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Abstract

The development of functional circuits in the brain requires neuronal morphogenesis
combined with specificity in synapse formation. Diverse morphologies of neurons are
generated by the precise interactions between transcription factors in gene regulatory
networks. These networks specify the development of neurons, creating elaborate
branching patterns of dendrites and axons. During this growth process, synaptic partners
are located in close proximity to each other within the neuropil for synapse formation.
The Drosophila motion vision circuit is well understood in the adult animal regarding
morphology and function. Therefore, this system provides the necessary background to
study the development of motion selective neurons. In combination with the genetic
accessibility of Drosophila neurons and recent advances in transcriptomic profiling ap-
proaches, it is the ideal model system for the study the development of neuronal circuits.

In my PhD, | focused on primary visual motion-sensing neurons in Drosophila. These
neurons, T4 and Ts, exist in four subtypes (a, b, ¢, d), each responding preferentially
to visual motion in one of the four cardinal directions. Their dendrites are oriented
according to their functional response and innervate the same neuropil layer, in the
medulla or lobula for T4 and Ts, respectively. Their axon terminals are located in one
of the four layers of the lobula plate separated by their functional identity. These
two morphological characteristics, the dendrite orientation and the layer of axonal
arborisation, are the only difference between T4 and Ts5 subtypes. Therefore, it is possible
to investigate how genes specify neuronal morphologies through transcriptomic profiling
by studying the growth patterns of T4 and T5 dendrites.

For the first manuscript of my PhD, | performed single-cell RNA sequencing of T4 and
Ts neurons at different stages of dendritic development. | found multiple transcriptional
differences between subtypes. In particular, | discovered that the transcription factor
grain separates a/d from b/c subtypes. grain is additionally required to specify the
morphological characteristics of b/c subtypes, while suppressing a/d morphologies.
Through overexpression experiments a/d subtypes could be transformed to b/c and
b/c could be transformed to a/d subtypes using RNA interference experiments, mor-
phologically. Furthermore, overexpression experiments combined with recordings of
neuronal activity, mainly showed preferred direction responses of b/c subtypes. It is,
thus, a necessary component of the gene regulatory network to specify T4 and T5 subtype
morphologies. Additionally, | identified many differentially expressed cell surface proteins
that potentially play a role in guiding the growth of T4 and T5 dendrites.



In the second manuscript of this thesis, | used an ex vivo brain preparation to
image single T4 dendrites during their growth phase. | could distinguish horizontal,
a/b, and vertical, c/d, subtypes of T4 neurons only by their dendritic growth pattern.
Furthermore, horizontal subtypes could be split into a and b subtypes based on their
direction of growth. Their growth pattern shows a sequential order growing from their
proximal to their distal compartment.

In conclusion, this work discovered the specification of T4 and T5 neurons through tran-
scription factors, which, combined with their dendritic growth pattern, can help us under-
stand how gene expression determines morphologies necessary to form neuronal circuits.
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INTRODUCTION

During morphogenesis, genes are translated to proteins, through an intermediate step of
RNA, giving rise to an entire, functioning organism from a single cell. While almost every
cell contains the same genome, their morphologies and functions diverge immensely.
To generate the diversity, cells interpret the genetic code []1_[| differentially to produce
organs and structures constituting the adult animal. Large numbers of different proteins,
nucleic acids, and other organic molecules are required to interact in the process of
development, impeding our understanding of the molecular mechanism underlying
morphogenesis. Therefore, developmental biology studies how the genetic code is
implemented at different stages of development to coordinate DNA, RNA and proteins
and build a functional, multicellular organism []gﬂ

The brain is, arguably, the most complex structure organisms built during morpho-
genesis. The two major challenges for brain development are, first, diverse neuronal
morphologies [3] that must be formed to bring synaptic partners into close proximity
for synapse formation []ﬂ]; and second, neurons need to be connected to their spe-
cific pre- and postsynaptic partners for the formation of neuronal circuits []gﬂ The
translation of the genetic code used in each individual neuron is determined through
epigenetic and transcriptional regulation. Developing complex morphologies in neurons
requires intracellular interactions between proteins, e.g., instrinsic signaling pathways []gﬂ
and extracellular interactions of proteins with the surrounding matrix, e.g, sensing
concentration gradients [7].

These molecular mechanisms relevant for development have been studied for long,
especially in Drosophila, and have lead to fundamental discoveries, such as the genetic
control of segment generation in the Drosophila embryo [|§||g|] However, the translation
of the genetic code to specific neuronal morphologies has not been fully understood
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so far. The motion vision circuit of Drosophila offers a morphologically well-described
model in the adult for the investigation of molecular mechanisms during development.
Additionally, thanks to recent technological advances in microscopy [10], image analysis
[11] and molecular biology [12], neuronal development can be studied in far more detail
nowadays than in the past [13]. Applying these novel methods to the Drosophila visual
system can facilitate the investigation of how genes control the diversity of neurons [14,
15] and the molecular mechanism underlying neuronal morphogenesis [16, 17].

In the following, | provide the relevant background to understand neuronal morpho-
genesis with a focus on the visual system of Drosophila. First, | introduce the developmen-
tal mechanisms generating diverse neuronal morphologies and topographic maps in the
process of brain development. Subsequently, | describe how neurons are classified into
cell types for consistent identification. Then, | will introduce the Drosophila visual system
and a selection of novel tools with a high potential of leading to fundamental discoveries
in the field of developmental neuroscience. Lastly, | elaborate on my motivation of
studying this system in the context of neuronal specification and morphogenesis.

11 Brain development

During embryogenesis, three cell layers are generated in a process called 'gastrulation”:
the endoderm, the mesoderm, and the ectoderm. Brain development starts with the
specification of neuronal progenitor cells that originate from the ectoderm and are
arranged in the anterio-posterior, rostral-caudal, and the dorso-ventral axis [21-23].
Progenitors in the embryo assume cell fates dependent on their spatial position, a
process called patterning. The molecular mechanism underlying 'patterning’ can range
from mechanical forces [24] to secreted proteins [25]. Different segments of Drosophila
are specified using different sets of genes, starting with the mother co-ordinate genes.
Further expression of gap, pair-rule, and finally segment polarity genes create the fully
segmented Drosophila embryo [8]/9,2629]. In these segments, the anterio-posterior and
dorso-ventral axes are specified via transcription factors (TFs), such as ventral nervous

system defective or muscle segment homeobox [30-33].

111  Neuronal lineages and specification

The diversity of neuronal morphologies is generated through specification of neuronal
lineages using patterning programs [16, n17]. Different mechanisms specify neuronal
cell fates such as position of the progenitor in the embryo [34,135] or positive/negative
feedback loops of receptor expression [36] (see Fig. E). Usually cell fate decisions
are irreversible and have been compared to marbles rolling down a hill falling into
different ridges (see Fig. fi1a) [18].
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Figure 1.1: Developmental mechanisms in neuronal specification. a Waddington’s epigenetic
landscape [18]. b French flag model for the specification of discrete cell types from a concentration
gradient. Morphogens are indicated as green balls, squares indicate cells. The green square
secrets morphogens and blue, white, and red squares indicate the differentiation into different
cell types [19]. € Mechanism of lateral inhhibition. Hexagons represent cells, where blue cells are
inhibiting the brown cells from assuming the same cell fate [20]. d Mechanism of lateral induction.
Blue cells are inducing a cell type which then is propagated down in a contact-dependent way.
Arrows indicate the direction of cell type induction. [20].

One prominent example to specify cell lineages are morphogens. These are secreted
proteins that diffuse from a local source into the neuropil forming a concentration gradi-
ent [7,19]. Morphogens are essential to create a gradient along a certain anatomical axis,
which defines different cell types dependent on the respective morphogen concentration.
However, this continuous gradient needs to be converted to discrete cell types. One
possible mechanism has been famously called 'the French flag model’ (Figb) [34]. The
release of the morphogen at one end of a developing tissue will gradually diffuse to
the other side, thereby creating a concentration gradient. Since the concentration is
different at every point, the French flag model suggests that different cells have different
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concentration thresholds in their response to the morphogen. These thresholds then
lead to a differentiation into certain cell lineages [18]. Such a mechanism has first been
observed in Drosophila embryos where the bicoid protein forms a gradient along the
anterio-posterior axis [37] specifying the anterior development.

Another mechanism to induce cell fates depends on the competitive interaction
between neighbouring neurons, termed lateral inhibition (Figlﬁc—d). Here, all neurons
have the same ground state, but through competition a founder cell is chosen in
regular spatial intervals to pattern the whole tissue [20]]. A prominent example is the
specification of the ommatidium in the Drosophila retina, through the determination of
R8 photoreceptors. notch expression leads to the specification of R8, which then secretes
other proteins to induce the formation of other photoreceptors [38-40]. notch and
delta are transmembrane proteins, but upon binding the intracellular domain of notch
is cleaved. The cleaved part translocates to the nucleus and initiates transcription in
combination with other transcriptional regulators, such as Suppressor of Hairless [z1]. The
specialisation of neurons is decided based on a competition between neighbouring cells.
Cells express delta and notch proteins with the activation of notch leading to a decrease
of expression of delta. Delta inhibits the notch activation. If one cell has a slightly higher
expression of notch it will result in a positive feedback loop and increase its own notch
production and subsequently inhibit the production in the neighbouring neurons.

The whole process from neuronal progenitor to fully differentiated neuron can take
many cell divisions and intermediate progenitor states. Each state however needs to
be defined. The specification into discrete states on a molecular level uses TFs as its
determinants. These can be more specifically called temporal transcription factors [42,
43]. They are expressed transiently during development and help to create the diversity
of neurons which are all determined to assume a specific cell fate [15, j54].

11.2 Extrinsic cues guiding neuronal development

The genetic specification of neurons intrinsically prepares them to assume a certain
morphology [16, 17]. However, dendrites and axons require extrinsic guidance cues to
decide on their growth direction. Therefore, the extracellular space is made of many
different guidance cues to bring the axons of the presynaptic neurons and dendrites
of the postsynaptic neurons to the same location [45].

These cues can be separated into long-range and short-range guidance molecules.
The short-range cues, likely cell surface molecules, are located on neighbouring cells
or in the extracellular matrix [45]. In the Drosophila medulla these local cues are used
to restrict axonal and dendritc growth of unicolumnar neurons to single columns [46].
Cadherin-N [47,148] has been shown to be important for restricting neurons to a single
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column, which is necessary to generate columnar organisation. In addition, it is used
for correct neuronal targeting, and circuit formation in the Drosophila optic lobe [46].
Contrary to local interactions, long-range cues create a structured global pattern in the
neuropil. Morphogens [19] or cell surface molecules [49] create concentration gradients
along different anatomical axes of the neuropil serving as guiding cues for neurons.
These short- and long-range cues create a topographic map in the neuropil which enable
growing dendrites and axons to orient themselves.

Topographic maps are important for neuronal function [50] and development [51,
52]. In the visual system, neurons, which are propagating information from neighbouring
points in visual space, are also projecting to neighbouring columns in neuropils. This
principle is called retinotopy. This is essential for computations, such as motion detection,
which require input from neighbouring points in visual space [53, [54]. Topographic maps
along the anterio-posterior or dorso-ventral axes of visual space have formed to guide
developing neurons to the right position [52| |55, [56].

1.2 Neuronal development

Neurons are highly asymmetric cells, receiving information at the dendrite and trans-
mitting it to postsynaptic targets through the axon. Both, dendrites and axon, are
established during development in a process called polarisation [57} |59, 60]. Right after
the last cell division, neurons are only comprised of their cell body. Subsequently, they
extend neurites to form their dendrite and axon. The growth modes during this step
of development can be put into two categories: the targeting of neurites to a different
brain region [61463] and a more local and elaborate branching to realise the adult
morphology [16, 58, |64, |65]. Both dendrites and axons can be found in either mode,
although dendrites usually do not grow to a different brain region. This whole process
requires many resources for neurons, such as proteins for the cytoskeleton serving as
supporting structure [45,|66]. Additionally, the whole process of neuronal development is
highly dependent on interactions with the extracellular space [57, 58, 62, |67-69]. Protein
interactions are usually contact-dependent, as seen in the wide variety of cell surface
molecules that play a role in the developmental process [[17, 63, 70] (see Fig. Aside
from their role in guiding growth, cell surface molecules can be specific for either dendrite
or axon and help to assign the respective compartment identity [57].

In the following, | focus on two topics of neuronal development: axon growth and
guidance, and dendritic growth rules. These aspects of neuronal development constitute

general principles of growth that apply to most, if not all, neurons.
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121 Axon growth and guidance

As soon as neurites have been assigned their respective identity, axons grow to a target
area. Guiding cues were first described in the context of axons preferentially growing
on different surfaces [71, [72]. The guiding process requires long-range migration via a
growth cone (Figb). The axonal growth cone is the driver of this process and decides
through contact-dependent interactions with the external cues whether to grow further
in a certain direction or to stop and form the axonal arbor [45, 73]. The growth cone
itself consists of two main structures: filopodia and lamellipodia. The more variable
filopodia are small neurites extending from the end of the growth cone and are the
protruding part. The lamellipodia are the structure connecting the filopodia to the
axon shaft (see Figb). It has been shown that different cytoskeletal proteins are
involved in filopodia and lamellipodia. In the tip of the growth cone, filopodia and
lamellipodia are mainly made of actin, whereas the axon shaft contains microtubules
[74-76]. Through polymerisation of actin and microtubules, the growth cone sends
protrusions to search the adjacent area for cues.

The external growth cues have respective partner proteins, which are receptors in
the growth cone membrane. They transduce information to the growth cone concerning
path decisions [77]. One prominent example is the slit/robo signaling pathway that
guides midline crossings in the central nervous system (CNS) of axonal neurites [78]
[79]. Slit is an aversive cue that repels growth cones expressing the robo receptor. Here,
the internal signaling occurs through the activation of guanine exchange factors, where
guanin triphosphatase activates proteins and rho guanin triphosphatase regulators [6,
80, 181]. Semaphorins are another class of important proteins in this process [70, |82],
acting as either repellents or attractants depending on the binding partner [83].

1.2.2 Dendritic growth rules

Dendrites follow growth rules during morphogenesis, such as self-avoidance [|84] or tiling
(85] (see Fig—g). At the same time, they grow efficiently without wasting resources
on unnecessary branches [86]. Neurons must be able to detect the location of their
own branches to avoid growing to the same area twice, which is regulated through
self-avoidance (see Fig). It is a contact-dependent mechanism, where dendrites from
the same neuron express the same cell surface molecule and therefore repulse each
other in a homophilic interaction [84]. Two main groups of proteins have been identified
to be responsible for this process, the Dscams in Drosophila [87] and protocadherins
[88] in mice. Both are cell surface molecules that have a variable extracellular but a
shared intracellular domain. This can give rise to different splice variants, allowing the
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sister branches from the same neuron to repel each other. Dscam1 has been shown to
have more than 38000 potential splice isoforms [89]. These are randomly determined
within each cell, strongly reducing the probability of two neurons in close vicinity of
each other having identical isoforms.

While Dscam1 and protocadherin mediate the avoidance between dendritic branches
of the same cell, neurons must also tile the neuropil to maintain the functional topo-
graphic map in downstream brain regions. Therefore, they recognize neuronal types with
which overlapping should be avoided [90]. Tiling can occur within the same neuronal
type (homotypic tiling, see Figh.2d) or with different neuronal types (heterotypic tiling,
see Fig) (58], and is driven by contact-dependent repulsion. Sometimes, however,
dendrites still overlap if repulsion is not strong enough [91]. Tiling is observed to different
degrees in many parts of the nervous system, while starburst amacrine cells in the retina
overlap considerably [92], other retinal ganglion cells tile the visual space tightly [93].

With self-avoidance and tiling, the molecular mechanisms responsible for avoiding
dendritic overlap have been studied quite well. However, dendrites still need to cover
their receptive field (see Fig). Especially in the visual system, the concept of the
receptive field is well described as the area of visual space a neuron responds to [94-97].

Neurons that have branches throughout the whole span of their dendritic tree are
called space-filling neurons [98, [99]. This type of neuron uses intrinsic and extrinsic
cues, such as Slit and Robo, to grow into the right shape [100]. This mechanism is
also often observed in tiling neurons [85].

Furthermore, it is not uncommon that the organisms continue to grow after neurons
have reached their receptive field size. In this case, neurons need to increase their size
in accordance with the growth of the organism (see Fig) [58]]. It means that they must
grow without changing the relative distances between branches. This mechanism has
been observed in the Drosophila larva, where the sensory neurons in the body wall need
to increase in size to cover the same area from the first to the third instar larva [101].

1.3 Neuronal cell types

The comparison of neurons across individuals and species requires a systematic way of
identifying cell types from the neuronal diversity 4,102} 103]. To unambiguously identify
neurons, it is necessary to establish clear metrics by which one can judge similarities
or differences between them. In this section, | will discuss how neuronal cell types are
defined through TFs, differential expression of other proteins, morphology and function.
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134 Combinatorial transcription factor codes

TFs are a class of proteins often used for the classification of cells. They interact with
the DNA and can turn transcription on or off. [104]. Their expression determines the
cell lineage in progenitor cells [69] and leads to the functional and morphological
characteristics of the fully differentiated neuron [105]. This function makes them an ideal
family of proteins for classifying cell types. However, the number of cell types easily
surpasses the number of TFs in the genome. Therefore, to regulate gene expression
for every neuronal type, they have to work in a combinatorial manner [106, 107]. This
allows to reuse TFs in different brain areas as the outcome is modulated based on
other TFs being co-expressed.

The regulation of gene expression through multiple TFs has been termed 'gene
regulatory network’. A simple explanation for the function of gene regulatory networks is
the coordinated transcription through a network of positive and negative interactions
of TFs. Gene regulatory networks are modular and necessary to determine a fully
differentiated cell's morphology and function [108, ho9]. Since TFs can have different
roles during several developmental stages and act in gene regulatory networks [69]],
their individual function is hard to disentangle.

Still TFs can be broadly grouped into functional categories based on the molecular
mechanisms they influence. Temporal TFs (Intro 114) only appear transiently during
development but are necessary to decide the cell fate [15]. Another group of TFs have
been termed terminal selectors [105]. They control all genes necessary for the function
and morphology of the specific cell type. This includes the expression of different
groups of genes such as ion channels or cell surface molecules (CSMs). Specifically
in neurons, morphological TFs play a large role, since they need to determine the
elaborate structure of dendrites and axons. Morphological TFs influence projection
pattern, dendritic elaboration and size among others [110].

To investigate the function of single TFs, it is important to find their DNA binding
motifs. This binding motif consist of a sequence of nucleotides in the DNA. The position-
weight matrix calculates the most probable binding motif for each nucleotide position
based on[IEFDNA interactions [111]. Depending on the binding region, the [[H can either
increase or decrease the chance of transcription by recruiting transcription initiation
proteins [104]. The enhancer or promoter fragments, which allow [[E binding, contain
sequences for a few different TFs [112].

TFs are one of the main ways used to define a cell type, especially in the field of
transcriptomics and genetics [107]. Nevertheless, the relevance of the [[E expression
for the cell type they are defining, influencing morphology or function, still needs
to be investigated in more detail.
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1.3.2 Protein expression

While TFs determine a specific cell type at a genetic level [105], other types of proteins are
necessary to build certain morphologies or achieve specific neuronal activities. Therefore,
proteins other than TFs are used to classify neurons. A class of proteins to identify cell
types are ion channels present in the membrane, which define the neuronal activity of
a neuron. They are permeable to different ions, such as sodium, potassium or chlorid,
and can have different properties for opening or closing depending on the membrane
potential [113]. Additionally, they can be dependent on different neurotransmitter, such
as acetyl-choline or glutamate [114].

G-protein coupled receptors (GPCRs) are also functionally relevant. They are not ion
channels themselves, but through modifications, such as phosphorylation, they modulate
the neuronal activity of a neuron, to be more easily excitable or have a higher threshold
for action potentials [115]. GPCRs rely on a downstream signaling cascade, which can be
different for each cell type and change the overall effect on the neuron.

Proteins can also specify neuronal morphologies, such as receptors guiding axons
to a specific target locations in the brain [45]. Additionally, they are required to contain
dendrites and axons within a specific layer or column of neuropils [5, |6].

1.3.3 Morphology

In the late 19th and early 20th century, Ramon vy Cajal [3] used Golgi stainings to label
single cells in brains and produced beautiful drawings of the morphologies he saw under
the microscope. Through his painstaking work, he first showed the diverse, neuronal
morphologies in brains of different animals.

Neurons can be grouped based on certain morphological characteristics, such as
axonal projection patterns or dendritic stratification [102]. The differentiation between
morphological types of neurons using the projection pattern are found in the olfactory
system, where olfactory receptor neurons project to different glomeruli dependent on
their olfactory receptor expression [116]. The layer of arborisation of the axon and
dendrite can also be used to identify certain types of neurons. In the mammalian retina,
neurons responding to light increments have their dendritic arbors in a different layer
compared to neurons responding to light decrements. This separation of neuronal
responses into different neuropil layers allows for the classification of neurons belonging
to different circuits based on the layer of arborisation [117].

To classify neurons based on their morphology, it is important to define a set of
morphometrics [118, 119]. These allow not only the precise description of the adult
neurons but also help to characterize the growth process. With the help of new software
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it becomes possible to extract many morphological features such as branch points, branch
angles and others [120]. These allow for a more precise and quantitative morphological
characterization of neurons.

Additionally, morphological characteristics for assigning cell types can also help to
infer the function of neurons. Combined analysis of morphology and function revealed a
correlation between the types of neurons classified based on morphology and function
separately [121]. Altogether, neuronal morphology is used to classify neurons into types
and subtypes helping to describe their development and function.

1.3.4 Function

There are certain requirements for neuronal responses, such as rhythmic activity or
a fast response. Especially for escape behaviours, there are small groups of neurons
with big axons, which have a high conductivity. They can transmit neuronal signals
quickly and are able to elicit a fast and strong behavioural response [122, 123]. These
neurons need to respond fast and strongly to activate the muscles as quickly as possible.
Other neurons can have a variety of different activity patterns. These can range from
bursting, where a neurons spikes repeatedly in short duration of time, or periodically
[124]. They can have graded potentials without any spikes or action potentials, where both
states, hyperpolarized and depolarized, can lead to a different signal transmission [[125].
Grouping neurons based on these characteristics can help to compare neurons across
different circuits and connect protein expression and morphology to function [, 126].

1.3.5 Classifying neurons

With all characteristics of neurons listed, it should in theory be easy to classify neurons
into types and subtypes based on the individual similarities in function, morphology, as
well as[[Eand protein expression. However, neurons are more variable in gene expression
[127] and morphology [128,129]. Therefore, it is useful to combine different methods to
get a more robust classification into neuronal types [4, 121]. Altogether, the combined
analysis of different neuronal characteristics will allow for a better understanding of
neuronal identity in the adult and developing brain [102].

1.4 Advancements in the field of Drosophila neuroscience and development

Research in neuroscience and development has hugely benefited from Drosophila as
a model organism and the tools available in Drosophila research [130-132. One major
contribution is the genetic access to the genome, which made it possible to use binary
expression systems such as the Galg-UAS-System [131]. The native yeast protein and DNA
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binding site are used to express a given effector under a specific enhancer fragment from
the Drosophila genome [133]. This leads to the effector being expressed in cells where
the enhancer fragment is activated, thereby confining the expression of the effector to
a single cell type [134-138]. Tools such as RNA interference (RNAI) have been used to
knockdown certain genes in cells of interest [139-141].

Many proteins have been engineered to visualize neuronal activity and morphology.
In combination with cell type specific driver lines, these tools, such as calcium indicators
142144 and fluorescent proteins [145H147], can be targeted precisely and allow for a
rigorous investigation of neurons in Drosophila.

Beside their value for visualization, the ability to label specific cell types for ex-
traction has allowed the development of RNA-seq techniques for, e.g., transcriptional
profiling. These methods capture and sequences the messenger RNA of cells,
which reveals all genes that were in the process of being translated to proteins. This
provides a better understanding of their function and development from a transcriptional
point of view [148, 149].

More recently, single cell RNA sequencing (scCRNA-seq) methods using droplet-based
techniques in a microfluidics device have allowed the transcriptomic profiling of hundreds
to thousands of cells [12,150]. These techniques create water droplets in an oil suspension
as a miniature reaction chamber. Each droplet contains all the necessary enzymes for
the biochemical reaction (lysis and reverse transcription) combined with barcodes to
identify single molecules of [MRNA This way [SCRNA-seq can detect transcriptomes of
single cells relatively efficiently and at a low cost compared to previous techniques. The
advancement in microfluidic techniques has been also applied to techniques such as
the assay for transposase-accessible chromatin (ATAC-seq) to probe the accessibility
of the genome [1514153] or chromatin immunoprecipitation (ChIP-seq) for investigating
chromatin bound DNA [154-156]. Together, single-cell RNA, ChIP and ATAC-seq allow for an
in-depth characterisation of the Drosophila transcriptome and epigenome and the data
have been integrated in an international effort to get a comprehensive picture [157, 158].

Another ongoing global effort in the Drosophila research community is in the field of
connectomics [159-161]. Its goal is to reconstruct the morphology of all neurons within
the brain, identifying synaptic partners on a nanometer scale. The laborious process of
generating data uses either scanning or transmission electron microscopy (EM). These
methods label brain tissue using heavy metals to visualize cell membranes. The shorter
wavelength of electrons give images a higher resolution compared to conventional light
microscopy (CLM). One prominent method for generating large three dimensional volumes
is serial block-face scanning [EMl [162]. By acquiring the three dimensional structure
of a sample with a resolution in the nanometer scale, it is possible to reconstruct
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neuronal morphologies down to individual synapses and even synaptic vesicles. Through
manual annotation and automated reconstruction, a large part of the brain has been
reconstructed [161]. This ongoing effort has generated complete connectivity maps
between neurons, and therefore allows to find the components of neural circuits [163-166].

Drosophila is also used extensively in behavioural research. Besides mainly sensory-
based behaviours, such as the optomotor response [167, 168], Drosophila display an
intricate mating ritual [169). Among others, recent advancements in machine learning
techniques have helped to automate the analysis of behavioural data [170] h71]. This
allows for a more quantitative approach of behavioural analysis and can be combined
with genetic screens for developmental defects [172].

In conclusion, genetic access combined with engineered proteins through cell typi-
fication and morphological reconstruction, together with machine learning supported
analysis are advancing Drosophila research quickly. Integrating results from several
methods, such as[scRNA-seq and microscopy, can help to understand how the information
contained in the DNA is translated into neuronal morphologies.

1.5 Drosophila vision as a model system for neurodevelopment

Drosophila has already been used quite extensively in the field of neurodevelopment.
Investigations of developmental mechanisms in its visual system, for example, are linked
to important discoveries, such as lateral inhibition (Figﬂﬁc—d) during the specification
of photoreceptors in the ommatidium [40, 176| 177]. The optic lobe has also been
leveraged to study layering and cellular migration [46, 69]. Altogether, Drosophila has
proven itself a good model organism to discover universal molecular mechanisms in
neurodevelopment [178, 179].

151 Drosophila visual system

Drosophila relies on its visual system for many things, including navigation, course
control, and mating. The Drosophila visual system consists of a compound eye made up
of 750 ommatidia arranged in a regular, hexagonal, pattern across the whole retina [180].
Each ommatidium contains eight photoreceptors (R1-8) of which R1-6 are responsible for
spatial vision and R7/R8 are mainly used to perceive color [36,[181,182]. They express
different sets of rhodopsins to detect light in different spectral sections [183]. The
spatial resolution of each ommatidium corresponds to around 5° of visual space [168].
Downstream of the photoreceptors lies the optic lobe, which consists of four neuropils,
the lamina, medulla, lobula and lobula plate [3, 184] (Fig—b). There are two optic
lobes in each fly, one on each side of the central brain, together containing 60% of

all neurons in the Drosophila brain [185].
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Medulla

Lobula

Figure 1.3: Drosophila optic lobe and neurons of the motion vision circuit. a Organisation of the
optic lobe neuropils together with the retina [173]. b Horizontal section of the optic lobe with
the optic chiasms between the neuropils. R: retina, EC: external chiasm, L: lobula, M: medulla,
IC: internal chiasm, Lo: lobula, Lp: lobula plate [174]. € Scheme of the optic lobe with the main
neurons in the motion vision circuit [175. d Confocal image of the T4 and Ts neurons located in
the optic lobe showing dendrites in white, cell bodies and neurites in green, axons in red [173].
e Neuronal responses to the four cardinal directions (green: front-to-back, red: back-to-front,
yellow: upwards, blue: downwards) of T4 and T5 subtypes measured in the lobula plate [I@[]
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Retinotopy is preserved in all neuropils of the optic lobe [36,186]. R1-6 send their
axonal projections to the lamina and, through neural superposition, combine the same
points of visual space within one lamina cartridge [186|187]. L1-5 are five neuron types in
the lamina, among others, that project to the medulla. [186] (Fig). L1 and L2 neurons
have been shown to respond identically to visual stimuli, while they are glutamatergic
and cholinergic, respectively. Therefore, the downstream neurons receive a sign-inverted
signal from L1 and L2, creating parallel pathways responsive to brightness increments
(ON) or brightness decrements (OFF) [188]189]. In comparison, L3-5 have not been linked
to a specific function. Some results suggest a role for L3 and L4 in motion processing
(190} h91] while L5 has not been studied in detail.

Retinotopy reverses in the anterio-posterior axis between the lamina and the medulla
in the external chiasm of the optic lobe (Figb) [174,1186]. Here, the L neurons of the
lamina transmit information to the opposite anatomical position in the medulla. While
the lamina does not show a separation in layers, the medulla is composed of layers and
columns. Columns follow the same structure as the lamina cartridges, and are arranged
in a hexagonal pattern [186]. They are however elongated in the dorso-ventral axis, giving
them an irregular shape in the neuropil (Figh.at) [166) (192]. Furthermore, the medulla is
separated into ten layers (M1-10). These are defined through a set of molecular markers,
and are most likely a product of neuronal arborisation patterns. The medulla contains
far more neurons than the lamina [186]. Additionally, it is cone shaped and therefore
has smaller columns in M10 compared to M1 (Fig) (48,56, [166]. From the medulla,
neurons project to the lobula, lobula plate or both.

The lobula complex, consisting of lobula and lobula plate, contain the neurons that
project into the central brain [186]. Both are also separated into columns and layers [46],
with the lobula being split into six (Lo1-6) and the lobula plate into four layers (Lp1-4)
[186]. The information processed in these structures is already of a higher complexity
and does not only contain information about brightness [169, 193, 194]. Two important
computations performed by the lobula complex are object detection [193] and optic
flow estimation [195]. Lobula columnar neuron, LC11, has been identified as an object
detector, which project from the lobula to the central brain [196]. The neurons detecting
flow fields are located in the lobula plate, and are called lobula plate tangential cells
[197-199]. Altogether, the optic lobes provide preprocessed input to the brain and play a
role in behaviours such as course control, object fixation, landing and escape response
as well as courtship behaviour [123, 169| 173, 200, 201].
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15.2 Computation of motion

One of the most important brain functions of every sighted animal is the computation
of motion. Studies in the mid 50s proposed a number of prominent ideas that have
since been refined. The Hassenstein-Reichart [53] and the Barlow-Levick [54] detectors
were among the first models suggested, and they are still relevant today. The model
implements three main requirements: first, the motion detector needs to receive input
from at least two different but neighbouring points in visual space. Second, the inputs
need to be filtered differently in time. Last, the signals need to interact non-linearly to
amplify the signal in the preferred direction compared to the null direction [202, 203].
The motion detector acts as a coincidence detector, performing either a multiplication
in the case of the Hassenstein-Reichart or a division in the case of the Barlow-Levick
detector. For both detector models, this leads to a larger output when the visual pattern
is moving along the detector’s preferred direction than its null direction [204]. More
recently, it was shown that T4 and T5 cells use both mechanisms ,i.e. amplification and
suppression, leading to an increased direction selectivity [205]. This leads us to the
question of how these models are implemented at the cellular level.

1.5.3 Motion vision circuit

With motion vision being important for flight in Drosophila, it has been studied intensively
[173]. Its function is essential as it plays a role in many different computations such as
optic flow or object detection. It is split into two parallel pathways: the ON and the OFF
pathway [188]. They mainly receive visual input from the L1 or L2 neurons, respectively.
The first neurons that selectively respond to one direction of motion are called T4 and T5
for the ON and OFF pathway, respectively [206]. They are local motion detectors and the
key neurons in the circuit. They are divided into four subtypes (a-d:; Fig) based on
function and anatomy, where each subtype responds to one of the cardinal directions (a:
front-to-back, b: back-to-front, ¢: upwards, d: downwards) [163, 206, [207]. Anatomically,
they have their cell bodies next to the lobula plate and are monopolar [186].

T4 neurons project a neurite into M10 of the medulla, and Ts into layer 1 of the lobula
(Lo1) to form their dendrites (Figh3d) [186]. Then, a neurite is sent to the lobula plate
to arborise in one of its four layers dependent on the subtype. T4/T5 subtypes a are
located in layer 1 of the lobula plate, with subtypes b-d in corresponding layers 2-4 [207].
None of the input cells to T4 and T5 are directionally selective. Therefore, T4 and T5
are the first neurons in the visual pathway to respond in a direction-selective way to
motion [190,[191, 208-210]. EM reconstructions of T4 and T5 have provided the identity
of all synaptic partners at the dendrite (Fig—c) [163,1166]. For T4 neurons, the inputs
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come from medulla cell types Mi1, Mig, Mig, Tm3, TmY15, CT1 and C3. T5 neurons are
postsynaptic to lobula neurons Tm1, Tm2, Tm4, Tmo, Tm23, TmY1s, CT1, and LT33 (Fig)
[166]. Additionally, there are synapses between T4 neurons within the same subtypes,
and the same is true for T5 neurons [166].

Since the signal in the axon is already direction selective, the computation of motion
happens in the dendrite of T4 and Ts neurons (Figh.3e) [206]. To fully understand the
computation, the precise position of synapses from input neurons have been mapped
along the T4 and Ts dendrites [163|166]. Notably, they compartmentalize into the proximal,
central and distal area of the dendrite (Figb—c) 166, 211]. In order to combine the
algorithmic models with the biological implementation, different input neurons have
been theorized to have a specific function within the motion detector based on their
response properties [210]]. More recently, experiments investigating Mig neurons have
shown their function in sharpening direction selectivity of T4 neurons through a release
of inhibition combined with the excitatory response of Mi1 neurons [212]. These results
demonstrate the possibility to assign clear roles for input neurons to T4 and Ts motivating
further research in the area to fully understand the neuronal computation of motion
detection on a biophysical level [163, 166, 205, 212H214].

1.5.4 Local motion detectors in Drosophila

T4 and Ts neurons are the central part of the motion vision circuit, since they are the
first neurons that selectively respond to one direction of motion. Concerning their
dendritic field size, T4 dendrites cover an area of around 25um in the dorso-ventral and
20um in the anterio-posterior axis, based on EM reconstructions, with medulla columns
being around spm wide [163]. As T4/T5 are local motion detectors, there is one of each
subtype in every column in their respective neuropil, M10 and Lo1, reaching a total
number of around 6000 T4/T5 neurons per optic lobe [215]. There is a strong correlation
between function and morphology within T4 and T5 subtypes: the dendrite’s preferred
direction of motion along the retinotopy of the respective neuropil is opposite to the
orientation of the dendrite (Fig) [163]. Along this dendritic direction, the dendrites
are compartmentalized (Fig) (166, 211]. This compartmentalization (Introduction
Is the same for all subtypes along their respective dendritic orientation (Figb—c). This
means that the inputs, which are mostly columnar and available at every position, will
only form synapses with T4 and Ts5 dendrites in the correct compartment. Additionally,
T4 and Ts neurons overlap with their neighbours from the same type ignoring the tiling
principles of dendrites completely [163, 166, 207].
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Figure 1.4: Synaptic connectivity and grid of T4 and T5 neurons. a Examples of reconstructed
T4 dendrites for each subtype. Synapses of specific input neurons are labelled in different
colours according to their position in the EM reconstructions. Entry points are labelled in yellow
with a black outline. Arrows indicate their preferred direction of motion [163 166].b Number of
synapses in each column innervated by T4 dendrites with the deeper shapes representing higher
numbers of synapses [163]. € Distribution of synapses along the dendrite of T4 and Ts neurons by
different presynaptic partners [166]. d-e Anisotropic column grid in the M10 and Lo1, respectively.
Yellow point marks the central column of the dendritic field of T4 and Ts. Black points show the
neighbouring columns [[166].
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15.5 T4/Ts development

The cell lineages of T4 and T5 neurons originate in the inner proliferation center of
the optic lobe [216,217]. a/b and c/d subtypes are separated through the expression
of decapentaplegic activated by wingless. These lineages first produce the C2/C3 and
T2/T3 neurons [218]. Then the induction of atonal determines the progenitors of T4/T5
neurons [219]. They follow two notch-dependent divisions, neurons are first separated
into a or b and c or d subtypes. In the last division, T4a and Tsa are born from the
same progenitor, with b-d subtypes showing the same pattern [52]. Therefore, from a cell
lineage point of view, T4a and Tsa are more closely related than T4a and T4b. The fully
differentiated T4 and T5 then start to project their neurites first into M10 of the medulla
or Lot in the lobula, respectively. This happens in waves, where each wave consists of
neurites in one row along the dorso-ventral axis [52]. After arborising the dendrite in
their respective location, T4 and Ts5 neurons project back into the corresponding lobula

plate layer depending on their subtype and retinotopic position.

1.6 Motivation for the choice of model system

Neuronal development is a complicated process. Drosophila as a model system, and
especially the motion vision circuit, lead to important discoveries concerning the func-
tional specificity and morphological characteristics of adult T4 and Ts (see Introduction
h.5.3f.5.4). Additionally, their function in the adult shows a strong correlation with anatomy.
Their morphology is highly relevant for establishing the specificity in synaptic wiring
of T4 and Ts dendrites (Figh.s) [163, h66].

Studies in neuronal development so far have not investigated dendritic development
in great detail. T4 and T5 neurons provide the opportunity to study dendritic growth
in a system with only a few but important differences. These neurons are interesting
from a developmental point of view for several reasons. Firstly, they are genetically
accessible. Secondly, they have been extensively characterised in the adult. Thirdly, all
subtypes receive synaptic input from the same types of neurons in a spatially distinct
order dependent on their subtype. This order is the same across either T4 or Ts subtypes
in the egocentric view but not in the allocentric view. Lastly, the main differences between
subtypes of T4 and T5 neurons are their dendritic orientation and axon position in the
lobula plate. Therefore, differences in their transcriptomic profile could potentially
directly translate into effector genes responsible for their morphological differences.

In conclusion, T4 and T5 neurons in the motion vision circuit of Drosophila are a
well established system in the adult. Accordingly, they were selected for this work to
study dendrite development in general and how TFs specifically influence the direction
of dendritic growth during development.
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A combinatorial code of transcription factors specifies subtypes
of visual motion-sensing neurons in Drosophila
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ABSTRACT

Direction-selective T4/T5 neurons exist in four subtypes, each tuned to
visual motion along one of the four cardinal directions. Along with their
directional tuning, neurons of each T4/T5 subtype orient their dendrites
and project their axons in a subtype-specific manner. Directional
tuning, thus, appears strictly linked to morphology in T4/T5 neurons.
How the four T4/T5 subtypes acquire their distinct morphologies during
development remains largely unknown. Here, we investigated when
and how the dendrites of the four T4/T5 subtypes acquire their specific
orientations, and profiled the transcriptomes of all T4/T5 neurons
during this process. This revealed a simple and stable combinatorial
code of transcription factors defining the four T4/T5 subtypes during
their development. Changing the combination of transcription factors
of specific T4/T5 subtypes resulted in predictable and complete
conversions of subtype-specific properties, i.e. dendrite orientation and
matching axon projection pattern. Therefore, a combinatorial code of
transcription factors coordinates the development of dendrite and axon
morphologies to generate anatomical specializations that differentiate
subtypes of T4/T5 motion-sensing neurons.

KEY WORDS: Drosophila, Dendrite development, Motion vision,
Neuronal subtypes, Combinatorial code, Grain

INTRODUCTION

A central question in developmental neuroscience is how different
neuronal cell types acquire the diverse morphologies and
connectivities that support their distinct functions within complex
neural circuits. The T4/T5 neuronal population of the Drosophila
visual system provides a unique model for the study of this process.
All T4/T5 neurons must acquire common morphological properties
that set them apart from other visual interneurons and are important
for their function as local motion sensors (Maisak et al., 2013;
Shinomiya et al., 2015; Schilling et al., 2019). However, among the
T4/T5 neurons, distinct subtypes with anatomical specializations
relevant for the detection of motion along different directions must
be specified (Fischbach and Dittrich, 1989; Maisak et al., 2013).
Here, we examine the genetic programmes that control the
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development of subtype-specific morphologies in postmitotic
T4/T5 neurons.

In Drosophila, visual information from ~800 retinal ommatidia is
processed in distinct neuropils (lamina, medulla, lobula and lobula
plate), each consisting of retinotopically arranged columns. All
neuropils except the lamina are further divided into synaptic layers
(Fischbach and Dittrich, 1989; Bausenwein et al., 1992). The
dendrites of T4 and T5 neurons are the first stage within the visual
processing pathway in which directional motion information is
extracted (Maisak et al., 2013; Behnia et al., 2014; Fisher et al.,
2015; Serbe et al., 2016; Arenz et al., 2017). T4 dendrites arborise in
layer 10 of the medulla and selectively respond to ON (bright edge)
motion, whereas T5 dendrites arborise in layer 1 of the lobula and
only respond to OFF (dark edge) motion (Maisak et al., 2013).

Each T4 and T5 dendrite extends across approximately eight
neuropil columns to receive signals from various presynaptic partners
that relay information from neighbouring points in the visual space
(Haag et al., 2016; Shinomiya et al., 2019). Both T4 and T5 neurons
exist in four subtypes of equal numbers (a, b, ¢ and d) (Pinto-Teixeira
etal., 2018), each with the dendrite oriented preferentially along one
of four directions within the respective neuropil (Takemura et al.,
2013). In accordance with their distinct dendrite morphologies, the
four T4/TS subtypes respond to either front-to-back, back-to-front,
upward or downward motion (Maisak et al., 2013). Therefore, the
directional tunings of the four T4/T5 subtypes appear to be strictly
linked to their dendrite orientations (Fig. 1A). In addition, the four
T4/T5 subtypes exhibit distinct axon projection patterns. Axons from
T4/T5 neurons of the same subtype exclusively innervate one of the
four lobula plate layers (Fig. 1A) (Fischbach and Dittrich, 1989;
Shinomiya et al., 2019). The segregation of T4/T5 axons into four
layers, each encoding motion in a different cardinal direction,
provides the anatomical basis for subsequent processing steps
performed by downstream neurons that are relevant for motion-
driven behaviours, e.g. the integration of opposing motions in the
visual field (Mauss et al., 2015; Klapoetke et al., 2017).

Recent studies have uncovered the developmental genetic
programmes that take place in T4/T5 neuron progenitors to
specify T4/T5 neurons into the four subtypes (Apitz and Salecker,
2018; Pinto-Teixeira et al., 2018). During the differentiation of
postmitotic T4/T5 neurons, these programmes must be translated
into the expression of effector genes ensuring that four subgroups of
T4/T5 neurons develop dendrites oriented along four different
directions in common extracellular environments. In addition, the
development of a specific dendrite orientation must be strictly
coupled to the placement of the axon terminal in a specific lobula
plate layer in order to relay specific qualities of directional motion to
correct downstream neurons (Fig. 1A). Until now, only one gene
[optomotor-blind (omb); also known as bifid] has been proposed to
act in differentiating T4/TS5c and T4/T5d to distinguish their axons
from those of T4/T5a and T4/T5b neurons (Apitz and Salecker,
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Fig. 1. Developing T4 and T5 subtypes can be identified by the positions of their axons in the lobula plate. (A) Schematic of adult optic lobe (horizontal view,
central panel) highlighting the morphologies of the four T4/T5 subtypes (a, b, ¢ and d). Each of the four lobula plate layers (1-4) receives axons from only one T4/T5
subtype. Left and right panels show frontal views of medulla layer 10 and lobula layer 1. Four T4 and T5 dendrites (each of one subtype) enter a single

medulla and lobula column (in yellow) to extend along four distinct directions. Arrows indicate the dendrites’ preferred directions of motion. A, P, D and V: anterior,
posterior, dorsal and ventral (visual field coordinates). (B,C) Optic lobes at 36 h APF and at the adult stage showing individual T4 and T5 neurons labelled with
different fluorescent proteins using the MCFO approach. A digitally reconstructed T4 neuron is shown for each of the stages. The red dot marks the axon’s first
branching point, which was used to calculate the relative position in the lobula plate occupied by the axon. Anti-DN-Cadherin (DN-Cad) labels the neuropils.
(D,E) Relative positions in the lobula plate occupied by axons of single T4 (n=104) and T5 (n=122) neurons at different developmental stages (36-72 h APF), and at
the adult stage. LP1-4 refers to the regions that correspond to the lobula plate layers 1-4 at the adult stage. Each T4 and T5 neuron was classified into one of the four
subtypes based on the position of the lobula plate occupied by its axon. a.u., arbitrary units. (F-1) At the adult stage, the T4/T5a,d-splitGal4 driver line labels T4/T5a,d
neurons with axons innervating lobula plate layers 1 and 4 (l). From 36 to 72 h APF (F-H), this line labels T4/T5 neurons with axons in lobula plate regions that
correspond to the lobula plate layers 1 and 4 at the adult stage. Anti-Connectin (Con) labels layers 3 and 4 of the lobula plate. Scale bars: 20 ym.
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2018). Therefore, the following questions have remained elusive so
far: (1) how do axons of T4/T5a and T4/T5b or axons of T4/T5c and
T4/T5d become distinct from each other?; (2) how do the four T4/
TS5 subtypes acquire their four different dendrite orientations?; and
(3) how is dendrite orientation matched to axon projection layer
within each subtype?

Here, we first analysed the dendrite growth patterns of the four
T4/TS subtypes. The dendrites of all T4/T5 subtypes grow
simultaneously during a ~36 h-window of pupal development to
acquire the oriented arbours that define their adult morphology. To
investigate the underlying molecular mechanisms, we used single cell
RNA sequencing (scRNA-seq) to profile the transcriptomes of T4/T5
subtypes at five stages that cover the period of dendrite growth. Our
analysis revealed that each T4/T5 subtype is defined by a unique
combination of cell-membrane proteins, as well as by a unique
combination of two to three transcription factors that is stable for most
of'the dendrite growth period. To test whether such transcription factor
combinations control the development of subtype-specific dendrite
orientations, we manipulated them in specific T4/T5 subtypes.
Overexpressing the transcription factor Grain (normally expressed
only in T4/T5b and T4/T5c¢ neurons) in all developing T4/TS subtypes
resulted in neurons with dendrite orientations specific to either T4/T5b
or T4/T5c subtypes. Therefore, Grain is sufficient to invert the
orientation of developing dendrites in T4/T5a and T4/T5d subtypes to
generate dendrites typical of T4/T5b and T4/TS5c subtypes,
respectively. In addition, grain-overexpressing neurons with T4/TSb
and T4/T5c dendrite orientations also project their axons to layers of
the lobula plate normally innervated by T4/T5b and T4/T5c subtypes,
respectively. Conversely, grain loss of function in all developing T4/
TS5 neurons resulted in neurons with morphologies characteristic of
either T4/T5a or T4/T5d subtypes. We conclude that Grain, in
combination with subtype-specific sets of transcription factors,
coordinates dendrite and axon development in T4/T5b and T4/T5c
to differentiate their morphologies from those of T4/T5a and T4/T5d.

RESULTS

Directed dendrite growth of the four T4 and T5 neuron
subtypes occurs simultaneously

We first sought to investigate when and how each T4/T5 subtype
acquires its defining dendrite orientation. We stochastically labelled
individual T4 and TS5 neurons with different combinations of
fluorescent proteins using the MultiColor FlpOut (MCFO)
approach (Nern et al., 2015) together with the SS00324-splitGal4
line that drives expression specifically in all T4/T5 neurons
(Schilling and Borst, 2015). This allowed us to digitally
reconstruct a total of 226 T4 and T5 neurons at four stages of
pupal development [36, 48, 60 and 72 h after puparium formation
(APF)] and in adult flies (Fig. 1B,C). After measuring the positions
within the lobula plate in which the axon terminals of adult T4 and
T35 neurons enter, we found four clusters of T4 and four clusters of
TS5 neurons (Fig. 1D,E). These clusters represent the four T4 and TS
subtypes (a, b, ¢ and d), with axons innervating the four lobula plate
layers and with four distinct dendrite orientations (Fig. 1A)
(Fischbach and Dittrich, 1989; Takemura et al., 2013). Similarly,
four axon-position-based clusters of T4 and T5 neurons were found
in every examined developmental stage (Fig. 1D,E). Once
established, the positions occupied by T4 and TS5 axon terminals
in the lobula plate did not appear to change, as a driver line labelling
T4/T5 neurons with axons in layers 1 and 4 of the lobula plate at the
adult stage also labelled T4/TS neurons innervating the
corresponding regions of the lobula plate at earlier stages of
development (Fig. 1F-I). Therefore, the T4 and the TS subtypes can

be reliably identified from 36 h APF onwards by the position of
their axons in the lobula plate.

Next, we measured the dendrite volume of every reconstructed T4/
T5 neuron and examined changes during development in the different
T4/T5 subtypes. The four T4/T5 subtypes grew their dendrites at
similar rates between 36 and 72 h APF. Afterwards, between 72 h
APF and the adult stage, all T4/T5 dendrites underwent a reduction in
volume (Fig. 2A,B). Two different mechanisms to develop oriented
dendrites are compatible with these observations: (1) T4/T5 dendrites
might undergo a symmetrical overgrowth of branches towards all
directions (36-72 h APF) followed by a period in which branches
with wrong orientations are eliminated (72 h APF-adult stage); or,
alternatively, (2) the dendritic branches of each T4/TS neuron might
grow in specific directions during the period of dendrite growth (36-
72 h APF). To distinguish between these possibilities, we examined
the dendrite orientation of developing T4 neurons by quantifying the
2D distribution of branches around the dendrite’s first branching
point. Adult T4 dendrites, either imaged by confocal microscopy or
reconstructed from electron microscopy data (Takemura et al., 2017),
showed subtype-specific dendrite orientations that fitted with those
originally reported (Takemura et al., 2013) (Fig. S1). The
quantification of T4 dendrite orientations at 36 and 72h APF
revealed that subtype-specific orientations arose between those two
developmental stages (Fig. 2C-J). Collectively, these results indicate
that the four T4/T5 subtypes acquire their characteristic dendrite
orientations through simultaneous processes of directed growth that
span a ~36 h window of development, and that subsequent dendrite
pruning does not play a major role in shaping dendrite orientation.

Each of the four T4 and T5 subtypes has a unique
transcriptional profile during dendrite growth

The dendrites of the four T4 subtypes grow simultaneously within
layer 10 of the medulla, and thus they share a common extracellular
environment. The same holds true for the dendrites of the four T5
subtypes in layer 1 of the lobula. We hypothesised that, in order to
develop different dendrite orientations, the four T4/T5 subtypes must
rely on intrinsic molecular asymmetries such that their dendrites
respond differentially to extrinsic cues available to all of them. Recent
studies have profiled the transcriptomes of T4/T5 neurons at the adult
stage. These studies either were not suitable for the analysis of T4/T5
subtype-specific transcriptomes (Pankova and Borst, 2016; Davie
etal., 2018; Konstantinides et al., 2018) or explored gene expression
differences only between two subtype-pairs at the adult stage (Davis
et al., 2020), likely missing genes underlying the development of the
morphologies defining the four T4/TS subtypes.

To overcome these limitations, we profiled the transcriptomes of
single T4/T5 neurons collected at four equally spaced
developmental stages during dendrite growth (36, 48, 60 and 72 h
APF), as well as a preceding stage (24 h APF). For each stage, we
dissected brains containing all T4/TS5 neurons labelled by
membrane-targeted GFP expressed by the line SS00324-splitGal4.
Single cell suspensions were prepared and GFP* T4 and T5 cells
were sorted by fluorescence-activated cell sorting (FACS). Next, we
performed scRNA-seq based on droplet microfluidics (10x
Chromium) (Fig. 3A). Cells were sequenced to a mean depth of
26,153 reads per cell, and a median of 1627 genes were detected per
cell. After filtering to remove low-quality cells, we obtained the
transcriptomes of ~44 K high-quality cells, with the number of cells
per stage ranging between 5051 (60 h APF) and 11,716 (72 h APF).
Two biological replicates were obtained for each developmental
stage and batch-corrected using canonical correlation analysis in
Seurat v3 (Stuart et al, 2019). Next, we implemented
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dendrites imaged at 36 and 72 h APF. Yellow dots mark the dendrite’s first branching point. Scale bars: 5 um. (D,F,H,J) Average dendrite orientation of the

four T4 subtypes at 36 and 72 h APF (n=4 per subtype and stage). Polar histograms show the 2D distribution of fluorescent pixels around the dendrite’s first branching
point. The number of pixels at 36 h APF was normalised to the number of pixels at 72 h APF to visualise dendrite size changes. Data are meants.e.m.

dimensionality reduction and unsupervised clustering methods
based on principal component analysis (PCA) and the Louvain
algorithm (Seurat v3). For each developmental stage, we manually
assigned clusters either to T4 or T5 types based on known marker
genes such as 7f4P-2 (Davis et al., 2020). We found that four
clusters can be grouped reliably into each type (Fig. 3B; Fig. S2).

Based on the previously reported subtype-specific marker genes
omb and dachshund (dac) (Apitz and Salecker, 2018), we assigned
clusters to one of the following subtype-pairs: T4a,b; T5a,b; T4c,d,;
or T5c,d (Fig. 3B; Fig. S2). To identify novel marker genes
discriminating the clusters within each pair, we performed a
differential gene-expression analysis (Fig. 3C; Fig. S2). The results
revealed that one cluster from each pair consistently showed
differential co-expression of beat-1V, CG34353 and grain. We
examined the expression patterns of these genes in vivo with
transgenic lines and antibody staining and found that they
constituted specific markers of T4/T5b and T4/T5c neurons
(Fig. 3E-I). Taken together, the use of three known and three
newly characterised T4/T5 neuron subtype-specific marker genes
was sufficient to assign all eight single cell clusters to four T4 and

four TS subtypes in every examined developmental stage (Fig. 3B;
Fig. S2). Consistently, the integration of sScRNA-seq datasets across
all developmental stages, using the integration tool from Seurat v3,
grouped all cell types in agreement with our manual cluster
assignment at each stage (Fig. 3D).

Analysis of gene expression patterns reveals combinatorial
codes potentially controlling the development of the four
T4/T5 dendrite orientations

Transcription factors act as intrinsic determinants of dendrite shape,
in part by controlling the expression of cell-membrane proteins
relevant for sensing extrinsic cues (Puram and Bonni, 2013; Dong
et al., 2015; Lefebvre et al., 2015; Prigge and Kay, 2018). The
discovery of transcriptionally different groups of T4/T5 neurons that
match morphologically distinct T4/T5 subtypes during dendrite
growth allowed us to search for candidate genes that control
subtype-specific dendrite orientations. To identify differentially
expressed genes, we ran differential expression tests separately for
each developmental dataset. We required genes to have a twofold
change to be considered differentially expressed. We found seven
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genes encoding for transcription factors and 62 genes encoding for
cell-membrane proteins (excluding neurotransmitter/neuropeptide
receptors, ion channels and transporters) that were differentially
expressed between the transcriptionally distinct groups of T4/T5
neurons at any of the examined stages. Further analysis of gene
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expression patterns revealed that 22 out of the 69 genes (32%) had
either higher expression levels in all T4 subtypes than in all T5
subtypes, or vice versa, at some point during development (e.g.
TfAP-2 and CG14340) or with subtype-specific expression patterns
only in T4 or T5 neurons (e.g. dpr3 and DIP-0O) (Fig. 4A; Fig. S3A).
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Fig. 3. Each T4 and T5 subtype has a unique transcriptional profile during
dendrite growth. (A) Schematic of scRNA-seq protocol. (B) Visualization of
T4/T5 neurons sequenced at 48 h APF using UMAP after dimensionality
reduction by PCA and unsupervised clustering based on the Louvain
algorithm. Dots represent single cells and are arranged according to
transcriptome similarity. We assigned clusters to either T4 or T5 based on
TfAP-2 expression, and to T4/T5a,b, T4/T5c,d or T4/T5b,c based on dac, omb
or grain expression. (C) Heat map showing the expression levels of the 16
genes differentially expressed between the single cell clusters of T4 and T5
subtypes found in every developmental stage. Columns represent cells and
were grouped based on cluster identities. Genes (rows) were manually ordered
based on similarity of subtype-specific expression patterns. (D) Integration of
scRNA-seq datasets across all developmental stages (24, 36, 48, 60, 72 h
APF). Cells were previously assigned to four T4 and T5 subtypes at each
developmental stage as described in B. (E-G) At 48 h APF, beat-/V-GFP and
CG34353-GFP MiMIC lines (endogenous GFP-tagging of proteins), and the
grain-Gal4 driver line label specifically T4/T5 neurons with axons in the regions
of the lobula plate corresponding to adult lobula plate layers 2 and 3
(innervated by T4/T5b,c neurons). (H) Anti-Lim1 and Anti-Dac
immunostainings mark T4/T5a-d and T4/T5a,b cell bodies, respectively. grain-
Gal4 labels T4/T5b,c neurons. The combination of these markers allowed the
identification of T4/T5 cell bodies of the four subtypes at 48 h APF
(arrowheads, A, B, C and D). Anti-Grain immunostaining signal is enriched
specifically in cell bodies of T4/T5b,c (grain-Gal4*). (I) Quantification of anti-
Grain immunostaining in T4/T5 cell bodies of the four subtypes at 48 h APF
supports that grain is specifically expressed in T4/T5b,c neurons (n=4 optic
lobes). The end of the whiskers represent the minimum and maximum values.
a.u., arbitrary units. Scale bars: 20 ym (E-G); 10 ym (H).

We hypothesised that these genes probably play a role in defining
properties of T4 versus TS5 neurons.

The other 47 out of the 69 genes (68%) exhibited subtype-specific
expression patterns and dynamics that were remarkably similar
between T4 and TS5 neurons (Fig. 4B-G; Fig. S3A), thus positing them
as candidates for controlling subtype-specific traits shared between T4
and T5 neurons, like the four dendrite orientations. We attempted to
narrow down this list of 47 candidate genes by further exploring their
expression dynamics. We found six genes differentially expressed
between T4/T5 subtypes only during the last phase of dendrite growth
(60-72 h APF) (e.g. zIld and fz2) (Fig. 4G, Fig. S3A). This period
coincides with the onset of synaptogenesis in the Drosophila central
nervous system (Chen et al., 2014; Muthukumar et al., 2014),
suggesting an involvement of these genes in this process. Another ten
genes exhibited subtype-specific expression patterns that switched
over time (e.g. kuz and Lac) (Fig. S3A). Because such discontinuous
and/or late subtype-specific expression patterns during dendrite
growth are unlikely to contribute to the development of four
dendrite orientations, we discarded these genes.

The resulting list of 31 candidate genes potentially controlling the
development of the four dendrite orientations contained only one
gene that was exclusively expressed in a single T4/T5 subtype (side-
1V) (Fig. S3A,B). Within the remaining genes, some genes were
clearly co-expressed in several subtypes, although not necessarily at
the same levels. For example, we found genes specific to T4/T5a,b
(Dscam3), T4/T5¢,d (robo3), T4/T5b,d (TI), T4/T5a,d (side-II),
T4/T5b,c,d (beat-IV) and T4/T5a,c,d (e.g. kekl) (Fig. S3B). These
results indicate that the four T4/T5 subtypes are defined by
combinatorial codes of gene expression that might underlie the
development of the four different dendrite orientations.

Grain acts as part of two combinations of transcription
factors controlling the dendrite orientations and matching
axon projection patterns of two T4/T5 subtypes

Combinatorial codes of transcription factors control the
development of subtype-specific traits in postmitotic neurons

(Allan and Thor, 2015; Hobert and Kratsios, 2019). Only five
transcription factors were present in our list of 31 candidate genes
potentially controlling the development of the four T4/T5 dendrite
orientations: dac, omb, abrupt (ab), prospero (pros) and grain.
Consistent with our scRNA-seq analysis, a previous study found
that dac and omb were expressed in postmitotic developing T4/T5a,
b and T4/T5c,d neurons, respectively (Fig. 4B,E) (Apitz and
Salecker, 2018). Our scRNA-seq analysis further revealed that ab
was enriched in T4/T5a,b (Fig. 4C), whereas pros was enriched in
T4/T5c,d (Fig. 4F). Because of their expression patterns (T4/T5a,b
versus T4/T5c,d), the combination of these four transcription factors
alone were not sufficient to divide T4/T5 neurons into four subtypes
(T4/T5a-d). Interestingly, grain was expressed only in T4/T5b,c
neurons (Fig 3; Fig. 4D). Therefore, the combination of a T4/T5a,b-
(dac or ab), a T4/TS5c,d- (omb or pros) and a T4/T5b,c- (grain)
specific transcription factor represents a minimal set of genes to
encode the identity of the four T4/T5 subtypes. Remarkably, the
subtype-specific expression pattern of each of these transcription
factors is stable for most of the period of T4/T5 dendrite growth
(Fig. 4H-J). Altogether, these observations suggest that the unique
and stable combination of transcription factors that defines each T4/
TS5 subtype during development controls its specific morphology.

A prediction of this hypothesis would be that changing the code
of transcription factors that a T4 or a TS neuron expresses during
development should result in a conversion of subtype-specific
properties, i.e. dendrite orientations and axon projection patterns.
For example, ectopic expression of grain in T4/T5a (normally Dac™/
Ab*/Grain™) and T4/T5d (normally Omb*/Pros*/Grain™) should
result in neurons with morphological properties of T4/T5b (Dac'/
Ab*/Grain™) and T4/T5¢ (Omb*/Pros™/Grain™) subtypes. To test
this hypothesis, we overexpressed grain in all postmitotic
developing T4/T5 neurons by means of the R42F06-Gal4 line
(Maisak et al., 2013), which drives expression in maturing T4/T5
neurons before dendrite growth and axon segregation (Fig. S4A-C).
This condition generated no defects in the neuropil- and layer-
specific innervation of T4 and T5 dendrites. However, two, rather
than four, layers of T4/T5 axons were visible in the lobula plate
(Fig. 5A,B). A recent study reported similar results using different
reagents and ruled out that this anatomical defect is caused by
neuronal apoptosis, and proposed that the overexpression of grain
affects T4/T5 neurons such that their axons cannot segregate to form
four layers without affecting their dendrites (Kurmangaliyev et al.,
2019). Alternatively, changes in T4/T5 axon projection patterns
upon grain overexpression might result from an identity conversion
of T4/T5a,d into T4/T5b,c neurons. To differentiate between these
possibilities, we overexpressed grain in individual developing T4
and T5 neurons of all subtypes and labelled them by means of
mosaic analysis with a repressible cellular marker (MARCM) and
R42F06-Gal4 (Fig. 5C,D). In control MARCM experiments, T4
and T5 neurons of all subtypes (axons in four lobula plate layers and
four dendrite orientations) were found (Fig. SE-M; Fig. SSA-C). By
contrast, in grain overexpression MARCM experiments, we only
found T4 and TS neurons with axons in either lobula plate layer 2 or
3, which are normally innervated by T4/T5b or T4/T5c subtypes,
respectively  (Fig. 5N; Fig. S5D). Remarkably, grain-
overexpressing T4 and T5 neurons that innervated either lobula
plate layer 2 or 3 showed corresponding dendrite orientations of T4/
T5b or T4/T5c subtypes (Fig. SO-S; Fig. S5E,F). In addition, T4
and T5 neurons overexpressing grain did not show defects in
morphological properties that are common to all T4/T5 subtypes,
i.e. the restriction of dendrites and axons to single neuropil layers
(Fig. 5; Fig. S5).
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Fig. 4. A combinatorial code of transcription factors defines the four T4/T5 subtypes during dendrite growth. (A-G) Subtype-specific expression patterns
and dynamics of transcription factors that are differentially expressed between subtypes of T4/T5 neurons. y-axis shows the count of transcripts per cell (meant
s.e.m.). x-axis shows developmental stage (h APF). *Higher expression in all T4 subtypes than in all T5 subtypes. **Differential expression between T4/T5
subtypes only during the last phase of dendrite growth (60-72 h APF). (H-J) Dot plots showing the mean scaled expression levels (colour-coded) of each
transcription factor (TF) in the different T4/T5 subtypes at 36, 48 and 60 h APF. Dot sizes represent the percentage of cells in which the transcription factor was
detected. Transcription factors were manually ordered based on the similarity of subtype-specific expression patterns.

Three lines of evidence ruled out the possibility that T4/T5a,d-
selective death might cause the presence of exclusively T4/T5b,c
neurons in the adult upon grain overexpression. First, we found no
difference in the number of single-labelled T4 and TS5 neurons
between control and grain overexpression MARCM experiments
(Fig. S6A). Second, a single neuroblast precursor of T4/T5 neurons
always produces four neurons, either T4a/T5a/T4b/T5b or T4c/T5c/
T4d/T5d, that project to the same retinotopic position (Fig. S6B)
(Pinto-Teixeira et al., 2018). In MARCM experiments with grain
overexpression, we also found clones of four T4/T5 neurons
projecting to the same retinotopic position, and thus originating
from the same neuroblast. However, these clones consisted of either
T4b/T5b/T4b/T5b or T4c/TS5c/T4c/T5c neurons (n=3/3 clones of
four T4/T5 neurons) (Fig. S6C). Third, grain overexpression with
the T5d-splitGal4 line, which drives expression in T5d neurons
before dendrite growth and axon segregation (Fig. S4D; Fig. S6D),
produced changes in axon projection patterns consistent with T5d
transformation into T5c neurons (Fig. S6E). These experiments
demonstrate that grain overexpression in developing T4/T5a and

T4/T5d neurons transforms them into T4/T5b and T4/T5c neurons,
respectively, based on their dendrite orientations and axon
projection patterns.

Finally, we tested whether grain loss of function in T4/T5b
(normally Dac*/Ab*/Grain®) and T4/T5¢ (normally Omb*/Pros*/
Grain®) results in neurons with morphological properties of T4/T5a
(Dac*/Ab*/Grain™) and T4/T5d (Omb"/Pros*/Grain™) subtypes. To
this end, we first performed a knockdown of grain in all developing
T4/T5 neurons with RNAi and the R39H12-Gal4 line, which drives
expression in T4/TS neurons of all subtypes from the late third instar
(L3) larval stage onwards (Schilling et al., 2019). This resulted in
adult T4/T5 neurons with dendrites that showed no defects in their
neuropil- and layer-specific innervation but with axons that failed to
form four layers in the lobula plate (Fig. 6A,B). Next, we employed
MARCM to express grain-RNAi in individual maturing T4 neurons
with the R39H12-Gal4 line and to further analyse their morphology
in adult brains (Fig. 6C,D). In grain-RNAi MARCM experiments,
most T4 neurons innervated either lobula plate layer 1 or 4 and
showed dendrite orientations of T4/TSa or T4/TS5d subtypes,
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classified into one of the four subtypes based on its axon position in the lobula plate (T4a: n=4, T4b: n=7, T4c: n=5, T4d: n=4). (F-M) Dendrite orientations of
control T4 neurons of the four subtypes classified based on axon position. Data are meants.e.m. (N) Positions in the lobula plate occupied by axon terminals of single,
grain-overexpressing T4 neurons labelled by MARCM (n=20). grain-overexpressing T4 neurons project axons only to either lobula plate layer 2 (n=10) or lobula plate
layer 3 (n=10). (O-R) Dendrite orientations of grain-overexpressing T4 neurons classified as T4b (n=10) or T4c (n=10) based on axon position. The dendrite
orientations of these neurons are indistinguishable from those of wild-type T4b and T4c neurons (J-M). (S) Matrix showing colour-coded similarity indexes between the
dendrite orientations of individual grain-overexpressing T4 neurons (n=20, manually ordered along the horizontal axis based on the innervated layer of the lobula plate)
and the average dendrite orientations of the four control T4 subtypes (vertical axis). Yellow dots in F,H,J,L,O,Q mark the first branching point of the dendrite. a.u.,
arbitrary units. Data are meants.e.m. Scale bars: 20 pm (A-D); 5 um (F,H,J,L,0,Q).
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Fig. 6. grainloss of function in developing T4 neurons results in adult optic lobes with mainly T4a,d neurons. (A,B) Adult control T4/T5 neurons and adult T4/
T5 neurons expressing grain-RNAi with the R39H12-Gal4 line. (C,D) Adult single-labelled T4 neurons from either control or grain-RNAi MARCM experiments.
(E) Positions in the lobula plate occupied by axon terminals of single, control T4 neurons labelled by MARCM (n=13). Each T4 neuron was classified into one of the
four subtypes based on its axon position in the lobula plate (T4a: n=2, T4b: n=5, T4c: n=3, T4d: n=3). (F-M) Dendrite orientations of control T4 neurons of the four
subtypes classified based on axon position. Data are meanzs.e.m.. (N) Positions in the lobula plate occupied by axon terminals of single T4 neurons expressing
grain-RNAi and labelled by MARCM (n=13). Most T4 neurons with grain knockdown project axons to either lobula plate layer 1 (n=8) or lobula plate layer 4 (n=4).
(O-R) Dendrite orientations of T4 neurons with grain knockdown classified as T4a (n=8) or T4d (n=4) based on axon position. The dendrite orientations of these
neurons are indistinguishable from those of wild-type T4a and T4d neurons (F-I). (S) Matrix showing colour-coded similarity indexes between the dendrite
orientations of individual T4 neurons expressing grain-RNAi (n=13, manually ordered along the horizontal axis based on the innervated layer of the lobula plate) and
the average dendrite orientations of the four control T4 subtypes (vertical axis). Yellow dots in F,H,J,L,O,Q mark the first branching point of the dendrite. a.u., arbitrary
units. Data are meanzs.e.m. Scale bars: 20 um (A-D); 5 um (F,H,J,L,0,Q).
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respectively, which is consistent with a transformation of T4/T5b,c
into T4/T5a,d upon grain loss of function (Fig. 6E-S). Collectively,
our data indicate that Grain acts as part of two different
combinations of transcription factors, one of them differentiating
T4/T5b from T4/T5a and the other one differentiating T4/T5c from
T4/T5d morphologies.

DISCUSSION

The development of neuronal morphology relies on the interplay
between cell-intrinsic factors, i.e. genetic programmes, and
extracellular cues, e.g. growth factors (Sanes and Zipursky, 2010;
Melnattur and Lee, 2011; Dong et al., 2015). In this study, we
investigated the genetic programmes underlying the acquisition of
the different morphologies defining the four T4/T5 subtypes, which
are essential for detecting visual motion along the four cardinal
directions. Our work reveals that the development of T4/T5
subtype-specific  morphologies relies on a postmitotic
combinatorial code of transcription factors. In particular, Grain
acts together with different transcription factors in T4/T5b and T4/
T5c subtypes to coordinate dendrite and axon morphogenesis in
order to differentiate their morphologies from those of T4/T5a and
T4/T5d, respectively. The coordinated regulation of different
aspects of neuron morphogenesis by the same set of transcription
factors might provide a general strategy to ensure the establishment
of precise neuron wiring patterns during development (Enriquez
et al., 2015; Santiago and Bashaw, 2017; Schilling et al., 2019).
Furthermore, the combinations of transcription factors controlling
the development of subtype-specific properties do not appear to
regulate morphological properties that are common to all T4/T5
subtypes, i.e. the restriction of dendrites and axons to single
neuropil layers. The acquisition of these morphological properties is
controlled postmitotically by two transcription factors of the Sox
family, SoxN and Sox102F (Contreras et al., 2018; Schilling et al.,
2019). Therefore, distinct sets of transcription factors control
differentially subtype-specific properties and properties that are
shared by all T4/TS5 subtypes, shedding light on the developmental
strategies that ensure that each neuron acquires its complete
morphological signature.

How do the expression patterns of T4/T5 postmitotic
transcription factors arise during development? SoxN and
Sox102F expression in all T4/T5 subtypes arises from temporal
patterning of the neuroblasts that are precursors of T4/T5 neurons
(Apitz and Salecker, 2015; Schilling et al., 2019). Spatial patterning
of the neuroepithelium that generates T4/T5-producing neuroblasts
results in the specific expression of omb in neuroblasts that are
precursors of T4/T5c,d neurons. The expression of omb is further
relayed to postmitotic developing T4/T5c,d neurons, in which it
represses dac expression (Apitz and Salecker, 2018). In addition,
each Omb™ neuroblast (precursor of T4/T5a,b), as well as each
Omb™ neuroblast (precursor of T4/T5¢,d), divides to produce two
ganglion mother cells, only one of which has Notch activity. Only
ganglion mother cells with Notch activity generate T4/T5a and T4/
T5d neurons (Pinto-Teixeira et al., 2018). The transcriptional
programmes downstream of this Notch-dependent fate decision
remain elusive. Notch activity has been shown to repress grain in
the aCC motoneuron of the Drosophila embryo (Garces and Thor,
2006). In agreement with this, grain is not expressed in T4/T5a,d
neurons originating from ganglion mother cells with Notch activity.
Together, these observations suggest that the specific expression of
grain in postmitotic T4/T5b,c neurons could result from the Notch-
dependent fate decision occurring during the final division of
T4/T5-producing neuroblasts. Future studies will need to investigate

how the T4/T5 subtype-specific expression of grain, as well as of ab
and pros, is achieved during development.

Our data revealed that only one transcription factor, Grain,
defines T4/T5b,c neurons during development. By contrast, T4/
T5Sa,b and T4/T5c,d are each defined by two transcription factors:
Dac and Ab are co-expressed in T4/T5a,b, whereas Omb and Pros
are co-expressed in T4/T5c,d. These transcription factors with
overlapping expression patterns might play redundant roles.
Alternatively, they might be specialised to control different
aspects of development. Systematic manipulations of the
expression patterns of these transcription factors will be needed to
address these possibilities, as well as to further elucidate how they
act in a combinatorial manner to determine the different
morphologies of the four T4/T5 neuron subtypes.

Transcription factors control dendrite growth, in part by
controlling the expression of genes relevant for sensing extrinsic
cues. We found many cell-membrane proteins with T4/T5 subtype-
specific expression patterns that might result from the action of the
combinatorial code of transcription factors that we uncovered here.
In agreement with the results of a recent publication
(Kurmangaliyev et al., 2019), the vast majority of cell-membrane
proteins with subtype-specific expression patterns in T4 neurons
exhibited the same expression patterns and dynamics in T5 neurons.
These mostly included receptors, ligands, regulators of various
signalling pathways, and cell-adhesion molecules, some of which
have been shown to be involved in axon guidance, dendrite
patterning and/or synaptic specificity in Drosophila (Keleman et al.,
2002; Furrer et al., 2007; Zarin et al., 2014; Ward et al., 2015;
Tadros et al., 2016; Li et al., 2017; Barish et al., 2018; Xu et al.,
2018). We hypothesise that those cell-membrane proteins with
stable subtype-specific expression patterns during, at least, the first
phase of dendrite growth are the most likely candidates to regulate
the development of the four dendrite orientations in a combinatorial
way. However, they might also control other subtype-specific
properties, e.g. axon projection patterns and connectivity with
distinct postsynaptic neurons. Collectively, our data indicate that the
four T4 and T5 subtypes share combinations of transcription factors
and downstream effector genes that might control the development
of four dendrite orientations. Yet, T4 dendrites grow in the medulla
and TS5 dendrites grow in the lobula. One exciting possibility is that
both neuropils share extrinsic cues conveying directional
information to the dendrites of T4 and T5 neurons, which might
also be used as universal guideposts by other neuronal cell types that
must develop oriented dendrites (Ting et al., 2014).

The dendrites of all TS subtypes extend across the same number of
neuropil columns to connect to the same set of presynaptic
functionally distinct neurons signalling luminescence changes from
neighbouring points in the visual space, but in a spatial order that is
subtype specific. The same holds true for the dendrites of all T4
subtypes (Shinomiya et al., 2019). As a simplified example, T4a
connects to Mi4 in column 1, Mil in column 2 and Mi9 in column 3,
whereas T4b connects to Mi9 in column 1, Mil in column 2 and Mi4
in column 3. What could the minimal set of developmental
instructions look like to ensure such a specific wiring?
Interestingly, the dendrites of the four T4 and T5 subtypes all show
aclear and distinct orientation with respect to the extrinsic coordinates
of the neuropil that they occupy. The dendrites’ intrinsic coordinates
define three compartments: proximal, medial and distal. With respect
to these intrinsic coordinates, the wiring of all T4 and T5 subtypes is
identical. In the above example, both T4a and T4b connect to Mi4 on
the proximal, to Mil on the medial and to Mi9 on the distal part of
their dendrite. Thus, once the compartmentalization of synapses from
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different inputs along their dendrites is controlled by cell-intrinsic
mechanisms (Lefebvre et al., 2015), the decisive point that
differentiates between the subtypes is how they distinctly orient
their dendrite. By growing their dendrites along different extrinsically
defined directions, they could all apply the same genetic programmes
to connect to a set of input neurons. This would lead to a spatial
arrangement of synaptic inputs that is different for each subtype with
respect to the extrinsic coordinates of the neuropil, thus supporting
the detection of motion across four different directions but identical
within the intrinsic coordinates of the neurons’ dendrite.

We envisage that the manipulation of the genetic programmes
controlling dendrite orientation in T4/T5 neurons will allow us to
address these ideas systematically. Studying how the four T4/T5
neuron subtypes acquire their morphologies provides a great
opportunity to link development, anatomy and function in a
neuronal type that performs a computation that is conserved across
visual systems (Mauss et al., 2017), which might uncover universal
blueprints of neural wiring.

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 moved from 25°C to 29°C at late larval or early pupal stages.
At 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: SS00324-splitGal4 (RS9E08-AD attP40; R42F06-DBD attP2)
(Schilling and Borst, 2015), 74/T5a,d-splitGal4, grain-Gal4 [Bloomington
Drosophila Stock Center (BDSC), 42224], R42F06-Gal4 (BDSC, 41253),
T5d-splitGal4 and R39H12-Gal4 (BDSC, 50071). The 74/T5a,d-splitGal4
driver line was generated by combining the R35410-4D (BDSC, 70193),
and R39H12-DBD (BDSC, 69444) hemidriver lines (Dionne et al., 2018).
The T5d-splitGal4 driver line was generated by combining the R35410-AD
(BDSC, 70193) and R42H07-DBD (BDSC, 69609) hemidriver lines. The
following fly strains were used as reporter lines: MCFO-1 (BDSC, 64085),
UAS-myr::GFP (BDSC, 32198), UAS-mCDS::GFP (BDSC, 32188), UAS-
mCD8::GFP (BDSC, 32187), UAS-myr::tdTomato (BDSC, 32222) and
UAS-mCDS8::RFP (BDSC, 32229). To examine the expression of beat-IV
and CG34353 genes in vivo, we used the beat-1V-GFP (BDSC, 66506) and
CG34353-GFP (BDSC, 60534) MiMIC lines (Venken et al., 2011). The
UAS-grain? line was used for grain overexpression experiments (a gift from
J. C. G. Hombria, Universidad Pablo de Olavide, Seville, Spain) (Brown and
Castelli-Gair Hombria, 2000). The UAS-grain-RNAi line (Vienna
Drosophila Stock Center, shRNA-330376) was used for grain loss-of-
function experiments. grain overexpression MARCM experiments were
carried out by crossing virgin female hs-Flp tub-Gal80 FRTI194; UAS-
mCD8::GFP; R42F06-Gal4 (a gift from F. Pinto-Teixeira, New York
University Abu Dhabi, Abu Dhabi, United Arab Emirates) to male FRT194;
UAS-grain2/Sp. grain-RNAi MARCM experiments were performed by
crossing virgin female hs-Flp tub-Gal80 FRT19A4; UAS-mCD8::GFP;
R39H12-Gal4 UAS-mCDS::GFP to male FRT194; UAS-grain-RNAi/Sp.
L3 larvae and early pupae resulting from these crosses were heatshocked for
15-20 min in a 37°C water bath. Adult females with and without Sp were
used as control and experimental groups, respectively.

Antibodies and immunolabelling

The following primary antibodies were used in this study: rabbit anti-GFP
(1:500, Torrey Pines Biolabs, TP401), chicken anti-GFP (1:500, Rockland,
600901215S), rabbit anti-DsRed (1:500, Clontech Laboratories, 632496),
rabbit anti-HA (1:300, Cayman Chemical, 162200), rat anti-FLAG (1:200,
Novus Biologicals, NBP-1-06712), chicken anti-V5 (1:500, Bethyl
Laboratories, A190-118A), rat anti-DN-Cadherin (1:50, Developmental
Studies Hybridoma Bank, ABS528121), mouse anti-Connectin (1:50,
Developmental Studies Hybridoma Bank, AB10660830), mouse anti-
Bruchpilot (1:20, Developmental Studies Hybridoma Bank, AB2314866), rat
anti-Elav (1:50, Developmental Studies Hybridoma Bank, Rat-Elav-7E8A10),

mouse anti-Dachshund (1:20, Developmental Studies Hybridoma Bank,
AB528190), rabbit anti-Liml (1:500, a gift from C. Desplan, New York
University, New York, USA) and rat anti-Grain (1:200, a gift from A. Garces)
(Garces and Thor, 2006). Secondary antibodies used in this study were as
follows (used at 1:400): Alexa Fluor 488-conjugated goat anti-rabbit
(Invitrogen, A11034), Alexa Fluor 488-conjugated goat anti-chicken
(Invitrogen, A10262), Alexa Fluor 488-conjugated goat anti-mouse (Thermo
Fisher, A28175), Alexa Fluor 488-conjugated goat anti-rat (Invitrogen,
A11006), Alexa Fluor 568-conjugated goat anti-rabbit (Life Technologies,
A11011), Alexa Fluor 568-conjugated goat anti-mouse (Invitrogen, A11004),
Alexa Fluor 633-conjugated goat anti-mouse (Life Technologies, A21050) and
Alexa Fluor 680-conjugated goat anti-rat (Invitrogen, A21096).

For immunolabelling, brains were dissected in cold PBS and fixed in 4%
paraformaldehyde (containing 0.1% Triton X-100) at room temperature for
23 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 being washed 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. Brains were then washed five times with PBT and once with
PBS, before being mounted in SlowFade Gold Antifade Mountant (Thermo
Fisher Scientific).

Confocal imaging, and image processing and visualisation
Imaging was performed with a Leica SP8 laser scanning confocal
microscope equipped with 488-, 561- and 633-nm lasers, and using a 40x
or 63x objective. Deconvolution of confocal data (Figs 1,2; Fig. S1) was
performed with Huygens Deconvolution software (Scientific Volume
Imaging) using default parameters. Image processing and measurements
were performed with the Fiji software package (Schindelin et al., 2012).
Three-dimensional visualization of confocal data (Fig. S6B,C), neuron
reconstructions and measurements (Figs 1,2) were performed with Amira
software (Zure Institute Berlin, Thermo Fisher Scientific). Vaa3D software
(Allen Institute for Brain Science) was also used for 3D visualization of
confocal data (Fig. S5). All figures were prepared using Inkscape software.

In grain-RNAi MARCM experiments (Fig. 6), both control and
experimental brains showed leaky GFP expression in most of the T4/T5
neurons. However, some brains contained single-labelled T4 and/or TS5 cells
expressing GFP at much higher levels than the rest of the T4/T5 neurons,
which indicated the absence of the rub-Gal80 transgene and the high
expression of UAS transgenes in these cells. In both control and
experimental brains, only T4 neurons with the highest GFP expression
(showing saturated fluorescent signals with laser power of 10%, gain of
100% and pinhole of 0.6) were selected for imaging. In this way, we aimed
to image and analyse only those T4 neurons with the highest expression of
UAS-grain-RNAi. All control and experimental brains were immunolabelled
and mounted in parallel following the same protocols.

Quantification of Grain levels in T4/T5 cell bodies

Relative expression levels of Grain in T4/T5 cell bodies of different
subtypes (Fig. 3H,I) were quantified as follows: For each optic lobe, we
used Fiji to measure the mean fluorescence intensity (anti-Grain channel)
from approximately 60 manually segmented T4 and T5 cell bodies (Lim")
in single optical sections. We classified each cell body into one of the four
T4/T5 subtypes based on anti-Dac staining and grain-Gal4 expression
(GFP™). For each T4/T5 subtype, we obtained the average of Grain
fluorescence per cell body and divided it by the mean fluorescence
intensity (in the anti-Grain channel) of ten surrounding cell bodies that
were not from T4/T5 neurons (Lim™). Calculations were performed using
Microsoft Excel Software and plots were constructed using Python 3.6. In
box-and-whisker plots, the end of the whiskers represent the minimum and
maximum values.

Morphological characterization of T4 and T5 neuron subtypes
We digitally reconstructed individual T4 and T5 neurons from deconvolved
confocal image stacks (Figs 1,2) using the magic wand tool of Amira’s
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segmentation editor, followed by surface model generation. For each
neuron, the range of pixel intensities used by the magic wand tool was
adjusted manually in the display and masking area. In order to classify each
reconstructed T4 and T5 cell into one of the four subtypes (Fig. 1D,E), we
used the relative position of the axon terminal in the lobula plate, which was
quantified as follows: the distance between the axon’s first branching point
and the most posterior edge of the lobula plate along the anteroposterior axis
was measured in a single optical section with Fiji. This value was
normalised by the total length of the lobula plate along the anteroposterior
axis at the proximodistal position occupied by the axon’s first branching
point. The numbers 0 and 1 represent the most posterior and the most
anterior edges of the lobula plate, respectively. We followed a very similar
procedure to classify single-labelled T4 and T5 cells in MARCM
experiments (Fig. 5; Fig. S5; Fig. 6), with the only difference being that
we used the position of the first axonal bouton to calculate the relative
position of the axon terminal in the lobula plate.

The dendrite of each digitally reconstructed T4 and TS was segmented
using the brush tool of Amira’s segmentation editor, and dendrite volume
(Fig. 2A,B) was determined using the material statistics tool of Amira. For
comparisons of dendrite volumes across developmental stages, the dendrite
volume of each dendrite was normalised to the dendrite volume with the
highest value.

To quantify T4 dendrite orientation (Figs 2,5,6; Fig. S1), we imaged
dendrites only in frontally oriented regions of the medulla, in which the
anteroposterior and dorsoventral axes were recognisable. For each dendrite, we
first defined the dendrite’s first branching point and made a maximal z
projection of the whole dendrite in Fiji. Next, we used a custom-written Python
script to manually set a threshold in the image to remove background noise,
and to calculate a vector from the dendrite’s first branching point to every
fluorescent pixel. The angles of the calculated vectors were binned in 12 bins,
values were normalised to the total number of vectors, and polar histograms
were plotted. A similarity index between the dendrite orientation of a grain-
overexpressing (or a grain-RNAi expressing) T4 neuron and the average
dendrite orientation of a control T4 subtype (Fig 5S; Fig. 6S) was calculated as
follows: the values of equivalent bins in the two polar histograms were
subtracted, and all the resulting absolute values were summed. Therefore, the
higher the value was (dark blue in Fig 5S; Fig. 6S), the more different the
dendrite orientations of the two neurons were. By contrast, the lower the value
was (yellow in Fig 5S; Fig. 6S), the more similar the dendrite orientations of
the two neurons were. Calculations were performed using Microsoft Excel and
Rstudio, and plots were constructed using Rstudio.

Sample preparation and single cell RNA-sequencing

Drosophila pupae of the line SS00324-Gal4 recombined with UAS-mCDS8::
GFP, were collected at 0 h APF and kept in an incubator at 25°C at 60%
humidity. Pupae were put on ice for 15 min before the desired
developmental stage and then dissected in Schneider’s insect medium
(Sigma-Aldrich, S0146) with 10% fetal bovine serum (complete
Schneider’s medium). The dissociation protocol was modified from a
previous study (Harzer et al., 2013). Pupae were dissected for a total of 1 h
and washed three times with complete Schneider’s medium before an
incubation for 30 min at 30°C with a mix of papain (5 units), Liberase TM
(0.13 Wu) and complete Schneider’s medium in a total volume of 210 pl.
Afterwards, they were washed three times with complete Schneider’s
medium before dissociating the cell bodies by pipetting up and down 15
times with a 200 pl pipette. Next, GFP" cell bodies were isolated from the
samples using a BD Aria III cell sorter. Propidium iodine was added as
a dead cell marker to remove apoptotic cells. The sorted cells were
immediately counted with a haemocytometer and loaded in the 10x
Chromium Controller. We aimed to recover between 5000 and 10,000 cells
per reaction, dependent on the concentration of the cell suspension. The
libraries were prepared as instructed by the 10x Genomics protocol. We used
the v. 3 Kit for all reactions. All sequencing runs were performed on an
Illumina NextSeq 500 Sequencing System (SY-415-1001) by the next-
generation sequencing facility at the Max Planck Institute (MPI) of
Biochemistry. The libraries were sequenced with a NextSeq 500/550 High
Output Kit v2.5 (75 cycles or 150 cycles, Illumina, 20024906/20024907).

Single cell RNA-sequencing analysis

The data were preprocessed using the Cell Ranger software v3 (10x
Genomics) and aligned to the Ensemble 97 Drosophila melanogaster
genome. GFP, Gal4 DBD and Gal4 AD (Addgene sequences: #26220,
#17574, #26233, #26234) were added to the reference genome and
annotation file. The output files of Cell Ranger were loaded into R and
analysed with the R package Seurat v3.1.0.9007 (development version). The
datasets were manually filtered based on the number of counts per cell and
the number of features per cell (Table S1). Genes were only considered if
they were expressed in at least three cells and cells with fewer than 200
unique molecular identifiers (UMIs, molecular tags to detect unique mRNA
transcripts) were excluded. Furthermore, we removed all cells in which more
than 10% of all counts could be allocated to either genes coding for
mitochondrial or heatshock proteins (Table S2). These genes are an
indicator of a cellular stress response, which can change the transcription
profile of affected neurons (Morrow and Tanguay, 2003). The genes were
identified by searching the list of detected genes for ‘mt:” and ‘Hsp’.
Gender-specific gene expression can also drive substantial transcriptomic
variation that can mask biological signal. To mitigate this effect, we used an
approach similar to that proposed in a previous study (Mayer et al., 2018). A
gender score for each cell was calculated using a supervised analyses with
known gender specific markers (Amrein and Axel, 1997; Mayer et al.,
2018). To remove misleading sources of variation, we regressed out the
number of UMIs, genes detected per cell, the gender score, as well as the
percentages of mitochondrial, heatshock and ribosomal proteins expressed
using the SCTransform function in Seurat v3. SCTransform was also used to
normalise the expression values. To batch correct the two datasets acquired
for each developmental stage, we used the integration tools from Seurat v3.
We set the number of variable genes to 10,000 in the SCTransform
and the SelectIntegrationFeatures functions. Subsequently, we applied
the PrepSCTIntegration and FindIntegrationAnchors functions before
combining the datasets with IntegrateData from Seurat v3. The adjusted
expression levels were saved in the ‘integrated’ assay of the Seurat object,
which was used for the following analysis. After PCA, we used the first 15
principal components (PCs) and a resolution parameter of 0.8 for the
clustering of all datasets with the Louvain algorithm. We qualitatively
identified and removed clusters that were not T4/T5 neurons or had a
different transcriptome because of the cellular stress response, by manually
excluding cell clusters that had an unusually high percentage of heatshock
and mitochondrial counts (Table S2), as well as clusters with low expression
of T4/T5-specific markers (SoxN, Sox102F, Liml) (Pankova and Borst,
2016; Davie et al., 2018; Konstantinides et al., 2018; Davis et al., 2020).
Thus, we were able to discard cells that added noise to the datasets. For the
resulting datasets, we first defined the 2000 most variable genes for every
developmental stage followed by PCA and clustering, as before, with
adjusted parameters (Table S2). The number of PCs used for the clustering
was determined manually using the elbow method based on the value of the
standard deviation of every PC. We visualised the integrated datasets using
uniform manifold approximation and projection (UMAP) and annotated the
clusters according to known markers. In order to validate the similarity of
clusters between stages, we integrated the datasets from each developmental
stage using the CCA alignment tool from Seurat v3. The variable genes were
set to 2000 and we used ten PCs for dimensionality reduction and
visualization (Fig. 3D).

Differential gene expression analysis

In order to find differentially expressed genes (DEGs) between T4/T5
subtypes, we performed a pairwise comparison of the annotated clusters
using the FindMarkers function of Seurat v3 for all developmental stages
separately after the clusters were annotated. We used the ‘RNA’ assay with
high thresholds (min.pct=0.5, min.diff.pct=0.5, logfc=2) in order to only
find genes that were specific for each cluster. Of the 159 DEGs identified at
any of the five developmental stages (Table S3), 16 DEGs passed
the thresholds at all stages. For visualization of these genes, we used the
‘integrated’ assay for the heat map (Fig. 3C; Fig. S2). In order to compare
the expression of genes, we switched to the ‘RNA’ assay, as it contains
the number of UMIs assigned to each gene, without any normalisation
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(Fig. 4A-G; Fig. S3A). Dot plots were obtained using the DotPlot function
of Seurat v3 and the ‘SCT” assay, which calculated the average expression of
each gene in each cluster and represented it by a colour scale. The size of the
dots was determined by the percentage of cells expressing the respective
gene (Fig. 4H-J, Fig. S3B).

Identification of transcription factors and cell-membrane
proteins in the list of 159 DEGs

In order to identify transcription factors in the list of 159 DEGs, we obtained
alist of 651 Drosophila transcription factors from the Animal Transcription
Factor Database v. 3.0 (bioinfo.life.hust.edu.cn/AnimalTFDB/) (Hu et al.,
2019). To identify cell-membrane proteins (excluding neurotransmitter/
neuropeptide receptors, ion channels and transporters), we manually
inspected the function annotation of each gene in FlyBase (release
FB2019_04) (Thurmond et al.,, 2019). A few genes that were not
annotated in FlyBase as cell-membrane proteins were considered as cell-
membrane proteins based on previous work (Li et al., 2017).
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Figure S1. Quantification of dendrite orientation in the four T4 subtypes imaged by confocal

microscopy or reconstructed from electron microscopy data.

(A-H) Examples of adult T4a, T4b, T4c and T4d dendrites imaged with confocal microscopy after labelling
by means of the MCFO and the SS00324-splitGal4. Yellow dots mark the dendrite’s first branching point.
Scale bars: 5 pm. Quantifications of dendrite orientation are shown as polar histograms with the 2D
distribution of fluorescent pixels (indicative of the presence of dendritic branches) around the dendrite’s
first branching point (N=4 dendrites per subtype). A, P, D, V: Anterior, Posterior, Dorsal, Ventral (visual field
coordinates). Mean + SEM are shown.

(I-P) Examples of adult T4a, T4b, T4c and T4d dendrites reconstructed from electron microscopy (EM) data
(Takemura et al., 2017). Yellow dots mark the dendrite’s first branching point. Quantifications of dendrite
orientation are shown as in (A-H) (N=4 dendrites per subtype).
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Figure S2
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Figure S2. Eight transcriptionally distinct groups of T4/T5 neurons correspond to the four subtypes
of T4 and T5 neurons at 24, 36, 60 and 72h APF.

(A-H) Visualizations of T4/T5 neurons sequenced either at 24, 36, 60 or 72h APF (A,C,E,G) using UMAP
after dimensionality reduction by PCA and unsupervised clustering based on the Louvain algorithm. Each
dot is a single cell. Cells are arranged according to transcriptome similarity. We manually assigned clusters
to either T4 or T5 based on TfAP-2 expression. Clusters were assigned to either T4/T5a,b or T4/T5c,d
based on dac and omb expression. We assigned clusters to either T4/T5b,c or T4/T5a,d based on grain
expression. Eight single-cell clusters were matched to the four T4 subtypes (T4a-d) and to the four T5
subtypes (T5a-d) in every examined developmental stage. Heat maps (B,D,F,H) show the expression levels
of the 16 genes found to be differentially expressed between the single-cell clusters of T4 and T5 subtypes
in every developmental stage examined. Each column corresponds to a cell and each row corresponds to
a gene. Cells are grouped based on cluster identities. Genes were manually ordered based on visual

inspection of subtype-specific expression patterns.
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Figure S3
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Development: doi:10.1242/dev.186296: Supplementary information

Figure S3. Expression patterns of cell-membrane proteins differentially expressed between T4/T5
subtypes.

(A) Subtype-specific expression patterns and dynamics of all genes encoding for cell-membrane proteins
that were found differentially expressed between T4/T5 subtypes. Y axis shows the count of transcripts per
cell (mean + SEM). X axis shows developmental stage (h APF). Genes were arranged alphabetically. *:
Genes with either higher expression levels in all T4 than in all T5 subtypes, or vice versa, or with subtype-
specific expression patterns only in T4 or T5 neurons. **: Genes differentially expressed between T4/T5
subtypes only during the last phase of dendrite growth (60-72h APF). ***: Genes with subtype-specific

expression patterns that switch over time.

(B) Dot plots showing the mean scaled expression levels (colour-coded) of some cell-membrane proteins
in the different T4/T5 subtypes at 36, 48 and 60h APF. Dot sizes represent the percentage of cells in which

the gene was detected. Genes were arranged alphabetically.
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Figure S4. Characterization of enhancer-Gal4 driver lines used for grain overexpression in T4/T5

neurons.

(A) The R42F06-Gal4 line labels only a very few maturing T4/T5 neurons in the late L3 larval optic lobe.
Neuronal cell bodies were marked with anti-Elav. T4/T5 neuron progenitors (Dac+/Elav-) are not labelled
by the R42F06-Gal4 line.

(B,C) T4/T5 neurons expressing tdTomato under the control of R42F06-Gal4 in pupal optic lobes at 4h and
18h APF. The R42F06-Gal4 expression pattern follows the maturation wave of T4/T5 neurons (Pinto-
Teixeira et al., 2018). Anti-DN-Cadherin (DN-Cad) and anti-Bruchpilot (Brp) label the neuropils.

(D) Early pupal optic lobe (4h APF) showing T5 neurons expressing GFP by means of the T5d-splitGal4

driver line.
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Figure S5. Grain overexpression in developing T5 neurons results in adult optic lobes with only

T5b,c neurons.

(A) Positions in the lobula plate occupied by axon terminals of single, control T5 neurons labelled by
MARCM (N=15). Each T5 neuron was classified into one of the four subtypes based on the lobula plate
layer occupied by its axon (T5a: N=4, T5b: N=1, T5c: N=4, T5d: N=6).

(B) 3D visualization of the dendrite from a control T5b neuron (axon in lobula plate layer 2) labelled by
MARCM. Yellow dot marks the dendrite’s first branching point. Anti-Bruchpilot (Brp) labels the neuropils.

A, P, D, V: Anterior, Posterior, Dorsal, Ventral (visual field coordinates).

(C) 3D visualization of the dendrites from a control T5d (left, axon in lobula plate layer 4) and a control T5c
(right, axon in lobula plate layer 3) labelled by MARCM.

(D) Positions in the lobula plate occupied by axon terminals of single, grain-overexpressing T5 neurons
labelled by MARCM (N=12). Grain-overexpressing T5 neurons project axons to either lobula plate layer 2
(N=5) or lobula plate layer 3 (N=7).

(E,F) 3D visualizations of the dendrites from grain-overexpressing T5b (axon in lobula plate layer 2) and
T5c (axon in lobula plate layer 3) labelled by MARCM. The dendrite orientations of these neurons are
indistinguishable from those of T5b and T5c wild-type neurons (B,C). The orientation of T5 dendrites was

qualitatively assessed by visual inspection.
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Figure S6. Grain overexpression in developing T4/T5 neurons does not cause specific cell death of
T4/T5a,d subtypes.

(A) Histograms showing the percentages of optic lobes (Y Axis) found with different numbers of GFP* T4
and T5 cell bodies (X Axis) in control MARCM experiments and in grain overexpression MARCM

experiments.

(B) 3D visualization of two T4 and two T5 neurons labelled in a control MARCM experiment, and projecting
dendrites and axons to the same retinotopic position of the medulla, lobula and lobula plate. The inset
shows the cell bodies of these neurons. The axon terminals of the four neurons (in green, digitally
reconstructed) were located in layers 3 and 4 of the lobula plate. These T4c,T5c,T4d,T5d neurons represent

a four-cell clone produced by a single neuroblast (Pinto-Teixeira et al., 2018).

(C) 3D visualization of two T4 and two T5 neurons labelled in a grain overexpression MARCM experiment,
and projecting dendrites and axons to the same retinotopic position of the medulla, lobula and lobula plate.
Their cell bodies are shown in the inset. The axon terminals of the four neurons (in green, digitally
reconstructed) were located only in layer 3 of the lobula plate. These T4c,T5¢,T4c,T5¢ neurons represent

a four-cell clone produced by a single neuroblast.

(D) The T5hd-splitGal4 line labels mainly T5 neurons with axons in layer 4 of the lobula plate (T5d subtype)
at the adult stage. Anti-DN-Cadherin (DN-Cad) labels the neuropils.

(E) T5 neurons are still present at the adult stage upon overexpression of grain with the T5d-splitGal4 line.
T5 neurons have axons in layer 3 of the lobula plate in this condition, consistent with T5d transforming into

T5c subtype after gaining grain expression.
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Table S1. Output information from the cellranger pipeline and additional information concerning the

filtering for every dataset.

Click here to Download Table S1

Table S2. Parameters used for different steps of the scRNA-seq analysis.

Click here to Download Table S2
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Mitochondrial Genes:
mt:ND2, mt:tRNA:Trp-TCA, mt:tRNA:Tyr-GTA, mt:Col, mt:Coll, mt:ATPase8,
mt:ATPase6, mt:Colll, mt:tRNA:Gly-TCC, mt:ND3, mt:tRNA:Ala-TGC, mt:ND5, mt:ND4,
mt:ND4, mt:ND6, mt:Cyt-b, mt:ND1, mt:tRNA:Leu-TAG, mt:IrRNA, mt:srRNA, mt:ori,
mt:tRNA:lle-GAT, mt:tRNA:Cys-GCA, mt:tRNA:Lys-CTT, mt:tRNA:Arg-TCG,
mt:tRNA:Ser-TGA, mt:tRNA:Val-TAC

Heat Shock Proteins:
Hsp70Aa, Hsp70Ab, Hsp70Ba, Hsp70Bbb, Hsp70Bb, Hsp70Bc, Hsp68, Hsp83, Hsp67Bc,
Hsp26, Hsp67Ba, Hsp23, Hsp27, Hsp60A, Hsp60D

Male-specific Genes:
IncRNA:roX1, IncRNA:roX2

Differentially Expressed Genes:

5-HT1A, AANAT1, ab, Adkl, ana, app, AstC-R2, beat-lla, beat-lllb, beat-IV, beat-VI, bi,
bnb, Btk29A, Ca-alphalT, Cad87A, Ccn, CG10384, CG11191, CG11319, CG12643,
CG13739, CG14340, CG15236, CG15765, CG1688, CG17124, CG17716, CG17839,
CG2016, CG2082, CG2269, CG30015, CG31221, CG31324, CG31637, CG31676,
CG31690, CG31760, CG32204, CG32206, CG32333, CG32432, CG33143, CG33543,
CG33639, CG34347, CG34353, CG34355, CG34377, CG34383, CG3655, CG42339,
CG42541, CG42817, CG4341, CG43427, CG43729, CG43778, CG43902, CG45263,
CG4546, CG6006, CG6959, CG7991, CG8861, CGI9331, CG9628, CG9932, cmpy, comm,
Con, dac, DIP-theta, dprl0, dprll, dprl6, dpr2, dpr3, dpr6, dpr8, drl, Drl-2, Dscam3,
Dscam4, ed, Fas2, Fili, fred, Frql, Furl, fz2, Gadd45, GILT1, glec, Grd, grn, hig, Hs3st-A,
igl, jus, kek1, kek2, kek3, klg, kuz, Lac, IncRNA:CR44978, mAChR-B, mav, mgl, mspo,
Nlg3, nolo, Nost, NPFR, Oatp26F, Octalpha2R, Octbeta2R, osp, Pdelc, Pde6, Pgant2,
pHCI-1, pros, Ptp10D, PVRAP, px, rad, RapGAP1, Rgk2, robo2, robo3, sano, Scgdelta,
sdk, Sf3b6, Shawl, side, side-Il, side-Il, side-IV, side-V, SKIP, SLO2, Slob, SPR, sty, Svil,
Tet, TfAP-2, Tl, Toll-6, Toll-7, Trim9, TrissinR, twit, twz, zId

Table S3. Genes used for filtering the datasets and genes identified during the differential gene

expression analysis.
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Abstract

The complex morphological patterning of dendrites during development
depends on a combination of contact-dependent interactions between
extrinsic and intrinsic proteins as well as signaling molecules. In this
work we use the Drosophila motion-sensing neurons (T4) as a model
for dendritic development. There are 4 subtypes (a, b, ¢, and d) of
T4 neurons which each respond preferentially to one of the four car-
dinal directions. Their dendrites are directional and oriented opposite
to their preferred direction of motion. To investigate the dendritic pat-
tern formation, we used an er wivo time lapse imaging approach to
observe single T4 dendrites during development. We first established
a quantitative framework utilizing a set of metrics for the morpholog-
ical characterisation of adult T4 dendrites to precisely describe their
structure. By applying this set of metrics to developing T4 dendrites,
we found them to be indistinguishable at 36 hours after pupa forma-
tion (hAPF). At around 48 hAPF, our results clearly identify horizontal
(a, b) and vertical (¢, d) subtypes. Additionally, we could further sep-
arate the horizontal subtypes into a and b based on their directional
growth at 57 hAPF. The different subtypes show varying growth pat-
terns which indicate an elongation of the topographical map in the
dorso-ventral direction of the neuropil. Finally, the growth pattern
of horizontal subtypes follows a sequential order from the proximal
to the distal synaptic compartments of T4 dendrites which might be
based on the synaptic wiring following the synaptotrophic hypothesis.



2

Introduction

Dendrites have some of the most complex branching structures observed in
nature [1]. Additionally, the developmental process to build dendrites is highly
variable when comparing the branches of neurons from the same cell type
across individual animals [2]. Nevertheless, neuronal circuits formed by variable
dendrites and axons are still able to perform the same computations in different
animals, indicating a robust process underlying neuronal development and
dendrite formation [3].

The studies of dendritic development so far have discovered basic growth
rules such as tiling, space filling and self-avoidance [4-7]. The mechanism
behind self-avoidance, especially, has been well studied, showing that the genes
responsible in different species have large varieties of splice isoforms, such as
Drosophila Dscaml1. 1t mediates the repulsion upon homophilic interaction
between Dscam! transmembrane proteins [8].

Proprioceptive sensory neurons in Drosophila larvae showed that transcrip-
tion factors, such as hamlet, can change the general shape of the dendrite to
have more branches if hamlet is not expressed or less branches, if it is [9]. Other
proteins, such as Dlic controlling vesicle transport or Rab), a phosphatase,
have also been shown to influence the branching pattern of dendrites [10].

The process of dendritic development is highly dynamic with filopodia
growing and retracting constantly [11-13]. Recent studies in the Drosophila
larvae have advanced our understanding in dendritic branching during develop-
ment. They showed how proprioceptive sensory dendrites form larger branches
first and afterwards add smaller ones to fill the space in between to reach
their mature shape [12]. With this current research some basic principles of
dendritic development have been uncovered. However, the influence of topo-
graphic maps in the context of dendritic development and patterning have not
been understood so far.

In this work we are utilising the first motion-sensing neurons (T4) in
Drosophila melanogaster to investigate how the anisotropic columnar shape of
the medulla layer 10 (M10) influences directional growth patterns. T4 cells are
located in the optic lobes of Drosophila (Fig.1A). More specifically, they have
their dendrites in M10 and can be divided into four subtypes based on gene
expression [14, 15], function [16] and morphology [17, 18]. Functionally, they
each respond to one of the cardinal directions, which is their preferred direc-
tion of motion [16]. Accordingly, their axons arborise in one of the four layers
of the lobula plate, depending on the subtype (Fig.1A).

T4 subtypes are already genetically identifiable right after the last division
of their progenitor ganglion mother cell at the L3 stage of development. After-
wards, they send out neurites to the medulla in waves along the dorso-ventral
axis to innervate M10. The waves of neurites arrive in a temporal gradient from
anterior to posterior [19]. In the retinotopic map of the medulla, the dendrites
grow in the direction opposite to their preferred direction as shown in electron
microscopy (EM) reconstructions [17]. This finding has been further strength-
ened by the distribution of synapses from different presynaptic partners in



distinct compartments, proximal, central and distal, which is aligned with the
dendritic orientation [20]. In order to compute the direction of motion, a single
T4 cell needs to integrate input from these three compartments [17, 18, 21, 22].

From a developmental point of view, the motion vision circuit in Drosophila
presents multiple challenges. The dendrites do not tile as previously observed
in neurons [6, 12]. Instead they have substantially overlapping receptive fields.
The subtypes each need to grow towards one of the four cardinal directions in
the same extracellular space, while their branches form synapses with different
presynaptic partners dependent on the dendritic compartment [17, 18, 20].
At the same time all of the inputs are available in every column [17, 18].
Altogether, the correlation of dendritic orientation with the T4 subtype allows
for the investigation the effect of the M 10 topographic map on dendritic growth
patterns during development.

To adress this question, we provide a framework to analyse light microscopy
(LM) data of fixed samples and ex vivo time-lapse imaging data in a quan-
titative manner. We use it to describe the growth patterns in T4 neurons of
Drosophila. First, we define a set of metrics that describe the adult dendrite.
We show that T4 subtypes in the adult are similar in shape and size. Their
directionality, however, is quite different and can be used as the main char-
acteristic to distinguish between them. Second, we use two-photon time-lapse
imaging to follow the dendritic development of individual T4 neurons in the
pupa brain. We show that the method adapted from a previous study [23] can
follow the growth of dendrites for at least 20 hours. Next, we could separate the
dendrites into the horizontal and vertical subtypes based on elongation. Hori-
zontal subtypes could be further subdivided into T4a and T4b based on their
directionality. Horizontal and vertical subtypes show different growth patterns
which could be linked to the shape of the receptive field and the anisotropic
topographic map of M10 arranged in a hexagonal pattern.

Results

Morphological characteristics of adult T4 neurons

In order to describe the growth pattern of T4 neurons, the first direction-
selective neurons in the Drosophila visual system, we defined a set of
quantitative metrics that describe the dendrites in the adult. For this reason,
we collected images of single T4 neurons. The z-projections of individual T4
neurons from each subtype (Fig.1B) show the general structure of the dendritic
tree. The entry point (see Materials and Methods 2) was assigned manually
and labels the first branching point of the neurite entering the medulla. The
images were pre-processed (see Materials and Methods 2) and rotated to have
the same anatomical coordinates. We first measured size descriptors of the
dendrite such as the volume (Fig.1C). While it is variable across dendrites it
did not show a clear difference between subtypes. Next, we determined convex
hull area based on the z-projection (Fig.1D). This metric estimates dendritic
growth by measuring the area covered within M10. While subtypes T4c¢ and
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Fig. 1 Morphological analysis of adult T4 dendrites: (A) Illustration of a horizontal view
for an adult optic lobe showing example neurons for the four T4 subtypes (a, b, ¢ and d)
in blue, green, orange and red, respectively. (B) Representative dendrite images of single-
labelled adult T4 neurons from each subtype. The magenta dot indicates the dendritic entry
point into M10 “Entry Point”. (C-F) 3D dendritic volume, 2D area of the convex-hull,
convexity and elongation, respectively, for the adult T4 dendrites separated by subtype T4a
(blue; n=7), T4b (green; n=7), T4c (orange; n=8) and T4d (red; n=6). The dark purple
line indicates the median. (G) Polar histograms showing the average distribution of the
normalized count of fluorescent pixels around the Entry Point (indicated by magenta dot
at the center) for the different T4 subtypes (a, b, ¢ and d) from left to right, respectively.
Posterior side is considered to be 0°, and dorsal side is considered to be 90°. Error bars show
+ one standard deviation. (H) Dendritic orientation based on principle component analysis
(PCA). Individual dots represents individual neurons, and arrows represents the mean of
each subtype; M10, medulla layer 10; L1, lobula layer 1; L, lateral; M, medial; A, anterior;
P, posterior; D, dorsal; V, ventral; A.U., arbitrary unit.



T4d have a slightly bigger convex hull area, overall they are not significantly
different. Together these metrics for size show a higher variability and cannot
be used to distinguish between T4 subtypes. In order to estimate how com-
plex the dendrite is concerning the branch structure, we use convexity (see
Materials and Methods 2) to compare the perimeters of the convex hull and
the dendrite. If the dendrite has many branches (Fig.1B) the perimeter of the
dendrite would be a lot larger compared to the perimeter of the convex hull. A
small value close to zero, thus, indicates a more complex object in terms of its
shape, which would translate to a dendrite that has a more elaborate branch-
ing pattern. The convexity value of the different subtypes is quite low showing
that the dendrites are complex in terms of branching structure (Fig.1F). The
next metric examines the dendrite based on the position of the voxels (Fig.1E).
We used the principle components of the binary image coordinates to find the
2-dimensional axes which best describe the variance within the image. These
help us to measure the elongation of the dendrite (see Materials and Meth-
ods 2). Since they have the same receptive field according to the EM studies
[17, 18] the elongation in the dorso-ventral direction is present in all dendrites
(Fig.1E). The results (Fig.1A-F) are not able to distinguish between T4 sub-
types but can be used to describe them collectively. Consequently, we want to
include a metric that should show a difference as described before [15, 17, 18].
The main difference between T4 dendrites is the orientation. However, it is
not trivial to calculate the orientation of dendritic branches for our LM data.
We used the entry point of the T4 neuron into the medulla as a point of refer-
ence (Fig.1B). We first plotted the distribution of voxels based on their angle
(Fig.1G). While we find variability between the dendrites as depicted by the
error bars, a clear bias for the directionality of the dendrite emerged (FiglG).
This is in agreement with previous EM findings [17, 18]. Additionally, sub-
types T4a and b are more broadly distributed along the main direction of
growth, whereas subtypes T4c and d have more voxels aligned in their respec-
tive preferred direction. T4c¢ and d also have more voxels in the opposite side
of their main growth direction. We calculated the main direction of growth for
each dendrite using principle component analysis (PCA) (FiglH). Thereby, the
preferred direction of growth is obvious for each subtype, respectively. Alto-
gether, we defined a set of metrics to analyse the morphology of T4 dendrites
based solely on LM images. Furthermore, the dendrites of all T4 subtypes are
highly similar in most metrics. We have confirmed the main differences found
in the EM reconstructions in our LM data and can utilise them to separate
the subtypes. These experiments provide the foundation to further investigate
the development of T4 dendrites.

Dendritic growth of T4 neurons

In order to observe the growth of T4 dendrites, we implemented an ez vivo
time lapse imaging (TLI) approach [23]. We built a custom-made two-photon
microscope with two detection pathways in order to increase the signal-to-
noise ratio in our imaging sessions (Fig.2A). We recorded an image stack every
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Fig. 2 Ez-vivo imaging of T4 dendrites shows non-linear growth during development. (A)
Schematic of sample preparation and imaging settings. (B) Top: timeline for the sample
preparation and imaging window. Bottom: two examples of overlay for neurons at the start
(green) and after 20 hours at the end (violet) of time-lapse imaging. (C) 3D Volume in um?3
of T4 dendrites in ex-vivo brains imaged over time from 37 hAPF until 57 hAPF (n=18).
(D) 2D area in um? of the bounding convex-hull for the same T4 dendrites, whose volume
are shown in C. (E) Convexity value of the same T4 dendrites. Data shows individual traces
with the mean (blue bold line) + standard deviation (shaded area). (F) 3D Volume in pum3
of T4 dendrites as in C with the logistic model fit in blue. The histogram in red shows the
probability distribution found using a permutation procedure for finding the time-point with
the maximum curvature in the model fit (see Materials and Methods).

15 minutes to observe the dynamic process of dendritic development. Previous
results assume the start of the dendritic growth to be at around 36 hours
after pupa formation (hAPF) [15]. The timeline for the TLI experiment was
arranged accordingly (Fig.2B). We were able to continuously record a single
brain for at least 20 hours. Subsequently, the data was pre-processed to obtain
single neurons for analysis (see Materials and Methods 2/2).



First, we wanted to prove that neurons grow similarly to previously pub-
lished data validating our method and analysis. The z-projections of two
example neurons at their starting point at 37 hAPF in green and at the end of
the imaging session at 57 hAPF in magenta (Fig2B) show a clear increase in
size between the two time points. To quantify their growth we used the same
metrics for size as in the adult. Starting with the volume, the increase in the
beginning is moderate (Fig.2C). Fixed tissue samples revealed previously that
the dendritic growth of T4 neurons is linear between 36 hAPF and 60 hAPF
[15]. However, the temporal resolution for the fixed tissue samples were twelve
hours. In comparison, our TLI data with a temporal resolution of 15 minutes
allows us to fit a logistic function to the growth curves (Fig.3F). This reveals a
non-linear fit is the best with the lowest root mean square error (Supp.Fig.1).
Through permutation testing (see Materials and Methods 2), the first inflec-
tion point reveals that there is an increase in growth rate at around 45 hAPF
(Fig.2F).

The convex hull area of the z-projection also increases throughout duration
of the experiment, doubling in size from the beginning to the end (Fig.2D). The
convexity starts with a higher value at the beginning of our TLI (Fig.2E). This
means that the dendrite is not as intricate in structure, yet (Fig.2B). The shape
changes during development with the extension of filopodia and branches. This
is highlighted especially around 45-49 hAPF suggesting an increase in com-
plexity that is maintained till the end of our experiment (Fig.2E). Comparing
the values for convexity to the adult, it does not reach the elaborate dendritic
branching in the course of our experiments. Nonetheless, our experiments show
a non-linear growth for T4 dendrites in multiple metrics opposite to previous
findings using only fixed tissues [15]. This increase in growth rate at around
45 hAPF could be evidence for specific growth phases during development.

We compared the values of these three metrics for the T4 dendrites at 57
hAPF of the TLI data to T4 dendrites in fixed samples at 54 hAPF and to
adult data. The volume of TLI dendrites at 57h APF is significantly larger than
that of the fixed pupal control samples. However, this is likely due to the differ-
ent axial resolutions used between the confocal and two-photon microscopes.
Especially since the convex-hull area values are similar between the TLI sam-
ples at 57 hAPF and fixed tissue controls at 54 hAPF | where the z-axis is not
considered (Supp. Fig.2).

Subtype-specific characteristics of T4 dendrites during
development

All dendrites grew at a similar rate in our experiments. However, the previ-
ous metrics (Fig.2) do not divide the dataset into clusters of individual T4
subtypes. However, we noticed that some neurons grew more circularly, while
others became more elongated by the end of the imaging session at 57 hAPF
(Fig.2B). We wanted to see if these two types of growth corresponded to spe-
cific T4 subtypes. In order to identify the individual subtypes, we first used
the approach of measuring the axon position of each neuron in the lobula plate
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Fig. 3 T4 subtypes can be identified based on their dendritic morphology at 57 hAPF.
(A) clustering of T4 neurons (n=18) at 57 hAPF after being imaged ez-vivo for 21 hours
based on their relative axon position and dendritic elongation. (B) Dendritic elongation of
T4 dendrites in ez-vivo brains imaged over time from 37 hAPF until 57 hAPF for horizontal
subtypes (n=9) and vertical subtypes (n=9). Data shows individual traces with the mean
(bold line) + standard deviation (shaded area). (C) Left: Polar plot of dendritic centroid
to EP angle for T4a (blue; n=7) and T4b (green; n=2). The thick line represents the line
of separation along the preferred growth axis. Right: the dendritic centroid distance from
the EP along the preferred growth axis (A/P for the horizontal T4s) (D) Left: Polar plots
of dendritic centroid to EP angle for vertical neurons (T4c and T4d) (n=9). Right: the
dendritic centroid distance from the EP along the preferred growth axis (D/V for the vertical
T4s). (E) Polar histograms showing the average distribution of fluorescent pixels around the
Entry Point (indicated by magenta dot at the center) for the different T4 subtypes (a, b, ¢
and d) from left to right, respectively. Posterior side is considered to be 0°, and dorsal side is
considered to be 90°. Data is mean+ standard deviation [A.U.]; P, posterior; D, dorsal; A/P,
Anterior /Posterior axis; D/V, Dorsal/Ventral axis; A.U., arbitrary unit; EP, Entry Point.
Individual thin lines represents individual neurons, thick lines represents the mean, and the
shaded areas represents & one standard deviation from the mean.



to determine its subtype [15]. The thickness of the lobula plate layers during
development and the larger z-step did not allow for the unequivocal identifica-
tion of all T4 subtypes. Nevertheless, we were still able to distinguish between
horizontal (a, b) and vertical (c, d) system neurons. We found that at the
end of the imaged time window (57 hAPF), the dendrite elongation also sepa-
rates the dataset into horizontal and vertical neurons (Fig.3A). We confirmed
this result using fixed tissue samples at 54 hAPF (Supp.Fig.3B). This separa-
tion allowed us to divide the subtypes into pairs of two using only the value
of dendritic elongation. In the following, we investigated when the dendritic
elongation separates horizontal subtypes from vertical ones in the developmen-
tal process (Fig.3B). From 48 hAPF onward the horizontal subtypes become
significantly different from the vertical ones. From this, we concluded that hor-
izontal subtypes can be differentiated from vertical subtypes solely based on
their dendritic elongation as early as 48 hAPF.

As mentioned before, individual subtypes could not be identified in our TLI
dataset based on their axon position. However, we tested if we could identify
them at 57 hAPF based on their dendritic orientation. The previous metric
that we used for orientation in adult dendrites did not work (Supp.Fig.3C).
This could be due to the circular shape of the vertical neurons or because the
neuron’s dendritic field at this pupa age is different from the adult dendritic
field. Therefore, we postulated that the centroid to entry point angle should
still lean towards the preferred direction of growth for each dendrite accord-
ing to its subtype. Therefore, we tested if we can separate the neurons into
their 4 individual subtypes using this angle. We compared the dendritic ori-
entation of horizontal (Fig3C) and vertical (Fig3D) subtypes separately. T4a
and b show a clear directional bias in both the directional metric and the dis-
tribution of voxel angles from the entry point (Fig.3C and Fig.3E) based on
what we would expect from the adult data. T4a and b subtypes resemble their
adult counterparts more closely, allowing us to assign them accordingly. Both
show a larger number of voxels in the dorsal direction (Fig.3E). Next, we com-
pared the coordinates of the centroid along the main direction of growth with
respect to the adult. For T4a and b, it corresponds to the x-axis (Fig.3C). The
position relative to its entry point for these neurons distinguished T4a from
T4b (Fig.3C). T4a has its x-coordinate leaning posterior relative to its entry
point, while T4b is the opposite (Fig.3C). We also confirmed these results with
fixed tissue samples at 54 hAPF (Supp.Fig3D).

For the vertical system neurons, the orientation can separate the dataset
based on the midline (Fig.3D). We used fixed tissue samples at 54 hAPF as
controls, to obtain a higher resolution images in the lobula plate and determine
the identity according to the layer of axon arborization. The centroid position
relative to the entry point along the y-axis in the fixed samples show a variable
orientation and do not allow us to classify the neurons as either ¢ or d subtypes
(Supp.Fig3E). The distribution of voxels based on their angle (Fig.3E) also
does not identify clearly with the adult distribution of either ¢ or d subtypes.
In conclusion, we managed to separate our data into horizontal and vertical
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subtypes of T4. While a and b subtypes can be identified using only dendritic
growth metrics in our TLI experiments (Fig.3E) subtypes ¢ and d are harder to
distinguish. Nevertheless, we find differences in orientation within the vertical
T4 population.

Growth patterns of T4 dendrites

Next we analysed the growth patterns of horizontal and vertical subtypes. One
growth metric is the centroid of the dendrite over time. We use the centroid
of the first time point as our point of reference. First, we analyzed how the
centroid shifts during development (Fig.4A-D). Individual dendrites of the
horizontal subtypes (Fig.4A-B), first divide into groups growing either more
dorsally or more ventrally. In the course of the experiments they slowly grow
towards their main direction of growth as seen in the adult. We separated the
vertical subtypes based on the growth direction along the dorso-ventral axis.
Together, the vertical subtypes do not have as much of an orthogonal spread
to their main orientation in the dorso-ventral axis. They grow more uniformly
in either the dorsal or ventral direction. Interestingly, the last time points show
that the centroid is moving into the opposite direction in each trajectory.

Taking a closer look at the movement of the centroid in the main direction
of growth, we separated the movement of the centroid in the x- and y-axis
(Fig.4E-F). The growth of T4a and b along the dorso-ventral axis does not
show a clear bias in any direction but maintains its position very close to
the position of the first time point where the dendrite is still mono columnar
(SuppFig.4A). Focusing on the main direction of growth based on the adult
dendrites, the horizontal subtypes at first don’t grow in this direction until
around 46 hAPF, which coincides with the change in growth rate. The centroid
just moves around in the same area for the first few hours. After 46 hAPF
the separation between subtypes becomes clear when considering the centroid
position. This trend continues till the last time point (Fig.4E). For the vertical
subtypes, the trajectory of the dendrite in the anterio-posterior axis is biased
towards the posterior for most neurons (Supp.Fig.4B). In the dorso-ventral
axis neurons grow either dorsally or ventrally from 40 hAPF onward. In the
last few time points it appears as if the centroid is starting to move into the
opposite direction again (Fig.4F). The movement of the centroid can not be
attributed to a retraction of branches since the absolute size of the dendrite
does not change (Fig.2C-E). This means that the dendrite is first stabilizing
its branches in one direction and afterwards extending neurites in the opposite
direction.

Altogether, the horizontal subtypes divide into two groups which grow
either first dorsally or ventrally independent of subtype. Afterwards they follow
the expected growth direction. Vertical subtypes in comparison can be grouped
into two groups that have opposing growth directions along the dorso-ventral
axis. Furthermore, there seems to be a change in growth direction for vertical
subtypes in the final part of our experiment. In conclusion, horizontal and
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vertical subtypes follow different growth patterns during development, even
though they need to fill the same receptive field.
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Fig. 4 Directional growth of T4 dendrites. (A-D) Trajectories of dendritic centroid over
time for T4a (n=7), T4b (n=2), vertical neurons group 1 (n=7) and vertical neurons group
2 (n=2), respectively. Individual grey lines represent individual neurons. The dots’ colors
correspond to time (hAPF) as indicated by the color scale. (E) Shift in the centroid coordi-
nate in pm along the posterior-anterior axis for T4a and T4b. Positive values correspond to
shift toward the posterior side. (F) Shift in the centroid coordinate in pm along the dorsal-
ventral axis for vertical neurons. Positive values correspond to shift toward the dorsal side.
Two types of shift could be identified. Individual thin lines represents individual neurons,
thick lines represents the mean, and the shaded areas represents + one standard deviation
from the mean.
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Discussion

Here, we investigated the dendritic development of T4 neurons in the
Drosophila pupa using ex-vivo time lapse imaging. We established a set of
metrics and used them to differentiate between T4 subtypes. Further, we inves-
tigated the growth patterns of horizontal and vertical subtypes in more detail
by following the centroid of the dendrite over time and find different growth
patterns between the T4 subtypes. Based on these results, T4 dendrites are
not just filling their receptive field such as other neurons [12] but grow in a
more elaborate way. They could potentially have two phases of growth during
our experimental period, where in the first, they are searching in their vicinity
and only stabilize branches in the second phase when they know the direc-
tion of growth based on external cue. Qualitative observations of the filopodia
dynamics (data not shown) suggests the branches actively search for the next
column to grow towards. This in turn could lead to the specific wiring sequence
in the dendrite to compute the direction of motion [20, 22].

The classification of the vertical subtypes is not as easy, since their growth
is more circular and does not show a clear bias in orientation. Their trajec-
tory however, clearly separates them into two groups, growing either dorsally
or ventrally first (Fig.3). This separation is also along the main direction of
growth for the vertical subtypes. Additionally, they first grow into the one
direction and towards the end of our experiment direct their growth in the
opposite direction. This behaviour is interesting and could mean that changes
in the temporal expression of certain genes lead to the dendrites redirecting
their growth.

Another interesting characteristic is the transformation from a hexagonal
to a square grid in the topographic map of M10 [17, 24, 25]. The ommatidia
as well as the columns in the lamina and medulla are organised in a hexagonal
fashion [26, 27]. This means that the lattice on which the T4 dendrites grow has
three axis in contrast to the four subtypes which only calculate the direction of
motion along two axis, horizonal and vertical [16]. Therefore, the information
extracted along the horizontal axis does not come from points in space that
follow a line, but the receptive fields of T4 need to be enlarged to calculate the
direction of motion along the horizontal axis. This is reflected in the differences
of growth we observed in the TLI data and in the adult shape of T4 neurons.
The horizontal subtypes are elongated in the dorso-ventral axis, since columns
in the horizontal axis are not arranged in a line but in a zigzag [18]. T4
dendrites need to extend more along the dorso-ventral axis, to get access to the
same information. This is possibly one reason for the difference in width along
the main direction of growth between the horizontal and vertical subtypes.
Furthermore, the intrinsic elongation of the medulla columns [18] increases
this bias even more.

For the dendritic development of T4 neurons, our results show that there
are several steps. The dendrites of horizontal subtypes first stay within the
orthogonal axis to their main growth. These branches correspond to the prox-
imal region or the null side of the adult dendrite. This points towards the



13

dendrite first growing into the proximal receptive field [17, 20] and later extend
towards the main direction of growth. Since the columnar structure of M10
does not show any apparent orientation, our results can be interpreted that the
dendrites of T4 neurons first search for signals that could correspond to the
input neurons on the null side. This includes Mi4, CT1 and C3 cells [17, 18].
This could be an indicator for the synaptotrophic hypothesis, where synaptic
partners are necessary to stabilise dendritic branches [28-30].

Time lapse imaging of a later point of dendritic development could show
if this is indeed the case. Moreover, it will be possible to use this information
in the search of candidates for the molecular mechanism of directed growth.
Taken together, our results show a time dependent growth pattern for T4
dendrites during development, which is likely guided by the topographical map
of the medulla.

Materials and Methods

Drosophila stocks

Except when indicated, flies were raised on standard cornmeal agar medium
at 25°C and 60% humidity with 12h light/dark cycle. All images of adult
brain were obtained from female flies, while pupal images were from a mix
of male and female flies. The following fly strains were used for obtaining all
the pupal brain images: R42F04-Gal4 (BDSC: 41253), UAS-CD4-tdTomato
(BDSC: 35837), UAS-frt-stop-frt-CD4-tdGAP ([31]), hsflp-2-PEST (BDSC:
62118). (hsflp-2-PEST/Y or w+; UAS-frt-stop-frt-CD4-tdGAP /+; UAS-CD4-
tdTomato/R42F04-Gal4) was the final genotype of the pupae that were
dissected for obtaining the pupal brains. For producing the adult brain images,
male flies that had hsflp-2-PEST on the X-chromosome and recombined
T4/T5-splitGald (VT043077AD;R39H12DBD) with UAS-frt-stop-frt-CD4-
tdGFP were crossed with CantonS flies resulting in offspring with the geno-
type (hsflp-2-PEST/Y or w+; VT043077AD, UAS-frtSTOPfrt-CD4tdGFP /+;
R39H12DBD/+). For the pupal control brain images, MultiColor FlpOut
(MCFO; BDSC:64085) approach [32] together with the SS00324-splitGal4 line
were used ([15]). To obtain sparse labelling of T4 cells, 1 day old pupae or
younger were heat-shocked for 3:30 (m:ss) in a 37°C water bath in case of the
samples for pupal brains. While, 4 min heat-shock was used on pupae younger
than 3 days for the adult brain samples.

Immunostainings and confocal imaging

Fly brains were dissected in cold PBST (Phosphate Buffered Saline) with 0.3%
Triton X-100 (Sigma-Aldrich) and fixed in 4% paraformaldehyde in PBST at
room temperature for 25 min for adult brains, or 20 min for pupal brains.
Afterwards, the samples were washed several times using PBST and blocked
using 10% NGS (goat serum; Sigma-Aldrich) or 10% FBS (Fetal Bovine Serum;
Thermo Fisher Scientific) in PBST for 1 hour at room temperature. The block
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solution was discarded, and the primary antibody mix in PBST with 5% NGS
or FBS was added. The samples were incubated on a shaker at 4°C for 2
days. After washing the samples several times with PBST, the secondary anti-
body mix in PBST with 5% NGS or FBS was added, and the samples were
incubated on a shaker at 4°C for 2 days. The samples were then washed sev-
eral times using PBST over several hours before mounting them in SlowFade
Gold Antifade Mountant (Thermo Fisher Scientific). Fixed tissue samples were
imaged using Leica SP8 laser scanning confocal microscope equipped with
488-, 561- and 633-nm lasers, and using a 63x glycerol-objective. All samples,
except the MCFO pupal controls, were imaged at 0.076um pixel resolution in
X and Y, and 0.4 in Z, which is the same resolution pixel resolution used for
the Time-Lapse Imaging.

Explant Dissection and sample preparation

We used a modified version of the protocol described earlier [23]. The imag-
ing chamber for TLI was a 60x15 mm metal petri dish with 4 cm hole in the
center (made in house), and a glued 4 cm coverslip that had a 50 mm thin
layer of Sylgard 184 (Dow Corning) in the center. The growth medium used
was Schneider’s insect media (Thermo Fisher Scientific) . White pupae, right
after pupariation (0 hAPF), were collected and transferred to a new tube. The
sample was heat-shocked as explained before, and incubated at 25°C until (34
hAPF). For brain dissection, we used a growth medium that has been oxy-
genated for at least 45 minutes with a tube slowly pumping a mixture of 95%
oxygen and 5% carbon dioxide. Dissection was conducted at room tempera-
ture using fine forceps (Fine Science Tools). Once the brain was dissected with
the intact ventral nerve-cord, it was transferred into a 20ul droplet of 0.4%
low-melting agarose in the growth medium in the center of the imaging cham-
ber. Three 460 mm thick 1x0.2 cm silicon mold spacers were placed diagonally
to prevent the coverslip from crushing the brain. Another 4 cm coverslip was
gently added on top of the bottom one, and the sample was left for 25 min-
utes at room for the agarose to solidify. Afterwards, around 900 ml growth
medium was added into the space in between the two coverslips using a 1 ml
pipette, and the sample was sealed using glue (Marabu Fixogum). The sample
was then left for 1 hour for the glue to dry before the sample was imaged with
the two-photon microscope.

Two-photon time lapse imaging

We used a custom-built two-photon microscope equipped with a 5W-pumped
Ti:sapphire laser (MaiTai, Spectra Physics) and resonant scanner (CRS 8 KHz;
Cambridge Technology). We used 920 nm as the excitation wavelength for both
imaging channels. A beam attenuator (Newport VA-BB-2- CONEX) was used
to control the laser intensity. We used a 40x water immersion objective (Leica:
506357). Photons were focused onto the detectors using both, the objective
and an oil-immersion condenser (Nikon D-CUO DIC Oil Condenser, 1.4 NA,
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Male D3N Dovetail). We used two pairs of photomultiplier tubes ”PMTs”
(Hamamatsu). 560 DXCR dichroic mirrors and 525/50 and 607/70 emission
filters were used to separate green and red fluorescence. The microscope was
controlled with Scanlmage SI 5.6 R1 (Vidrio Technologies).

Image registration

The 3D images from each TLI session were first registered to correct for any
drift. Three steps of image registration were performed on the images of the
red channel using Python (ver: 3.9.6) employing first Phase Correlation using
Scipy package (ver: 1.6.1), Rigid registration and then the SYNRA method [33]
registration using Antspy package (ver: 0.3.1). The resulting transformation
matrix after each registration step was used to shift images from both the red
and green channels. The accuracy of registration was inspected after each step
manually by checking the images in Fiji software package [34]. In case some
time frames in the 4D image time-series were misaligned after the registration,
they were replaced with the original unshifted frames. After the last registra-
tion step, if there was still any jitter in the time-series images, the misaligned
frames were shifted manually to ensure the drift was as minimal as possible.
This final manual shift was needed in only three out of the 18 time-series used
in this study.

Image denoising

Images of the red channel from TLI were denoised by performing a median filter
in Python. While, images of the green channel were denoised in two steps. First,
denoising was achieved by running a Noise2Void model [35], which was previ-
ously trained on representative images of the same type. Then, image contrast
was enhanced by running ’Contrast Limited Adaptive Histogram Equalization’

(CLAHE).

Data alignment across imaging sessions

Images of each neuron were cropped using Fiji and rotated to make the dorsal
side on top, and anterior side on the left. The entry point of each neuron
into the M10 layer was determined manually. Then, background in the images
was subtracted using the Otsu-threshold [36]. Scipy.ndimage.label was used to
create the binary images of the isolated neurons. These steps were performed

on both the confocal images of the fixed tissues and the images generated by
TLI.

Image analysis

The subtype identification based on the relative axon position in the lobula
plate was performed as described in [15]. Custom-written python scripts were
used for the rest of image analysis. Dendritic volume was calculated as the
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number of value voxels in the binary 3D image stack multiplied by the pixel-
to-nm resolution in each dimension (z, y and x) to get the volume in pm3.
The dendritic centroid was also calculated from 3D binary images using the
regionprops function from the scikit-image package. Maximum z-projection of
the images were then calculated to convert the 3D stacks into 2D images,
for which the convex-hull was calculated using scikit-image regionprops. The
convex-hull area was calculated using the same function, and multiplied by
the pixel-to-pm resolution in x and y to get the area in pm?. Convexity was
calculated as the ratio of the perimeter for the convex-hull over the neuron’s
perimeter, which was calculated also using scikit-image. In order to calculate
dendritic orientation and elongation, we used a modified version of the PCA
method described in [37], where the covariance matrix was determined for
the 2D z-projection of the binary images and its eigenvectors and eigenvalues
were calculated. Dendritic elongation was calculated as the absolute difference
between the two eigenvalues divided by the largest eigenvalue. In order to cal-
culate orientation, we first calculated the angle (theta) of the eigenvector with
largest eigenvalue. We then rotated the image by angle theta, and recentered
it to the dendrite’s entry point. The percentage of pixels residing on each side
of each eigenvector was calculated. The dendritic orientation was the angle of
the eigenvector side that had the largest fraction of pixels plus theta, and the
distance was calculated as the distance of that fraction’s centroid from the
entry point. For determining the histogram distribution of the dendrite, the
angles of vectors between each pixel and the entry point were calculated. The
angles’ distribution was binned then into 24 bins, and normalised to the total
number of vectors.

Growth curve fitting

A range of models were fit to the time lapse imaging data, comparing the
goodness of fit using the residual mean square error (RMSE). We find that
growth is best fitted by a non-linear function, although the difference between
Quadratic, Cubic, Exponential, and Logistic model fits is comparably small.
Ultimately, an Logistic model was chosen due to its common use when inves-
tigating biological growth [38], and that it provided the best fit to our data.
In order to define the point in time at which our growth metric maximally
increase, we find the point of maximum curvature along our fitted exponential.
This is defined as the point at which y = f(x) is maximally distant from the
linear vector between [y.0, Yzn]- In the case of the Logistic function n is equal
to the first inflection point along the fitted curve. In order to better under-
stand the possible variability around this point, we perform a permutation
procedure. This involves drawing ten neurons randomly from our sampled set
of neurons, without replacement, and calculating the point of maximum cur-
vature from the logistic model fit to the permuted sample. Once this process
is repeated 10,000 times a distribution of the time point of maximum curva-
ture is generated and normalised to give the probability density of maximum
curvature over time (hAPF).
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Fig. 1 Different model fits for T4 volumetric growth during Time-Lapse imaging. Grey
lines are traces of individual neurons.
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Fig. 2 Comparison of developing and mature T4 dendrites: Dendritic volume, convex-Hull
area and convexity for T4 dendrites at the end of TLI sessions at 57ThAPF (blue), in fixed
tissues of 54 hAPF pupa brains. and in fixed adult brains. All values were normalized to the
mean of the adult values. Dark violet lines indicates the medians.
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Fig. 3 Characterization of T4 dendrites at 54 hAPF (A) representative dendrite images of
single-labelled T4 neurons from each subtype at 54 hAPF. The magenta dot indicates the
dendrite entry point into M10 “Entry Point”. (B) Dendritic elongation for T4 dendrites at
54 hAPF separated by subtype T4a (blue; n=>5), T4b (green; n=3), T4c (orange; n=7) and
T4d (red; n=>5). The dark purple line indicates the median. (C) Dendritic orientation based
on PCA analysis. Individual dots represents individual neurons. Posterior side is considered
to be 0°, and dorsal side is considered to be 90°. (D) Left: Polar plot of dendritic centroid
to EP angle for T4a (blue; n=5) and T4b (green; n=3). The thick line represents the line
of separation along the preferred growth axis. Right: the dendritic centroid distance from
the EP along the preferred growth axis (A/P for the horizontal T4s) (E) Left: Polar plot
of dendritic centroid to EP angle for T4c (orange; n=7) and T4d (red; n=>5). The thick
line represents the line of separation along the preferred growth axis. Right: the dendritic
centroid distance from the EP along the preferred growth axis (D/V for the vertical T4s).
Posterior side is considered to be 0°, and dorsal side is considered to be 90°. A, anterior;
P, posterior; D, dorsal; V, ventral, A/P, Anterior/Posterior axis; D/V, Dorsal/Ventral axis;
A.U., arbitrary unit; EP, Entry Point.
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Fig. 4 Directional growth of T4 dendrites along the non preferred axis. (A) Shift in the
centroid coordinate in pm along the anterio-posterior axis for T4a and T4b. Positive values
correspond to shift toward the dorsal side (B) Shift in the centroid coordinate in pm along
the dorsal-ventral axis for vertical neurons. Positive values correspond to shift toward the
posterior side. Individual lines represents individual neurons.
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DISCUSSION

The genome is the blueprint from which the whole organism is built. However, how the
genetic code is converted into distinct cellular morphologies is far from understood.
Understanding brain development and the generation of complex dendritic shapes is
especially challenging. The molecular mechanism guiding dendritic growth through
differential expression of specific transcription factors (TFs) and cell surface molecules
is of particular interest to me.

My system of choice to address this topic is the Drosophila motion vision circuit. T4 and
Ts neurons have been studied well from a morphological, functional and transcriptional
point of view in adult Drosophila, but their growth and development has not been
investigated in detail. Their subtypes perform the exact same function of motion detection,
albeit in different directions, while having distinct morphological characteristics such
as their dendritic orientation and layer of axonal arborisation. Since the morphological
differences have been precisely defined in the adult, differentially expressed genes
between subtypes could be responsible for their individual morphologies.

The first aim of this thesis was to identify the specific genes responsible for the
different subtypes, as reported in Manuscript 1. To identify the molecular mechanism
that determine T4 and Ts morphologies, | have identified the transcriptomic profile of
T4 and T5 subtypes at several stages during development. | found many cell surface
molecules to be differentially expressed between subtypes. Most interestingly, | found
that grain, allE was necessary to distinguish between a and b as well as c and d subtypes.
Overexpression and RNA interference experiments conducted as part of this work
showed its importance in defining the separate morphologies of T4 and Ts subtypes.

After characterising T4 and Ts neurons transcriptionally, | next described their dendritic
growth, as summarized in Manuscript 2. As a starting point, | focused on T4 neurons

/7
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in these experiments. Through time lapse imaging, | traced the growth process of
individual dendrites, allowing me to differentiate between horizontal (a/b) and vertical
(c/d) subtypes. Furthermore, a and b subtypes were separated through their distinct
directional growth during dendritic development.

In the following, | will discuss gene regulatory networks, the underlying system through
which genes are differentially expressed to generate the morphological characteristics of
T4 and T5 subtypes. Then | focus on the chosen methodology including the challenges
and pitfalls of single cell RNA sequencing (scCRNA-seq) data, such as intrinsic biological
variability, and the metrics to precisely define subtypes of T4 neurons morphologically.
Subsequently, the findings are combined to formulate a hypothesis that could explain

directional growth in T4 neurons.

341 Transcriptional regulation in T4 and Ts neurons

The number of genes in the genome is far higher compared to the number of fac-
tors regulating their transcription. Therefore, TFs are expressed in a combinatorial
manner in gene regulatory networks to coordinate transcription through a network of
positive and negative interactions [108] 109]l. With the recent advances in single cell
sequencing (see Introduction , it has become more feasible to study interactions
of TFs during development.

3141  Expression patterns of transcription factors in T4 and T5 neurons

Only a few TFs are expressed in fully differentiated T4 and Ts neurons, including dachshund
(dac) [218], optomotorblind (omb) [218], and Transcription factor AP-2 (TfAP-2) [149]. ldac
is expressed in a/b subtypes andlomblin c¢/d subtypes. Both TFs could be involved in

the migration and determination of T4 and T5 progenitors. Post-mitotically, they are
necessary to specify morphologies of a/b subtypes byldac and ¢/d subtypes by lombl
[218]. Furthermore, lombl represses the expression of [dad in T4 and T5 neurons [218].
is only expressed in T4 neurons, but its specific function is still not understood
[149]. These previous findings could now be used to assign cluster identities in the
[SCRNA-seq results of this work (see Fig. 3/4 of Manuscript 1). However, the separation
of a from b and ¢ from d required an additional [H

grain expression in b/c subtypes can be used to separate a from b and d from ¢
subtypes (see Fig. 3 of Manuscript 1 or [220]). Furthermore, the expression patterns of
grain suggests a role in specifying morphological characteristics. grain overexpression
and [RNAT experiments conducted in this work showed that both dendritic orientation
and the layer of axonal arborisation switch dependent on grain expression.
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Based on the results from [sCRNA-seq experiments (see Fig. 4 of Manuscript 1), we
know that grain is co-expressed with all TFs mentioned above. Therefore, it does not
seem to regulate the transcription of either|dac, lombl or [T[fAP-2| However, it is able to
fully transform the morphologies of a/d subtypes to b/c subtypes of T4 and T5 neurons.

It has been previously proposed that separate TFs are responsible for the specification
of neuronal morphologies in T4 and T5 neurons [220]. In Fig. 5/6 of Manuscript 1, | could
show that this is not the case but rather grain specifies the layer of axonal arborisation
and the dendritic orientation of T4 and T5 subtypes.

It is not easy to fit grain into a[lH class as mentioned previously (see Intro /@).
The effect of grain on T4 and T5 is only observed after they are fully differentiated,
therefore, excluding it as a temporal[[El Furthermore, it does not specifically affect the
morphology since the branching pattern between a and b or ¢ and d subtypes does
not differ more than the within subtype variability [221]. It also does not classify as a
terminal selector for T4 or T5 neurons, since all subtypes respond to the stimuli in the
same manner and only half express grain. Altogether, the effect of grain appears to be
transient and mainly during development, which could be a different class of [l

31.2 Temporal expression profiles

Developmental processes do not only depend on the TFs within the gene regulatory
networks, but also require proteins, such as receptors, to build functioning neurons.
Different stages of neuronal development are characterised by different expression
patterns. Genes for axonal targeting are expressed early in morphogenesis, whereas
genes for synapse formation are expressed at later stages. Thus, expression profiles
change dynamically with time to satisfy the requirements of neuronal development.

In Fig. 1 of Manuscript 1, | could show the growth dynamics of T4 and T5 neurons, which
increase the size of their dendrites especially from 36hours after pupa formation (RAPE)
to 6dhAPE The expression profiles at 36hAPEH and 48hAPE| corresponding to this growth
process, include more cell surface molecules. These are presumably necessary for the
contact-dependent search of growth cues and synaptic partners [128, 222] as well as
self-avoidance [84, 223, 224]. The expression profile at 6dhAPH does not contain as
many cell surface molecules, which could be due to protein expression lagging behind
transcription. At later stages, the expression profile of T4 and T5 includes higher numbers
of messenger RNA reads for ion channels and receptors (see Supp. Fig. 3 of
Manuscript 1 or also [220, [225, 226]). This is in line with the increased neuronal activity
observed in the optic lobe of Drosophila [227].

An open questions in temporal expression profiles is how neurons are able to switch
between the expression of cell surface molecules and ion channels. Regulating the
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expression of a set of genes for a specific function has been termed gene expression
programs [228-231]. The aforementioned temporal changes in the transcription profile
from cell surface molecules to ion channels and receptors in T4 and T5 could be due
to a shift in gene expression program. A recent discovery of the global effect of the
ecdysone hormone on changing the transcription in the Drosophila optic lobe, and
also T4 and T5 neurons, is a strong indication for gene expression programs being
linked across neuronal types [232].

31.3 Differentially expressed genes between T4 and T5 subtypes

Gene regulatory networks specify the subtypes of T4 and T5 neurons by activating
transcription of subtype-specific genes. Detecting differentially expressed genes between
clusters of subtypes is, however, not trivial. The thresholds for declaring a gene as
differentially expressed can be quite arbitrary. To ensure the validity of the analysis
in this work, the thresholds included three criteria:

- A difference in fold change to ensure a higher expression in one versus the other
cluster.

- A minimum percentage of cells expressing the gene to ensure the use of more
highly expressed genes.

- A difference in the percentage of cells expressing the gene to ensure that the gene
is expressed in more cells in one cluster versus another.

These filters assure the identification of genes which are actually differentially expressed,
at the risk of missing lowly expressed genes. Of the identified genes, most notable are
the TFsldacllombl [TfAP-2} and grain (see Fig. 4 of Manuscript 1). They have been used to
assign cluster identities in this work. Most other differentially expressed genes in my

dataset were cell surface molecules (see Supp. Fig. 3 of Manuscript 1).

To investigate the molecular mechanism underlying the transformation of T4 and Ts
subtypes through grain, some of my collaborators performed preliminary experiments
manipulating genes following the same expression pattern as grain. However, none of
the tested cell surface molecules have shown a clear influence on the development of
T4 and T5 neurons. This is in contrast to the results presented in Fig. 5/6 of Manuscript 1,
where | show that grain can transform the subtypes of T4 and T5 neurons morphologically
and functionally. The pilot experiments illustrate the difficulty of manipulating effector
genes of TFs since there might be compensatory mechanisms in place to ensure proper
dendritic development.



3. DISCUSSION 81

3.2 Variability of gene expression in T4 and T5 neurons

The basis for proper development and function of dendrites is the correct spatio-temporal
expression of genes [69]. However, gene expression is subject to biological variability
[233| 234] that needs to be compensated for proper circuit formation. Additionally,
technical variability in[scRNA-seq experiments further complicates the investigation of
gene expression programs. Here, | want to discuss the issues with different types of
variability in transcriptomic profiles and how it can be possible circumvent them.

3.21 Technical variability in scRNA-seq experiments

The technical progress leading to affordable [scRNA-seq methods [12, 150] resulted in
large datasets of transcriptomic profiles. One issue, however, is their low [mRNA capture
efficiency of below 50% [235]. To address the concern of technical variability, it is
necessary to profile thousands of cells to get statistically accurate data. Dedicated
algorithms determine cell types using the expression profile [236, 237]. However, the
classification is not always as clear.

Since sample preparation is difficult, experiments do not always produce the same
quality of [scRNA-seq data. Consequently, it is necessary to use biological replicates to
sequence high numbers of cells from different samples. Additionally, the same low and
high thresholds of quality control measures should be applied to all samples. Even though
technical variability between samples cannot be entirely removed, both replicates and
common quality thresholds between them can reduce technical variability in [SCRNA-seq
samples to a point of limited concern [238]]. For T4 and Ts neurons, the expression profiles
| reported in Manuscript 1 have been complemented by multiple different laboratories,
showing their reproducibility (see Fig. 3 of Manuscript 1 and [148, 149, [220 [225, 226/ 239]).

Measures, such as the number of expressed genes and unique mRNAs found, are
used to exclude low-quality cells. The T4 and Ts datasets of this work (see Supp. Tab.
1 of Manuscript 1) were filtered more stringently to remove low-quality cells and to
avoid additional noise in the datasets. This allows one to compare the datasets or
integrate several samples. Large datasets of the whole optic lobe [226] suffer from
high experimental variability, potentially distorting the results. For example, clusters
with less than 100 cells might not correspond to a cell type but rather a technical
artifact. These technical difficulties make the analysis more complicated and require
control experiments to verify the cell types, which is why they were conducted for
the work reported in Manuscript 1.
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3.2.2 Biological variability in gene expression

Even when the technical variability is accounted for correctly, the natural variability in
gene expression [233, 240] can be difficult to circumvent. On the one hand, genes can be
expressed quite variably within one cell type. On the other hand, different genes can have
expression levels ranging from tens to hundreds of [NRNA copies per cell. For example,
absolute numbers of mMRNAs vary between less than ten for TFs, such as grain, and more
than a hundred observed in some ion channels, such as nicotinic Acetylcholine Receptor
a5 (see Fig. 4 of Manuscript 1). Genes with lower[MRNA levels, which show differences
in expression between subtypes, need to be carefully evaluated to make sure that the
observed variability is not an artifact due to the natural variability in gene expression.
Newly developed algorithms, such as consensus non-negative matrix factorization [231],
for the identification of gene expression programs can help to counteract the natural
variability because they take the covariance of genes into account.

Both types of variability require large datasets and a high number of sequencing
reads per sample to be resolved, which is how they were addressed in the experiments
presented in this work (see Supp. Tab. 2 of Manuscript 1). Nevertheless, it is best to
identify expressed genes through a combination of methods, such as[scRNA-seq and
immunohistochemistry, to validate expression pattern, as | have shown in Fig. 3 of
Manuscript 1. Additionally, proteins interact with each other as part of signaling cascades
leading to co-expression of genes involved in the same pathway. Therefore, the analysis
of gene expression programs can also help to identify lowly expressed genes if, for
example, their interaction partners are expressed.

3.3 Morphological analysis of T4 dendrites during development

The complex tree structures and high variability in dendrites are a challenging subject
for morphological analysis. Additionally, they have many small protrusions, such as
filopodia [119] that are hard to resolve using conventional light microscopy (LM). Electron
microscopy (EM) has the necessary resolution, but living samples cannot be used with this
technique. Confocal [241] and two-photon scanning microscopy [242] are [LM techniques
with enhanced resolution but still require complex image processing techniques [[11, 243
to identify the small, dynamic filopodia and follow the development of neurons [244].

Dendrites of Drosophila T4 cells are an especially challenging system to study dendritic
development: first, they are located deep inside of the brain, which requires two-photon
excitation to reduce scattering and increase the axial resolution. Second, the dendrites
are comparatively small, around 5pm in the beginning of their growth at 36hAPH 52, [163].
Lastly, the dendrites of T4 neurons are structurally dense during development and in
the adult (see Fig. 1 of Manuscript 2 or [163|[166]]). Our investigation resulted in datasets
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of growing T4 dendrites (see Fig. 2 of Manuscript 2), which we could follow over time.
These data show subtype specific growth patterns for T4 subtypes a and b, whereas ¢
and d could not be categorized from our data based on their dendrite.

3.31 Dendritic morphometrics

In order to analyse dendritic morphologies during development, neuronal subtypes of
T4 need to be identified in every dataset for comparison. Therefore, it is important to
define metrics, which can be inferred from measurements of microscopy images [245].
The morphological data for characterising dendrites can be divided into two categories:
reconstructed or volumetric data. Reconstructed data refers to[EM| or [LM reconstructions
and can be skeletonised, creating a structure with well-defined branches [121, 207, 246].
When the dendrites are too small and only[LMlis an appropriate option for acquisition,
the data cannot be fully reconstructed into a branching tree. This is called volumetric
data and consists of two dimensional images stacked together in a non-isometric way
creating an image volume (see Methods of Manuscript 2 or [247]).

One advantage of reconstructed data is that it enables the use of topological metrics
which are independent of size metrics, such as dendritic branch length or field size [245].
There are several important terms for defining metrics relating to specific segments of the
dendrite: root, branch point, and terminal tips. The root is the first branch of the dendrite.
Branch points are segments of the dendrite which split into two separate branches. The
terminal tips are the last segment of a branch and the points furthest away from the
root. By using the branch points as reference, it is possible to calculate the branch order
(248, 249]. Every branch segment is then numbered starting at 71 for the terminal tips
and increasing the number at every branch point towards the root. The root will then
have the highest number. This analysis makes dendritic trees more comparable [249] and
differentiates between dendrites that are more or less branched. Another method for
reconstructed data is Sholl analysis [250], which uses concentric rings around the soma or
root of the dendrite with increasingly larger diameters. Sholl analysis then measures the
number of intersection points between the dendrites and the concentric rings to identify
the length of different branches from the centre of the circle. This can determine the total
branch length, the dendritic span, and the straightness of branches [251]. These metrics
are able to analyse the complexity of dendritic trees, but require reconstructed data.

The metrics mentioned above are all important for the characterisation of dendritic
trees but cannot be transferred directly to volumetric data. Therefore, | developed a
voxel-based analysis for volumetric data, together with my collaborators, to overcome
the need for reconstructed data to investigate the development of T4 dendrites (see Fig.
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2-4 of Manuscript 2). The analysis uses specific metrics to describe the characteristics
of T4 dendrites in size, shape, complexity, and orientation.

Size metrics include volume and area spanned by the dendrite. Shape metrics, such
as elongation of dendrites, show if the dendrite grows evenly or directed. These two
metrics are easy to calculate from binarised image stacks, consisting of only ones or zeros.

Complexity metrics are challenging to determine. Nonetheless, the fields of computer
vision and pattern recognition have presented many ways of characterising shapes, of
which convexity has proven itself an appropriate metric for dendritic complexity [252].
The term 'convex’ is used in a geometric sense, describing an object which consists of a
convex set of points. This is the case if the line connecting every combination of two
points in the convex set is also contained within the set [253]. Thus, a ‘U’ is not a convex
shape, whereas a 'O’ is convex. Another term necessary to calculate the convexity metric
is the "'convex hull’ It is the smallest convex area encircling a set of points [254], in our
case the z-projection of the dendrite. Convexity compares the perimeter of the convex
hull to the perimeter of the dendrite. The perimeter of the dendrite can maximally be as
small as the perimeter of the convex hull. By dividing the perimeter of the convex hull
by the perimeter of the dendrite, the resulting value is between 1 and 0. This means that
dendrites with a more elaborate branching pattern have small convexity values, whereas
circular dendrites have values closer to 1 [252]. Convexity can also be calculated in three
dimensions using the surface area of dendrites. Calculating the convex hull requires a
careful evaluation of the dataset, since it considers every voxel that has been assigned
to the dendrite. Therefore, it is necessary to remove any voxels that do not belong to the
dendrite but to the axon because otherwise an artificially high convexity value would be
calculated. | used convexity to discover an increase in dendritic elaboration observed
in Tz dendrites during development (see Fig. 2 of Manuscript 2).

Lastly, dendritic orientation is especially important in the case of T4 dendrites, since
it is one of their main distinctive features compared to other neurons. One of the
difficulties in determining orientation metrics is the definition of a global reference frame
to compare neurons across different brains. The anatomical axis of the neuropil can
be used to align the image stacks along the same direction. However, in our case the
curvature of the medulla needs to be taken into account as the dorso-ventral and anterio-
posterior axes are not always clearly determined. Through careful manual rotation, the
dendrites could be transformed to the same global reference frame for this work (see
Methods of Manuscript 1/2). The directionality of T4 dendrites falls into the four cardinal
directions matching dorso-ventral and anterio-posterior directions of the optic lobe
lh63]. To calculate dendritic directionality, a reference point available in each dendrite is
needed. For this purpose, the entry point into the respective neuropil is a reasonable
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choice, since it is the origin of all branches [163,[166]. The distribution of voxel angles
from the entry point shows a clear bias between the subtypes and it is possible to identify
T4 subtypes in the adult based on its histogram as reported in Fig. 2 of Manuscript 1. In
Fig. 1 of Manuscript 2, we used principle component analysis (PCA) to align dendrites
to each other without using a global reference frame. In addition, we calculated their
directionality after the[PCA Applied to T4 data, [PCA remaps voxels into a new coordinate
space that captures the maximum variance of voxel positions for each dendrite. These
align T4 dendrites to each other according to their variance in two axes. Using the entry
point as point of reference, an unequal distribution of voxels along both axes can be
seen. Since the entry point is located towards the proximal compartment of the dendrites
[163], the voxels behind or in front of the entry point along the main direction of growth
are not equal (see Fig. 1 of Manuscript 2). Both metrics for directionality, angles of voxels
or [PCAl direction, work well for adult T4 dendrites. However, developing dendrites do
not always have a clear distribution of voxel angles and their axes of variance do not
fall into the same anatomical axes as in the adult. To calculate dendritic orientation
during development, the dendritic centroid to entry point angle gives a robust result
where the centroid is the dendrite’s center of mass. In conclusion, the metrics of size,
shape, complexity and directionality define subtypes of adult T4 dendrites. However, it
was not possible to differentiate between T4 dendrites during development using the
exact same metrics (see Fig. 3 of Manuscript 2). Therefore, it was important to find a
characteristic to identify subtypes of developing T4 dendrites.

3.3.2 Morphological identification of T4 subtypes during development

In order to compare dendritic growth patterns between T4 dendrites, it is necessary to
unambiguously determine their subtype identity. There are two main morphological
differences between T4 subtypes: first, their dendrites are oriented and point into different
directions. Second, axons arborise in different layers of the lobula plate for different
subtypes. However, time lapse imaging of developing T4 dendrites shows that their
dendritic arbors are not yet oriented at 36hAPH (see Fig. 2 of Manuscript 1). Furthermore,
only high resolution images allow for precise determination of axon position in the
lobula plate, which is thinner during early development [218]. Therefore, determination
of T4 subtype identity is not as clear during development as it is in the adult.

Time lapse imaging experiments of T4 dendrites are limited to M10 and do not have
information of the lobula plate. However, an image stack of the whole optic lobe allows
the measurement of the relative axon position in the lobula plate. Due to a lower axial
resolution, the exact positions are hard to determine and only distinguish between
horizontal and vertical subtypes. At the same time, T4 dendrites could be divided into
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the same groups with their elongation in the dorso-ventral direction because horizontal
subtypes are more elongated compared to vertical subtypes. Calculating the directionality
using the centroid to entry point angle allows separating a and b subtypes. However, ¢
and d subtypes cannot be distinguished, with their angles showing a random distribution
in the fixed tissue control. Morphologies of T4a and T4b diverge faster and are easier to
distinguish during development compared to T4c and T4d subtypes. It is possible that
[EMl reconstructions could show differences between dendrites of vertical subtypes, but
based on the results of Manuscript 2, there are no clear indicators.

3.3.3 T4 morphologies during development

The morphologies of T4 subtypes change significantly during their development. After
reaching M10, they do not extend their dendrites further than the column they grow
towards (see Fig. 2 of Manuscript 2 or [52]). They start growing slowly from 37hAPH
until around 44hAPE which could be induced by a global start signal of the ecdysone
hormone pulse [232]. Afterwards, their growth accelerates as shown by the increase
in volume reported in Fig. 2 of Manuscript 2. Other size metrics, such as dendritic
area show a similar trajectory. Interestingly, they already reach a similar volume as the
adult dendrites at 56hAPE while their span is still smaller compared to the adult. This
indicates that pruning removes unnecessary branches at later stages of development
(see Fig. 1 of both Manuscript 1/2). As dendrites are compact at the start of the time
lapse imaging experiments, it is not possible to identify individual branches. Convexity
increases from around 40dhAPH until 50hAPE but stagnates afterwards. Both metrics are
highly similar for all T4 subtypes, showing that their general growth is synchronised
(see Fig. 2 of Manuscript 2).

The first metric found in this work to differentiate between subtypes is dendritic
elongation along the dorso-ventral axis (see Fig. 3 of Manuscript 2). While T4 subtypes
have similar dendritic field sizes in the adult, the dorso-ventral direction is elongated
[h63]. The dorso-ventral axis is the main direction of growth for the ¢/d subtypes. Fora/b
subtypes the growth is mainly orthogonal to this axis. Considering dendritic shapes, this
means Tsa/b are wider and shorter, whereas Tac/d are narrower and longer. Interestingly,
the dendritic elongation along the dorso-ventral axis distinguishes horizontal from
vertical subtypes, showing that horizontal subtypes first grow along the axis orthogonal
to their main direction of growth. For vertical subtypes, this is not straight-forward to
conclude since their dendritic shape is more circular throughout the imaging experiment.
At this point, it is hard to judge if there are morphological differences between T4c and
Tud. Thus, vertical subtypes cannot further be distinguished with the chosen metrics,
even at advanced time points of time lapse imaging experiments. Horizontal subtypes, in
comparison, show an increased growth in the orthogonal direction to their main direction
of growth, which allows further separation into Tsa and Tsb (see Fig. 3 of Manuscript 2).
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3.4 Dendritic growth strategies

The development of complex patterns in dendrites uses different strategies for growing.
Dendrites achieve the minimal required growth adjusted to the limited resources [86].
Additionally, they need to self-avoid, tile and fill their receptive field from a growth
perspective (see Fig. (58, 184, [99]. During this process, dendrites rely on contact-
dependent mechanisms to orient themselves in neuropils and grow dynamically searching
for extrinsic cues [119]. Through dendritic growth cones probing the local environment,
dendrites stabilize when they find the matching cell surface molecules [244]. These
extrinsic cues can be organised in different ways, such as topographic maps (see
Introduction to guide dendritic growth.

3.41 Dendritic growth patterns of T4 neurons

Growth patterns of T4 subtypes can be distinguished between horizontal and vertical
subtypes as discussed in Section[3.3.3, While it is not possible to differentiate between
vertical subtypes (see Fig.3 of Manuscript 2), horizontal subtypes show a mirrored growth.
At first, Tsa and Tab grow towards the dorsal or ventral direction from their starting
column. Subsequently, they extend along their main direction of growth in the anterio-
posterior axis. Interestingly, there does not seem to be a bias towards the dorsal or
ventral side for either a or b subtypes. Therefore, it cannot be determined if a cue guides
them in either direction of the dorso-ventral axis.

Vertical subtypes also show two groups of growth patterns. In the early stages of
time lapse imaging experiments, they separate into dendrites growing either dorsally or
ventrally. Throughout the imaging period, their centroid stays in this direction. However,
near the end of the experiment, they start to slowly grow into the opposite direction
to their first direction of choice. While they could not be separated based on their
centroid to entry point angle, this growth pattern shows a strong bias and could be an
indicator for their subtype identity. However, control dendrites in fixed tissue samples
did not show a clear separation of the subtypes and therefore subtype identity could
not be assigned accordingly. In the anterio-posterior axis, growth is strongly biased
towards the posterior direction (see Supp.fig. of Manuscript 2). This could, however,
be an artifact due to the curvature of the optic lobe leading to an uneven growth
along the anterio-posterior direction.

Based on the results presented in this thesis, it is apparent that T4 neurons do
not follow the same growth rules as other neurons, such as dendritic arborisation (da)
neurons in Drosphila larva. Most notably, they do not tile the medulla but overlap
substantially [163, 166, 221]. A reason for this organisation could be to maintain a
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higher resolution of visual flow fields. Since the computation of motion requires input
from neighbouring points in space (see Introduction , dendrites need to overlap.
Additionally, different dendritic compartments (see Introduction are synaptically
connected to different input neurons. Therefore, even though neurons of the same T4
subtype occupy an overlapping space, they do not receive the same synaptic input in
these overlapping locations. Since there is one T4 subtype per column in the medulla, T4
neurons are arranged in a structured manner. Even though they do not tile M10 in the
conventional meaning, they occupy the whole M10 in a regular grid-like organisation.

3.4.2 Medulla topology

Topographic maps (see Introduction are essential to guide growing axons and
dendrites to the right position for circuit formation [50]. They have been found in olfactory
and visual systems of multiple organisms, including Drosophila [116]. In the medula, two
long-range signaling molecules from the planar cell polarity pathway, DWnt4 and DWnt1o0,
have been identified to construct a topographic map along the dorso-ventral axis. Their
interaction partners include derailed [255, 256] and frizzled family receptors [257], among
various other receptors [56]. However, transcriptomic data of T4 neurons show low or late
expression for receptors interacting with DWnts, which makes them an unlikely guide for
the directional growth of T4 dendrites (see Fig.3 of Manuscript 1). DWnts are secreted and
could create a neuropil-wide map. Nevertheless, this map seems unsuitable to guide T4
dendrites since directional cues need to be detectable along the span of the T4 dendrite.
Thus, T4 neurons might need a more local cue to guide their growth, because it has been
shown that all T4 neurons have the same orientation across M10 in the adult [221].

One explanation would be that there is a topographic map in the medulla made of a
locally repeating pattern. Medulla columns have a patterned organisation with columnar
neurons growing only into certain parts of the columns [48, 192]. This would indicate
that columns are directional, which could guide dendritic development of Tz, potentially
also explaining their dynamic growth (see Fig. 4 of Manuscript 2).

The medulla columns are arranged in a hexagonal grid, which is inherited from the
retina [166,[192]. This means that there are direct neighbours to each column in three axis
following the sides of the hexagon. One of these axis falls onto the dorso-ventral axis of
the medulla. The other two, however, do not fully align with the anterio-posterior axis [[192].
In order to sample the right space for the computation of motion (see Introduction ,
T4 subtypes a/b need to grow wider to enable the computation of motion in the horizontal
axis of visual space. This could be one of the reasons for the difference in elongation
observed in the growth pattern in horizontal subtypes of T4 dendrites reported in this work.
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3.4.3 Synaptotrophic hypothesis

The synaptotrophic hypothesis postulates, that there exist activity-independent and
-dependent mechanisms of dendritic growth [258-261]. In the first step, dendrites grow
into a specific area as described in the chemoaffinity hypothesis [262]. In the next
step, they build synapses with presynaptic partners and stabilise the ones that are
regularly active during the process.

The dendrites of horizontal subtypes of T4 neurons grow directionally starting with
the proximal compartment and then extending towards the distal compartment (see
Fig.4, of Manuscript 2). This could mean that dendrites first search for synaptic partners
on the proximal side, such as Mi4 or CT1, and potentially use those to stabilise their
branches. For the vertical subtypes, we cannot assign individual subtypes. Therefore,
it is not possible to determine if they follow the same growth pattern. Additionally,
the vertical subtypes have more branches in the proximal compartment (see Fig. 2 of
Manuscript 1) [163] compared to horizontal subtypes. Therefore, it cannot be clearly
determined in which direction they grow first.

Concerning the activity-dependent stabilization, it is possible that T4 and Ts5 neurons
use synaptic activity to prune unnecessary branches. The reduction in volume (see
Figa of Manuscript 1) from 60-72hAPHin comparison with adult neurons could indicate
that dendrites prune their branches dependent on neuronal activity. A conspicuous
correlations is the timing of pruning and the start of calcium waves observed in the optic
lobe. Both start at around 60hAPH [227]. Altogether, there are already some indicators
that the synaptotrophic hypothesis could apply to dendritic development of T4 neurons.

3.4.4 Developmental comparison between T4 and T5 neurons

T4 and Ts5 neurons are highly similar in many aspects, such as transcription profile,
function and morphology (see Manuscript 1/2) [163,[166| 206, 220]]. Developmentally, only
the last division of progenitors separates T4 from T5 subtypes. They innervate M10 and
Lo1 at a similar time and grow their axons back to the same retiontopic locations [52,
166||. Using grain, both T4 and T5 neurons can be reprogrammed. Based on their volume
at different time points during development, T4 and T5 neurons share similar growth
curves (see Fig1 of Manuscript 1). The neuropil grids are organised in a hexagonal fashion
for both T4 and Ts, albeit columns are smaller and more elongated in the dorso-ventral
direction for Ts (Fig. ) [166]. These indicators argue for a similar growth pattern in Ts
neurons as reported for T4 neurons in this work. However, it is left to future experiments
to confirm this hypothesis, as shown in Fig. 4 of Manuscript 2.
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3.5 Conclusions and outlook

My thesis focuses on the questions of how TFs influence dendritic development and how
subtypes of T4 dendrites grow into different directions in the same environment. The
characterisation of the transcriptome allowed to identify the important TFs to determine
the morphologies of T4 neurons. Furthermore, the dendritic morphometrics of T4 neurons
during development were determined in this work. In addition, for the first time clear
indicators to identify T4a and T4b were established using only the dendrite.

Even though it is now clear that grain is able to control neuronal morphology of
T4 neurons on a transcriptional level, the effectors further downstream have not been
identified yet. It is likely that the effectors are different for Tsb and T4c subtypes since
their main direction of growth is along different axis. The combined analysis of different
[SCRNA-seq/and single cell ATAC sequencing (SCATAC-seq) datasets have the potential to
identify how the different TFs expressed in motion-sensing neurons specify each T4 and
Ts subtype and which genes are directly involved in the dendritic growth. Furthermore,
the influence of identified genes on dendritic growth needs to be tested. With cell
surface molecules having redundant roles in development, it can be challenging to see
differences in branching structure of T4 and T5 dendrites. Therefore, it is necessary to
have precise descriptions of T4 and T5 dendrites through the use of morphometrics.
Accurate characterisation of adult and developing dendrites are quintessential for
identifying subtypes. The accurate morphological characterisation, achieved in this
work, can now enable the detection of small developmental defects, which might not
become apparent to the observer otherwise.

Additionally, growth patterns of T4 and T5 neurons need to be precisely understood
and determined as they can help to identify molecular mechanisms underlying the
process of directed dendritic growth. Due to the limitations of time lapse imaging
experiments, it is necessary to image two overlapping periods of dendritic growth from
36hAPH to s6hAPHand again at a later stage from around 44hAPHto 64hAPH At 64hAPF|
the dendrites should be unambiguously identifiable. With these two imaging periods

it should be possible to fully describe the growth patterns of T4 and T5 neurons in
the future. Additionally, time lapse imaging experiments allow to observe the exact
defect of a gene on the growth pattern with a genetic manipulation. To test potential
effects certain genes could have in silico, it will be necessary to build a developmental
model of T4 and T5 neurons. These models are necessary to narrow down the potential
growth patterns of T4 and T5 neurons. They would allow to predict which molecular
mechanism have the potential to generate the directional growth observed in time lapse
imaging experiments. In conclusion, investigating the dendritic development of T4 and
T5 neurons can provide us with a good understanding of how the genetic code translates
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into specific morphologies of directional dendrites. This work contributes to this effort by
employing state-of-the-art methods to collect and analyse data from T4 and T5 neurons
of Drosophila providing first indicators on how their dendrites develop. However, both
further experimental efforts, such as bigger datasets and additional detailed experiments,
as well as theoretical efforts providing models behind growth processes are necessary to
fully understand the molecular mechanism leading to complex dendritic morphologies.
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