula layer
Lo3 are shown in F (n = 8-11 optic lobes per group).

(G-1) Connectin expression in adult optic lobes with wild-type T4c,d neurons, and with T4c,d neurons
expressing Sox102F-RNA.. Ratios of Connectin signal in medulla layer M10 to Connectin signal in medulla
layer M9 are shown in | (n = 6-8 optic lobes per group).

(J-O) Connectin expression in adult optic lobes with wild-type T4/T5 neurons, and with T4/T5 neurons
overexpressing Sox102F, SoxN (wild-type version), Vp16-SoxN (obligatory activator version) or EnR-SoxN
(obligatory repressor version). Ratios of Connectin signal in medulla layer M10 to Connectin signal in
medulla layer M9 are shown in O (n = 7-14 optic lobes per group). ns, not significant (P>0.05);

**P<0.01; ***P<0.001.

Scale bars =20 pm.
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Chapter 3
Discussion

Our understanding of the computation underlying direction selectivity of Drosophila optic lobe
neurons has progressed quickly in recent years. Thanks to the more detailed connectomics data,
the input neurons of the motion sensing T4 and T5 neurons are known as well as the localization
and number of synapses on their dendrites (Takemura et al., 2017; Shinomiya et al., [2019)). More
sensitive and faster calcium detectors improved imaging methods, while the rapid rise in the quantity
of GAL4 lines made even more specific neuron populations accessible (Pfeiffer et al., 2010; Tirian
and Dickson| [2017). In addition, the increasing number of genetic methods enables different
manipulations of Drosophila genes, proteins and neurons.

In the first publication included in this thesis, we could demonstrate that T4 and T5 are the first
motion sensitive neurons in the visual pathway, with the four subtypes of T4 and T5 cells sensing
rightward, leftward, upward and downward motion. In addition, we described T4 as the output
of the ON pathway and T5 of the OFF pathway: while T4 cells respond to light increments, T5
cells are selective for light decrements. The second and third publications describe the behavioral
effect of blocking T4 and T5 neurons. Without functional local motion sensing neurons, the flies
are motion blind. These flies do no longer perform an optomotor response, but are still able to
fixate a bar. In addition, T4 and T5 cells are important to detect expansion motion. Motion
blind flies with blocked T4 and T5 output are unable to perform collision avoidance turns and
landing responses, which are two behaviors dependent on looming detection. The last publication
describes two transcription factors that are crucial for the proper development of T4 and T5 neuron

morphology and function.

3.1 Direction Selectivity of T4 and T5 Neurons

While the functional properties of lobula plate tangential neurons of the horizontal and vertical
system has been extensively studied, their input neurons T4 and T5 are almost too small for
electrophysiological methods (but see |Gruntman et al|(2018)). Anatomical studies in Calliphora

described the connection between the bushy T4 cells and the lobula plate tangential cells (Strausfeld
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and Lee, |1991). Blocking T4 and T5 cells with a specific GAL4 driver line confirmed their functional
connection to lobula plate tangential cells (Schnell et al., 2012). The dendrites of T4 cells were
described as spanning about eight columns, whereas their input neurons are unicolumnar (Strausfeld
and Lee, |1991; |Buschbeck and Strausfeld, 1997). Therefore, T4 cells were hypothesized to be the
first direction sensitive neurons in the motion vision pathway (Douglass and Strausfeld, 2003).
Their role was further examined by activity staining with the radioactive deoxyglucose technique:
stimulation of fixed flies with a striped drum rotating only in one direction revealed a strong
involvement of medulla layer 10 and lobula layer 1, the neuropil layers occupied by the T4 and
T5 dendrites. The four lobula plate layers 1-4 were found to detect front-to-back, back-to-front,
upwards and downwards motion, respectively (Buchner et al| 1984). Such an activity staining
in mutant flies missing T4 and T5 cells further confirmed their role in motion detection. The
lobula plate rudiment of these mutant flies showed no activity dependent staining, neither did
the misguided lobula plate tangential cells (Bulthoff and Biichner, |1985). Therefore, the motion

dependent activity staining of the lobula plate was suspected to visualize T4 and T5 cells.

A connection from the lamina monopolar cells L1 to T4 and from L2 to T5 was suggested
(Bausenwein et al., [1992) after comparing the anatomy of the optic lobe neurons (Fischbach and
Dittrichl 1989). Since L1 is an input cell to the ON and L2 to the OFF pathway (Joesch et al.,
2010), a split of T4 and T5 neurons into ON and OFF sensitivity seemed likely. Electrophysiological
recordings of T4 and T5 cells in a blow fly species, Phaenicia sericata, revealed that T4 cells
depolarize in response to ON flicker, T5 in response to OFF flicker. Furthermore, T5 cells responded
in a direction-selective way (Douglass and Strausfeld, [1996| 1995). However, these findings rest
on recordings from a small number of cells with only two T5 and four T4 cells measured. In the
first publication included in this thesis, we demonstrated that both T4 and T5 cells respond to
visual motion in a direction-selective way by calcium imaging of T4/T5 activity. While T4 neurons
detected moving ON edges, T5 cells detected moving OFF edges, with otherwise similar visual

response properties.

What is the biophysical mechanism underlying the direction sensitive responses of T4 and T5
dendrites? The Hassenstein-Reichardt model (Hassenstein| [1951) uses enhancement of preferred
direction by multiplication of two neighboring inputs, one of them temporally delayed. In compar-
ison, the Barlow-Levick model (Barlow and Levick, 1965)) suggests inhibition of the delayed signal
to achieve direction selectivity, resulting in an inhibition of null direction. In the last years, several
publications based on T4 or T5 activity concluded different mechanisms underlying their direction
selectivity. Calcium imaging of sparsely labeled T4 and T5 cells indicated that the direction selec-
tivity of T4 and T5 cells arises solely from preferred direction enhancement (Fisher et al., 2015).
In contrast, another study imaging T5 cell activity reported two non linear mechanism: preferred
direction enhancement and null direction suppression (Leong et al., [2016). A third study using
whole cell patch clamp recordings of T4 activity found only evidence for null direction suppression

(Gruntman et al., 2018). Sequential stimulation of single retina ommatidia with a telescope, while
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imaging single axon units of T4c neurons in the lobula plate, suggested the involvement of both
preferred direction enhancement and null direction suppression in motion detection (Haag et al.,
2016)). All T4 and T5 subtypes achieve direction selectivity by a combination of non linear preferred
direction enhancement and null direction suppression (Haag et al., [2017)). However, the biophysical
mechanisms that give rise to these nonlinearities are likely to be different given the architectural
and functional differences between T4 and T5 cells (see below).

The different conclusions about the origin of direction selectivity might stem from the varying
stimulation conditions: Different stimulus size, timing and intensities could lead to a relative change

in contribution of either preferred direction enhancement or null direction suppression.

3.1.1 Motion Detection in the T4 and T5 Dendrites

Electron microscopy studies completely reconstructing the T4 dendrites and all columnar neurons
presynaptic to T4 depict an interesting anatomy: the dendrites of the four T4 subtypes are oriented
along the axis of the neuron's null direction. The main input cells connect to distinct areas on the
T4 dendrites. Mil and Tm3 connect to the middle part of the dendrite, whereas Mi4, C3 and CT1
build synapses on the base and Mi9 at the tips of the dendrite (Fig. 3.1 a) (Takemura et al., 2017;
Shinomiya et al., [2019). The distribution of the inputs does not differ between the T4 subtypes,
only the orientation of the dendrite. The neurotransmitters of the input cells are acetylcholine (Mil
and Tm3), GABA (Mi4, C3 and CT1) and glutamate (Mi9), confirmed by antibody staining and
RNA sequencing (Pankova and Borst|, 2016} Takemura et al.,|2017; |Dauvis et al., 2018)). In addition,
T4 cells receive excitatory input from other T4 dendrites of the same subtypes (Shinomiya et al.|,
2019).

According to sequencing data of purified T4 cells, they express mRNA encoding for many
different receptors (Pankova and Borst, [2016; Davis et al 2018). The most highly expressed
genes suggest that the GABAergic inputs activate a GABA-A receptor, which is a fast ionotropic
receptor constituting a chloride channel (Fig. 3.1 b). Mil and Tm3 could depolarize T4 dendrites
via nicotinic ACh receptors, while the most highly expressed glutamate receptor is another chloride
channel, GluCla.. The glutamatergic input neuron, Mi9, is excited by OFF stimuli in contrast to
the ON sensitive Mil, Tm3 and Mi4 (Arenz et al., |2017). Therefore, an ON stimulation of a
T4 dendrite would induce a release of Mi9 mediated inhibition. The input neurons differ in their
temporal response properties: Mil and Tm3 act as fast band-pass filters whereas Mi9 and Mi4 are
slow and more sustained (Arenz et al., 2017)).

The input cells of T5 are distributed in a similar way. Tm1, Tm2 and Tm4 connect to the
middle part of a T5 dendrite, CT1 to the base and Tm9 to the tips. As do T4 cells, T5 dendrites of
the same subtypes connect to each other, likely enhancing the signal. In contrast to T4 dendrites,
there is no glutamatergic input to T5. Tml, Tm2, Tm4 as well as Tm9 are all cholinergic as
they express ChAT and VAChT, only CT1 cells are GABAergic (Davis et al., 2018)). While Tm9

could act as a low-pass filter, providing excitatory input at the dendritic tips, Tm1, Tm2 and
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a b
OFF ON ON
Mi9 Mi1, Mi4,
Tm3 C3,cT1

Mi9 Mi1, Tm3 C3, Mi4, CT1
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—> PD

Figure 3.1: Inputs on the T4 Dendrite

a The main input cells to the T4 dendrites are Mi4, C3 and CT1 at the base of the dendrite,
Mil and Tm3 in the middle area and Mi9 at the dendrite tips. b While Mi4, C3 and CT1 are
GABAergic, Mil and Tm3 are cholinergic and Mi9 is glutamatergic. T4 cells highly express genes
encoding GABA-A receptors, nicotinic ACh receptors and the glutamate receptor GluCla (Pankoval
land Borst, 2016; Davis et al., 2018).

Tm4 respond like band-pass filters (comparable to Mil and Tm3) (Arenz et al. 2017). Since
there is no sign inversion and Tm9 is OFF sensitive, the mechanism underlying preferred direction

enhancement probably differs between T4 and T5. Tm9 is likely to provide slow, excitatory signals
enhancing the fast signals provided by Tm1 and Tm2. In combination with, for example, voltage
gated calcium channels, this could result in preferred direction enhancement.

A possible null direction suppression on T5 dendrites could only be mediated by the GABAergic
CT1 neuron. So far, there is no functional data of CT1 published, leaving its temporal properties

unknown. In contrast to the other, unicolumnar input neurons, CT1 is a multicolumnar amacrine

cell with each columnar compartment being both pre- and postsynaptic (Shinomiya et al., |2019).

Compared to T4, CT1 builds more synapses onto the dendrites of T5, possibly to maintain exci-
tation/inhibition balance in the absence of other significant inhibitory inputs. CT1 receives input
from Mil, Mi9 and T4 in the medulla and from Tm1, Tm9 and T5 in the lobula. Other inhibitory
neurons, namely TmY15, LT33 and Tm23, might provide a surround inhibition to T4 and T5.

The expression of receptor genes is very similar between T4 and T5 cells (Davis et al. 2018).

The most highly expressed receptor genes in T5 cells encode a subunit of the nicotinic ACh receptor
(a cation channel), a GABA-A receptor (a chloride channel) and the glutamate receptor GluCla
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(a chloride channel). Since the T5 dendrites do not receive glutamatergic input, the glutamate
receptor might play a role in the axons or axon terminals.

T4 and T5 cells both express RNA encoding different ionotropic as well as metabotropic GABA,
ACh and glutamate receptors (Pankova and Borst, 2016; |Davis et al., 2018), however, data about
the protein expression and localization is still missing. Specific antibody staining can prove receptor
expression, without an available antibody, protein-trap lines using MiMIC or PBac insertions to
induce a tagged endogenous protein can help to visualize a receptor (Venken et al., 2011} Quifiones-
Coello et al., 2007)). Due to the dense T4/T4 and T5/T5 network with many overlapping dendrites,
localization of receptors could only be shown by labeling the receptor in sparse cells. For example,
expression of a tagged receptor in a single cell could demonstrate, if the cell localizes the receptor
exclusively to one dendritic compartment. Blocking receptors by application of an antagonist, while
recording from a T4/T5 cell, might help to explore the functional role of the different receptors.
Another possibility is to silence receptor genes by RNAi or by inducing a CRISPR knockout and
subsequently perform calcium imaging or patch-clamp recordings from T4/T5 cells. Similarly, input
neurons could be activated or silenced optogenetically while recording from T4/T5. Since blocking
only one receptor might not prevent direction selectivity of T4/T5 cells, it might be necessary to
record from single cells or stimulate single ommatidia, to measure preferred direction enhancement

and null direction suppression.

3.1.2 Hassenstein-Reichardt/Barlow-Levick Detector

The compartmentalization of the T4 and T5 dendrites suggests, that the direction selectivity arises
from at least three main input signals. A possible motion detection model using three input arms
is the Hassenstein-Reichardt/Barlow-Levick (HR/BL) model, a combination of the Hassenstein-
Reichardt and the Barlow-Levick model. The Barlow-Levick model achieves direction selectivity
by a null direction inhibition mechanism: division of a fast signal by a delayed signal (Fig. 3.2
a). In contrast, the Hassenstein-Reichardt detector is based on preferred direction enhancement by
multiplication of a fast with a temporally delayed signal (Fig. 3.2 b). The HR/BL detector uses two
delayed input and combines both preferred direction enhancement and null direction suppression
(Fig. 3.2 ¢). This results in a sharper directional tuning over a wider range of temporal frequencies
(Arenz et al., [2017; Borst, 2018).

A cellular implementation of a motion detector for a T4 dendrite could be a three arm input
model (Fig. 3.2 d). The preferred direction enhancement is provided by the combination of a
delayed release from inhibition (Mi9 input) with a fast excitation (Mil, Tm3 input). A delayed
inhibition at the dendrite's base results in null direction inhibition. While Mi4 was demonstrated
to have low-pass filter characteristics, functional data of CT1 and C3 are still missing. A model, in
which a T4 dendrite carries out a multiplication of the sign-inverted low-pass input from the Mi9
and the input from Mil, followed by a division by the Mi4 signal, demonstrated a strong directional
tuning (Arenz et al., [2017). An inhibitory, slow OFF input could enhance an ON motion response
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Figure 3.2: The HR/BL Detector: A Combination of Hassenstein-Reichardt and Barlow-Levick
Detector. a The Barlow-Levick as well as the Hassenstein-Reichardt detector b each use two
inputs, one of them temporally delayed. While the Barlow-Levick detector achieves direction
selectivity by suppression of a null direction response, the Hassenstein-Reichardt detector performs
an enhancement of the preferred direction by multiplying the delayed signal with the direct signal.
¢ A combination of both, the HR/BL detector combines preferred direction enhancement with null
direction suppression. Arrows point in the preferred direction. d The T4 dendrite: a combination
of slow, sustained release from inhibition and fast excitation could provide preferred direction
enhancement. Temporally delayed inhibition at the null direction side could result in null direction
suppression. e The T5 dendrite: a multiplication like non-linear enhancement of the slow Tm9
signal with the fast Tm1, Tm2 and Tm4 signal, together with a null direction inhibition provided
by CT1, could result in direction selectivity of T5 dendrites.

to the preferred direction: The release from inhibition would increase the input resistance (Borst,
2018), resulting in an enhanced response to the excitatory signal from Mil and Tm3. Even with
a passive dendrite, this results in preferred direction enhancement (Borst, 2018)). In addition, a
low-pass filter inhibition at the dendritic base, provided by the GABAergic C3, Mi4 and CT1 cells,
would result in a null direction suppression. The connections between T4 neurons of the same
subtypes could further enhance the preferred direction signal, though the number of T4 to T4

synapses is low (Shinomiya et al.,[2019). A nonlinear enhancement of preferred direction excitation
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could also be biophysically implemented by voltage gated channels (Magee and Johnston, [2005)).

A similar three arm detector, using a slow Tm9 and fast Tm1, Tm2 and Tm4 signal divided by a
possibly delayed CT1 signal, is suggested for T5 dendrites (Shinomiya et al., 2019)). A multiplication
like nonlinearity between a delayed excitatory input (Tm9 signal) and fast excitatory inputs (Tml1,
Tm2 and Tm4 signal) induces preferred direction enhancement. A shunting inhibition by a delayed
input at the dendrites base induces null direction inhibition (Fig. 3.2 €). As for the temporal

properties of the CT1 signal, a possible low-pass characteristic remains speculative.

3.1.3 Direction Selective Cells in the Mouse Retina

Another prominent model to study visual motion detection is the mouse retina. While the visual
system in the mouse evolved independent from the visual system of flies, the composition of the
circuit and the computation of the neurons are partly comparable (Borst and Helmstaedter, 2015)).
There are two types of direction-selective cells in the mouse retina, the starburst amacrine cells
and the direction-selective retinal ganglion cells. The first direction-selective cells in the motion
pathway of the retina are the starburst amacrine cells, their dendrites respond to outwards motion
(relative to the soma) (Euler et al 2002). The starburst amacrine cells have widely overlapping
dendritic fields and connect to each other; their dendrites are both pre- and postsynaptic and
release GABA as well as ACh as neurotransmitters.

Several mechanisms are currently discussed to generate direction selectivity in starburst amacrine
cells. First, a spatial distribution of the excitatory and inhibitory inputs on their dendrites: Starburst
amacrine cells receive excitatory input from bipolar cells and inhibitory input from other oppositely
tuned starburst amacrine cells. The inhibitory, GABAergic synapses are located in the proximal
third of their dendrite (Fig. 3.3 a) (Ding et al., [2016]). Second, the excitatory bipolar input cells
differ in their temporal properties and are distributed on the starburst amacrine dendrite in such
a way, that the inputs connecting to the distal part of the dendrite are faster and more transient
compared to the inputs connecting to the proximal part (Fig. 3.3 b) (Fransen and Borghuis, 2017).
Hence, a sequential activation of the bipolar cells induces a preferred motion response of the star-
burst amacrine cell. Third, intrinsic properties of the dendrite can influence the direction selectivity.
The proximal and distal localization of two different chloride transporters affects the influence of
GABAergic inhibition in starburst amacrine cells (Gavrikov et al., [2006). Moreover, voltage gated
calcium channels are suggested to induce nonlinear effects (Hausselt et al., [2007)).

However, both the inhibitory and the excitatory network are sufficient to induce direction-
selective output of starburst amacrine cells (Hanson et al., [2019)). In addition, their direction
selectivity is not dependent on GABAergic inhibition (Euler et al} [2002; Hanson et al., 2019). The
different mechanisms might work together to ensure a strong directional sensitivity over a wide
range of contrasts, luminance, and velocity of the visual input.

In a similar way, the direction selectivity of retinal ganglion cells arises from more than one

mechanism. The direction-selective retinal ganglion cells are postsynaptic to bipolar cells and



120 3. Discussion

a b S JU

PD PD .
5 ¢ slow fast, transient

bipolar cell
O—r N e
Glutamate: non-DS (amplitude and timing)
GABA: DS (amplitude and timing)
Glutamate ACh: DS (timing only)
ACh (paracrine) ACh /GABA (synaptic)
T “_T

p-starburst DSGC n-starburst

Figure 3.3: Direction Selectivity in the Mouse Retina

a Starburst amacrine dendrites tuned to the opposite direction connect to the distal part of the star-
burst amacrine dendrite, therefore providing null direction inhibition. b The excitatory input from
bipolar cells is temporally different from the somatic to the distal area of the starburst amacrine
dendrite, enhancing signal in the preferred direction. ¢ The bipolar cells provide glutamatergic,
non-directional input to the direction-selective retinal ganglion cell (DSGC). Starburst amacrine
cells are GABAergic and cholinergic. While their excitatory synapses are located symmetrically on
the dendrite, the GABAergic inhibition is located at the null direction side. d Temporal differ-
ences between inhibition and excitation could result in direction selectivity even without directional
inhibition of the amacrine cells. ¢ and d Images modified from Hanson et al.| (2019).

starburst amacrine cells. The bipolar cells provide glutamatergic, excitatory input and the amacrine
cells provide both inhibitory, GABAergic and excitatory, cholinergic input. The bipolar cells are
not direction-selective, whereas the amacrine cells provide direction-selective input (Park et al.,
2014). The input of the starburst amacrine cells provides a null direction inhibition through specific
wiring: the cholinergic input from starburst amacrine cells is distributed symmetrically on the
dendrite of the direction-selective retinal ganglion cell. In contrast, the direction-selective retinal
ganglion cells receive inhibitory input from starburst amacrine cells with their soma at the null
side of the receptive field of the retinal ganglion cell (Fig. 3.3 c) (Briggman et al, 2011). This
wiring ensures a null direction inhibition. A recent paper suggested an additional mechanism to
evoke direction-selectivity in retinal ganglion cells, since they still respond in a direction-selective
way without directional inhibition from starburst amacrine cells. In addition to the null direction

inhibition provided by starburst amacrine cells, differences in the onset latency between excitation
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and inhibition induces direction selectivity (Fig. 3.3 d) (Hanson et al. [2019).

3.1.4 Comparison of DS Cells in the Mouse Retina and the Fly Optic Lobe
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Photoreceptors Photoreceptors
(depolarization in (hyperpolarization in
response to light) response to light)
Lamina
= - monopolar cells = .
+ +
+ + ® bipolar cells
Lpi cell Mi cells o

- F - .
, L.T ++ OFF* —— _"‘*
\ T4 OFF starburst

amacrine cell

direction-selective
retinal ganglion cell

lobula plate
tangential cell

Figure 3.4: Comparison of the Fly and Mouse Motion Vision Pathway.

a Fly photoreceptors depolarize in response to light, but the lamina monopolar cells invert the
signal. The medulla Mi and Tm cells are sensitive to either ON or OFF signals and differ in their
temporal properties. Medulla cells with slower or faster temporal properties connect to different
parts of the T4 or T5 dendrites, enabling their direction selectivity. T4 and T5 cells provide
direction-selective, excitatory input to lobula plate tangential cells. In addition, T4 and T5 cells
connect to lobula intrinsic cells, which provide null direction inhibition to lobula plate tangential
cells. a In contrast to invertebrates, vertebrate photoreceptors hyperpolarize in response to light.
The bipolar cells are subdivided in ON and OFF sensitive cells, similar to the medulla Mi and Tm
cells of flies. The bipolar cells also differ in their temporal tuning properties, different subtypes
connect to the more distal or proximal part of the starburst amacrine cell dendrites. Similar to
T4 and T5 cells, the direction selectivity of starburst amacrine cells arises from both preferred
direction enhancement and null direction suppression. They provide both inhibition and excitation
to direction-selective retinal ganglion cells, with localized inhibitory synapses but more distributed
excitatory synapses.

Comparing the fly optic lobe to the mouse retina, the photoreceptor input to the system
differs substantially: while invertebrate photoreceptors depolarize in response to light, vertebrate
photoreceptors hyperpolarize. However, the signal of the fly photoreceptors becomes inverted at

the level of lamina monopolar cells via histamine gated chloride channels. Thus, on the level of
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lamina monopolar cell output and the vertebrate photoreceptor output, the signals in the fly optic
lobe and the vertebrate retina are OFF sensitive. Similar to the fly visual system, ON and OFF
sensitive cells exist in the mouse retina (Stell et al., [1977)); the bipolar cells as well as the starburst
amacrine cells are either ON or OFF sensitive. The medulla Mi and Tm cells in the fly brain
are comparable to the bipolar interneurons in the retina (Fig. 3.4). Both exist in ON and OFF
sensitive subtypes and they are not direction-selective. The subtypes of bipolar cells but also Tm
and Mi cells differ in their temporal response properties. Therefore, they enable preferred direction
enhancement or null direction suppression in their postsynaptic neurons (Baden et al., |2013; |Arenz
et al., [2017)).

The first direction-selective cells are the T4/T5 neurons in the fly optic lobe and the ON/OFF
starburst amacrine cells in the mouse retina. The direction selectivity of T4 cells most likely
originates from different mechanisms: release from inhibition together with fast excitation can
enhance preferred direction response. In addition, slow inhibition at the dendritic base can inhibit
responses to motion in the null direction. Starburst amacrine cells also combine null direction
inhibition and preferred direction enhancement. The four different subtypes of T4 cells detect
motion in the four cardinal directions and their dendrites are oriented towards the null direction of
the cell. In the mouse retina, one amacrine cell with a symmetrical dendrite detects motion in all
directions: the dendrite is sensitive to motion in the direction from proximal to distal (Euler et al.,
2002).

Comparable to T4 dendrites, the starburst amacrine cells receive inhibition at their null direction
onset side. However, starburst amacrine cells connect to each other with dendrites tuned to the
opposite direction inhibiting the distal dendritic area (Lee and Zhou|, 2006)), while T4 cells receive
non-directional inhibition. T4 cells of the same subtype connect to each other and likely enhance
the response to motion in the preferred direction.

Starburst amacrine cells provide both excitation as well as a null direction inhibition to the
direction-selective retinal ganglion dendrites. In contrast, T4/T5 cells are only cholinergic and
excitatory, nevertheless they connect to bistratified, glutamatergic lobula plate intrinsic cells. These
cells are postsynaptic to T4/T5 in one lobula plate layer and presynaptic to lobula plate tangential
cells in the oppositely tuned layer (Mauss et al. 2015). Therefore, T4/T5 indirectly provide null

direction inhibition to the lobula plate tangential cells, comparable to starburst amacrine cells.
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3.2 Object Orientation

Information about local luminance changes could be used for different tasks: to find attractive
objects and fly or walk towards them, to orient according to the position of a visual landmark or to
detect the position of a potential predator and avoid it. While all these behaviors require motion
vision, the detection of the position of objects is equally important.

Closed-loop fixation behavior of flies as well as their turning reaction to local motion can be
explained by an asymmetric front-to-back than back-to-front motion response (Reichardt, 1973}
Gotz, [1975)). However, such an asymmetric motion response fails to explain the strongly position
dependent turning response of houseflies towards pure flicker stimuli (Pick, [1974). Several studies
suggested that fly orientation towards local objects can be mediated without motion vision. Laser
ablation of lobula plate tangential cells in houseflies reduced their optomotor response, but the
flies could still orient towards single objects (Geiger and Nassel, [1981). Similar experiments were
performed with the motion blind Drosophila mutant omb and the double mutant rol sol. These
flies have difficulties following whole field motion, but react to landmark position (Bausenwein et
al., |1986; Wolf and Heisenberg, 1986). This indicated, that a motion independent position system
exists in the fly visual system, which is involved in object orientation behavior. Following this idea,
Reichardt and Poggio| (1976)) described the turning response of Drosophila to a vertical bar moving
around a fixed fly as the sum of a symmetrical motion response and a position dependent response.

We used a specific driver line to block the synaptic output of T4 and T5 cells by overexpression
of shibire!s. These flies were not able to perform an optomotor response, which confirmed that
they are motion blind. Nevertheless, the T4/T5 blocked flies could fixate a vertical bar, albeit
weaker than control flies. Presenting a rotating bar in an open-loop experiment demonstrated,
that motion blind flies do respond to the position of the bar, but not to the direction of the bar
motion. The motion blind flies reacted the same way to a flicker stimulus (a vertical bar appearing
and disappearing) presented at different positions as control flies. To compare the flicker response
with the response to local motion, we presented three stimuli with the same luminance change: a
lateral bar moving locally in front-to-back direction, a lateral bar moving in back-to-front direction
and a lateral appearing bar. While control flies reacted strongest to the front-to-back motion
and weakest to the back-to-front motion, T4/T5 blocked flies did not distinguish between the
three conditions. Therefore, flies are able to observe the position of luminance changes without
functional T4/T5 cells, but not the direction of motion. We concluded, that the fixation behavior
of flies is dependent on a motion-independent position system in combination with a symmetrical
motion response. The position system induces strong reactions to local luminance changes at a
lateral position.

Another study testing the dependence of flight fixation behavior on T4/T5 cells confirmed
our results when using a low gain feedback in the closed-loop fixation, that means flight turns
induce slow movements of the bar. However, the T4/T5 blocked flies were not able to fixate a bar

under high feedback gain closed-loop conditions or with additional background motion (Fenk et
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al., 2014). The bar fixation they found under low gain feedback conditions is very weak compared
to the fixation we measured with walking flies. The lower fixation could arise from differences
between walking and flight behavior. An alternative explanation would be an effect of the GAL4
driver line on the flight behavior. We found the T4/T5 driver line used by [Fenk et al|(2014) to
drive expression in motor neurons important for flight (data not published). Therefore, we used
a more specific split-GAL line to block T4/T5 cells when measuring flight behavior (see the third
manuscript included in this thesis). The impairments in flight could reduce the fixation ability of
the flies and explain the weak flight fixation under all conditions.

In contrast to our results describing symmetric motion responses, [Fenk et al.| (2014)) suggested
the fixation behavior to rely on asymmetric motion responses of the horizontal system lobula plate
tangential cells. A clarifying experiment could be to test fixation behavior while blocking the output
of horizontal system lobula plate tangential cells. For example, expression of the light gated anion
channel GtACR was shown to hyperpolarize these cells during illumination (Busch et al., |2018).
However, depolarization as well as hyperpolarization of the horizontal system lobula plate tangential
cells induced flies to walk slower (Busch et al., 2018), therefore blocking these cells directly might
interfere with a fixation behavior.

A cellular implementation of a position system could be T4/T5-independent input to the lobula
plate or a pathway from the medulla to the lobula. Lobula plate tangential cells do respond to local
flicker without a T4/T5 input, but partly dependent on the medulla neurons Mil and Tm3 (Bahl
et al., 2015). So far, no T4/T5 independent input to lobula plate tangential cells is described.
Since many medulla cells project to the lobula and connect to lobula columnar cells, the cellular
implementation of object recognition could be lobula columnar cells. For example, LC11 cells
react specifically to small objects (Keles and Frye, 2017; Wu et al, [2016). Such cells might
receive information about local luminance changes directly from the medulla and additional motion
information from the lobula plate. Therefore, lobula columnar cells might enable flies to react to
local flicker without functional T4/T5 cells.

3.3 Looming Detection in Drosophila

Detection of expansion motion can elicit different behaviors in Drosophila. During flight the flies can
respond with avoidance turns or a landing response, while walking flies react with an escape jump.
The flight avoidance turns as well as landing responses were suggested to depend on Hassenstein-
Reichardt type motion detectors (Borst and Bahde| (1986; Reiser and Dickinson| [2013). This
indicates, that T4 and T5 cells are important for avoidance flight turns and landing behavior.

We characterized the avoidance turns of fixed flying Drosophila using different looming stimuli.
The flies avoided dark and bright approaching objects at a lateral position, over a wide range
of velocities. The avoidance behavior was not dependent on the overall luminance change, but

on opposing motion in at least two directions. We found the output of T4 and T5 cells to be
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essential for the avoidance turns of flying Drosophila. Moreover, flies with blocked T4 and T5 cells
were unable to perform a landing response, elicited by a frontal looming stimulus. Therefore, we
suspected that descending neurons involved in avoidance turns and landing behavior receive direct
or indirect input from T4/T5.
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Figure 3.5: Looming Sensitive Neurons

a Calcium imaging of LPLC2 neurons reacting to looming but not to a moving bar or wide-field
motion. Image modified from Klapoetke et al.[(2017). b The dendritic arms of a LPLC2 neuron in
the four lobula plate layers are oriented in four directions. ¢ LC4 and LPLC2 are the main inputs to
the giant fiber with LC4 encoding angular velocity and LPLC2 encoding angular size of a looming
stimulus. Image modified from |Ache et al. (2019). d Calcium imaging of LC16, LC6 and LC11
with a dark and a bright looming stimulus, LC6 and LC16 react strongly to dark looming. Image
modified from |Wu et al | (2016).

Looming sensitive neurons postsynaptic to T4/T5 cells were found in the Drosophila lobula
plate, namely the lobula plate/lobula columnar, type Il or LPLC2 cells. Optogenetic activation of
LPLC2 cells induced escape jumps or backward walking (Wu et al., [2016). The LPLC2 neurons
respond specifically to looming stimuli, but not to whole-field motion or moving objects (Fig.
3.5 a) (Klapoetke et al., [2017). These neurons react strongly to outward motion in at least
two of the cardinal directions, i.e. upwards and downwards motion, but are inhibited by inward
motion. The inhibition is provided by Lpi neurons (Klapoetke et al 2017). The LPLC2 neurons
collect input from the four lobula plate layers and the lobula layers Lo3 to Lo5. The dendrites
in the lobula plate have a striking morphology: four dendritic arms reach into every lobula plate
layer, with the dendritic arms pointing in four different directions (Fig. 3.5 b) (Klapoetke et al.,
2017). Their axons project into the central brain, where LPLC2 neurons synapse on the giant
fiber descending neuron (Fig. 3.5 c) (Klapoetke et al., [2017; Ache et al} 2019). The giant fiber
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is important to elicit short-duration, undirected escape jumps (von Reyn et al., 2014). Silencing
LPLC2 neurons impairs such fast escape jumps (von Reyn et al., 2017; Ache et al., |2019)). The
giant fiber receives information from two main input cell types, LPLC2 and LC4. The LPLC2
neurons provide excitatory information about the angular size of a looming stimulus to the giant
fiber and LC4 provides information about the angular velocity (Ache et al., [2019).

Descending neurons important for avoidance turns and landing responses could receive their
input from LPLC2, since no other neurons postsynaptic to T4/T5 and sensitive to looming stimuli
are known so far. There is no knowledge about additional neurons postsynaptic to LPLC2 besides
the giant fiber, which could mediate avoidance turns or landing responses. |Schnell et al.| (2017)
described a descending neuron responsive to looming stimuli and important for fast, saccade like
turns during flight. This neuron could be important for collision avoidance turns, but the input
neurons providing looming sensitive information are not known yet. Descending neurons impor-
tant for avoidance turns, landing behavior or slow escape jumps might receive information about

expansion motion from both, T4/T5 dependent and independent neurons.

3.3.1 Looming Sensitive Cells in the Lobula

Optogenetic activation of different lobula columnar cells induced avoidance behavior: activation of
LC6, LC15, and LC16 resulted in escape jumps or backward walking of the flies (Wu et al., 2016).
Similar to the giant fiber input LPLC2, the lobula columnar cells LC6 and LC16 are looming
sensitive (Fig. 3.5 d) (Wu et al 2016). LC6 and LC16 dendrites overlap in the lobula layers 4
to 6, and their axon terminals project to the same region in the central brain (Wu et al., 2016}
Panser et al., 2016). In contrast to the giant fiber and its input neurons, blocking LC6 neurons
reduced the proportion of long-duration escape jumps after looming stimulation (Williamson et al.,
2018)). This suggests the LC6 plays a role in the detection of slow expansion motion. However, a
descending neuron mediating short-duration, targeted escape jumps is not found yet. While LPLC2
receives input from the lobula plate and the lobula, the dendrites of the different lobula columnar
cells are restricted to the lobula. LC4 and LC6 both detect looming stimuli (Wu et al., 2016; jvon
Reyn et al., 2017), likely without a T4/T5 dependent input.

Next to LPLC2, there is another neuron that receives input from T4 and T5 cells, the lobula
plate/lobula columnar, type | or LPLC1. Since optogenetic activation of these cells strongly induced
jumps, they are likely involved in avoidance behavior. The location of their axon terminals suggest,
that they could connect to the giant fiber (Panser et al.} 2016)).

Reconstruction of electron microscopy data (Zheng et al., 2018) will reveal the connectivity
between lobula neurons and descending neurons in the central brain. In addition, calcium imaging
of the different lobula columnar neurons and also LPLC1 will clarify which neurons detect expansion
motion. Blocking such neurons or activating them with optogenetic tools while measuring flight
behavior could help to identify neurons involved in avoidance turns and landing behavior. More

than 100 descending neurons are described anatomically (Scott et al., [2018) in Drosophila and
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driver lines for these neurons are available. With functional and anatomical data about lobula
neurons and descending neurons in the central brain, the neuronal circuits underlying the different

looming evoked behaviors will be solved.

3.3.2 Comparison to Looming Sensitive Neurons in other Arthropod Species

While it seems important for most animals to detect approaching objects, the induced behavior
can differ substantially. An escape jump to avoid predators is only reasonable for an animal that
is able to fly, while others might prefer not to move at all and rely on mimicry. Therefore, very
different looming detecting neurons and subsequent descending neurons might have evolved for
different arthropod species. While flies and locusts jump into the air, crabs escape walking and
constantly adapt their direction and velocity during their escape (Oliva and Tomsic, 2012)). While
the looming detecting neurons of different arthropods differ in their anatomy and computations,
there are some similarities: looming sensitive descending neurons receive input about angular
velocity and angular size of the looming stimulus, resulting in a peak firing at the time before
collision. Such a computation is performed by the lobula neuron LGMD of the locust, a lobula
neuron in the crab Neohelice, and the giant fiber of Drosophila (Gabbiani et al., [1999; von Reyn
et al., 2017; Oliva and Tomsic, [2014)).

The input neurons of the locust LGMD neuron are supposed to detect information about local
luminance change, not local motion (Jones and Gabbiani, 2010). A similar input is proposed for
looming sensitive lobula neurons of the crab Neohelice (Oliva and Tomsic, 2014). In contrast,
we found two different Drosophila behaviors elicited by looming stimuli to depend on the local
motion sensing T4 and T5 cells. In addition, the looming sensitive LPLC2 cells postsynaptic to T4
and T5 cells were demonstrated to be a main input to the giant fiber (Ache et al) 2019)). Other
looming sensitive neurons in the lobula of Drosophila, like LC6 cells, likely detect looming stimuli
through a different mechanism. Since the giant fiber receives input from lobula columnar cells and
from the T4/T5 dependent LPLC2 neurons, one cell type providing angular velocity related input
the other angular size related, different looming computations might work in parallel to ensure an
optimal avoidance reaction. A large cell spanning over the lobula like the LGMD does not exist in
Drosophila. Nevertheless, looming detection based on different inputs, either sensing local motion

or local luminance changes, might be conserved across arthropod species.

3.4 Differentiation of T4 and T5 Cells

The dendrites of T4 and T5 cells ramify in different neuropils; while the dendrites of the ON T4
cells are located in the medulla, the dendrites of the OFF sensitive T5 cells are located in the
lobula. Both cell types have four subtypes, each one targets one layer in the lobula plate. There,
the T4 and T5 subtypes connect to different lobula plate tangential cells, dependent on the lobula

plate layer. Apart from these specializations, all T4 and T5 cells have some common morphological
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properties. First, their dendrites and axon terminals are restricted to single neuropil layers. Second,
their dendrites are oriented towards the neuron’s null direction. Third, the synapses with their
main input cells are distributed on three compartments on the T4 and T5 dendrites (Shinomiya
et al} 2019). These common characteristics are thought to be crucial for their functional role as

elementary motion detectors. How are the common characteristics established during development?

T4 and T5 cells arise from the same neuroblasts, which are defined by expression of Dachshund
and Atonal (Apitz and Salecker, 2015} 2018). Both are essential for the differentiation of T4 and
T5 cells (Oliva et al., [2014; Apitz and Salecker, 2018). We found two transcription factors, SoxN
and Sox102F, to be highly expressed in all T4/T5 subtypes. The expression starts in the young,
postmitotic neurons and is continued in the adult neurons, with SoxN activating the expression of
Sox102F. We could further demonstrate, that the expression of SoxN and Sox102F depends on the
neuroblast transcription factors Atonal and Dachshund with one of them being sufficient to induce
SoxN and Sox102F expression. SoxN and Sox102F control the development of T4/T5 morphology
and function. In late larval and young pupal brains with SoxN or Sox102F knockdown, we found
correctly located T4/T5 cells in the developing medulla, lobula and lobula plate. We conclude that
SoxN and Sox102F are not essential for the initial targeting of the neuropils by the young T4/T5
cells. The phenotypes appeared during later pupal development, when the layers of the neuropils
are further defined and the neurons acquire their adult morphology (Ngo et al., 2017). Silencing
SoxN or Sox102F resulted in severe overgrowth of the dendrites into the near medulla or lobula
layers. The axon terminals of the affected T4/T5 cells aggregated to clusters and the division of
the lobula plate into four layers was lost. Furthermore, we tested the functional effect of SoxN or
Sox102F knockdown. Flies with SoxN or Sox102F silenced in T4/T5 cells were not able to perform
an optomotor response anymore. The functional consequences of SoxN or Sox102F silencing could
be due to incorrect connections with their pre- and postsynaptic partners or due to changes in the
expression of function-related genes. Calcium imaging of T4/T5 dendrites with SoxN or Sox102F

silenced could reveal, if the functional impairments already appear within the cells.

Silencing SoxN or Sox102F in all T4/T5 subtypes abolished the layer structure of the lobula
plate and reduced the overall volume of the lobula plate. Other lobula plate neurons like lobula
plate tangential cells were not able to develop their correct morphology. If SoxN or Sox102F were
only silenced in a subset of T4/T5 cells, the unaffected cells grew normal and established the lobula
plate layers. This suggests, that T4/T5 neurons are crucial for the establishment of the lobula
plate layers and that the lobula plate tangential cells depend on the T4/T5 cells to establish the
lobula plate neuropil. Since the lobula plate tangential cells develop from central brain neuroblasts,
they might not grow in parallel to medulla neurons and other lobula plate neurons. Therefore,
T4/T5 neurons are probably important to create the four layers of the lobula plate. The important
role of Sox102F for T4 and T5 morphology and the establishment of the lobula plate was further
confirmed by a recently published study (Contreras et al., 2018).

Other transcription factors might regulate the initial targeting of young T4/T5 neurons to their
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neuropils, while SoxN and Sox102F control the differentiation of young neurons into the mature,
functional T4/T5 neurons with oriented dendrites restricted to their medulla or lobula layer and
axon terminals in one of the four lobula plate layers.

Future transcriptomics data of T4/T5 cells with SoxN or Sox102F knockout could reveal pro-
teins important for the differentiation of T4/T5 neurons. Finding cell surface molecules important
for the development of T4/T5 cell morphology would help to answer the following questions: How
do T4 and T5 cells establish their similar morphology? What restricts the dendrites into one layer
of the medulla or lobula? How do T4 and T5 cells establish the four layers of the lobula plate? Fur-
thermore, the RNA expression data would reveal, if SoxN and Sox102F are only controlling genes

important to establish the morphology of T4/T5 cells or also genes important for their function.

3.4.1 Possible Role of Sox102F in Defining Cell Identity

T3 high Connectin level

T4d medium Connectin level
T4b no Connectin

T4
Sox102F RNAI
high Connectin level

Figure 3.6: Comparison of Sox102F Knockdown T4 Cells with T3 Cells

Some T4 cells with silenced Sox102F resemble the morphology of T3 cells. In addition, the levels
of Connectin reach high levels similar to those of T3 cells, while wild type T4 subtype a and b
express no visible Connectin and T4 subtype c and d express a medium level of Connectin.

The C/T neurons (T2, T3, C2 and C3) originate from the same progenitors as T4 and T5
neurons. The dendrites of T3 cells are located in the medulla layer 9 and their axon terminals
project to lobula layer 3 (Fig. 3.6). In contrast to T4 and T5 neurons, T3 cells are unicolumnar and
their dendrites are not oriented. The neuroblasts producing T4 and T5 neurons are characterized
by expression of Atonal and Dachshund. Cell clones mutant for either Atonal or Dachshund show
overgrowth of the dendrites and were supposed to achieve T2/T3 like features (Oliva et al.| 2014}
Apitz and Salecker, [2018)).
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We found a dependence of SoxN and Sox102F expression on both Atonal and Dachshund in a
redundant way. Silencing SoxN or Sox102F induced a similar overgrowth of the dendrites, but also
a severe phenotype of the axon terminals. Silencing Sox102F in T4 cells induced some similarities
with T3 cells: The dendrites strongly ramify in medulla layer 9, in addition to their normal medulla
layer 10. By labeling single cells, we found about half of the axon terminals from T4 cells with
Sox102F silenced to target an additional neuropil, the medulla or the lobula. Furthermore, their
dendrites were not clearly multicolumnar anymore. Comparing Sox102F silenced T4 cells with T3
cells, the morphology of the cells is similar (Fig. 3.6). In addition, the Sox102F silenced T4 and
T5 cells express high levels of Connectin. T3 cells express high levels of Connectin, while wild-type
T4/T5 subtype c and d express a medium level of Connectin (Konstantinides et al., [2018). Using
specific antibody staining of SoxN and Sox102F, we could show that they are not expressed in C/T
cells. One role of Sox102F could be to control genes differentially expressed between T4/T5 cells
and the related T2/T3 cells.

3.4.2 Sox Transcription Factors as Terminal Differentiation Factors in T4 and
T5 Cells

Sox transcription factors are a group of highly conserved proteins characterized by their DNA binding
domain, the SRY-related high mobility group box. Sox proteins act via cofactors, which are mostly
other transcription factors (Kamachi and Kondoh, [2013). Eight different Sox proteins are known
in Drosophila, they are homologous to the vertebrate Sox groups SoxB, Sox C, Sox D and Sox F
(Crémazy et al., 2001)). Sox2, the vertebrate homologous protein to SoxN, maintains the identity of
neural progenitors by inhibiting neuronal differentiation (Graham et al., 2003)). SoxN plays a similar
role in the neuroectoderm of Drosophila embryos or larva. Together with the other Drosophila SoxB
protein, Dichaete, SoxN is broadly expressed in neuroectoderm cells, partly overlapping with the
expression of Dichaete (Crémazy et al., 2000). Mutant phenotypes indicate a redundant role of
SoxN and Dichaete in the neuroectoderm (Overton et al., 2002)). In the developing Drosophila
optic lobe, SoxN is expressed in the OPC neuroectoderm and in neuroblasts, where it ensures the
self-renewal of the neuroblasts (Suzuki et al., [2013). In addition to its role in neural progenitors,
SoxN is also involved in the differentiation of some embryonic neurons, controlling the maturation
of their morphology (Ferrero et al., 2014).

Consistent with this study reporting an uncommon role of SoxN in controlling neuronal mor-
phology (Ferrero et al| [2014), we found that SoxN functions as a terminal differentiation factor
in the development of T4/T5 neurons. This role is partly achieved by activating Sox102F. Nev-
ertheless, we found differences in silencing SoxN (and therefore also Sox102F) or Sox102F alone.
The vertebrate homologous protein to SoxN, Sox2, contains a transcriptional activation domain,
but no repressor domain (Kamachi and Kondoh| 2013). However, Sox proteins act mainly through
binding to cofactors. By overexpressing two SoxN versions, in which the regulating domain is

replaced either by the strong transcriptional activator VP16 or the repressor domain of Engrailed,
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we conclude that SoxN has a primarily activating role in T4/T5. While expression of VP16-SoxN
had no effect, similar to overexpression of wild-type SoxN, the EnR-SoxN version induced a phe-
notype very similar to Sox102F knockdown. This suggested an activation of Sox102F expression
by SoxN, which we could further confirm with Sox102F antibody staining in SoxN silenced cells.
Since the phenotype of EnR-SoxN expression resembles more the Sox102F than SoxN knockdown,
the EnR-SoxN protein can probably still perform some of the normal SoxN function.

Vertebrate SoxD proteins are involved in various processes of neural crest development and
neuronal development, for example, cell fate decision and terminal differentiation (Lefebvre, 2010]).
Sox102F, the Drosophila version of SoxD, is expressed more specifically than SoxN in the developing
embryo CNS (Adryan and Teichmann, [2010). Similar to SoxN, Sox102F was shown to regulate the
Wingless pathway (Li et al/ [2013)). Silencing Sox102F in different types of neurons like sensory
neurons or motor neurons, indicated a role of Sox102F in the establishment of adult morphology
and function (Li et al} [2017a)).

We found Sox102F to be important for the maturation of T4 and T5 cells, confirming a role
of Sox102F in controlling the differentiation of adult neurons. The importance of Sox102F for the
development of T4 and T5 was further verified by Contreras et al.| (2018)). Since silencing Sox102F
strongly enhanced Connectin expression in all T4/T5, we propose a regulation of Connectin and
other cell adhesion molecules by Sox102F. Overexpression of Sox102F in T4/T5 induced extreme
overgrowth of the dendrites through the whole medulla or lobula. This further points towards a
direct regulation of cell adhesion molecules and cell surface receptors by Sox102F. However, high
Sox102F levels did not clearly suppress Connectin in T4/T5, which might be due to different effects
in the T4/T5 subtypes. Possible are also a negative feedback regulation of Sox102F or Connectin on
its own expression. The UAS-Sox102F line we created resulted in extremely high levels of Sox102F
compared to the endogenous protein, which might have unexpected effects. Misexpressing Sox102F
in photoreceptors or kenyon cells of the mushroom body severely affected their targeting and the
cell morphology (Contreras et al., 2018), further indicating a role of Sox102F in neurite maturation

and control of cell-cell contacts.

3.4.3 The T4 and T5 subtypes

While T4 and T5 cells share functional and morphological similarities, there are many genes differ-
entially expressed between them (Davis et al | 2018). Such genes might primarily ensure the correct
targeting of either the medulla or the lobula, but could also induce functional differences like the
subtle distinctions in their temporal tuning properties (Leonhardt et al., 2016; |Arenz et al., 2017).
The vertical and horizontal motion subtypes of T4 and T5 cells also differ in their gene expression
(Davis et al., [2018). The horizontal subtypes (T4/T5 a and b) express Dac, whereas the vertical
subtypes (T4/T5 c and d) express Omb, Connectin and klingon (Apitz and Salecker, 2018; Davis et
al., |2018)). These differences arise early during T4/T5 development: the neuroblasts producing the

vertical and horizontal subtypes derive from two different progenitor streams. The two progenitor
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populations are distinguished in the neuroectoderm (Apitz and Salecker, [2018; |Pinto-Teixeira et
al, 2018).

We found both SoxN and Sox102F expressed in all T4 and T5 cells at the same level, as
confirmed by transcriptomic data (Davis et al., [2018). Nevertheless, silencing Sox102F only in
vertical or horizontal T4/T5 subtypes induced different phenotypes. Sox102F knockdown in T4
and T5 c,d resulted in bigger axonal clusters of the axon terminals. In contrast, we detected no
differences between Sox102F knockdown in T4 or T5 cells. All T4/T5 subtypes express Sox102F
at a high level, but additional transcription factors in the vertical versus horizontal subtypes might
change expression of target genes. For example, Sox102F knockdown resulted in a strong increase
of the cell adhesion molecule Connectin in all subtypes. Connectin is expressed at low levels in the
horizontal subtypes T4/T5 a,b, but stronger in the vertical subtypes T4/T5 c,d. Sox102F might
decrease the level of Connectin to a medium level and an additional transcription factor specific
for T4/T5 a,b might further reduce Connectin levels. Therefore, conserved transcription factors
like SoxN and Sox102F are expressed in all subtypes to ensure the common morphology, but their

target genes can be further modified by specific factors in the T4/T5 subtypes.

Evolutionary Perspective on the T4/T5 Subtypes

The T4 and T5 cells, and also the monopolar lamina cells, are highly conserved throughout dipteran
species (Buschbeck and Strausfeld, 1996, [1997). In contrast, higher order visual descending neu-
rons like lobula plate tangential cells differ between fly species in their number and morphology
(Buschbeck and Strausfeld, 1996)). T4 and T5 cells are not only existent in diptera, similar cells
were found in other insects. For example, T4 and T5 cells in the optic lobe of the moth C. ery-
throcephala have a comparable morphology as the dipteran T4 and T5 cells (Strausfeld, 1970).
Even in hymenoptera, in which the lobula plate and the lobula form a lobula complex, T4 cells con-
nect the medulla and the lobula complex of honeybees. Within their lobula complex, a bistratified
amacrine cell resembles T5 cells (Strausfeld, [1970; Douglass and Strausfeld, 2001). Comparing the
visual system of crabs to the one of flies even indicates, that a common ancestor of insects and
crustaceans already processed vertical and horizontal motion, detected by T4/T5 ancestor cells:
the small lobula plate of the crab Neohelice granulate is divided into four layers and medulla cells
that resemble T4 neurons target the lobula plate. However, these cells project to two of the lobula
plate layers, either layer 1 and 3 or layer 2 and 4 (Bengochea et al., 2018). While higher order
neurons might differ even between closely related species, T4 and T5 cells are likely conserved due
to their crucial function as elementary motion detectors.

It has been suggested that T4 and T5 cells originate from a common ancestor cell type,
duplicating with the origin of the lobula neuropil (Shinomiya et al., 2015)). Evidence for this is their
close similarity in morphology and function, moreover, they develop from the same neuroblasts.
The origin of T4 and T5 cells, as well as the horizontal and vertical subtypes, is evolutionary old

since crustacea share a similar lobula plate structure and T4 like cells with insects. Nevertheless,
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the differentiation of all T4 and T5 cells is controlled by the same neuroblast genes, atonal and
dachshund, and the same postmitotic transcription factors, SoxN and Sox102F. The essential
function of T4 and T5 cells in detecting local motion is likely to be highly conserved. Therefore,
ensuring the common morphology and function by expression of shared terminal differentiation
factors in all T4 and T5 cells is likely. Transcriptomics data from T4/T5 single cell sequencing
does not distinguish between the two vertical and the two horizontal subtypes, for example, between
T4 a and T4 b (Konstantinides et al., 2018). Moreover, no proteins are described to be differentially
expressed between them so far. This further indicates that the T4 and T5 subtypes are very closely
related and genes important for their function are conserved in all subtypes.

Functional investigation of T4 or T5 like cells in other arthropod species could reveal, if the
detection of the four cardinal direction of motion are conserved between different species. Further-
more, it could help to understand the origin of the motion computation. T4 and T5 dendrites differ
in their input cells and likely their mechanism to enhance a response to the preferred direction.
Studying T4 and T5 cells in different arthropod species could help to understand how the motion
sensitivity of T4 and T5 cells evolved.

3.5 Outlook

During my time working on fly motion vision, | contributed to our growing understanding of
direction-selective cells in the Drosophila visual system. Nevertheless, there are many questions
unsolved regarding the T4 and T5 cells. After describing their function as local motion detectors
and exploring their role in different visual behaviors, the biophysical mechanisms underlying the
direction selectivity of T4 and T5 cells remain to be discovered. The detailed connectomic data
about the input connections on T4 and T5 dendrites together with the T4 and T5 transcriptomics
offer the prerequisites to study the molecular base of direction selectivity. The transcriptomics
data reveals the neurotransmitters, neurotransmitter receptors, and other ion channels expressed
on the level of RNA. Future work can confirm the expression on a protein level and describe the
dendritic localization of different receptors. In addition, the role of voltage gated ion channels
possibly located in the T4 or T5 dendrites can be investigated. So far, most functional studies on
T4 and T5 cells were performed by imaging calcium levels. To learn more about the role of single
ion channels, whole cell patch-clamp or voltage imaging would be more beneficial. Measuring the
membrane potential while applying a receptor antagonist or with a knockout of the gene will help
to understand the contribution of different ion channels to non-linear processes important for the
direction selectivity.

When | started my thesis, no proteins were known involved in the differentiation of T4 and
T5 cells. We could describe transcription factors controlling the common aspects of T4 and T5
cells. Comparing the anatomy of the adult cells, there are two important questions arising: First,

how do the four subtypes grow their dendrites in four orientations? Detailed transcriptomic data
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of the single subtypes will be necessary to approach the dendrite orientation. If surrounding cells
provide an external cue to establish an anterior to posterior and ventral to dorsal axis, do the
T4 and T5 subtypes express different receptors to detect such cues? Another possibility to grow
dendrites oriented in four directions would be a purely intrinsic mechanism inducing a different
orientation in each subtype. In this case, the transcriptomic data is even more important to find
genes differentially expressed between the T4 and T5 subtypes. Furthermore, live imaging might
help to understand the process of the oriented dendritic growth. The second question is how
do the dendrites establish three different compartments connecting to different input cells? The
development of dendrite compartments might be independent of differentially expressed genes.
The mechanisms establishing a gradient within the dendrites might be conserved in all T4 and T5
subtypes. Therefore, genes known to be involved in cell polarization and expressed in all T4 and T5
subtypes could play a role in the dendrite compartmentalization. To test the importance of such
genes, a readout of receptor localization or synapse distribution like single cell receptor labeling
would be nessecary. Knockout of candidate genes and live imaging of a tagged receptor could
reveal mechanims important for the distribution of input connections on T4 and T5 dendrites.
Despite the relative simplicity of the Drosophila brain, their motion vision pathway still offers
many fundamental questions. It will help to understand the computation of neurons and the

function of a neuronal circuit on the level of cell types, dendrites, proteins and genes.
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