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SUMMARY

The fruit fly Drosophila melanogaster is one of the most popular model organisms
being used in the life sciences. Due to its small number of neurons compared to other
vertebrate species and its genetic access, it has also proven itself to be an optimal
model organism for neuroscience. Especially, the field of systems neuroscience has
made quick advances in its study of neural circuits of the fly brain underlying sensory
perception such as olfaction and vision, as well as complex behaviors such as mating,

learning, and memory.

The motion vision pathway in the optic lobe of the fruit fly is a prominent example
of a computation-performing neural circuit that researchers have been trying to
understand for decades. While the wiring of the main circuit elements has been
described via EM-reconstructions and their response properties have been
characterized comprehensively, the molecular mechanisms of direction-selectivity
still remain elusive. However, subcellular components such as neurotransmitter
receptors and ion channels are important since they define the sign and the temporal
dynamics of synaptic connections within a circuit. Hence, the main focus of my
thesis was the investigation of neurotransmitter receptors in the primary motion
sensing T4/T5 neurons of the fly brain, including the development of required

genetic tools.

First, we developed a protocol for super-resolution STED imaging in Drosophila
brain slices which allowed us to resolve fine dendritic structures of individual T4/T5
neurons deep inside the brain (Manuscript 1). Second, we used the glutamate sensor
iGluSnFR to characterize the temporal dynamics of the three glutamatergic cell types
of the motion vision pathway L1, Mi9 and LPi (Manuscript 2). We validated the
usability of iGluSnFR for measuring glutamate signaling in adult Drosophila brains
and found that responses recorded with iGluSnFR are faster than GCaMP signals of
the same cells. In Manuscript 3, we developed new genetic strategies for conditional
protein labeling. Specifically, we introduced FlpTag, a tool for endogenous,
conditional labeling of proteins by means of a flippase-dependent, invertible GFP
cassette integrated in the endogenous gene locus. Using these methods, we explored
the subcellular localizations of neurotransmitter receptors for glutamate, GABA,
acetylcholine and voltage-gated ion channels in T4/T5 neurons in Drosophila
melanogaster. Within the dendrite, receptor subunits localize to different regions and

in a spatial order that exactly matches the EM-reconstructed synapse numbers and
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distributions of the different input neurons described in previous studies. Further, we
discovered a strictly segregated subcellular distribution of two voltage-gated ion
channels in dendrite vs. axonal fibers in T4/T5 neurons. These findings lay the
foundation for future functional investigations of receptors and ion channels in
T4/T5 neurons and will be used by biophysically realistic model simulations of the

motion-detecting circuit.

In summary, we employed new methods to investigate neurotransmitters, their
corresponding receptors, and voltage-gated ion channels in the motion vision
pathway of the fruit fly. This work advanced our understanding of the biophysical
mechanisms of motion-vision. Future studies can build on it to investigate the full
molecular repertoire of T4/T5 neurons. Potentially, the strategies presented in this

thesis can be expanded to different circuits or even different species in the future.
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1. INTRODUCTION

1.1 The model organism Drosophila melanogaster
1.1.1 History of fruit fly research

The fruit fly Drosophila melanogaster is one of the most commonly used model
organisms across all life sciences. It has been studied since the early 20™ century
when Nettie Stevens brought fruit flies into Thomas Hunt Morgan’s laboratory at
the Bryn Mawr College. She studied spermatogenesis in mealworms and different
dipteran fly species and discovered the sex chromosomes (Stevens, 1905; 1908).
Later, Morgan did his first experiments with these tiny flies describing the
inheritance of their eye color and the underlying whife gene on the X-chromosome
(Morgan & Cattell, 1912). In 1933 the Nobel Prize in Physiology or Medicine was
awarded to Morgan “for his discoveries concerning the role played by the

chromosome heredity”.

The influence Drosophila has had on basic research over the past century can be
showcased by the Nobel Prizes awarded for findings made with the fruit fly
(overview in Fig. 1). In 1946, H. J. Miiller won the Nobel Prize “for defining the
effects of X-rays on mutation rates”. Almost 50 years later, in 1995, the Nobel Prize
was awarded to E. B. Lewis, C. Niisslein-Vollhard and E. Wieschaus for their
discoveries of genes involved in embryo development. After these findings the field
of Drosophila developmental biology took off and more and more researchers used
the potential of flies for their research up until today. R. Axel and L. B. Buck were
awarded the Nobel Prize in 2004 “for their discoveries of odorant receptors and the
organization of the olfactory system” in both mice and flies. In 2011, J. A. Hoffmann
won the Nobel Prize for his discovery of the Toll-gene which is crucial for the
immune system of the fly. The last Nobel Prize thus far for research done with
Drosophila was awarded to J. C. Hall, M. Rosbash and M. W. Young in 2017 “for

their discoveries of molecular mechanisms controlling the circadian rhythm”.
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Figure 1. Photographs of Nobel prize winners for Drosophila research.
Image taken with permission from Prokop A., 2018.
(https://www.openaccessgovernment.org/fruit-fly-research/52396/).




Drosophila melanogaster continues to be a widely used model organism ever since
due to an ever-evolving array of traits. First, rearing fruit flies in the lab is
inexpensive and easy. It mainly requires plastic tubes with food paste and
temperature-controlled incubators. Second, their generation time is rather short
(approximately 10 days at 25° C) which makes it possible to study many generations
in relatively short time and in general more test animals can be sacrificed. Third,
even though Drosophila is an invertebrate, 60% of its genome is homologous to that
of humans and 75% of human disease genes have homologs in flies (Ugur et al.,
2016; Mirzoyan et al., 2019). This makes Drosophila an attractive model organism
not only for basic cell and developmental biology, but also for studies of diseases

and medical research.

1.1.2 Drosophila melanogaster’s toolbox for systems neuroscience

The fruit fly is not only a great model organism for cell and developmental biology,
but also for neuroscience including systems neuroscience. The common goal in
systems neuroscience is to understand how the brain integrates sensory inputs and
transforms them into behavioral output. In order to understand these mechanisms,
researchers are focusing on a behavior of interest, investigating underlying neural
circuits and the way these neurons perform certain computations. Drosophila
constitutes an ideal model organism to study all the above-mentioned aspects. On
the one hand, fruit flies possess a brain with a relatively small number of only
100.000 neurons compared to the 70 million neurons in the mouse brain or 86 billion
in a human brain. This relatively small number indicates a less complex brain and
increases the chances of understanding it. On the other hand, flies are capable of
rather complex behaviors stemming from sensory modalities such as olfaction and
vision, as well as higher order behaviors such as learning. The small number of
neurons makes it possible to dissect whole circuits and discover all cell types

involved in a specific behavior.

Furthermore, Drosophila comes with an enormous genetic toolbox that has been
developed over decades and is still growing continuously. Amongst the most
powerful inventions is the binary UAS-Gal4 expression system which allows for
cell-type-specific expression of any gene of interest (Brand & Perrimon, 1993).
Derived from yeast, the transcription factor Gal4 binds to the Upstream Activation
Sequence (UAS) to activate transcription of any gene downstream of the UAS
sequence. Only when the so-called Gal4 driver fly line and the UAS effector fly line

are crossed, the offspring will show cell-type-specific UAS-Gal4 driven expression



of gene X (Fig. 2). In the early days of this new technique, Gal4 lines were generated
by randomly inserting Gal4 with P-element transposons into the fly genome.
Nowadays, DNA fragments with presumed enhancer activity are directly cloned
from the genomic DNA to generate thousands of Gal4 driver lines and intersectional
split-Gal4 lines addressing most of the fly’s cell types (Pfeiffer et al., 2008, 2010;
Jenett et al., 2012).

—— U

— Genomic Enhancer —m ----- Gene X
UAS
Tissue-specific expression of GAL4 Transcriptional activation of Gene X

Figure 2. The UAS-Gal4 system in Drosophila.

Two flies, the enhancer trap Gal4- line and the UAS-Gene X line, are crossed for directed
gene expression. The enhancer trap line consists of a genomic enhancer fused to the Gal4
sequence, while the UAS-reporter-line consists of a UAS sequence followed by the Gene X
(Brand & Perrimon, 1993). Tissue-specific Gal4 will bind to the UAS sequence to elicit
expression of gene X in a cell-type-specific manner. Image taken with permission from Brand
& Perrimon, 1993.

One of the simplest applications of the UAS-Gal4 system is expression of a structural
marker which is a cytosolic or membrane-tethered fluorescent protein such as GFP
or mCherry, in the cells of interest to study their morphology using light microscopy.
Furthermore, the MultiColor FlpOut (MCFO) tool can be used to stochastically label
individual neurons in different colors for high-throughput neuroanatomical
investigations. For this method, the expression of multiple membrane-targeted and
distinct epitope-tagged proteins is controlled both by a transcriptional driver and by
stochastic, recombinase-mediated excision of transcription-terminating cassettes.

(Nern et al., 2015).

Especially in circuit neuroscience, the UAS-Gal4 system is frequently used to
manipulate neural activity by cell-type-specific expression of activators or
inhibitors. For activation of neurons, the ionotropic purinoceptor P2X2 can be
expressed cell-type-specifically and application of ATP will lead to depolarization
of the cells. It was demonstrated that the P2X2-based activation of the giant fiber
neuron leads to typical escape behaviors in flies (Lima & Miesenbdck, 2005). For

heat-inducible neural activation, the thermosensitive cation channel TrpAl is used
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especially in behavioral paradigms in Drosophila (Hamada et al., 2008). More
recently, optogenetic, light-sensitive ion channels like the cation channel
Channelrhodopsin-2, ReaCHR, and Chrimson allow to excite neurons with precise
temporal resolution (Nagel et al., 2003; Lin et al., 2013; Klapoetke et al., 2014).
Alternately, potent inhibitors of neural activity such as tetanus toxin (TNT) are used
in order to abolish neurotransmitter release, and the inwardly rectifying potassium
channel Kir2.1 which hyperpolarizes neurons (Sweeney et al., 1995; Baines et al.,
2001). For heat-inducible blocking of synaptic transmission UAS-shibire®™ enables
reversible inactivation of neurons (Kitamoto, 2001). Recently, optogenetic inhibition
of neural activity via light-sensitive channels has been introduced to flies. The light-
gated anion channel GtACR allows for effective silencing of neurons in the visual

system of Drosophila (Mauss et al., 2017).

On the molecular side, there are numerous tools available to study the role of specific
genes in Drosophila. The most prominent method for conditional loss-of-function
studies is the knockdown of genes with RNA interference (RNAi), a method that
degrades mRNA, eventually preventing translation of the protein. Large scale
libraries contain thousands of UAS-RNAI lines that enable the cell-type-specific
inactivation of any gene of interest (Dietzl et al., 2007; Perkins et al., 2015).
However, RNAi knockdowns are rarely complete and off-target effects can occur
(Ma et al., 2006; Perkins et al., 2015). Recently, the rise of CRISPR/Cas9 genome
editing has expanded the toolkit for conditional loss of function studies in

Drosophila (Port et al., 2014; 2020; Heidenreich & Zhang, 2016).

1.2 Neurotransmitters, receptors, and voltage-gated ion channels
in Drosophila

In the late 19" century, the Spanish neuroscientist Santiago Ramén y Cajal laid the
foundation for what is known as the ‘neuron doctrine’. His Golgi stainings of brain
samples from different species led him to the conclusion that nerve cells were
discrete individual units, contrasting Camillo Golgi’s ‘reticular theory’ which states
that the brain is a single, continuous network. Later, Golgi’s hypothesis was
discarded and Cajal’s neuron doctrine was shown to be indeed the correct description
of the nervous system as we know it today: Nerve cells are discrete individual cells.
They form networks via synapses, i.e. the cellular structures where two neurons
connect to each other. Two types of synapses exist: chemical synapses on the

postsynaptic side, and electrical synapses. In the electrical synapse, gap junction
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proteins form paired channels in both the pre- and postsynaptic membrane,
constituting a pore through which ions can flow bidirectionally (Purves et al., 2001).
In the chemical synapse, the presynaptic neuron releases a neurotransmitter which
binds to transmitter receptors in the membrane of the postsynaptic neuron initiating
an electrical response which can either excite or inhibit the postsynaptic neuron

(detailed steps of signal transduction in Fig. 3).

@ Arrival of action potential

Vesicular NT transporter

Ca2+ o o °® Caz* Ca?*

Metabotropic
NT receptors (GPCRs)

@ Excitatory or inhibitory
postsynaptic potential

Figure 3. Schematic overview of a chemical synapse.

The action potential arrives at the presynaptic terminal (1), where neurotransmitter (NT) is
packed into vesicles via vesicular NT transporters (2). Depolarization of the presynaptic
terminal leads to influx of Ca®* via voltage-gated (Vgated) Ca**-channels (3). Ca*>" causes the
fusion of the NT-filled vesicles with the presynaptic membrane and release of NT into the
synaptic cleft. NT binds to either metabotropic NT receptors or ionotropic NT receptors in
the postsynaptic membrane (4). In the case of the metabotropic receptor (G-protein coupled
receptor, GPCR) a second messenger cascade is initiated which can lead to excitation or
inhibition of the postsynaptic neuron (5, 6). Ionotropic NT receptors are ligand-gated ion
channels that allow the flux of ions in or out of the postsynaptic neuron (5), causing direct
excitatory or inhibitory potentials (6). Figure adapted from Fig. 7.19 from ‘Introductory
Animal Physiology’, Sanja Hinic-Frlog, 2019.

Neurotransmitter receptors are membrane proteins which can be divided into
ionotropic and metabotropic receptors. lonotropic receptors are ligand-gated ion
channels composed of a transmembrane domain including the ion conduction pore
and an extracellular domain including the ligand-binding domain. Tons like Na®, CI
, Ca®*, or K" flow in and out of cells via the ion pore in ionotropic receptors. Usually,
several subunits form one ionotropic receptor, which can be for instance a tetramer

or a pentamer (Cascio, 2004).



Metabotropic receptors are coupled with G-proteins and act indirectly on ion
channels via signal transduction mechanisms. They are also called seven-
transmembrane helix proteins as they possess seven membrane-spanning helices.
The G proteins are typically composed of a a-, - and y-subunits, whereby the type
of a-subunit defines the cellular response cascade (Rosenbaum et al., 2009). For
instance, a G-protein coupled receptor with the Gio a-subunit inhibits the enzyme
adenyl cyclase which in turn leads to closed Ca®’-channels and inhibition of neural
activity (Sprang et al., 2007). The Gs-subunit, in contrast, activates adenylyl cyclase,

causing increased cCAMP levels and neural activation.

For my doctoral thesis, I studied neurotransmitters and receptors in the visual system
of the fruit fly in the context of the motion-sensing T4/T5 neurons. In the following
chapter I will give a general introduction to the most important neurotransmitters

and their corresponding receptors in Drosophila.

1.2.1 Glutamate

Glutamate is the main excitatory transmitter in the mammalian central nervous
system and at the Drosophila neuromuscular junction. It is the most abundant amino
acid in the human and fly brain and present in every cell. The vesicular glutamate
transporter VGlut is responsible for glutamate uptake and storage into vesicles
(Daniels et al., 2004). Immunohistochemical signal of VGlut in axonal terminals or
somata is considered the standard marker for glutamatergic neurons (Mahr & Aberle,
2006; Daniels et al., 2008). Numerous glutamatergic neurons exist throughout the
Drosophila brain (Daniels et al., 2008 and Raghu et al., 2011) and several studies
demonstrated the excitatory action of glutamate (Das et al., 2011a; 2011b; Wu et al.,
2007; Xia et al., 2005).

There are 15 putative ionotropic glutamate receptor subunits and one metabotropic
glutamate receptor described in Drosophila (Fig. 4). The ionotropic glutamate
receptors (iGluRs) can be divided into NMDA and non-NMDA glutamate receptors.
Two NMDA receptors, Nmdar-1 and Nmdar-2, have previously been described.
They are involved in sleep behavior (Tomita et al., 2015), and olfactory learning and
memory (Xia et al., 2005) in Drosophila. The best described non-NMDA iGluRs are
GIluRITIA, GIuRIIB and GIuRIIC which are found at the neuromuscular junction
(NMJ) in the fruit fly. In total, there are around 12 iGluR subunits. Interestingly, it
was shown in 2013 that glutamate can also act as an inhibitory neurotransmitter

when it binds to the glutamate-gated ion channel GluCla (Liu & Wilson, 2013). The
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inhibitory effects of GluCla are crucial for olfactory processing in the antennal lobe
(Liu & Wilson, 2013) and were shown to play an important role in motion
opponency in the visual system of the fly (Mauss et al., 2015). Furthermore,
glutamate can also act on a slower G-protein coupled receptor (GPCR), the
metabotropic glutamate receptor mGluR which is expressed presynaptically in the
fly NMJ (Bogdanik et al., 2004). At the presynaptic site mGluRs modulate
presynaptic excitability and synaptic architecture. It was also shown that mGluRs

have an inhibitory effects on clock neurons (Hamasaka et al., 2007).

Drosophila glutamate receptors

—

ionotropic glutamate receptors (iGluRs) metabotropic glutamate receptors (mGluRs)
NMDA non-NMDA mGIuR
- Nmdar-1 - GIuRITA - clumsy
- Nmdar-2 - GIuRIIB - KaiRIC

- GIuRIIC - KariR1D
- GIuRIID -CG11155
- GIuRIIE - EKAR

- GIuRIA - GluCla

- GluRIB

Figure 4. Overview of glutamate receptor subunits in Drosophila.

There are ionotropic and metabotropic glutamate receptors. Only one metabotropic Glu
receptor has been described. Ionotropic Glu receptors can be divided into NMDA- and non-
NMDA-receptors.

1.2.2 GABA

y-aminobutyric acid or short ‘GABA’ is the main inhibitory neurotransmitter in both
mammals and invertebrates. GABA is synthesized from glutamate by the enzyme
glutamic acid decarboxylase (GAD), which is also considered the standard marker
for GABAergic neurons (Jackson et al., 1990; Featherstone et al., 2000). GABA is
packed and stored in vesicles via VGAT which is the vesicular GABA transporter.
VGAT can also be used as a marker for terminals of GABAergic neurons
(Kolodziejczyk et al., 2008; Fei et al., 2010). It was shown that in VGAT mutants
GABA release is decreased which in turn impairs object tracking in flies but not the
optomotor response (Fei et al., 2010). These findings hint towards distinct roles of

GABAergic signaling in the visual system of Drosophila.



In Drosophila, three genes are described to encode GABA-gated chloride channel
subunits: the so-called ionotropic GABAA4 receptors Rdl, Lcch3 and Grd (Fig. 5).
Rdl, the best studied GABA receptor A-type subunit, stands for ‘resistant-to-
dieldrin’ since it was first characterized in a mutant that is resistant to the cyclodiene
insecticide dieldrin due to a single amino acid replacement (Ffrench-Constant et al.,
1993; 1991b; Ffrench-Constant and Rocheleau, 1992; Ffrench-Constant and Roush,
1991a). Rdl is highly expressed in the antennal lobes and the mushroom body
(Harrison et al., 1996; Davis, 2004); in the latter it negatively regulates associative
olfactory memory (Liu et al., 2007). Furthermore, Rdl is also found on the dendrites
of lobula plate tangential cells in the visual system of the fly (Raghu et al., 2007).
Recently it was demonstrated that its inhibitory effects are important for creating
ON-selectivity in the visual pathway (Molina-Obandoet al., 2019). Less is known
about the two other ionotropic GABA receptor subunits, Lech3 and Grd. Rdl is
known to form homomers in the heterologous expression system of Xenopus laevis
oocytes (Hosie & Sattelle, 1996). When co-expressed in cell culture, Lcch3 and Rdl
can also form functioning GABA heteromers that respond to GABA application
(Zhang et al., 1995). However, in vivo they are not expected to form this type of
heteromeric GABA channel since the two subunits are differentially distributed in
the fly brain as shown by immunohistochemistry (Hosie et al., 1997). Interestingly,
it was reported that Lcch3 and Grd form heteromeric cation-channels when
expressed in Xenopus oocytes, leading to excitatory currents (Gisselmann et al.,
2004). Davis et al., also found in their RN Aseq study that Lcch3 is expressed in optic
lobe neurons either together with Grd or Rdl, indicating a possible role of Lech3/Grd
heteromers in vivo (Davis et al., 2020). However, it is still unknown, if this subunit

combination also leads to excitatory currents in vivo.

Drosophila GABA receptors

O\

ionotropic GABA receptors metabotropic GABA receptors
(GABA, type) (GABA, type)

- Rdl - GABA-B-R1

- Leeh3 - GABA-B-R2

- Grd - GABA-B-R3

Figure 5. Overview of GABA receptor subunits in Drosophila.
There are three ionotropic GABAa type receptors and three metabotropic GABAB type
receptors described.



GABA can also act as a slow inhibitory transmitter when it binds to metabotropic
GABA B-type receptors. There are three metabotropic subunits described in
Drosophila: Gaba-b-r1, Gaba-b-r2 and Gaba-b-r3 (Fig. 5). This type of inhibition
via GABAB receptors was found to take place in projection neurons in the antennal
lobe allowing for subtractive gain control (Suzuki et al., 2020). Furthermore, Gaba-
b-r2 receptors mediate the regulation of olfactory information via presynaptic
inhibition of olfactory receptor neurons (Olsen & Wilson, 2008). GABAg receptors
are also involved in sleep drive and behavioral responses to alcohol (Ki & Lim, 2019;
Ranson et al., 2020). It is thought that Gaba-b-rl and Gaba-b-r2 are co-expressed
together in vivo since in situ hybridization showed their localization in similar
regions, whereas Gaba-b-r3 is differentially distributed (Mezler et al., 2001).
Recently, Gaba-b-rl was found to be expressed in the antennal lobe, the visual
system, the mushroom body and the ellipsoid body, whereas Gaba-b-r3 was only
expressed in the ellipsoid body, but not in the mushroom body (Deng et al., 2019).
Taken together, several studies described the distribution and functional relevance
of the metabotropic GABA receptor subunits in Drosophila. However, a
comprehensive picture of GABAg receptors, how they are combined in differentially

tuned oligomers in vivo and their specific functional roles stills remain elusive.

1.2.3 Acetylcholine

Acetylcholine (ACh) is the oldest and best studied neurotransmitter in both
vertebrates and invertebrates. The synthesizing enzyme for ACh is the choline
acetyltransferase (ChAT) (Greenspan, 1980; Salvaterra & McCaman, 1985) and the
vesicular ACh transporter VAChT loads the transmitter into vesicles (Kitamoto et
al., 1998). Hence, both ChAT and VAChT are markers for cholinergic neurons,
whereby VAChT can be found predominantly in ACh release sites in the axon

terminals.

There are 13 ACh receptor subunits described in the Drosophila genome (Fig. 6);
from those 10 are ionotropic, so-called nicotinic ACh receptors, named after their
agonist nicotine; Dal-Da7 and DB1-DB3. Furthermore, there are 3 metabotropic
subunits, so-called muscarinic ACh receptors named after their agonist muscarine;
mAChR-A, mAChR-B and mAChR-C. The nicotinic ACh receptors are ligand-
gated cation channels permeable to mainly Na" and K, but also to Ca*". On the other
hand, muscarinic ACh receptors are G-protein coupled and act via second messenger

cascades (Shapiro et al., 1989; Brody & Cravchik, 2000).



Drosophila ACh receptors

N

ionotropic ACh receptors metabotropic ACh receptors
(nicotinic) (muscarinic)

- Dal - D6 - mAChR-A

- Da2 - Da7 - mAChR-B

- Da3 - DB1 - mAChR-C

- Do4 - Dp2

- Da5 - Dp3

Figure 6. Overview of acetylcholine (ACh) receptor subunits in Drosophila.

There are ten ionotropic, nicotinic ACh receptors and three metabotropic, muscarinic ACh
receptors described.

The most explored ACh receptor subunit in Drosophila is Da7 (or nAChRa7), which
forms a homomeric pentamer ACh receptor with excitatory effects (Fayyazuddin et
al., 2006). Mutant analyses showed that Da7 is important in the giant fiber where it
mediates jump escape behavior in flies (Fayyazuddin et al., 2006). It has also been
found that the ACh subunit Da7 is localized to the dendrites of lobula plate tangential
cells (LPTCs), the widefield optic flow sensors of the fly motion vision pathway
(Raghu et al., 2009). Back then, this mainly demonstrated cholinergic, excitatory
inputs to LPTCs. Only a few years later it was shown that this cholinergic input
comes from the first-order direction-selective T4/T5 neurons (Mauss et al., 2014).
Less is known about the other nicotinic ACh receptor subunits. Studies mainly done
in heterologous expression systems showed that the subunits Da5, Da6 and Da7 can
form functioning heteromers in vitro (Lansdell & Millar, 2004; Lansdell et al., 2012).

However, it still remains unknown, if these heteromers are also formed in vivo.

Experiments with stable Drosophila cell culture demonstrated the excitatory effects
of mAChR-A via the Gy11-mediated second messenger cascade leading to increased
intracellular Ca®* levels (Millar et al., 1995). Surprisingly, a recent study showed
that mAChR-A has inhibitory effects on Kenyon cells in the olfactory system of the
fly. This cholinergic inhibition acts on Kenyon cell dendrites where it facilitates
synaptic plasticity in odor-associated learning (Bielopolski et al., 2019). mAChR-B
is coupled to Gi, which inhibits the enzyme adenylyl cyclase leading to decreased
Ca*" levels and hence inhibitory effects on the neuron (Ren et al., 2015). Recently,
inhibitory mAChR-B was shown to produce the sign-inversion for establishing the
OFF-channel in the larval Drosophila visual pathway (Qin et al., 2019). To date,
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nothing is known about the functional roles or distribution of the third metabotropic

ACh receptor subunit, mAchR-C (Xia et al., 2016).

1.2.4 Monoamines (neuromodulators)

Besides the main neurotransmitters glutamate, GABA, and acetylcholine there exist
several other transmitters, which belong to the class of monoamines: dopamine,
serotonin, octopamine, tyramine and histamine. In the following chapter, I will
introduce dopamine, serotonin and octopamine as well as their corresponding

receptors.

In Drosophila, around 128 dopaminergic neurons can be found exclusively in the
central brain and are organized in 8§ clusters (Kasture et al., 2018). Dopamine is one
of the so-called ‘neuromodulators’ since it acts on many neurons and circuits
simultaneously to modulate sleep, rest and activity, aggression, memory formation,
courtship, feeding and learning (Nitz et al., 2002; Schwaerzel et al., 2003;
Riemensperger et al., 2011; Alekseyenko et al., 2013; Waddell, 2013; Yamagata et
al., 2015; Berry et al., 2015; Aso & Rubin, 2016). Four GPCR dopamine receptors
have been characterized in the fruit fly: Dop1R1, Dop1R2, D2R and DopEcR. The
first two, Dop1R1 and Dop1R2 belong to the Gs protein family whereas D2R is Gi-
coupled. Upon dopamine binding to the GPCRs DoplR1 or DoplR2 the enzyme
adenylyl cyclase is activated which in turn leads to increased cAMP levels and a
second messenger cascade that induces EPSCs. Conversely, D2R is Gi-coupled
which inhibits the enzyme adenylyl cyclase, eventually causing inhibition of the
neuron (Hearn et al., 2002). Furthermore, the fly genome includes the non-canonical
receptor DopEcR which is a steroid hormone receptor with affinity for both ecdysone
and dopamine. It plays a role in courtship memory in mushroom body circuits

(Ishimoto et al., 2013).

Serotonin is another important state-dependent neuromodulator that regulates a long
list of behaviors in the fruit fly, such as sleep, place memory, circadian rhythm,
feeding, aggression and memory formation (Yuan et al., 2005; Sitaraman et al.,
2008; Alekseyenko et al., 2010; Majeed et al., 2016; Kaneko et al., 2017;
Scheunemann et al., 2018; Kasture et al., 2018). There are around 80 serotonergic
neurons in the central brain of Drosophila, arranged in discrete clusters (Sitaraman
et al., 2008; Kasture et al., 2018). Five G protein-coupled serotonin receptors have
been described in Drosophila, which are SHT-R1A, SHT-R1B, SHT-R2A, 5HT-
R2B and SHT-R7. The serotonin receptor SHT-R1A is Gi- coupled and was shown
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to have inhibitory effects in vivo (Yuan et al., 2006; Blenau & Thamm, 2011; Luo
et al., 2012). SHT-R2A and -2B are Gg-coupled, but their physiological properties
in vivo have not been described yet. The Gs-coupled serotonin receptor SHT-R7 is
thought to cause neural excitation via increasing cAMP-levels and is essential for
courtship and mating (Becnel et al., 2011). A recent study demonstrated that some
neurons involved in early visual processing in the fly optic lobe are regulated by

serotonin (Gschweng et al., 2020).

Octopamine, the invertebrate counterpart to the mammalian hormone epinephrine,
is associated with the initiation of movement, flight, aggression, learning, memory
and sleep (Sombati & Hoyle, 1984; Brembs et al., 2007; Zhou et al., 2008; EI-Kholy
et al., 2015). Furthermore, sensory systems like vision are modulated by octopamine
in a state-dependent manner in Drosophila (Suver et al., 2012). For more active
states of the fly such as walking or flying, octopamine shifts the temporal-frequency
tuning of several neurons of the visual pathway to higher frequencies (Longden &
Krapp, 2010; Jung et al., 2011; Suver et al., 2012; Arenz et al., 2017; Strother et al.,
2018). There are 6 octopamine receptors described in Drosophila: Oamb, Octa2R,
OctB1R, OctB2R, OctB3R and Oct-TyR.

Histamine is an important neurotransmitter in the visual system of many arthropods
including Drosophila as it is released by photoreceptors, the first layer of light-
sensitive cells in the optic lobe (Hardie, 1989). Two genes are known to encode
histamine receptors in Drosophila: ora transientless (ort) and Histamine-gated
chloride channel subunit 1 (HisClI) (Gisselmann et al., 2002; Zheng et al., 2002;
Gengs et al., 2002). Both receptors are histamine-gated chloride channels, hence,

they hyperpolarize cells.

1.2.5 Voltage-gated ion channels

Voltage-gated ion channels are sensitive to changes in membrane potential which
lead to conformational changes and gating of ions. They are selectively permeable
to the major physiological ions Na*, Ca*', and K*. Hence, they can be subdivided
into voltage-gated sodium, calcium, and potassium channels (Fig. 7). Voltage-gated
ion channels are essential for cell excitability and influence the electrical signaling
within and between cells. Most of our knowledge about voltage-gated ion channels
and their physiological dynamics stems from the pioneering work of Hodgkin and
Huxley. Between 1939 and 1952 they developed a method for intracellular

recordings of the squid giant axon, recorded the first action potential, and analyzed
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ion channel kinetics (Hodgkin & Huxley, 1939, 1945; Schwiening, 2012). Later,
their work culminated in their famous mathematical model of the action potential in

1952 (Hodgkin & Huxley, 1952).

VOLTAGE-GATED CHANNELS
(A) Na* (B) Ca®* (C) K*

channel channel channel
N:* . Cg*o
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8] fos e

Voltage OOOK’
sensor

Figure 7. Overview of voltage-gated ion channels.

The three most important classes of voltage-gated ion channels are Na* channels (A), Ca*
channels (B), and K" channels (C). Na* channels are permeable to Na* ions which flow into
the cell. Ca*" channels are permeable to Ca>" ions which flow into the cell. K* channels, on
the other hand, are permeable to K* ions which are gated out of the cell. Image taken with
permission from Purves et al., 2001.

Voltage-gated sodium channels are critical for rapid depolarization due to the
influx of sodium ions into the neuron (Warmke et al., 1997). The only voltage-gated
sodium channel gene described in Drosophila is paralytic (para). It is required for
the generation of action potentials mediated by sodium. Furthermore, para also plays
a role during development by regulating the proliferation of neuroblast lineages, the

progenitors of Drosophila neurons (Piggott et al., 2019).

Voltage-gated calcium channels mediate the influx of Ca*" ions in response to
arriving action potentials. Calcium channels are composed of the primary structural
subunit, the so-called alphal subunit, together with beta, alpha2/delta or gamma
subunits (Catterall, 1998). The alpha subunit of the voltage-gated calcium channel
in Drosophila is cacophpy (cac) which induces neurotransmitter release at

presynaptic active zones (Iniguez et al., 2013).

Voltage-gated potassium channels play an important role in repolarizing the
depolarized cell to its resting potential. The first identified voltage-gated potassium
channel in Drosophila is Shaker (Kamb et al., 1987). Later, several other voltage-
gated potassium channels were discovered, such as Shab, Shaw, Shal, Eag, Sei, Elk,

and Slo (Frolov et al., 2012).

13



1.3 Methods for studying neurotransmitters and receptors

In order to fully understand neural circuits, it is essential to define neurotransmitter
phenotypes of presynaptic cell types and the transmitter receptors used by the
postsynaptic partners. Neurotransmitters can act on a range of different receptors
composed of exchangeable subunit combinations, leading to either excitation or
inhibition, or modulation with differential temporal dynamics. Hence,
neurotransmitter receptors define the sign as well as the time course of any chemical
synaptic connection. Several approaches have been established in Drosophila for
studying neurotransmitters and receptors. For defining the neurotransmitters used by
specific neural cell types, markers such as transmitter-synthesizing enzymes or
vesicular transporters are used. For instance, the vesicular transporter for glutamate
VGlut is a well-established marker for glutamatergic neurons and GAD, the
synthesizing enzyme of GABA, is a marker for GABAergic neurons (Mahr &
Aberle, 2006; Daniels et al., 2008; Kolodziejczyk et al., 2008). On the postsynaptic
site, the question is not only which receptors are expressed, but also where they are

localized.

To investigate both the transmitter phenotype and the receptors with molecular
approaches one can either look at RNA or protein levels. Methods focusing on RNA
levels can answer, if a neurotransmitter or receptor is expressed in the cell of interest.
Investigations at the protein level provide information on expression levels and
localization of transmitter release sites or receptors. In the following paragraphs, I
will highlight the most important methods for investigation of neurotransmitters and

receptors at the RNA and at the protein level.

1.3.1 RNA level

When a gene is expressed in a cell of interest, the first detectable product is the
mRNA molecule. Hence, mRNA levels of a given gene are used as readout of
expression levels. There are several methods to measure RNA levels of a certain
gene in the cell type of interest. Those can be sub-divided into methods which retain
spatial information and those that only look at expression levels without the context

of spatial localization.

One of the earliest techniques for quantification of gene expression is the qRT-PCR
(quantitative real-time PCR) or qPCR (quantitative PCR). Here, the neurons of
interest (usually GFP-labeled) are extracted from the brain by either picking single
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cells (Takemura et al., 2011; Mauss et al., 2015) or by FACS sorting (Porter et al.,
2017). The mRNA is isolated from the collected cells and reverse-transcribed into
complementary DNA (cDNA) which can be analyzed on the qPCR machine. In the
gPCR reaction, the amplified DNA is quantified via incorporated fluorescent dyes
and the expression of the target gene is quantified as fold-changes in comparison to

an internal reference gene.

A quickly evolving method for transcriptome analysis is RNA sequencing
(RNAseq) which measures presence and quantity of mRNA in the cells of interest.
RNAseq emerged about 15 years ago while next-generation sequencing was on the
rise (Weber, 2015). Initially, it was applied to sequence the transcriptome of plants
like Zea mays or Arabidopsis thaliana (Emrich et al., 2007; Weber et al., 2007).
Afterwards it quickly revolutionized many research areas across the life sciences,
including neurobiology (Ecker et al., 2017). The typical workflow of an RNAseq
experiment looks as follows: The mRNA is extracted from the cells/ neurons of
interest (usually via FACS cell sorting), fragmented and reverse-transcribed into
more stable cDNA. The cDNA is sequenced using high-throughput, next-generation
sequencing methods and the reads are aligned to a reference genome. Eventually, the
relative expression levels of the annotated genes can be extracted. In the past years,
besides bulk RNAseq of only one cell type at a time, single cell RNAseq (scRNAseq)
has been developed and improved. scRNAseq allows for RNAseq of individual cells,
enabling sequencing of many cell types at the same time extracted from one
organism or tissue. For this method, microfluidic devices are used to encapsulate
individual cells in droplets which carry a unique “barcode” (Kimmerling et al.,
2016). In the subsequent sequencing step, the barcoded cells can be mixed together
and individual cells can be identified by their barcodes. The obtained reads for every
cell are analyzed with hierarchical cluster analysis and cell types are inferred from
cluster similarity. While not all RNAs can be annotated due to low RNA material
availability, this method for example allows to track transcriptomic changes of
several cell types during development (Kurmangaliyev et al., 2019; Hoermann et al.,
2020). Recently, several studies investigated neurotransmitter and receptor
expression in numerous cell types of the Drosophila brain using RNAseq and
scRNAseq (Pankova & Borst, 2016; Konstantinides et al., 2018; Davie et al., 2018;
Davis et al., 2020).

Since RNA is collected from the soma, it does not provide spatial information about

where in the tissue or the cell the specific mRNA was localized. To circumvent this
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issue, researchers have developed powerful fluorescent in situ hybridization (FISH)
methods to analyze endogenous mRNA sequences in intact tissues (Long et al.,
2017; Meissner et al., 2019). FISH uses fluorescent probes specific to the mRNA of
interest which can be detected under a conventional confocal microscope. Thereby,
the presence and localization of mRNA molecules can be examined using FISH. A
recent study expanded existing FISH probes to all important neurotransmitters and
defined their expression pattern in the whole fruit fly brain (Meissner et al., 2019).
A new innovative approach builds on RNAseq while maintaining spatial
information: Spatial transcriptomics. In 2016, Stéhl and colleagues developed spatial
RNAseq, for which they analyzed histological sections of mouse brain and human
breast cancer on an array of primers with positional barcodes. They received high-
quality RNAseq data with preserved two-dimensional spatial information (Stahl et
al., 2016). Additionally, Slide-seq, a spatial RNAseq approach which uses a surface
covered with DNA-barcoded beads revealed spatial gene expression patterns in the
mouse cerebellum (Rodriques et al., 2019). These methods seem to be promising for

identifying the bigger picture of brain-wide expression patterns in many species.

1.3.2 Protein level

Detecting the localization of a protein of interest in its cellular environment is pivotal
across all life sciences. Proteins can be detected either by immunohistochemical
staining with fluorescently-tagged antibodies or by introducing tags directly into the
genetic locus. Furthermore, the techniques can be divided into pan-neuronal labeling

of the protein of interest and conditional, cell-type-specific labeling.

Pan-neuronal protein labeling

Immunohistochemical staining first appeared in 1941 to detect the bacterium
pneumococcus with a fluorescent antibody (Coons et al., 1941) and has ever since
undergone a tremendous improvement and expansion of techniques. The oldest
system for protein detection in intact tissue is immunohistochemical staining with
antibodies which bind to the protein in fixed tissue. Using fluorescent or confocal
microscopy, images are acquired and the distribution of the protein can be analyzed.
However, antibodies for every protein of interest do not exist and epitope recognition
might be influenced by tissue fixation (Fritschy, 2008). Furthermore, the specificity
of antibodies needs to be tested carefully since some antibodies can bind to several
proteins with similar epitopes leading to false-positive results. When it comes to
neurotransmitters and receptors, the available antibodies are limited (overview in

Kolodziejczyk et al., 2008). Anti-VGlut, anti-GAD1 and anti-GABA antibodies
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have been used successfully to characterize glutamatergic or GABAergic neurons,
respectively (Jackson et al., 1990; Hamasaka et al., 2005; Mahr & Aberle, 2006;
Daniels et al., 2008).

An alternative approach is to directly introduce a fluorescent tag into the endogenous
locus of the gene. Large-scale approaches like MiMIC and FlyFos generated large
fly line libraries with GFP-tagged genes (Venken et al., 2011; Nagarkar-Jaiswal et
al., 2015; Sarov et al., 2016). The MiMIC (Minos Mediated Integration Cassette)
library used the transposon Minos to generate more than 7000 fly lines with random
insertions of the MiMIC cassette (Venken et al., 2011). Those can be either used as
gene traps or further transformed to protein traps via recombinase-mediated cassette
exchange (RMCE). To date, according to the GDP database, there exist 15.736
RMCE MiMIC lines with GFSTF or TG4 insertions. The GFSTF MiMIC lines
contain a GFP cassette in a coding-intron of the gene flanked by splice acceptor and
donor which eventually generates an endogenously GFP-tagged protein (Nagarkar-
Jaiswal et al., 2015). The tagged FlyFos TransgeneOme (fTRG) library comprises
around 900 fly lines, each containing an extra copy of a gene with a GFP-knock in
coding for one GFP-tagged protein. 207 lines were analyzed by stainings and live
imaging of ovaries, embryos, pupae or adults. Importantly, the GFP-tagged proteins
could be visualized at endogenous expression levels, localizing to subcellular
compartments. While there are some MiIMIC GFSTF lines available for
neurotransmitter markers (VGlut, Gadl), the fTRG library does not cover any of the
transmitter synthesizing enzymes or vesicular transporters. Both libraries contain
lines with GFP-tagged transmitter receptors, readily available for immunostainings.
Additionally, Kondo et al. created 75 lines with C-terminal tagged neurotransmitter

receptor genes which can be exchanged with a Venus-tag (Kondo et al., 2020).

Cell-type-specific protein labeling

The genetic toolbox of Drosophila including the UAS-Gal4 system makes it possible
to express effector genes only in specific cell types. Gal4 enhancer trap lines are
generated by either randomly inserting the Gal4 coding sequence into the genome
with transposons or directly fusing it to a promoter sequence and subsequently
integrating into the genomic DNA. For the analysis of neurotransmitter types and
receptors, Gal4 lines with insertions upstream of the relevant genes or direct fusions
can be exploited. When crossed to e.g. a UAS-tdTomato or UAS-GFP line, these
Gal4 lines label cells which express the gene of interest (e.g. neurotransmitter marker

or transmitter receptor). For instance, the Gal4 enhancer trap line OK371 was
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initially described to label motoneurons and glutamatergic neurons in general, with
the enhancer fragment OK371 9 kb upstream of the VGlut gene (Mahr & Aberle,
2006). Later, a new Gal4 enhancer trap line was generated by fusing Gal4 with a
“5.5 kb piece of DNA immediately upstream of the dvglut translation start” (Daniels
et al., 2008). The authors of the study used it to visualize glutamatergic cells in the
larval and adult Drosophila CNS. Another study identified glutamatergic neurons in
the visual system of the fly using this dvglut -Gal4 line (Raghu & Borst, 2011).

Transposon-based or manually cloned enhancer trap lines are labor intensive and
often not precise. Hence, several new methods have been developed in order to
achieve a more accurate cell type specific expression. The “Trojan plug-and-play”
toolbox introduced the so-called Trojan Gal4 (TG4) cassette that can be inserted
into coding intron MiMIC sites in the endogenous locus of the gene of interest (Diao
et al., 2015). Here, the T2A peptide promotes the translation of the Gal4 protein
independent of the endogenous protein it has been inserted into. TG4 lines are
available for some glutamate and ACh receptors for which they can act as expression
reporters. This study was complemented by the T2A-Gal4 library that included
around 1000 lines with T2A-Gal4 insertion in the endogenous gene locus (Lee et al.,
2018). The authors also developed CRIMIC (CRISPR-Mediated Integration
Cassette) a vector and protocol for CRISPR-based insertion of T2A-Gal4 in desired
coding introns of genes lacking a MiMIC insertion. Recently, another study provided
T2A-Gal4 lines specifically for 75 C-terminally tagged neurotransmitter receptor
genes (Kondo et al., 2020).

Preferably, one would not only like to know which cells express the gene of interest,
but also where in the cell the protein is localized. Specifically, when studying
neurotransmitter receptors, the subcellular distribution plays an important role. To
this end, researchers use UAS-lines to express the coding sequence of a receptor of
interest with a GFP- or tag-insertion (e.g. HA or FLAG). Sanchez-Soriano and
colleagues generated a UAS-RdI::HA line to study dendrites in motoneurons using
the GABA receptor Rdl as a marker for postsynaptic sites (Sanchez-Soriano et al.,
2005). The same line was used in a second study to investigate the distribution of
inhibitory synapses in lobula plate tangential cells in the fly optic lobe (Raghu et al.,
2009). Kuehn and Duch combined the UAS-RdI::HA line with a UAS-Da7::GFP
line to show that inhibitory, GABAergic and excitatory, cholinergic synapses are
differentially distributed in the flight motor neuron MN5 (Kuehn & Duch, 2013).
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The most elegant and reliable protein-labeling technique would combine both cell-
type-specificity and endogenous targeting. To date, however, this has only rarely
been achieved. In 2014, synaptic tagging with recombination (STaR) was
developed- “a method for labeling endogenous presynaptic and postsynaptic proteins
in a cell-type-specific fashion” (Chen et al., 2014). In this study, the authors modified
the presynaptic protein Brp and the postsynaptic protein ort (histamine receptor)
such that these proteins were labeled with the small tags V5 or OLLAS in a
conditional way only in the cell types of interest (Fig. 8A). These modified genetic
sequences were introduced via BACs in different lading sites of the fly genome.
They found that both number and localization of synapses correlate with the findings
from earlier EM studies (Chen et al., 2014). Similarly, Pankova and Borst developed
an recombinase-dependent, inducible HA-tagged VAChT-allele for identifying the
cholinergic phenotype of Mil and Tm3 neurons in the motion vision pathway of the

fly (Pankova & Borst, 2017) (Fig. 8B).
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Figure 8. Overview of existing tools for conditional, endogenous labeling of
neurotransmitter-related proteins and receptors.

A) Scheme of the STaR (Synaptic Tagging with Recombination) method applied to the
histamine receptor ort (Chen et al., 2014). Image taken with permission from Chen et al.,
2014. B) FRT-STOP-FRT-VAChHT::HA allele which allows for conditional HA-tagging of
the VAChT protein only upon cell-type-specific expression of FLP (Pankova & Borst, 2017).
Image taken with permission from Pankova & Borst, 2017. C) Scheme of Receptor-GRASP
(R-GRASP) for histamine receptor ort; reconstitution of the two GFP halfs GFP**!"1 and
GFP*!! fused to the presumed pre- and postsynaptic cell types generates full GFP, indicating
synaptic contacts via the ort channel (Luo et al., 2020). D) Scheme of the split-GFP tagging
strategy to visualize the endogenous insulin receptor (InR) in single cells (Luo et al., 2020).
Images in C and D taken with permission from Luo et al., 2020.

A recent study exploits the principle idea of GRASP (GFP reconstitution across
synaptic partners) to develop two new methods for receptor tagging (Luo et al.,

2012). The first one, Receptor-GRASP showed neuronal contact sites via the
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histamine receptor Ort between photoreceptors R7 and Dm8 neurons. Here, one half
of the GFP (spGFP1-10) is membrane-tethered and expressed in the presynaptic
neuron while the other half (Ort-GFPsp11) is extracellularly fused to the ort receptor
(Fig. 8C). Furthermore, the authors applied “split-GFP tagging” to reveal the
endogenous expression pattern of the insulin receptor InR in the optic lobe and in
Dm8 dendrites. A combination of introducing a split-GFP half and V5 tag into the
endogenous locus of InR and a flippase-dependent expression of myr::tdTomato and
the other GFP half leads to endogenous, cell-type-specific tagging of the receptor
(Fig. 8D). Kondo et al. used a similar approach with the split-GFP system to
endogenously tag dopamine receptors (Kondo et al., 2020).

1.3.3 Functional tools

The standard techniques for measuring neural activity are electrophysiological
recordings as well as genetically encoded calcium indicators (GECIs). Since the
concentration of calcium in a neuron is increased drastically upon depolarization, it
can be used as a proxy for the cell’s activity. Genetically encoded calcium indicators,
such as GCaMP sensors are designed by fusing the calcium binding protein
calmodulin to the circularly permutated green fluorescent protein (cpGFP) (Nakai et
al., 2001). Upon calcium-binding to the calmodulin unit, the GCaMP protein
undergoes a conformational change and the cpGFP absorbs the excitation light
resulting in emitted fluorescence. Since the early 2000s, GECis are constantly
improved in their sensitivity, affinity, signal-to-noise ratio, rise and decay kinetics,
and dynamic range (Chen et al., 2013; Dana et al., 2019). Recently, the GCaMP suite
was expanded with the newest jGCaMP7 version which provides improved detection
of spikes and allows tracking of larger populations of neurons (Dana et al., 2019).
Since many Drosophila neurons are too small for electrophysiological recordings,
calcium imaging with GCaMP sensors still remains the method of choice for
recording neural activity in the majority of cases. However, due to the slow dynamics
of the GCaMP sensors, the temporal resolution is worse than the resolution obtained

with electrophysiological recordings of membrane voltage.

Furthermore, changes in intracellular calcium concentrations are only one
characteristic of neural activity which can be measured. After the increase of calcium
concentration, the presynaptic terminals release neurotransmitter. Several sensors
for neurotransmitter have been developed for imaging the functional properties of
transmitter release. The glutamate sensor iGluSnFR, for instance, was constructed

from the E. coli glutamate binding protein GltI and circularly permutated GFP
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(Marvin et al., 2013). It is displayed on the extracellular side of the neuronal
membrane, where it responds to glutamate in a sensitive and fast manner. Using this
glutamate sensor, it was shown that Y-type retinal ganglion cells in the inner
plexiform layer of the mouse retina release glutamate in a transient fashion at the
central levels and in a sustained manner near the borders (Borghuis et al., 2013).
Further, iGluSnFR allowed for imaging of glutamate-release from more than 13000
bipolar cell axon terminals in the mouse retina, demonstrating that the interplay of
dendritic excitatory inputs and axonal inhibitory inputs generates the functional
diversity of bipolar cells (Franke et al., 2017). We used iGluSnFR to characterize the
glutamate transmission of three glutamatergic neurons in the motion vision pathway
of the fruit fly and compared it with the GCaMP responses (Manuscript 2; Richter
et al., 2018). A recent study used iGluSnFR to characterize the neurotransmission
between a glutamatergic lamina neuron and its postsynaptic partners which
underlies the mediation of ON selectivity in the fly visual system (Molina-Obando

etal., 2019).

Furthermore, the genetically encoded acetylcholine sensor GACh, based on a
muscarinic ACh receptor and cpGFP was developed. It was shown to have suitable
sensitivity, signal-to-noise ratio, and kinetics to monitor ACh signals in cultured
cells, and in vivo in mice and flies (Jing et al., 2018). Recently, this GACh sensor
was used to demonstrate multi-directed ACh transmission in the mouse retina
(Sethuramanujam et al., 2020). A similar ACh sensor, called iAChSnFR, was
introduced by Borden et al. (Borden et al., 2020). Using the design principles for
creating iGluSnFR, the GABA sensor iGABASnFR was constructed from
Pseudomonas fluorescens periplasmic GABA binding protein and cpGFP (Marvin
et al., 2019). The authors applied iGABASnFR to record GABA transmission in the
zebrafish cerebellum during swimming and in awake mice. Lately, a genetically
encoded sensor for the neuromodulator dopamine became available (Patriarchi et al.,

2018).

1.4 Drosophila motion vision

The detection of the direction in which a visual signal is moving is called motion
vision. Every day, when we open our eyes, we can recognize objects in our visual
field and we can easily tell in which direction they move. Since our brain constantly
performs this task seemingly effortless while we are walking through the world, it

might come as a surprise that this requires an intricate computation. The
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photoreceptors in the retina detect the visual environment like a simple pixel-array
camera: a sequence of two-dimensional luminance distributions. It is only by the
computation of subsequent circuits, that information about the direction of

movement can be extracted (Borst & Helmstaedter, 2015).

While the fruit fly is navigating through the air in order to find food or a mating
partner, neural circuits in its brain use an enormous computational power to extract
this information from the visual scenery. Due to self-motion during walking or
flying, the visual input is dominated by the so-called optic flow, panoramic image
shifts, which are extracted from the visual environment by local motion detectors
(Mauss & Borst, 2020). Optic flow provides information for course control and
estimation of travel speed. However, from a computational point of view, the neural
processing underlying motion vision is still not fully understood despite decades of
research. In the following chapter I will introduce the anatomy of the motion vision
circuit, the most important algorithmic models for motion detectors as well as

underlying neurotransmitters and receptors.

1.4.1 Motion vision circuit

In the fly, visual information is processed in the optic lobes, the region of the brain
behind the facette eyes which occupy almost two thirds of the whole brain. The optic
lobe comprises four neuropils: the lamina, the medulla, the lobula and the lobula
plate. The first two neuropils, the lamina and the medulla are organized in around
700-800 columns which allow for retinotopic sampling of the visual space (Zeleny,

1922) (Fig. 9A).

Retina

Lobula plate

Medulla Lamina

Figure 9. Schematic overview of the fly optic lobe.

A) Schematic cross-section of the optic lobe with the retina, and the four neuropils, lamina,
medulla, lobula and lobula plate. In the lobula plate, three lobula plate tangential cells are
depicted in green, blue and red. B) Most important cell types in the motion vision pathway
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in the horizontal cross-section of the optic lobe: L1-L5 in the lamina (green), (trans-) medulla
neurons in the medulla (bright red and purple), and T4 (dark red) and T5 neurons (dark
purple). Images in A and B taken with permission from Borst et al., 2020.

The first cells in the eye that receive light are the photoreceptors which project from
the retina to the lamina. They convert the energy from the light to cellular, electric
signals by a phototransduction cascade. In response to light photoreceptors
depolarize and transmit histamine to their downstream partners, the lamina cells.
There are eight types of photoreceptors in Drosophila, six of those devoted to motion
vision (R1-6) and the other two mainly to color vision (R7 and R8) (Heisenberg &
Buchner, 1977; Yamaguchi et al., 2008, 2010). Photoreceptors hyperpolarize lamina
cells via a histamine-gated chloride channel (Hardie, 1989), called HisCl encoded
by the ort gene (Gisselmann et al., 2002).

There are five lamina monopolar cells (L1-L5) that project from the lamina to the
medulla, connecting photoreceptors and medulla/ transmedulla neurons (overview
of the most important cell types in Fig. 9B). Similar to the mammalian retina, the
detection of light increments and light decrements is processed in two parallel
circuits, the ON pathway with the glutamatergic L1 neurons as the main input and
the OFF pathway with the cholinergic L2 neurons as the main input (Joesch et al.,
2010). Both L1 and L2 respond to light stimulation with a hyperpolarization elicited
by photoreceptors via histamine-gated chloride channels. When the light is turned
off, L1 and L2 respond with a rebound excitation (Yang et al., 2016). It has been
speculated that the sign inversion between L1 and their postsynaptic neurons in the
ON pathway is achieved by the inhibitory glutamate receptor GluCla. Recently it
has been shown that this ON-OFF transition is a multi-synaptic process that indeed
involves GluCla (Molina-Obando et al., 2019). Although blocking of L1 and L2
impairs any behavioral response to motion stimuli (Rister et al., 2007), they are not
the exclusive inputs to the motion vision pathway. Cholinergic L3 neurons respond
to moving dark edges and provide input to the OFF pathway via Tm9 neurons (Silies
et al., 2013; Fisher et al., 2015a), as well as to the ON pathway via Mil and Mi9
(Takemura et al., 2017). L4 neurons which depolarize in response to light
decrements receive input mainly from photoreceptors R6 and L2 and project onto
Tm2 (Rister et al., 2007; Meier et al., 2014). Overall, neurons in the motion vision
pathway already form a complex microcircuit in the first processing stage in the

lamina (Rister et al., 2007).

23



In the next neuropil, the medulla, the wiring complexity is increasing with an
increased number of cell types. Here, the medulla and transmedulla (crossing from
the medulla to the lobula complex) neurons relay information from the lamina
monopolar neurons to the T4 and T5 neurons, the first stage of direction-selectivity
in the motion vision circuit, which will be described in the next paragraph. Several
electron microscopy (EM) studies revealed the presynaptic partners of T4/T5
neurons (Takemura et al., 2013; Shinomiya et al., 2014; 2019; Takemura et al., 2017)
TS5 neurons in the OFF-pathway receive input from Tm1, Tm2, Tm4, Tm9, TmY 15
and CT1, while T4 neurons in the ON pathway receive input from Mil, Tm3, Mi4,
Mi9, TmY15, C3 and CT1 (Takemura et al., 2017; Shinomiya et al., 2019).
Furthermore, numerous functional studies described the physiological response
properties of T4/T5’s presynaptic partners (Behnia et al., 2014; Meier et al., 2014;
Strother et al., 2014; Ammer et al., 2015; Fisher et al., 2015a; Serbe et al., 2016;
Yang et al., 2016; Arenz et al., 2017; Drews et al., 2020). Those cover a range of
different temporal and spatial receptive fields with low-pass or band-pass

characteristics, all showing non-direction-selective responses.

A

4
{obula
plate

Figure 10. Anatomy and functional response properties of motion-detecting T4/TS
neurons as recorded with Ca**-Imaging.

A) Scheme of optic lobe in horizontal view with four representative T4 and TS5 neurons
(subtypes a, b, ¢, d). T4 neurons have dendrites in layer 10 of the medulla (M10) and T5
neurons have dendrites in layer | of the lobula (Lol). Both T4 and T5 neurons project into
the lobula plate with each subtype only targeting one layer. On the right side the four subtypes
of T4/TS dendrites are depicted (frontal view). The four subtypes’ dendrites point in one of
the four cardinal directions against their preferred directions (indicated by arrows). A, P, D,
V: Anterior, Posterior, Dorsal, Ventral. Image taken with permission from Hoermann et al.,
2020. B) Confocal image of the optic lobe with anti-Dlg background staining (magenta) and
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GFP-labeled T4/T5 neurons (green); scale bar 20 um (Maisak et al., 2013) C) Relative
fluorescent changes (DF/F) in the lobula plate obtained by two photon imaging of T4/T5
axon terminals expressing GCaMP5 during presentation of moving gratings in four cardinal
directions (Maisak et al., 2013). D) The results from C combined into one image with DF/F
color-coded for each of the four cardinal directions of motion which lead to activity in only
one of the four layers at a time. Scale bar 5 pm (Maisak et al., 2013). Images from B, C, and
D taken with permission from Maisak et al., 2013.

T4 and T5 neurons are the elementary motion detectors of the fly, representing the
first stage of direction-selective responses along the circuit. T4 and T5 neurons come
in four subtypes, each sending their axons into one of the four layers in the lobula
plate. Each T4/T5 dendrite collects information from approximately 8 columns, with
every subtype pointing into one of the four cardinal directions (Fig. 10A and 10B).
T4 dendrites of the ON pathway reside in layer 10 of the medulla and respond only
to light increments, while TS5 dendrites of the OFF pathway reside in layer 1 of the
lobula, responsive to light decrements (Maisak et al., 2013). Upon stimulation with
moving gratings, each subtype of T4/T5 neurons responds only to movement in one
of the four cardinal directions (Fig. 10C and D). Further downstream in the lobula
plate, T4/T5 neurons provide cholinergic input to lobula plate tangential cells
(LPTCs) (Mauss et al., 2014; Shinomiya et al., 2014). Blocking the synaptic output
of T4/T5 cells leads to unresponsive LPTCs and diminished behavioral responses to
moving visual stimuli (Schnell et al., 2012; Maisak et al., 2013; Bahl et al., 2013;
Schilling & Borst, 2015).

Lobula plate tangential cells (LPTCs) are the first direction-selective neurons
which were described in the blowfly (Dvorak et al., 1975). LPTCs are motion-
sensitive neurons that integrate ON and OFF signals in large, wide-field receptive
fields (Joesch et al., 2010; Schnell et al., 2012) (Fig. 11A). Their response to moving
stimuli is direction-selective and motion-opponent with a depolarization to stimuli
in preferred direction and a hyperpolarization in response to stimuli in null direction
(Schnell et al., 2012) (Fig. 11B). The source of this motion-opponent inhibition was
discovered a few years later: Lobula plate-intrinsic (LPi neurons) receive excitatory
input from e.g. T4/T5 neurons in layer 3 and project onto LPTCs in the neighboring
layer 4, providing inhibition via glutamate and the glutamate-gated chloride channel
GluCla (Mauss et al., 2015). Thereby, LPTCs receive null direction inhibition via
LPis which renders LPTCs motion-opponent and increases flow-field selectivity

during flight.
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Figure 11. Anatomy and response profile of a lobula plate tangential cell (LPTC).

A) Anatomy of a lobula plate tangential cell (VS) as seen after an electrophysiological
recording. Cell bodies of LPTCs are labeled in green with GFP. The recorded cell was
injected with Alexa-568 (red) to highlight the anatomy of the whole cell (dendrite on the
right). Scale bar 25 um (Joesch et al., 2008). B) Changes in membrane potential of the VS
cell seen in A: direction-selective response with a depolarization upon stimulation with a
moving grating in preferred direction (PD) and a hyperpolarization in null direction (ND)
(Joesch et al., 2008). Images in A and B taken with permission from Joesch et al., 2008.

1.4.2 Algorithmic models

In the late 1950s, scientists for the first time recorded from direction-selective units
in the cerebral cortex of cats, the optic tectum of frogs and pigeons and the retinae
of rabbits (Lettvin et al., 1959; Hubel & Wiesel, 1959; Barlow et al., 1964). At the
same time several studies posit mathematical models to explain how neurons
compute the direction of motion. The two most prominent algorithmic models for
motion detection were coined by Hassenstein and Reichardt and later by Barlow and

Levick (Hassenstein and Reichardt, 1956; Barlow and Levick, 1965).

The common motif of both models is the comparison of signals originating from two
adjacent points in visual space via a delay-and-compare mechanism. In the
Hassenstein-Reichardt-detector, the input arm on the null side is delayed and a
multiplicative non-linearity leads to preferred direction (PD) enhancement for
signals moving in the preferred direction (Fig. 12A). In the Barlow-Levick detector
the input arm on the preferred side is delayed, the non-linearity is inhibitory, causing
null direction (ND) suppression for signals moving along the null direction (Fig.
12B). For the longest time, these algorithmic models seemed to be the two competing
options. However, a new proposed model combines the two of them. This so-called
three-arm detector model incorporates motifs of both the Hassenstein-Reichardt-
detector and the Barlow-Levick-detector: PD enhancement and ND suppression
combined in one model with three arms (Leong et al., 2016; Haag et al., 2016) (Fig.
12C).
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Figure 12. Overview of different algorithmic models for motion detection.

A) In the Hassenstein-Reichardt detector (half-detector is shown here), a delay (t) on arm A’
activated by motion in the preferred direction (PD) causes coincidence of the two signals
from neighboring photoreceptors (separated by an angle, Df). A multiplicative non-linearity
results in an enhanced response for PD (PD enhancement). (Arenz et al., 2017) B) In the
Barlow-Levick detector, the delay is located on the opposite arm B’, and the non-linearity is
suppressive/inhibitory, causing a null-direction (ND) suppression. (Arenz et al., 2017) C)
The three-arm detector combines both PD enhancement and ND suppression. Images taken
with permission from Arenz et al., 2017.

How does this algorithmic three-arm-detector model map onto the anatomy and cell
types of the circuit described above? The first stage of direction-selective cells are
the T4/T5 neurons which sample visual input from around 8 columns. Their
presynaptic partners have been identified in EM studies, including synapse numbers
and synapse distributions (Shinomiya et al., 2019) (Fig. 13). For every T4/T5
subtype, the input synapses are distributed in a specific spatial order along the
dendrite from the most proximal site close to the entry point of the axon to the most
distal tips, pointing against its preferred direction (Fig. 13C and 13D). T4 neurons
receive glutamatergic input from Mi9 on their distal tips, GABAergic input on the
proximal side from Mi4, C3 and CT1 and cholinergic input from Mil and Tm3 in
the central area of the dendrite. Moreover, TmY 15 provides GABAergic input all
over the T4 dendrite with the highest synapse numbers on the proximal side. In
addition, T4 dendrites from the same subtype are interconnected on the distal
dendritic tips (Shinomiya et al., 2019). Conversely, TS5 neuron receive no
glutamatergic input at all. GABAergic CT1 and TmY15 provide input to the
proximal side of the T5 dendrite, while cholinergic Tm1, Tm2, Tm4, Tm9 and T5
from the same subtype synapse onto the central and distal dendritic area (Shinomiya

etal., 2019).
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Figure 13. Input synapses to T4/T5 neurons, their numbers and distribution on
dendrites. Number of input and output synapses of T4 dendrites in the medulla (A) and T5
dendrites in the lobula (B) obtained by EM reconstruction. Indicated are average numbers of
synapses per connection for a single T4/T5 cell, mean (+SD) for five representative cells for
each subtype. C) and D) Distribution of synaptic sites of the different input neurons to T4
(C) and TS5 (D) dendrites. Shown here are T4c/T5c neurons which detect upward motion
(indicated by arrow: PD, preferred direction). Pink stars indicate the first branch point of the
dendrite. Images taken with permission from Shinomiya et al., 2019.

By integrating their columnar inputs in a specific spatio-temporal manner during
visual stimulation, T4/T5 neurons perform the computation of motion direction. The
functional properties of their presynaptic partners have been described in great detail
with temporal dynamics covering both fast and transient, as well as slow and
sustained cells (Behnia et al., 2014; Ammer et al., 2015; Fisher et al., 2015b; Fisher
etal., 2015a; Serbe et al., 2016; Arenz et al., 2017; Strother et al., 2017, 2018; Drews
et al., 2020). Several studies assigned different input neurons to the arms of the
algorithmic model, based on their spatial arrangement on the T4/T5 dendrite and
their temporal dynamics with respect to the proposed delay (Arenz et al., 2017;
Strother et al., 2017; Shinomiya et al., 2019). In the ON pathway, Mi9 is supposedly
constituting the arm on the preferred side, while the GABAergic neurons Mi4, C3
and CT1 are responsible for ND suppression. In the central area of the T4 dendrite,
Mil and Tm3 constitute the central arm of the algorithmic three-arm detector (Fig.
14A). In the OFF-pathway, Tm9 is supposed to be the outer arm on the preferred
side, performing PD enhancement, while the only GABAergic cell CT1 on the null
side is responsible for ND suppression. In the central TS5 dendrite area, Tm1, Tm2

and Tm4 act as the central direct arm of the detector (Fig. 14B).

However, the functional in vivo examination of the contribution of the different input

neurons to T4/T5’s computation by blocking experiments has been difficult (Strother
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et al., 2017). Furthermore, the sign of the glutamatergic, GABAergic and cholinergic
input neurons can only be defined by investigating the corresponding transmitter
receptors on the postsynaptic sites which have been elusive in the past. The question
remains: Which receptors receive this repertoire of different neurotransmitters at the

level of T4/T5 dendrites?
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Figure 14. Scheme of inputs and outputs from T4 and TS dendrites.

Scheme of T4 (A) and TS5 (B) dendrites with their corresponding input neurons and
distribution of synaptic inputs from tip to base. The input strength for every input neuron as
defined by the synapse number is indicated by stroke strength (s. legend in the lower left
corner); dotted lines mark the boundaries of the corresponding medulla/ lobula columns.
Images taken with permission from Shinomiya et al., 2019.

1.5 Conclusion and aims

In my dissertation, I sought to investigate the subcellular, molecular basis of motion
detection in the fruit fly. Over the years the research field has moved from
deciphering the big picture including wiring diagram and physiological
characterization of the circuit elements to more subcellular, biophysical questions:
How are neurons performing a multiplication? Why are so many different
neurotransmitters impinging on the motion-detecting neurons? Which receptors and
channels are present on the T4/T5 dendrites and how are they distributed? Are the
transmitter receptors acting on inhibitory or excitatory conductances in T4/T5
neurons? The first necessary step to answer these questions is describing which

receptors are present and how they are distributed in T4/T5 neurons.

In my first publication, we developed a protocol for super-resolution STED

microscopy in Drosophila brain slices (Manuscript 1). This approach led to
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improved resolution compared to conventional confocal microscopy allowing to

resolve fine dendritic structures of T4/T5 neurons.

Further, I co-authored a study about glutamate signaling in the fly visual system
(Manuscript 2). In this work we demonstrated the usability of the glutamate sensor
iGluSnFR in glutamatergic neurons of the Drosophila brain and showed that it is
significantly faster than the Ca’’-sensor GCaMP6f. Using immunohistochemical
stainings against VGIuT, we confirmed the glutamatergic phenotype of L1, Mi9 and

LPi neurons.

Finally, we developed tools for labeling neurotransmitter receptors and voltage-
gated ion channels in a cell-type-specific manner and explored their distribution in
motion-sensing T4/T5 neurons (Manuscript 3). We found that the glutamate
receptor GluCla, the GABA receptor Rdl and the ACh receptor Da7 are
asymmetrically arranged on T4/T5 dendrites. Further, we characterized the

localization of the voltage-gated ion channels para and Ih in T4/T5 neurons.
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2. PUBLICATIONS

2.1 Manuscript 1: STED imaging in Drosophila brain slices

Abstract

Super-resolution microscopy is a very powerful tool to investigate fine
cellular structures and molecular arrangements in biological systems. For
instance, stimulated emission depletion (STED) microscopy has been
successfully used in recent years to investigate the arrangement and
colocalization of different protein species in cells in culture and on the surface
of specimens. However, because of its extreme sensitivity to light scattering,
super-resolution imaging deep inside tissues remains a challenge. Here, we
describe the preparation of thin slices from the fruit fly (Drosophila
melanogaster) brain, subsequent immunolabeling and imaging with STED
microscopy. This protocol allowed us to image small dendritic branches from
neurons located deep in the fly brain with improved resolution compared with

conventional light microscopy.

Authors
Sandra Fendl*, Jesus Pujol-Marti*, Joel Ryan, Alexander Borst, and Robert

Kasper

* equal contribution

Contributions

S.F., J.P.M., and A.B. conceived the study and designed the experiments. S.F.
developed the protocol and performed all experiments. J.P.M. wrote the
manuscript with the help of all authors. R.K. and. J.R. provided technical
support.
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Chapter 10

STED Imaging in Drosophila Brain Slices

Sandra Fendl*, Jesus Pujol-Marti*, Joel Ryan, Alexander Borst,
and Robert Kasper

Abstract

Super-resolution microscopy is a very powerful tool to investigate fine cellular structures and molecular
arrangements in biological systems. For instance, stimulated emission depletion (STED) microscopy has
been successfully used in recent years to investigate the arrangement and colocalization of different protein
species in cells in culture and on the surface of specimens. However, because of its extreme sensitivity to
light scattering, super-resolution imaging deep inside tissues remains a challenge. Here, we describe the
preparation of thin slices from the fruit fly ( Drosophila melanggaster) brain, subsequent immunolabeling and
imaging with STED microscopy. This protocol allowed us to image small dendritic branches from neurons
located deep in the fly brain with improved resolution compared with conventional light microscopy.

Key words STED, Drosophila melanogaster, Inmunofluorescence, Cryostat sectioning, Brain slice

1 Introduction

When imaging biological samples with conventional light micros-
copy many ultrastructural details kept hidden due to the diffraction
barrier. The diffraction barrier was first described by Ernst Abbe in
1873 and is known as the Abbe criterion 4 = 7‘2 NA with the

wavelength of light A and the numerical aperture of the lens NA
[1]. The Abbe criterion results in a resolution for standard confo-
cal microscopy of ~250 nm in both the X and 7 axes. Fine struc-
tures of cells and intracellular compartments are usually much
smaller, often occurring very close to each other in the range of
tenth of nm, and thus cannot be resolved with conventional light
microscopy. Therefore, many efforts have been made to overcome
this fundamental limit resulting in super-resolution microscopy
methods namely stimulated emission depletion microscopy
(STED) and stochastic optical reconstruction microscopy

"Author contributed equally with other authors.

Yolanda Markaki and Hartmann Harz (eds.), Light Microscopy: Methods and Protocols, Methods in Molecular Biology, vol. 1563,
DOI 10.1007/978-1-4939-6810-7_10, © Springer Science+Business Media LLC 2017
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(STORM) or photo-activated localization microscopy (PALM)
[2-5]. STORM and PALM rely on repetitive nanometer precise
localization of single fluorophores which is achieved either by
blinking or photo-activation of fluorophores. STED microscopy
utilizes the physical concept of stimulated depletion by precise
overlay of the excitation beam with the so called STED beam. The
donut shape of the STED beam results in fluorescence only from
the very center of the two beams.

Even though STED microscopy is a well-established and widely
used tool in today’s molecular and cell biology research, STED
imaging in deep tissue remains challenging. This is mostly due to
the fact that light gets scattered in tissue. Consequently, STED
microscopy has been mostly used in cells in culture and in the most
outer layers of living tissues [6, 7]. Researchers, especially in the
molecular, cellular, and circuit neurosciences, have tried to over-
come this limitation in recent years. In this direction, optical clear-
ing methods that reduce light scattering while preserving cell
morphology and fluorophore brightness have been developed [8].
Such methodology allows for super-resolution imaging of relatively
large brain volumes, opening the possibility of large-scale connec-
tome studies based on light-microscopy. Alternatively, super-resolu-
tion microscopy applied to thin brain sections has been successfully
used to map synaptic inputs onto individual dendrites [9] and to
investigate the molecular architecture of synapses in the mouse
brain [10]. This methodology, however, has been little explored for
imaging in the adult brain of Drosoplhila melanogaster [11].

Here, we present a protocol for super-resolution imaging of
subcellular structures of individual neurons located deep in the adult
Drosophila brain. First, we took advantage of the Drosophiln genetic
toolbox to generate flies with brains expressing a membrane-bound
fluorescent protein in a few genetically defined neurons [12-15]
(Fig. la). Second, we prepared twelve micrometers thin sections
from these brains to assure that neurons of interest are closest to
coverslip and thus reduce light scattering. We next performed immu-
nostaining and imaged the dendrites of the labeled neurons with
STED microscopy (Fig. 1b). After imaging and analysis we found
that the overall neuronal morphology seems to be preserved when
compared with our results from confocal light-microscopy of whole-
mount Drosophila brains (compare Fig. la, b). Moreover, the

»

Fig. 1 (continued) the two T4 neurons shown in fop panel. Thin dendritic branches cannot be resolved. Scale
bars = 5 pm. (b) Detailed views of individual T4/T5 dendritic arbors labeled after immunostaining and confocal/
STED imaging on brain slices. Thin brain slices were prepared as described in this protocol from optic lobes with
a few T4/T5 neurons labeled, like the one shown in (a). Secondary antibodies used to label the neurons shown
here were conjugated with either Atto 647N or Abberior STAR 635P dyes. In both cases, a resolution enhance-
ment from confocal to STED microscopy can be observed, allowing the visualization of small dendritic branches.
Scaler bars = 2.5 um. All images are shown as RAW data and are maximal projections from several confocal
planes. Brightness was adjusted for display purposes
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Fig. 1 (a) Top: Region of a Drosophila optic lobe with two T4 neurons (white asterisk) and one T5 neuron (yellow
asterisk) labeled after immunostaining and confocal imaging of the whole mount adult brain [18]. The optic
lobe neuropil was immunolabeled with anti-bruchpilot [19]. The T4/T5 neurons shown express a membrane-
bound tdTomato fluorescent protein and were immunolabeled with anti-DsRed. Secondary antibody used to
label the neurons was conjugated with Alexa Fluor 568 dye. Bottorn: Detailed view of the dendritic arbors from
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resolution of the STED images improved when compared to
conventional light microscopy in brain sections (Fig. 1b). We tested
two different secondary antibodies conjugated to either Atto 647N
or Abberior STAR 635P dyes. In both cases, a resolution enhance-
ment from confocal to STED microscopy could be observed, allow-
ing a better visualization of small dendritic branches (Fig. 1b). This
protocol, when combined with genetic and immunohistochemistry
tools, provides a promising starting point to examine the presence
and distribution of proteins at the nanoscale level in neurons of
Drosophila, an extensively used model in current neuroscience
research [16, 17].

2 Materials

2.1 Reagents

2.2 (General
Laboratory Equipment

1. PBS: Phosphate-buftered Saline (pH 7.2).

2. PBST: Phosphate-buttered Saline (pH 7.2) with 0.3 % Triton
X-100.

3. Sucrose Buffer: 30 % sucrose in PBST (store at 4 °C).

4. Blocking Buffer: 4 % Bovine Serum Albumin (BSA, Sigma-
Aldrich), 5 % Normal Goat Serum (NGS, Sigma-Aldrich) in
PBST.

5. Fixation Buffer: 4 % paraformaldehyde (PFA, Electron
Microscopy Sciences) in PBST (store at 4 °C).

6. Primary antibody: DsRed Polyclonal Antibody (Source:
Rabbit, Clonetech).

7. Secondary antibodies: Anti-Rabbit Atto647N (Source: Goat,
Sigma-Aldrich) or Anti-Rabbit Abberior® STAR 635D (Source:
Goat, Abberior).

8. TDE mounting medium O (Abberior).

9. Cryostat mounting medium (Richard-Allan Scientific™ Neg-
50™ Gefrierschnittmedium, Thermo Fisher Scientific).

10. Adult Drosophiia of the desired genotype (see Note 1).

1. 0.2 mL tubes (Thermo Fisher Scientific).

. Microscope Slides: Superfrost Ultra Plus Adhesion Slides
(Thermo Fisher Scientific).

. Cover glasses: 22 x 40 mm, #1.5 (Thermo Fisher Scientific).

[\

. Dissecting Microscope.
. Forceps (#55, Dumont).
. Dissecting dishes.

N QN Ol kW

. Kimwipes tissues (Kimberly-Clark).
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8. Razor Blades (VWR).

9. Nail Polish (transparent).
10. Lab Rocker (Custom-built).
11. Shandon Coverplate Holder (Thermo Fisher Scientific).
12. Cryostat Leica CM3050 S.

Abberior Instruments STED system equipped with a 775 nm
pulsed STED laser, 594 nm and 640 nm pulsed excitation laser,
UPlan APO 100x 1.4 oil objective (Olympus), 2 APD detectors
(Excelitas) for gated detection and a spatial light modulator
(Hamamatsu) for generating the donut shape.

Typical gating time was 234 ps between excitation pulse and
start of the fluorescence detection.

3 Methods

3.1 Dissection
and Fixation of Fly
Heads

3.2 Cryosectioning
of Fly Heads

1. Collect adult flies of the desired genotype and anesthetize
them on ice. Transter them to dissecting dish filled with PBST,
use forceps to detach fly heads from body, pull out proboscis,
and remove trachea with forceps (see Note 2).

2. Fix fly heads for 30 min in Fixation Buffer in a 0.2 mL tube at
room temperature on a lab rocker (se¢ Note 3).

3. Remove fixative and wash heads three times for 15 min in
PBST.

4. Infiltrate heads with Sucrose Buffer for at least 3 h (up to 24 h)
at 4 °C (see Note 4).

1. Settings Cryostat: Set chamber temperature to —21 °C and
object temperature to —18 °C. Set section thickness to
12-16 pm.

2. Add Cryostat mounting medium to the sample holder and
freeze it inside the cryostat until hardened.

3. Trim the block in a square form with a conventional razor

blade.

4. Under the dissection microscope transfer the heads to the sam-
ple holder with frozen mounting medium block and cover the
brains with cryostat mounting medium.

5. Let the block freeze at least 10 min inside the cryostat until
hardened.

6. Pick up sections with microscope slides and let them dry at
room temperature for at least 10 min. Keep the slides at 4 °C
for storage or continue with immunolabeling.
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3.3 Immunolabeling
of Sections in
“Shandon Coverplate
Holder”

3.4 Mounting

3.5 Imaging

1.

Assemble the microscope slides with head sections in the
Shandon Coverplate Holder.

. Block the slices for 1 h in Blocking Buffer at room

temperature.

. Add primary antibody diluted in PBST (1:300) and incubate

the samples overnight at 4 °C.

4. Wash three times with PBST for 15 min each.

. Add secondary antibody diluted in PBST (1:200 for anti-

Rabbit Atto 647 N and 1:500 for anti-Rabbit Abberior ®“STAR
635D (see Note 9)) and incubate the samples overnight at 4 °C
(see Note 8).

. Wash three times in PBST for 15 min each.

. Keep microscope slides with head sections in the Shandon

Coverplate Holder.

. Mount slides in TDE Mounting Medium O (for use with oil

immersion objectives) (se¢ Note 5).

. Add three to five drops TDE Solution A to the slides in the

holder. Incubate for 20 min.

4. Repeat step 7 with TDE Solution B, C, and D.

. Remove the slides from the Shandon Coverplate Holder. Clean

the area around the brain sections with Kimwipes tissues (see
Note 6).

. Add one drop of TDE Solution D to the brain sections and

cover it with a clean cover glass (22 x 40 mm).

. Seal the edges of the cover glass with clear nail polish and store

the samples at 4 °C in the dark (se¢ Note 7).

. Find area ofinterest with 10x objective then switch to 100x oil

objective (apply immersion oil).

. Check quality of labeling and colors in confocal mode (see

Note 10).

. Apply STED laser and check for best STED power to achieve

sufficient depletion. STED power depends on the label and
can vary from sample to sample. Gating settings should be
adjusted as well.

. As a general rule we increased excitation power from confocal

to STED imaging 3-fold and accumulated 3-5 frames per
image.

. For 3D STED add second donut and adjust STED power

accordingly.
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4 Notes

10.

. For sparse labeling of neurons [14, 15], we combined in single

flies the following transgenes: R57C10-Flp2::PEST, V150384-
lexA, and LexAop-frt-stop-frt-CD4::tdTomato. The weak flip-
pase FLP2::PEST is expressed pan-neurally and stochastically
removes the FRT-flanked stop cassette, allowing LexA-driven

expression of a membrane-tagged red fluorescent protein
(CD4::tdTomato).

. The dissection procedure should take ~10-25 min per experi-

ment. It is critical to minimize dissection time to avoid tissue
degradation.

. Add up to ten heads into one tube for proper fixation.

. Leave heads in Sucrose Buffer until they sink to the bottom.

Thereby, the tissue is cryo-protected.

. TDE Mounting Medium is matching the refractive index of

the embedding medium to that of the oil immersion by subse-
quent steps of incubation in different TDE solutions. Thus,
optical aberrations and scattering are minimized. As a result,
light penetrates more deeply into the specimen and the imag-
ing contrast is enhanced.

. It is essential to remove all excess mounting medium around

the sections to enable a proper sealing of the cover glass with
nail polish.

. The cover glass should be as clean as possible for STED micros-

copy. Clean the glass with ethanol if necessary.

. We tested several dye combinations for simultaneous dual-

color STED imaging experiments. We found that Anti-Rabbit
Atto594 (Sigma-Aldrich) can be used together with either
Atto 647N or Abberior® STAR 635D. In terms of brightness
and photo stability all three dyes could be used in our
experiments.

. For dual-color STED imaging, the expression levels of the two

proteins to be immunolabeled are critical to avoid bleed-
through in the emission channels if not matched properly.

This protocol can be used to apply STORM with Drosophiin
brain slices as well. We did some preliminary tests and used
Alexa647 and Atto532 as two color dye combinations. For
STROM the results would greatly benefit from even thinner
brain slices and the structure of interest as close to the cover
slide as possible. In addition the mounting medium needs to
be changed to a switching buffer containing glucose oxidase
and mercaptoethanol or other thiol containing reagents.
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2.2 Manuscript 2: Glutamate signaling in the fly visual system

Abstract

For a proper understanding of neural circuit function, it is important to know
which signals neurons relay to their downstream partners. Calcium imaging
with genetically encoded calcium sensors like GCaMP has become the
default approach for mapping these responses. How well such measurements
represent the true neurotransmitter output of any given cell, however, remains
unclear. Here, we demonstrate the viability of the glutamate sensor iGluSnFR
for 2-photon in vivo imaging in Drosophila melanogaster and prove its
usefulness for estimating spatiotemporal receptive fields in the visual system.
We compare the results obtained with iGluSnFR with the ones obtained with
GCaMP6f and find that the spatial aspects of the receptive fields are preserved
between indicators. In the temporal domain, however, measurements
obtained with iGluSnFR reveal the underlying response properties to be much
faster than those acquired with GCaMP6f. Our approach thus offers a more

accurate description of glutamatergic neurons in the fruit fly.
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Glutamate Signaling
in the Fly Visual System

Florian G. Richter,"?* Sandra Fend|,"-? Jirgen Haag," Michael S. Drews,’ and Alexander Borst'-3*

SUMMARY

For a proper understanding of neural circuit function, it is important to know which signals neurons
relay to their downstream partners. Calcium imaging with genetically encoded calcium sensors like
GCaMP has become the default approach for mapping these responses. How well such measurements
represent the true neurotransmitter output of any given cell, however, remains unclear. Here, we
demonstrate the viability of the glutamate sensor iGluSnFR for 2-photon in vivo imaging in Drosophila
melanogaster and prove its usefulness for estimating spatiotemporal receptive fields in the visual sys-
tem. We compare the results obtained with iGluSnFR with the ones obtained with GCaMP6f and find
that the spatial aspects of the receptive fields are preserved between indicators. In the temporal
domain, however, measurements obtained with iGluSnFR reveal the underlying response properties
to be much faster than those acquired with GCaMP6f. Our approach thus offers a more accurate
description of glutamatergic neurons in the fruit fly.

INTRODUCTION

To understand how neural circuits operate and carry out certain computations, it is essential to observe the
signals that are transmitted from cell to cell. Synaptic transmission via chemical synapses proceeds in four
major stages: (1) Depolarization in the presynapse opens voltage-gated calcium channels. (2) The resulting
calcium influx leads to the fusion of transmitter-filled vesicles and the presynaptic membrane. (3) Trans-
mitter molecules are released into the synaptic cleft where they diffuse and bind receptors in the postsyn-
aptic membrane. (4) The subsequent activation of these receptors leads to opening or closing of ion
channels, either directly or indirectly, with the resulting ion flux ultimately changing the postsynaptic mem-
brane conductance and potential (reviewed in [Di Maio, 2008]). This fundamental signaling cascade, from
electric potential to calcium to transmitter release to postsynaptic electric potential, orchestrates compu-
tation within any neuronal circuit.

For monitoring voltage changes, electrophysiology is the default approach. Here, direct observations of
both de- and hyperpolarization in pre- or postsynaptic cells are possible. Due to the position or size of
many neurons, however, direct single-cell recordings are often not feasible and have to be replaced by in-
direct extracellular recordings or optical imaging. Only recently genetically encoded voltage indicators
(GEVIs) have emerged as powerful tools for recording neuronal activity (Cao et al., 2013; Jin et al., 2012,
St-Pierre et al., 2014; Tsutsui et al., 2013; Yang et al., 2016). Experiments with optical voltage indicators
such as ASAP2f that are compatible with 2-photon imaging, however, remain challenging due to weak
signal-to-noise ratio (Yang et al., 2016). The fluorescence level of genetically encoded calcium indicators
(GECls) is thought to correlate with transmitter release and is therefore suitable for identifying the crucial
signal to the postsynaptic cell (Zucker, 1993). Although GECls are being improved continuously and some
variants were designed to have especially fast kinetics (e.g., GCaMPéf [Chen et al., 2013]), temporal reso-
lution is still limited due to calcium buffering (Borst and Abarbanel, 2007). This usually leads to decay

constants in the order of several hundreds of milliseconds that vary depending on the system under obser- ;\"\gif;ilia;lz:;“?;u;; of
vation (Arenz et al., 2017; Chen et al., 2013). For glutamatergic neurons, a tool to potentially overcome Martinsried, Germany
these limitations is the recently developed fast glutamate sensor iGluSnFR (Marvin et al., 2013).

2These authors contributed
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Visual motion detection is a canonical example for computation in neural microcircuits. Prevalent models 3Lead Contact
posit that, in both mammalian retina and fly visual system, local direction selectivity emerges from the *Correspondence:
nonlinear interaction between precisely tuned spatiotemporal filters (Barlow and Levick, 1965; Von Hassen- EE%‘fRe’)@”eUfo-mpg-de
stein and Reichardt, 1956). Recent work in connectomics on the visual system of Drosophila melanogaster aborst@neuro.mpg.de (A.B)
has revealed this computation to be implemented by a circuit that consists of only a few dozen individual https://doi.org/10.1016/} isci.
cells (Takemura et al., 2017). The optic lobe is the largest neuropil in the fruit fly’s brain and consists of the 2018.08.019
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Figure 1. Schematic of the Drosophila Optic Lobe

Schematic of the Drosophila optic lobe with glutamatergic cell types in the motion vision pathway. The three cell types are
not directly connected to each other but play an import role in the circuit. For the sake of simplicity, postsynaptic partners
of the glutamatergic neurons are not displayed but can be reviewed in Mauss et al. (2015) and Takemura et al. (2011, 2017).
Colored layers indicate area where we imaged glutamate release of the respective cell type.

four consecutive neuropils: lamina, medulla, lobula, and lobula plate (Figure 1). Lamina monopolar cells L1
and L2, among others, receive direct photoreceptor input and feed into two parallel pathways (Bausenwein
etal., 1992; Bausenwein and Fischbach, 1992; Borst, 2014; Clark et al., 2011; Joesch et al., 2010; Rister et al.,
2007; Shinomiya et al., 2014; Silies et al., 2013; Takemura et al., 2017; Tuthill et al., 2013). The ON pathway
processes the motion of light increments, whereas the OFF pathway processes the motion of light decre-
ments only (Eichner et al., 2011; Joesch et al., 2013, 2010). Among the medulla interneurons that connect
the lamina cells to direction-selective T4 and T5 neurons (Maisak et al., 2013; Takemura et al., 2017), we find
the glutamatergic cell Mi9 that has been characterized with a receptive field responsive to OFF in the center
and an antagonistic ON surround (Arenz et al., 2017; Strother et al., 2017). T4 and T5 neurons each come in
four subtypes, tuned to one of the four cardinal directions, and project, according to their preferred direc-
tion, to one of the four layers in the lobula plate. Here, T4 and T5 cells make excitatory cholinergic connec-
tions onto the dendrites of large tangential cells as well as onto inhibitory lobula plate interneurons (LPis).
These neurons in turn inhibit large field tangential cells in the adjacent layer during null direction motion
and thus increase their flow-field selectivity (Hausen et al., 1980; Hopp et al., 2014; Schnell et al., 2010; Scott
et al., 2002; Wasserman et al., 2015). To provide this inhibition, LPis release glutamate onto the glutamate
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Figure 2. Vesicular Glutamate Transporter VGlut Localizes to Axon Terminals of L1, Mi9, and LPi4-3 Neurons
Indicating their Glutamatergic Phenotype

(A-C) Upper rows show overviews of optic lobes with L1 (A), Mi9 (B), and LPi4-3 (C) labeled with myr::GFP (green),
background staining against bruchpilot brp (gray), and anti-VGlut staining (magenta). In the lower rows higher
magnifications of axon terminals of L1, Mi9, and LPi4-3 neurons are depicted (sections marked with white boxes in

overview images).
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Figure 2. Continued

(A) L1 axon terminals in medulla layers 1 and 5 show overlapping signal with anti-VGlut staining.

(B) VGlut protein co-localizes with Mi9 axons in layer 10 of the medulla.

(C) Lobula plate intrinsic neurons LPi4-3 have their dendrites in layer 4 and project their terminals to layer 3. Labeled with
arrowheads are LPi boutons in layer 3 showing overlapping signal with anti-VGlut staining. Shown here are single planes
of confocal stacks. Scale bar for overview of optic lobes is 20 um. For higher magnification close-ups the scale is 5 um.
White dashed lines in the lower panel are manually drawn and indicate layers of the lobula plate.

receptor GluCla, which is an inhibitory glutamate receptor only found in invertebrates (Liu and Wilson,
2013; Mauss et al., 2015, 2014).

The exact biophysical mechanisms by which T4 and T5 become direction selective remain unclear. To un-
derstand on a cell-by-cell level how direction selectivity is achieved, precise measurements of the signals
transmitted between neurons are crucial. In this study, we focus on the final stage of the synaptic signaling
cascade, i.e., transmitter release. First, we confirm the neurotransmitter phenotype of all known glutama-
tergic cell types (L1, Mi9, LPi) in the Drosophila motion vision pathway. Second, using the recently
developed fast glutamate sensor iGluSnFR (Marvin et al., 2013), we comprehensively characterize their
spatiotemporal response profiles and compare them with the ones obtained expressing the genetically
encoded calcium indicator GCaMP6f (Chen et al., 2013).

RESULTS

The Vesicular Glutamate Transporter VGlut Localizes to Axon Terminals of L1, Mi9, and LPi4-
3 Neurons

VGlut or DVGLUT (CG9887) is the only vesicular glutamate transporter known in Drosophila. VGlut is
located in the vesicle membrane of glutamatergic neurons where it fills the synaptic vesicles with gluta-
mate. The protein localizes to presynaptic terminals of all known glutamatergic neuromuscular junctions
(NMJs) as well as to synapses throughout the CNS neuropil in Drosophila (Daniels, 2004). Hence, VGlut
is the most commonly used marker for glutamatergic neurons. Several antibodies have been raised against
VGlut to identify glutamatergic neurons in the nervous system of the fruit fly (Daniels, 2004; Mahr and
Aberle, 2006).

Recent studies revealed the glutamatergic phenotype of L1, Mi9, and LPi neurons—each of them a crucial
element of the motion vision pathway of the fruit fly (Joesch et al., 2010; Kolodziejczyk et al., 2008; Mauss
etal., 2015; Takemura et al., 2017, 2011). The somata of these cell types showed positive immunoreactivity
against the VGlut antibody, which was raised against a C-terminal peptide—CQMPSYDPQGYQQQ
(Daniels, 2004). Interestingly, this antibody labeled mainly cell bodies of designated neurons. Since it is
known that the vesicular glutamate transporter VGlut is localized to axon terminals, we investigated the
glutamatergic transmitter phenotype of L1, Mi9, and LPi4-3 in more detail. We used a different anti-VGlut
antibody (Mahr and Aberle, 2006), which only labels neuronal arborizations in the optic lobe neuropil and
no somata. In general, the VGlut protein is highly abundant throughout all four neuropils of the optic lobe
(Figure 2).

The axon terminals of L1 neurons show clear overlap with the anti-VGlut signal in layer M1 and M5 of the
medulla (Figure 2A). The vesicular glutamate transporter VGlut resides at the presynaptic sites of L1 neu-
rons, which indicates their glutamatergic phenotype. In layer M10 of the medulla, the same is found for Mi9
neurons: VGlut staining in this layer is co-localized with GFP-labeled Mi? axon terminals (Figure 2B). This
suggests that Mi9 neurons are glutamatergic and that they are the only source of glutamate in layer
M10 of the medulla. Furthermore, we found an overlapping signal of LPi4-3 terminals in layer 3 of the lobula
plate and anti-VGlut staining (Figure 2C). This confirms recent findings (Mauss et al., 2015) that described
LPi neurons as glutamatergic, being presynaptic only in one of the two layers where it arborizes.

In summary, we could show that the protein VGlut localizes to axon terminals of the glutamatergic neurons
L1, Mi9, and LPi4-3.

Faster Sensor Kinetics Enable More Precise Characterization of Visual Interneurons

One commonly used approach to characterize a sensory neuron is to find its preferred stimulus. This can be
achieved by using a white noise input and cross-correlating the resulting output with the input (Dayan and
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Figure 3. Response Properties of the ON Pathway Columnar Elements L1 and Mi9

(A) Experimental setup: Fly tethered to a plastic holder under the 2-photon microscope looking onto the stimulus arena (see also Transparent Methods).
(B) Schematic of three frames of the white noise stimulus consisting of 64 horizontal bars.

(C) Example of 2-photon image of L1 expressing iGluSnFR. In purple are manually drawn region of interest ROls.

(D) Left: Schematic of the Drosophila optic lobe. The cell type related to the right panel is highlighted. Right upper panel: Averaged aligned
spatiotemporal receptive fields after reverse correlation of L1 expressing either the glutamate indicator iGluSnFR (5 flies and 66 cells) or GCaMPéf (5 flies
and 60 cells). Cross sections along space and time axes result in receptive fields in right lower panel. Spatial receptive fields do not differ significantly for
both indicators. Temporal kernels differ substantially. Impulse responses are shorter for iGIuSnFR than for GCaMPéf. Shaded areas indicate a confidence
interval of 95%.

(E) Same as (D) only for Mi9 (with iGluSnFR: 5 flies, 26 cells; with GCaMPéf: 5 flies, 50 cells).

Abbott, 2013; French, 1976; Ringach and Shapley, 2004), which yields the linear spatiotemporal receptive
field as aresult (e.g., Figures 3D and 3E, upper panel). The receptive field of a neuron is defined as the loca-
tion of a stimulus in space and the time relative to its occurrence in which the neuron’s response is modu-
lated by the stimulus. The receptive field also describes the specific filtering properties of a system, in space
as well as in time. Here, we use simple first-order low-pass, high-pass, or band-pass filters to quantify these
filtering properties using the measured receptive fields. A low-pass filter only allows low frequencies to
pass and attenuates high frequencies. Conversely, a high-pass filter attenuates low frequencies and allows
high frequencies to pass. A band-pass filter is a combination of a high-pass and a low-pass filter in series,
allowing signals within a certain frequency band to pass and attenuating all others (Cruse, 1996). In a linear
system, the filters characterized this way are equivalent to the neurons’ impulse responses. The temporal
impulse response reveals critical aspects of the cellular response kinetics (Dayan and Abbott, 2013; Ringach
and Shapley, 2004).

For this reason, we characterized the spatial extent of the receptive fields as well as the response dynamics
of all known glutamatergic cells in the motion vision circuit of Drosophila L1, Mi9, and LPi4-3. Expressing
either the fast version of the genetically encoded calcium indicator GCaMP6f (Chen et al., 2013) or the
fast glutamate-sensing reporter iGluSnFR (Marvin et al., 2013) with cell-type-specific Gal4 driver lines,
we imaged glutamate and calcium signals in single axon terminals (Figure 3C). To precisely map the recep-
tive fields of these cells, we used a one-dimensional white noise stimulus consisting of 2.8° wide vertical
bars covering the full extent of the arena (180°, Figure 3B, see also Methods). The spatiotemporal receptive
fields were then determined from the neuron'’s calcium or glutamate response by reverse correlation. Cross
sections through the peak of the spatiotemporal receptive fields along the space axis therefore yield the
one-dimensional spatial receptive fields depicted in Figures 3D and 3E. Cross sections along the time
axis yield the temporal filtering properties of the neuron (Chichilnisky, 2001; Dayan and Abbott, 2013;
French, 1976; Ringach, 2004).

To calculate the spatial extent of the cells’ receptive field, we fitted a Mexican hat function (also called dif-
ference of Gaussians) that best resembled the center-surround structure of the estimated spatial receptive
fields. Both neurons show a small confined center of ~7° for Mi9 and 9-11° for L1. The full width at half
maximum of the surround is about 40-50° for L1 and 20-30° for Mi9. Considering the uncertainty of the
fitted model parameters, these values are similar and lie in the same order of magnitude when comparing
results from imaging with both sensors. In addition, testing the raw data of both conditions against each
other we find no significant difference (see Figures S2A and S2B, p value > 0.5, Welch’s t test) of spatial
receptive fields neither for L1 nor for Mi9. Both neurons show a small confined center of ~7° for Mi9 and
9-11° for L1. The size of the surround has the same order of magnitude for both sensors, 40-50° for L1
and 20-30° for Mi9. This is within the range of uncertainty that the fit is subject to. Testing the raw data
of both conditions against each other for the two cell types, however, does not yield a significant difference
(see Figures S2A and S2B, right panel).

For a reliable estimation of the time constants of the temporal responses, we transferred the impulse
responses of L1 and Mi9 into frequency space and fitted either a first-order low-pass or a first-order
band-pass filter to the neurons’ responses (see Figures S1C and S1D). For L1, we find that the data
are best represented by a band-pass filter. The filter derived from the iGluSnFR signal has a low-pass
time constant of 70 ms and a high-pass time constant of about 400 ms (see Figure STA). The time con-
stants derived from the GCaMPé6f signal are significantly larger with low-pass and high-pass time con-
stants of 350 and about 1,180 ms, respectively. For Mi9, we find that the temporal properties are best
described by a low-pass filter. The estimated time constant of the Mi9 temporal kernel (Figure 3D, lower
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Figure 4. Response Properties of the Direction Selective Lobula Plate Interneuron LPi4-3

(A) Schematic of the Drosophila optic lobe with LPi4-3 highlighted.

(B) Comparison of spatial receptive field size of LPi4-3 cells recorded with iGluSnFR (left, n = 24 cells from 7 flies) or
GCaMPé6f (right, n = 14 cells from 5 flies). The responses of individual cells to flicker stimuli presented at 19 different
columnar positions were averaged after alignment to the maximum (in black) and normalization. d, Dorsal; v, ventral;

|, lateral; f, frontal.

(C) Time course of LPi4-3 response upon local flicker stimulation. The decay of the signal is faster for iGluSnFR response.
(D) LPi4-3 expressing iGluSnFR show glutamatergic direction selective responses (n = 8 cells from 5flies). Five consecutive
flicker stimuli were shown along the preferred (downward) or null (upward) direction of the neuron, acting as apparent
motion. Shaded areas indicate mean + SEM.

left) is 75 ms when measured with iGluSnFR compared with about 610 ms when measured with GCaMP6f
(see Figure S1B).

For both cell types, the temporal kernel of the calcium response can be derived by low-pass filtering the
faster glutamate signal. This is because the kinetics of the calcium sensor can be approximated by a
low-pass filter when the intracellular calcium concentration is small compared to the KD value of the indi-
cator (Borst and Abarbanel, 2007). For both cells, i.e., L1 and Mi9, we can fit the glutamatergic signal to the
calcium signal by filtering it with a low-pass filter with a time constant of 360 ms (see Figures S2A and S2B,
left panel). LPis, as motion-selective neurons, are not suitable for white noise analysis. To characterize the
response properties of the LPi4-3 (Figure 4A), we first stimulated single ommatidia with local flicker stimuli
that were placed precisely onto the lattice of the fly’s eye via a custom-built telescopic device (see Trans-
parent Methods and [Haag et al., 2017, 2016]). LPi4-3 cells responded to the individual pulses with different
amplitudes, depending on the position of the stimulus (Figure 4C). The maximum response (Figure 4B,
black center) of a recorded neuron was then set as the receptive field’s center. All other responses to adja-
cent stimulation are normalized accordingly. Single flicker stimulations in the center of the receptive field
show different time courses (Figure 4C) when using the two different indicators. The onset of the calcium
response is much slower when compared with the glutamate response. In fact, whereas the glutamate
signal shows a short transient peak response and then plateaus after ~500ms, the calcium signal does
not resolve any similar details in the time course of the response. The calcium signal decays back to
zero in approximately 2 s after stimulus offset, whereas the glutamatergic signals are back at the baseline
level in less than 200 ms. This loss-of-response features can be explained by the characteristics of the
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calcium indicator, which acts as a low-pass filter (Borst and Abarbanel, 2007). Low-pass filtering the gluta-
mate response (1 = 446 ms, Figure S2C) results in a similar slope and decay as the calcium response. We
also asked if the glutamatergic signal of the LPis is indeed direction selective as expected from Mauss
etal. (2015). To asses this question we tested LPi4-3 cells with five light pulses of 472 ms duration positioned
along the dorsoventral axis of the eye. When stimulated sequentially from dorsal to ventral (Figure 4D), the
cell responded more strongly (PD, red line) than when we showed the same stimulus in the opposite direc-
tion (ND, black line, paired sample t test, p value < 0.01). We therefore conclude that the sensor is indeed
also suitable for resolving glutamatergic direction-selective signals.

DISCUSSION

In this study we showed that all three investigated cell types (L1, Mi9, LPi4-3) express the vesicular trans-
porter for glutamate, VGlut, in their axon terminals (Figure 2). To our knowledge, L1, Mi9, and LPi are
the only glutamatergic cells in the Drosophila motion vision circuit. Two studies using either antibody stain-
ings (Kolodziejczyk et al., 2008) a Flp-out analysis of the dvGlutCNSIII-Gal4 driver line (heat-shock inducible
flipase excises stop-cassette upstream of mCD8-GFP to label only a few cells) (Raghu and Borst, 2011)
found L2 cells to be glutamatergic. However, a recent RNA sequencing study that characterized gene
expression patterns of more than 60 different cell types of the optic lobe could not confirm the expression
of VGlutin L2 (Davis et al., 2018). Although they could identify other cell types like Dm cells, Lai, PB_1, Tm29,
and TmY5a as glutamatergic due to their expression of VGlut, none of the other cells in the motion vision
circuit (besides L1, Mi9, and LPi) seem to express VGlut. The role of Dm, Lai, PB, Tm29, and TmY5a cells in
general and their potential contribution to motion vision in the fly brain are not known to date.

We also demonstrated that the spatial receptive fields measured with the glutamate sensor iGluSnFR are
almost identical to the ones measured with the calcium sensor GCaMPéf (Figures 3 and 4). Both neurons
possess a local OFF center receptive field with a differently strong antagonistic ON surround. Surround in-
hibition is aphenomenon frequently found in the early processing stages in visual systems: Bipolar and gan-
glion cells of the mammalian retina possess receptive fields with an antagonistic center-surround structure
(reviewed in Shapley and Lennie, 1985), and first-order interneurons of the insect compound eye share this
feature as well (Srinivasan et al., 1982). Functionally, a neuron with a center-surround antagonism acts as a
spatial band-pass filter, enhancing the neuron’s responses to edges over full field illuminations. Such band-
pass filtering reduces redundancy in natural images (Srinivasan et al., 1982). We find such spatial band-pass
characteristics forboth cell types, L1 and Mi9. Based on their spatial receptive fields, we predict, for instance,
no response of Mi9 to wide field dark flashes since the integral of the spatial receptive field is close to zero.

In the time domain, however, the glutamate signal turned out to be much faster than the calcium signal
derived from the same cells. Due to their small size, many visual interneurons in the fly brain are inaccessible
to electrophysiological recordings, so only a few direct recordings have been reported (Behnia et al., 2014;
Gruntman et al., 2018; Juusola et al., 2016). Since data from voltage recordings from L1, Mi9, and LPi are not
available so far, a direct comparison with the time constant estimated here is not possible. Simulation
studies predicted time constants between 50 and 100 ms for the delayed input to the fly motion-detecting
neurons (Eichner et al., 2011; Leonhardt et al., 2016). Since Mi9 is thought to provide this signal to T4 cells,
the elementary motion-sensing neurons in the ON pathway, the low-pass time constant of 75 ms estimated
here matches this prediction well. In addition, a previous study determined the low-pass time constant for
Mi9 to be around 550 ms from calcium imaging experiments. A deconvolution of the filter with an estimated
GCaMP kernel led to a resulting time constant of 63 ms (Arenz et al., 2017). This result again is in line with
the time constants of the Mi?-iGluSnFR of 75 ms reported here.

In the mammalian CNS, glutamate is the most abundant and major excitatory transmitter (Meldrum, 2000;
Traynelis et al., 2010). Glutamate binds to two types of receptors: metabotropic (mGluRs) and ionotropic
glutamate receptors (iGluRs). iGluRs can be divided into N-methyl-D-aspartate (NMDA) and non-NMDA
receptors (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA] and kainate receptors) accord-
ing to their response to agonist molecules NMDA and AMPA (Mosbacher et al., 1994). Analysis of the
Drosophila genome annotated 14 iGluRs genes, which show sequence similarities with vertebrate
AMPA, kainite, and NMDA receptors (Littleton and Ganetzky, 2000). However, the kainite receptor
DKaiR1D and the AMPA receptor DGIURTA have different agonist/antagonist selectivity from the verte-
brate's pharmacology-based classification (Li et al., 2016). Furthermore, invertebrates like Drosophila
melanogaster possess a third type of iGIuR, the so-called glutamate-gated chloride channel GluCle, which
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is inhibitory (Cully et al., 1996; Liu and Wilson, 2013). Glutamate can also act on metabotropic glutamate
receptors, which signal via slower G-protein-coupled pathways. In mammals, eight mGluRs have been
described (Conn and Pin, 1997). In contrast, the Drosophila genome encodes only one functional mGIuR
(DmGIuRA), which is expressed at the glutamatergic NMJ localized in the presynaptic boutons (Bogdanik
et al., 2004). Regarding the broad range of glutamate receptors in Drosophila, glutamate can act as a fast,
slow, excitatory, or inhibitory transmitter (Li et al., 2016; Liu and Wilson, 2013; Mauss et al., 2015).

This gives rise to interesting speculations about the respective role of glutamate for each of the cell types
investigated. In the case of the LPis, glutamate binds to the inhibitory glutamate receptor GluCla on the
dendrites of large-field tangential cells, inhibiting them during null direction motion and, thus, enhancing
their flow-field selectivity (Mauss et al., 2015). In the case of L1, the glutamatergic output signal seems to be
key for the sign inversion of L1's OFF response in the ON pathway. This is because all Drosophila photore-
ceptors (R1-R8) depolarize upon illumination and release histamine onto lamina neurons, which results in
the opening of chloride channels (Hardie, 1989; Hardie and Raghu, 2001). Therefore, lamina monopolar
cells transiently hyperpolarize upon illumination onset and respond with a rebound excitation at illumina-
tion offset (Laughlin et al., 1987). L1 and L2 neurons respond in an identical way (Joesch et al., 2010). L1
possess an OFF receptive field center (Figure 3D) and therefore depolarizes to OFF stimuli, in contrast
to its described downstream synaptic partners, which depolarize to ON stimuli (Arenz et al., 2017; Behnia
etal., 2014; Strother et al., 2017; Yang et al., 2016). Hence, an inversion of the sign must occur at the synapse
of L1 and its downstream partners. Since L1 is glutamatergic and GluCla is the only inhibitory receptor
described in Drosophila, the glutamatergic signal is likely to be responsible for this sign inversion. Whether
the downstream partners of L1 indeed express GluCla, however, is beyond the scope of this study and
awaits further investigation. The hypothesis outlined above suggests that the mechanism by which a com-
mon photoreceptor input signal is splitinto an ON and an OFF pathway in invertebrates is different from the
one in the mammalian retina where glutamatergic photoreceptors hyperpolarize in response to light. This
signal is directly transmitted, i.e., without sign inversion, by ionotropic glutamate receptors expressed on
the dendrites of OFF bipolar cells (Euler et al., 2014) and sign inverted by metabotropic glutamate recep-
tors expressed on the dendrites of ON bipolar cells (Masu et al., 1995). In case of Mi9, the functional inter-
pretation of aninhibitory glutamatergic signal is less intuitive. Mi9 directly contacts the dendrites of T4 cells,
the first direction-selective neurons in the ON pathway (Takemura et al., 2017). Given the OFF response of
Mi9 cells (Figure 3D), T4 cells are expected to be inhibited in darkness via the Mi9-T4 synapse. A moving ON
edge would inhibit Mi9 followed by a closure of chloride channels and, thus, an increased input resistance
in postsynaptic T4 cells, resulting in an amplification of a subsequently delivered excitatory input signal.
Computer simulations have shown that such a two-fold signal inversion can indeed form the biophysical
basis of preferred direction enhancement underlying direction selectivity in T4 cells (Borst, 2018).

Taken together our results could demonstrate the functionality of the fast glutamate reporter iGluSnFR in
glutamatergic neurons of the fruit fly Drosophila melanogaster. It allowed for a more faithful description of
important elements of the motion vision pathway, in particular with respect to their temporal response
properties.

Limitations of the Study

Since iGluSnFR is anchored to the outer side of the plasma membrane, it senses extracellular glutamate
that is present in the synaptic cleft. In addition, the iGluSnFR signal is affected by spillover and diffusion
to iGluSnFR molecules outside the cleft. Thus, the iGIuSnFR signal should present an upper limit to the
“real” time course, i.e., the one of glutamate in the synaptic cleft as seen by the postsynaptic receptors.
For the same reason, one might record an iGIuSnFR signal even if the indicator is expressed on a neuron
that is not glutamatergic or does not receive glutamatergic input, but ramifies within the same volume
where glutamate is being released from other cells.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and two figures and can be found with this article
online at https://doi.org/10.1016/].isci.2018.08.019.
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Figure Si1. Model fits to L1 and Mig data, related to Fig 3

(A) Parameters to quantitatively describe the receptive field characteristics of L1 recorded either
with GCaMP6f (left column) or iGluSnFR (right column). First two parameters describe temporal
components of the receptive field, last three parameters describe those of the spatial component.
(B) Same as (A) only for Mig. Description of highpass characteristics is missing, since Mig is best
described by a pure low-pass.

(C) Impulse responses from Figure 3 D-E plotted in frequency space. Black dashed lines mark the fit
of a 1% order band-pass filter (for time constants see table (A).

(D) Same as (C) only for Mig. Black dashed lines mark the fit of a 1t order low-pass filter.

(E)+(F) Spatial receptive fields from Figure 3 D-E. Data are fitted with a Mexican hat function that
captures both, the excitatory center as well as the inhibitory surround of these receptive fields. cen
= center, sur = surround, LP = low-pass, HP = high-pass, A = amplitude, t = time constant, FHWM =
full width at half maximum.
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Figure S2. GCaMP data resembles low-pass filtered iGIuSnFR data, related to Fig 3 and 4

1 1.5
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(A) Low-pass filtering of the Mig impulse response measured with iGluSnFR with a time constant
of 360 ms (grey) shows the best fit with the impulse response measured with GCaMP6f (left panel).
Spatial receptive fields (right panel) are not significantly different from each other, when measured

with the two different sensors.
(B) Same as (A) for L1

(C) Low-pass filtering of the LPi4-3 > iGluSnFR response to local flicker with a time constant of 446
ms (grey) shows the best fit to response measured with GCaMP6f (orange).
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Transparent Methods

Flies/preparation

Flies were raised and kept on standard cornmeal-agar medium on a 12 hour light/12 hour
dark cycle at 25°C and 60% humidity. For imaging experiments, the genetically-encoded
calcium indicators GCaMP6f or the genetically encoded glutamate sensor iGIuSnFR (Chen
et al., 2013; Marvin et al., 2013) were expressed using the Gal4-UAS system in cell-type
specific Gal4 fly lines, resulting in the following genotypes:

Genotypes:

L1>GC6f: w+; R48A08-AD/UAS-GCaMP6f; R66A01-DBD/UAS-GCaMPo6f
L1>iGluSnFR: w+; R48A08-AD/+; R66A01-DBD/UAS-iGIuSnFR (BL59611, AV184)
Mi9>GC6f: w+; R48A07-AD/UAS-GCaMP6f; VT046779-DBD/UAS-GCaMP6f
Mi9>iGIluSnFR: w+; R48A07-AD/+; VT046779-DBD/UAS-IGIuSNFR (BL59611, AV184)
LPi>GC6f: w+; +/UAS-GCaMP6f; R38G02-Gal4/UAS-GCaMP6f

LPi>iGIuSnFR: w+; +; R38G02-Gal4/UAS-iGluSnFR (BL59611, AV184)
For immunohistochemical stainings in Figure 2:

L1>myr:.GFP: w-; R48A08-AD/UAS-myr::GFP; R66A01-DBD/+
Mi9>myr::GFP: w-; R48A07-AD/ UAS-myr::GFP; VT046779-DBD/+
LPi4-3>myr::GFP: w-; UAS-myr::GFP/+; R38G02-Gal4/+

The transgenic fly lines driving split-Gal4 expression in the lamina neuron L1 were generated
and described in (Tuthill et al., 2013). Mi9 in (Strother et al., 2017) and the one of LPi’s in
(Mauss et al., 2015). For calcium and glutamate imaging experiments, flies were prepared
as previously described (Maisak et al., 2013; Strother et al., 2017). Briefly, flies were
anaesthetized on ice, fixed with their backs, legs and wings to a Plexiglas holder with the
back of the head exposed to a recording chamber filled with fly external solution. The cuticle
at the back of the head on one side was cut away with a fine hypodermic needle and
removed together with muscles and air sacks covering the underlying optic lobe.

Data acquisition and analysis:

Data analysis was performed offline using custom-written routines in Matlab and Python 2.7
(with the SciPy and OpenCV-Python Libraries).

2-photon imaging:

Imaging was performed on custom-built 2-photon microscopes as previously described
(Maisak et al., 2013) and controlled with the Scanimage software in Matlab (Pologruto et al.,
2003). Acquisition rates were between 15 (for LPi experiments) and 23.67 Hz (for L1 and
Mi9 experiments), image resolution between 64x64 and 128x32 pixels (for L1 and Mi9
experiments). Before starting the acquisition, we verified that the receptive fields of the cells
were located on the stimulus arena by showing a search stimulus consisting of moving
gratings.
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Calcium imaging was performed as previously described in (Arenz et al., 2017). In brief:
Images were automatically registered using horizontal and vertical translations to correct for
the movement of the brain. Fluorescence changes (AF/F values) were then calculated using
a standard baseline algorithm (Jia et al., 2011). Regions of interest (ROIs) were drawn on
the average raw image by hand in the medulla layer M1 for L1 and in layer M10 for Mi9. For
LPi neurons, ROIs were routinely chosen in the lobula plate, encompassing small regions
with single to few axon terminals. Averaging the fluorescence change over this ROl in space
resulted in a AF/F time course. Glutamate imaging was performed with the same settings
as the calcium imaging experiments.

Visual stimulation for L1 and Mi9 experiments

The spatiotemporal response properties of the L1 and Mi9 columnar input elements were
determined on a custom-built projector-based arena, as previously described in (Arenz et
al., 2017). Stimuli were projected with 2 commercial micro-projectors (TI DLP Lightcrafter
3000) onto the back of an opaque cylindrical screen covering 180 ° in azimuth and 105 ° in
elevation of the fly’s visual field. The projectors refresh rate is 180 Hz (at 8 bit color depth).
For all stimuli used here, we set the medium brightness to a 8-bit grayscale value of 50,
which corresponds to a medium luminance of 55 + 11 cd/m?. Stimuli were rendered using a
custom written software in Python 2.7.

Visual stimulation for LPi4-3 experiments with telescope

This technique has been previously described in (Haag et al., 2016). In brief: Antidromic
illumination of the fly’s head visualizes the hexagonal structure of the optical axes of the
ommatidia (Franceschini, 1975; Schuling et al., 1989). Visual stimuli are generated on the
AMOLED display (800x600 pixels, pixel size 15x15 mm, maximal luminance > 1500 cd/m?;
lambda = 530 nm; refresh rate 85 Hz) (SVGAO50SG, Olightek). This allows to precisely
position the stimuli onto single lamina cartriges. In order to prevent stimulus light from
entering the photomultiplier of the two-photon micro-scope, light generated by the AMOLED
display was filtered with a long-pass filter (514 LP, T: 529.4— 900 nm, AHF). The AMOLED
display was controlled with MATLAB and the psychophysics toolbox (V3.0.11;(Brainard,
1997)).

White noise reverse-correlation

The analysis of spatial receptive fields was previously described in (Arenz et al., 2017). For
the input elements, spatiotemporal receptive fields were calculated following standard
reverse-correlation methods (Dayan and Abbott, 2013; French, 1976). First, the mean value
was subtracted from the raw signals of single ROIs by using a low-pass filtered version of
the signal (Gaussian filter with 120 seconds standard deviation) as a baseline for a AF/F-
like representation of the signal.

The stimulus-response reverse correlation function was calculated as:

K(x, 1) = f dt S(x,t — 1) - R(t)
0

with S for the stimulus and R for the response of the neuron. The resulting spatiotemporal fields
were normalized in z-score. Only receptive fields with peak amplitudes above 10 standard
deviations from the mean were taken for further analysis (for Mi9-GCaMP6f the threshold
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was lowered to 7). Cross-sections through the receptive fields along the space axis were fit
with a Gaussian function to determine the position of the peak (Suppl. Fig. 1 E-F).

Gaussian noise stimulus

The same stimulus was used in (Arenz et al., 2017). In brief: The stimulus consisted of 64
vertical bars covering an angle of 180° in total. The intensity of each bar fluctuated randomly
around a mean intensity of 50 on the 8-bit grayscale of the display. The intensities were
drawn from a Gaussian distribution with a standard deviation of 25% contrast. In time, the
stimulus was low-pass filtered with a Gaussian window with approximately 22ms standard
deviation, which restricted the frequency content of the stimulus to frequencies below 10Hz.
For Mi9-GCaMP6f imaging, similarly, the time window was 45ms long, covering frequencies
until up to 5Hz.

Spatial receptive field

The analysis of spatial receptive fields was previously described in (Arenz et al., 2017). In
brief: One-dimensional spatial receptive fields are cross-sections through the peak of the
spatiotemporal receptive fields along the space axis and are averaged over the 12 samples
(200ms) around the peak. For both L1 and Mi9 we found a small-field, antagonistic center-
surround organization of the spatial receptive field using the vertical white noise stimulus.
The black dashed lines in Suppl. Fig 1 represents a Mexican hat function (Difference of
Gaussian). Mathematically such a function can be described as follows:

_Le? _L ¢?
RF;p(@) = e 20cen” — Apg - € 2osur’

with ¢ as azimuth, o., and oy, as the standard deviations of center and surround,
respectively, and A,.; = Aq.r/Acen the relative strength of the surround in relation to the
amplitude of the center Gaussian (which is normalized to 1).

Temporal receptive field

The analysis of temporal receptive fields was previously described in (Arenz et al., 2017). In
brief: The time-reversed impulse responses shown in Figure 3 are cross-sections through
the center of the spatiotemporal receptive fields along the time axis and are averaged over
the three center pixels. For the determination of the time constants (tau), we sought to
describe the response characteristic of each cell with a simplified model that catches the
main properties. For that, we fitted simple 15order filters (e.g. 15t order low-pass for Mi9; 1st
order bandpass for L1) to the impulse responses of all cells.

The model fit in Suppl. Fig 2 (grey lines) was performed by low-pass filtering the measured
iGluSnFR response of each neuron type (L1, Mi9, LPi) with a 15t order low-pass filter and
optimizing the time-constant such that the difference between the low-pass filtered signal
and the measured calcium response of the neurons was minimal. The fitting procedure was
implemented using standard least square algorithms (SciPy 0.19).

Immunohistochemistry
Fly brains were dissected in ice-cold 0.3% PBST and fixed in 4% PFA in 0.3% PBST for 25
min at room temperature. Subsequently, brains were washed 4-5 times in 0.3% PBST and

blocked in 10% normal goat serum (NGS) in 0.3% PBST for 1 hour at room temperature.
Primary antibodies used were mouse anti-bruchpilot brp (nc82, Developmental Studies
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Hybridoma Bank, 1:20) and rabbit anti-VGlut (courtesy of H. Aberle, 1:500). Secondary
antibodies used were: goat anti-mouse ATTO 647N (Rockland, 1:300) and goat anti-rabbit
Alexa Fluor 568 (Life Technologies, 1:300). Myr::GFP-labeled cells were imaged natively
without antibody staining. 5% NGS was added to all antibody solutions and both primary
and secondary antibodies were incubated for at least 48 hours at 4°C.

Brains were mounted in Vectashield Antifade Mounting Medium (Vector Laboratories) and
imaged on a Leica TCS SP8 confocal microscope.
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Conditional protein tagging methods
reveal highly specific subcellular
distribution of ion channels in motion-
sensing neurons
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Abstract Neurotransmitter receptors and ion channels shape the biophysical properties of
neurons, from the sign of the response mediated by neurotransmitter receptors to the dynamics
shaped by voltage-gated ion channels. Therefore, knowing the localizations and types of receptors
and channels present in neurons is fundamental to our understanding of neural computation. Here,
we developed two approaches to visualize the subcellular localization of specific proteins in
Drosophila: The flippase-dependent expression of GFP-tagged receptor subunits in single neurons
and ‘FlpTag’, a versatile new tool for the conditional labelling of endogenous proteins. Using these
methods, we investigated the subcellular distribution of the receptors GluCla, Rdl, and Do.7 and
the ion channels para and Ih in motion-sensing T4/T5 neurons of the Drosophila visual system. We
discovered a strictly segregated subcellular distribution of these proteins and a sequential spatial
arrangement of glutamate, acetylcholine, and GABA receptors along the dendrite that matched the
previously reported EM-reconstructed synapse distributions.

Introduction

How neural circuits implement certain computations in order to process sensory information is a cen-
tral question in systems neuroscience. In the visual system of Drosophila, much progress has been
made in this direction: numerous studies examined the response properties of different cell-types in
the fly brain and electron microscopy studies revealed the neuronal wiring between them. However,
one element crucial to our understanding is still missing; these are the neurotransmitter receptors
used by cells at the postsynaptic site. This knowledge is essential since neurotransmitters and corre-
sponding receptors define the sign and the time-course of a connection, that is whether a synapse is
inhibitory or excitatory and whether the signal transduction is fast or slow. The same neurotransmit-
ter can act on different receptors with widely differing effects for the postsynaptic neuron. Gluta-
mate for instance is mainly excitatory, however, in invertebrates it can also have inhibitory effects
when it acts on a glutamate-gated chloride channel, known as GluClo (Cully et al., 1996; Liu and
Wilson, 2013; Mauss et al., 2015). Recently, it has also been shown that acetylcholine, usually excit-
atory, might also be inhibitory in Drosophila, if it binds to the muscarinic mMAChR-A receptor
(Bielopolski et al., 2019). Hence, knowledge inferring the type of transmitter receptor at a synapse
is essential for our understanding of the way neural circuits process information.

Moreover, voltage-gated ion channels shape synaptic transmission and the integration of synaptic
inputs by defining the membrane properties of every neural cell type. The voltage-gated calcium
channel cacophony, for instance, mediates influx of calcium ions that drives synaptic vesicle fusion at
presynaptic sites (Kawasaki et al., 2004, Fisher et al., 2017). Voltage-gated sodium channels like
paralytic (para) are important for the cell's excitability and the generation of sodium-dependent
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action potentials. The voltage-gated channel Ih influences the integration and kinetics of excitatory
postsynaptic potentials (Magee, 1999, Littleton and Ganetzky, 2000; George et al., 2009). How-
ever, only little is known about how these channels are distributed in neurons and how this shapes
the neural response properties.

One of the most extensively studied neural circuits in Drosophila is the motion vision pathway in
the optic lobe and the underlying computation for direction-selectivity. The optic lobe comprises
four neuropils: lamina, medulla, lobula, and lobula plate (Figure 1A). As in the vertebrate retina, the
fly optic lobe processes information in parallel ON and OFF pathways (Joesch et al., 2010;
Borst and Helmstaedter, 2015). Along the visual processing chain, T4/T5 neurons are the first neu-
rons that respond to visual motion in a direction selective way (Maisak et al., 2013; Behnia et al.,
2014, Fisher et al., 2015a; Arenz et al., 2017, Strother et al., 2017). T4 dendrites reside in layer
10 of the medulla and compute the direction of moving bright edges (ON-pathway). T5 dendrites
arborize in layer 1 of the lobula and compute the direction of moving dark edges (OFF-pathway)
(Maisak et al., 2013). The four subtypes of T4/T5 neurons (a, b, ¢, d), project axon terminals to one
of the four layers in the lobula plate, each responding only to movement in one of the four cardinal
directions, their preferred direction (Maisak et al., 2013).

How do T4/T5 neurons become direction-selective? Both T4 and T5 dendrites span around eight
columns collecting signals from several presynaptic input neurons, each of which samples informa-
tion from visual space in a retinotopic manner (Haag et al., 2016; Shinomiya et al., 2019). The func-
tional response properties of the presynaptic partners of T4/T5 have been described in great detail
(Behnia et al., 2014; Ammer et al., 2015; Fisher et al., 2015a; Fisher et al., 2015b; Serbe et al.,
2016; Arenz et al., 2017; Strother et al., 2017; Strother et al., 2018; Drews et al., 2020) along
with their neurotransmitter phenotypes (Takemura et al., 2017, Richter et al., 2018,
Shinomiya et al., 2019; Davis et al., 2020). T4 dendrites receive glutamatergic, GABAergic and
cholinergic input, whereas T5 dendrites receive GABAergic and cholinergic input only. These input
synapses are arranged in a specific spatial order along T4/T5 dendrites (s. Figure 1C and D; for
overview Takemura et al., 2017; Shinomiya et al., 2019).

Which receptors receive this repertoire of different neurotransmitters at the level of T4/T5 den-
drites? Recently, several RNA-sequencing studies described the gene expression pattern of nearly
all cell-types in the optic lobe of the fruit fly including T4/T5 neurons (Pankova and Borst, 2016;
Konstantinides et al., 2018; Davis et al., 2020; Hérmann et al., 2020). T4/T5 neurons were found
to express numerous receptor subunits of different transmitter classes and voltage-gated ion chan-
nels at various expression strengths. However, RNA-sequencing studies do not unambiguously
answer the above question for two reasons: mRNA and protein levels are regulated in complex ways
via post-transcriptional, translational, and protein degradation mechanisms making it difficult to
assign protein levels to RNA levels (Vogel and Marcotte, 2012). Secondly, standard RNA-sequenc-
ing techniques cannot provide spatial information about receptor localizations, hence, they are not
sufficient to conclude which transmitter receptors receive which input signal. Both shortcomings
could in principle be overcome by antibody staining since immunochistochemical techniques detect
neurotransmitter receptors at the protein level and preserve spatial information. However, high-qual-
ity antibodies are not available for every protein of interest and may have variable affinity due to epi-
tope recognition (Fritschy, 2008). Furthermore, labeling ion channels via antibodies and ascribing
expression of a given channel to a cell-type in dense neuronal tissue remains challenging. The disad-
vantages of the above techniques highlight the need for new strategies for labeling neurotransmitter
receptors in cell types of interest.

In this study, we employed existing and generated new genetic methods to label and visualize
ion channels in Drosophila. For endogenous, cell-type-specific labeling of proteins, we developed a
generalizable method called FlpTag which expresses a GFP-tag conditionally. Using these tools, we
explored the subcellular distribution of the glutamate receptor subunit GluCla, the acetylcholine
receptor subunit Do7, and the GABA receptor subunit Rdl in motion-sensing T4/T5 neurons. We
found these receptor subunits to be differentially localized between dendrites and axon terminals.
Along the dendrites of individual T4/T5 cells, the receptor subunits GluClo, Rdl, and Da7 reveal a
distinct distribution profile that can be assigned to specific input neurons forming synapses in this
area. Furthermore, we demonstrated the generalizability of the FlpTag approach by generating lines
for the metabotropic GABA receptor subunit Gaba-b-r1 and the voltage-gated ion channels para
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Figure 1. Overview of the fly optic lobe and anatomy of T4/T5 neurons with their presynaptic partners and distribution of input synapses. (A) Horizontal
view of optic lobe with retina, lamina, medulla, lobula, and lobula plate. T4 dendrites (darker gray) reside in layer 10 of the medulla, T5 dendrites
(lighter gray) in layer 1 of the lobula. T4/T5 axon terminals of all subtypes (a, b, ¢, d) project to the lobula plate in four layers. (B) Close-up, horizontal
view of EM-reconstructed single T4 neuron with dendrite, axon, axon terminal, soma fiber and soma (image extracted from Seven medulla column
connectome dataset, http://emdata.janelia.org/#/repo/medullaZcolumn, #3b548, Janelia Research Campus). (C) Scheme of individual T4 dendrite and
distribution of input synapses (frontal view). The dendrite depicted here is oriented pointing to the right side against its preferred direction from right
to left (indicated by arrow). Input on proximal base of T4 dendrite: GABAergic CT1, Mi4 and C3. In the central area: GABAergic TmY15 and cholinergic
Mi1 and Tm3. On the distal tips T4 receive input from cholinergic T4 from the same subtype and glutamatergic Mi9. Yellow circle labels first branching
point of the dendritic arbor. Reproduced from Figure 4, Shinomiya et al., 2019, elife, published under the Creative Commons Attribution 4.0
International Public License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/). (D) Scheme of individual T5 dendrite and distribution of input
synapses (frontal view). The dendrite depicted here is oriented pointing to the right side against its preferred direction from right to left (indicated by
arrow). The T5 dendrite receives GABAergic input from CT1 on the proximal base and from TmY15 in the central area. Cholinergic synapses are formed
with Tm1, Tm2, and Tm4 in the central area and with Tm9 and T5 from the same subtype on the distal dendritic tips. Yellow circle labels first branching
Figure 1 continued on next page
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point of the dendritic arbor. Reproduced from Figure 4, Shinomiya et al., 2019, elife, published under the Creative Commons Attribution 4.0
International Public License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).

and lh. The strategies described here can be applied to other cells as well as other proteins to reveal
the full inventory and spatial distribution of the various ion channels within individual neurons.

Results

Subcellular localization of the inhibitory glutamate receptor GluCla in
T4/T5 neurons

As suggested by the connectome (Takemura et al., 2017; Shinomiya et al., 2019) and antibody
staining against the vesicular glutamate transporter VGIUT (Richter et al., 2018), T4 cells receive
input on their dendrites from the glutamatergic medulla neuron Mi9. Since a multitude of glutamate
receptors exist, both excitatory and inhibitory, we explored which glutamate receptor forms the syn-
apse between the glutamatergic Mi9 input and T4 dendrites.

According to a RNA-sequencing study, GluCla is the most highly expressed glutamate receptor
in T4 neurons (Davis et al., 2020). To investigate the distribution of this glutamate receptor in T4
and T5 neurons, we developed a transgenic fly line that allowed us to express a GFP-tagged GluClo
in a cell-type specific way. We created a UAS-GluCla::GFP line bearing the cDNA of GluClo with a
GFP-insertion (Supplementary file 1). This construct can be combined with any Gal4-line to study
the receptor’s expression and its subcellular localization. We combined the UAS-GluCla::GFP line
with a membrane-bound UAS-myr::tdTomato and expressed both constructs under the control of a
T4/T5-specific Gal4-driver line. We found GluCla in T4 dendrites of the medulla, where it is distrib-
uted in discrete puncta (Figure 2A; horizontal section, first two panels). A top view of the medulla of
these flies reveals that these puncta are arranged in circular clusters, each corresponding to one col-
umn (Figure 2A, right panel). Since Mi9 is the only glutamatergic presynaptic partner of T4 cells in
the medulla (Takemura et al., 2017, Richter et al., 2018; Shinomiya et al., 2019), this columnar
arrangement likely reflects the columnar array of Mi9 cell inputs. Conversely, T5 dendrites are
completely devoid of GluCla signal (Figure 2A, first two panels). This result is in agreement with T5
dendrites not receiving glutamatergic input (Richter et al., 2018). In addition to the medulla layer
10, GFP signal of GluClo::GFP is also visible in the axon terminals of T4/T5 in the lobula plate
(Figure 2A, first two panels). However, both T4 and T5 cells send their axons into the lobula plate,
therefore, this staining cannot be assigned to one of the cell types specifically. To differentiate
between the two cell types, we used two different driver lines, one specific for either T4 or T5 cells.
We confirmed the presence of GluClo in the dendritic layer of T4 cells (Figure 2B) and the lack
thereof in the dendritic layer of T5 cells (Figure 2C). Interestingly, with these specific driver lines,
both T4 and T5 neurons express the glutamate receptor in their axon terminals in the lobula plate
(Figure 2B and Figure 2C). The presence of GluClo in the axon terminals of T5 neurons explains the
high GluClo-mRNA levels in T5 (Davis et al., 2020) even though T5 dendrites are missing a glutama-
tergic presynaptic partner (Takemura et al., 2017, Richter et al., 2018; Shinomiya et al., 2019).

One caveat associated with overexpression-lines is a potential mis-localization of proteins. To
control for this effect, we used a pan-neuronal Gal4-line to express the UAS-GluCla::GFP construct
and compared this expression pattern to an existing MIMIC protein trap line with GFP insertion
(MIiMIC GFSTF) in the endogenous locus of GluCla (Mi02890) (Nagarkar-Jaiswal et al., 2015a). We
observed broad expression of GluCla throughout all neuropils of the optic lobe in both genotypes
(Figure 2—figure supplement 1A and B). We quantified the mean fluorescence intensity of manu-
ally drawn ROlIs around the medulla and found both values to be similar for the pan-neuronal UAS-
GluCla::GFP and the MIMIC line (Figure 2—figure supplement 1D). Furthermore, we expressed the
UAS-GluCla::GFP line with a driver line for T1, a cell-type which lacks GluCloo mRNA (Davis et al.,
2020). Our UAS-line confirmed this result as we could not detect significant levels of GluClo::GFP
protein in T1 (Figure 2—figure supplement 1E). Hence, overexpression of GFP-tagged GluCla,
introduced as a transgene, leads to a subcellular localization pattern that seems to be identical to
the endogenous GluCla protein.
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Figure 2. Subcellular localization of the inhibitory glutamate receptor GluClo: in T4/T5 neurons. (A) Optic lobe with T4/T5 neurons labeled with myr::
tdTomato and GluClo::GFP. Left panel: horizontal view on the optic lobe overview (scale bar: 20 pm). Central panel: close-up of medulla layer M10,
lobula layer Lo1 and lobula plate layers 1-4 (scale bar: 5 um). Right panel: Frontal view on medulla layer M10 with T4 dendrites (scale bar: 20 um); inset:
close-up of columnar GluClo::GFP structure in layer 10 of the medulla. (B) Close-up of T4 dendrites in layer 10 of the medulla and axon terminals in
Figure 2 continued on next page
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lobula plate labeled with myr::tdTomato and GluCla::GFP (scale bar: 5 um). (C) Close-up of T5 dendrites in layer 1 of the lobula and axon terminals in
lobula plate labeled with myr::tdTomato and GluClo::GFP (scale bar: 5 um). (D) Individual T4 dendrites labeled with tdTomtato and GluClo::GFP;
subtypes a-d pointing in their natural orientation in visual space coordinates (A = anterior, p=posterior, D = dorsal, V = ventral). White arrows indicate
preferred directions for every subtype and the dendrites’ proximal (Prox.), central (Cent.) and distal (Dist.) areas are labeled (scale bar: 2 um). Yellow
circle labels first branching point of the dendrite. (E) Quantification of GluClo distribution over the whole dendritic length (normalized distance)
averaged across several T4 dendrites from all subtypes (n = 8). All dendrites were aligned pointing to the right with the most proximal point at 0.0 and
the most distal point at 1.0. (F) Quantification of GluClo. puncta averaged across several T4 dendrites from all subtypes (mean + SD = 20.5, 4.98 [n = 8])
(same cells used in E) compared to number of glutamatergic input synapses from Mi9 (mean + SD = 23.0, 9.34 [n = 20]) (EM numbers: personal
communication, K. Shinomiya, May 2020). n.s., not significant p>0.05 (p=0.37, t-test).

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Table with numbers of GluClo puncta quantified for T4 dendrites.
Figure supplement 1. Pan-neuronal GluCla levels and distribution in the optic lobe are comparable for MiMIC GFSTF, FlpTag and UAS-line.

Given that Mi9 is the only glutamatergic input neuron to T4 dendrites and GluCla is the corre-
sponding glutamate receptor, we hypothesized that GluCla should localize on the individual T4 den-
drite exclusively where Mi9 makes glutamatergic synapses with the latter. Therefore, we wanted to
visualize the distribution of GluClo at the single-cell level along individual T4 dendrites. The den-
drites of each T4/T5 subtype are oriented pointing against their preferred direction
(Takemura et al., 2017; Shinomiya et al., 2019). With respect to the point of axonal attachment to
the dendrite, T4/T5 dendrites can be divided into a proximal, central and distal region (summarized
in Figure 1B-D). Electron microscopy studies have shown that Mi9 forms synaptic contacts with T4
on the distal tips of its dendrite (Figure 1C; Takemura et al., 2017; Shinomiya et al., 2019). Since
T4/T5 dendrites are strongly intermingled in their respective layers, it is not possible to resolve
receptor localizations at the single-cell level by labeling the whole population. We used a flippase-
based mosaic approach (Gordon and Scott, 2009) to sparsely label single T4/T5 neurons with tdTo-
mato together with the UAS-GluCla::GFP construct. By using a FRT-Gal80-FRT with an hs-FLP, both
UAS-myr::tdTomato and UAS-GluCla::GFP expression are dependent on the same stochastic FLP-
event. A heat-shock-activated flippase removes the FRT-flanked Gal4-repressor Gal80, which disinhi-
bits Gal4, promoting transcription of both UAS-reporters simultaneously resulting in expression of
membrane-bound tdTomato and GFP-tagged GluCla in only a few cells of interest. In individual T4
dendrites, we observed that GluClo was predominantly localized to the distal tips, which holds true
for all four T4 subtypes (Figure 2D). We quantified the intensity distribution of the GluClo.::GFP-sig-
nal over dendritic distance in individual T4 dendrites. To combine and average this distribution for
all four subtypes, we rotated dendrites from each subtype such that the proximal side was on the
left side of the image and the distal tips were pointing to the right. Averaged intensities across all
subtypes confirmed our observations on individual cells, showing that GluCla is indeed localized
toward the distal dendritic tips of T4 dendrites (Figure 2E). In addition, we quantified the numbers
of GluCla puncta for all subtypes and compared them to the synapse numbers of glutamatergic Mi9
inputs onto T4 determined by the previous EM study (Shinomiya et al., 2019). The number of
GluCla-puncta per T4 cell dendrite (mean: 20.5 puncta) matches closely the number of glutamater-
gic input synapses made by Mi? onto one T4 cell (mean: 23 synaptic contacts; personal communica-
tion, K. Shinomiya, May 2020) (Figure 2F). This suggests that every GluClo-punctum resolved by
confocal microscopy in individually labeled T4 dendrites represents one postsynaptic GluClo recep-
tor cluster corresponding to one Mi9-T4 synapse.

In summary, GluCla localizes to the dendrites of T4 cells and to the axon terminals of both T4
and T5 cells. At the single-cell level, GluCla. is distributed toward the distal tips of the dendrites in
all T4 subtypes. Strikingly, the number of GluClo. puncta closely matches the number of input synap-
ses provided by Mi9, the only glutamatergic input neuron to T4 dendrites.

Rdl localizes to T4/T5 dendritic compartments receiving GABAergic
input

Having identified glutamatergic synapses, we employed similar methods to visualize GABAergic syn-
apses in T4/T5 neurons. T4 dendrites receive input from several GABAergic cell-types in the medulla:
on the proximal base of the dendrite, these are the columnar cells Mi4, C3; the multicolumnar
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Figure 3. Subcellular localization of the GABA receptor Rdl in T4/T5 neurons. (A) Optic lobe with T4/T5 neurons labeled with myr::tdTomato and Rdl:
GFP. Left panel: horizontal view on the optic lobe overview (scale bar: 20 um). Right panel: close-up of medulla layer M10, lobula layer Lo1 and lobula
plate layers 1-4 (scale bar: 5 um). (B) Individual T4 dendrites labeled with tdTomtato and Rdl::GFP; subtypes a-d pointing in their natural orientation in
visual space coordinates (A = anterior, p=posterior, D = dorsal, V = ventral). White arrows indicate preferred directions for every subtype and the
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dendrites’ proximal (Prox.), central (Cent.) and distal (Dist.) areas are labeled (scale bar: 2 um). Blue circle labels first branching point of the dendrite. (C)
Individual T5 dendrites labeled with tdTomtato and Rdl::GFP; subtypes a-d pointing in their natural orientation in visual space coordinates

(A = anterior, p=posterior, D = dorsal, V = ventral). White arrows indicate preferred directions for every subtype and the dendrites’ proximal (Prox.),
central (Cent.) and distal (Dist.) areas are labeled (scale bar: 2 pm). Blue circle labels first branching point of the dendrite. (D) Quantification of Rdl
distribution over the whole dendritic length (normalized distance) averaged across several T4 (n = 18) and T5 dendrites (n = 10) from all subtypes. All
dendrites were aligned pointing to the right with the most proximal point at 0.0 and the most distal point at 1.0. (E) Quantification of Rdl puncta
averaged across several T4 (mean + SD = 40.4, 12.17 [n = 18]) and T5 dendrites (mean + SD = 42.2, 8.88 [n = 10]) (same cells used in D) from all
subtypes compared to number of GABAergic input synapses from T4 (mean + SD = 40.5, 7.67 [n = 20]) and T5 (mean + SD = 37.0, 8.05 [n = 20]) (EM
numbers: personal communication, K. Shinomiya, May 2020). n.s., not significant p>0.05 (p=0.99 and p=0.13 respectively, t-test).

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Table with numbers of Rdl puncta quantified for T4/T5 dendrites.
Figure supplement 1. Rdl is not detectable in the lamina neuron L1.

amacrine cell CT1 in the middle and distal part of the dendrite as well as TmY15 (Figure 1C). In con-
trast, T5 dendrites receive GABAergic input from only two cell-types: CT1 on the proximal base and
TmY15 again throughout the central and distal area of the dendrite (Figure 1D). In total, T4 and T5
dendrites receive roughly the same number of GABAergic input synapses (Takemura et al., 2017,
Shinomiya et al., 2019). Three ionotropic GABA receptor subunits are described in the Drosophila
genome: Rdl, Lech3, and Grd (Liu et al., 2007). We focused on the GABA receptor subunit Rdl,
since RNA-sequencing studies had identified Rdl as the most highly expressed ionotropic GABA
receptor subunit in T4 and T5 neurons (Pankova and Borst, 2016; Davis et al., 2020). Five Rdl sub-
units can form a homomeric chloride channel which leads to hyperpolarization upon GABA-binding,
thus representing a receptor (Ffrench-Constant et al., 1993). Previous studies had created and
used a UAS-RdI::HA line to investigate the distribution of this GABA receptor subunit in Drosophila
motoneurons and LPTCs (Sdanchez-Soriano et al., 2005; Raghu et al., 2007, Kuehn and Duch,
2013). In our hands, the anti-HA staining of this line was too weak for conclusive results (data not
shown), hence, we created a UAS-RdI::GFP line, consisting of the coding sequence of Rdl and a
GFP-tag (Supplementary file 2). Combining this line with a T4/T5 specific Gal4-line and a mem-
brane-bound tdTomato revealed Rd| expression in both T4/T5 dendrites, but not in the axon termi-
nals (Figure 3A). Taken together, both T4 and T5 neurons receive GABAergic inhibition via Rdl
receptors on their dendrites.

In a control experiment, we tested for potential overexpression artifacts of the UAS-RdI::GFP line.
According to RNA-sequencing, Rdl is not expressed in the lamina monopolar neuron L1
(Davis et al., 2020). When we overexpressed UAS-RdIl::GFP by means of a L1-Gal4 driver line, Rdl
signal is not detectable in L1 dendrites (Figure 3—figure supplement 1). The Rdl::GFP protein was
only visible in the cell bodies, presumably due to impaired protein translocation. This suggests that
overexpressed Rdl only localizes to endogenous GABA synapses that are composed of the Rdl sub-
unit. Hence, this line can be used to study the subcellular localization of Rdl in any given cell of
interest.

Next, we looked at the distribution of the GABA receptor Rdl on individual T4 and T5 dendrites.
Using the sparse labeling technique described above, we examined the Rdl::GFP distribution in indi-
vidual T4/T5 dendrites. We found Rdl on the proximal base and in the central area of both T4 and
T5 dendrites across all four subtypes (Figure 3B and Figure 3C). On the proximal base most of the
Rdl-signal was arranged in strong discrete clusters, whereas sparse puncta localized to the central
area and toward the distal tips. The strong Rdl-signal on the proximal base of the dendrite likely cor-
responds to the high number of GABAergic inputs provided by the following inputs: CT1, Mi4 and
C3 for T4 (32.2 synapses) and CT1 for T5 (30.3 synapses) (personal communication, K. Shinomiya,
May 2020). The sparsely distributed Rdl-puncta in the center and tips likely correspond to TmY15
inputs for both T4 and T5 dendrites. This distribution is recapitulated in the intensity quantification
across all T4/T5 subtypes, with high Rdl intensity on the proximal side and lower signal in the central
and distal area (Figure 3D). We quantified the numbers of Rdl receptor clusters in T4 and T5 den-
drites and compared them to the sum of all GABAergic input synapses (Mi4, C3, CT1, TmY15 for T4
and CT1, TmY15 for T5) to T4/T5 mapped by EM studies. We found similar numbers of roughly 40
receptor clusters for both T4 and T5 which match the sum of all GABAergic input synapses to T4
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Figure 4. Subcellular localization of the ACh receptor subunit Da7 in T4/T5 neurons. (A) Optic lobe with T4/T5 neurons labeled with myr::tdTomato
and Da7::GFP. Left panel: horizontal view on the optic lobe overview (scale bar: 20 um). Right panel: close-up of medulla layer M10, lobula layer Lo1
and lobula plate layers 1-4 (scale bar: 5 um). (B) Individual T4 dendrites labeled with tdTomtato and Da7::GFP; subtypes a and d pointing in their
natural orientation in visual space coordinates (A = anterior, p=posterior, D = dorsal, V = ventral). White arrows indicate preferred directions for every
subtype and the dendrites’ proximal (Prox.), central (Cent.) and distal (Dist.) areas are labeled (scale bar: 2 um). Yellow circle labels first branching point
of the dendrite. (C) Individual T5 dendrites labeled with tdTomtato and Da.7::GFP; subtypes a and d pointing in their natural orientation in visual space
coordinates (A = anterior, p=posterior, D = dorsal, V = ventral). White arrows indicate preferred directions for every subtype and the dendrites’
proximal (Prox.), central (Cent.) and distal (Dist.) areas are labeled (scale bar: 2 um). Yellow circle labels first branching point of the dendrite. (D)
Quantification of Dai7 distribution over the whole dendritic length (normalized distance) averaged across several T4 (n = 6) and T5 dendrites (n = 5)
from all subtypes. All dendrites were aligned pointing to the right with the most proximal point at 0.0 and the most distal point at 1.0. (E) Quantification
Figure 4 continued on next page
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of Da7 puncta averaged across several T4 (mean + SD = 92.67, 18.67 [n = 6]) and T5 dendrites (mean + SD = 110.6, 21.53 [n = 5]) (same cells like in D)
from all subtypes compared to number of cholinergic input synapses for T4 (mean + SD = 86.45, 14.37 [n = 20]) and T5 (mean + SD = 160.50, 26.93
[n = 20]) (EM numbers: personal communication, K. Shinomiya, May 2020). n.s., not significant, p>0.05; ***p<0.001 (p=0.46 and p=2.1e-4 respectively,

t-test).

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Table with numbers of Dai7 puncta quantified for T4/T5 dendrites.
Figure supplement 1. Pan-neuronal Da7 levels and distribution in the optic lobe as seen with UAS-Da7::GFP line, Da7 antibody staining and Da7-

Trojan-Gal4 line.

(mean: 40.45) and T5 (mean: 37) (Figure 3E) (EM numbers: personal communication, K. Shinomiya,
May 2020). Taken together, Rdl receptor subunits localize to the proximal base, and to a lesser
extent, in the central area of the dendritic arbor of T4 and T5 neurons, reflecting their GABAergic
inputs revealed by EM (Shinomiya et al., 2019).

Da7 localizes to T4/T5 dendritic compartments receiving cholinergic
input

According to connectome data, T4 dendrites receive most of their input synapses from cholinergic
Mi1 and Tm3 cells at the center of their dendrite (Takemura et al., 2017; Shinomiya et al., 2019).
Furthermore, T4 neurons of the same subtype form synapses with each other at the distal tips of
their dendrites (Figure 1C). As T4 neurons are cholinergic (Mauss et al., 2014; Davis et al., 2020),
these T4-T4 synapses are thought to be cholinergic as well. With the exception of GABAergic CT1,
T5 dendrites receive cholinergic input from Tm1, Tm2, and Tm4 in the central area of the dendrite.
Tm9 and T5 provide cholinergic input mainly towards the distal tips of the dendrite
(Figure 1D; Takemura et al., 2017; Shinomiya et al., 2019). T5 dendrites receive almost twice as
many cholinergic inputs as T4; 160 and 87 synapses, respectively (Shinomiya et al., 2019). We used
an existing GFP-tagged UAS-Da7::GFP line to explore the subcellular distribution of these choliner-
gic synapses (Raghu et al., 2009). Da7 is one of 10 different nicotinic ACh receptor subunits (Da.1-
Doa7 and DB1-DB3) found in the Drosophila genome. All these subunits can form heteromeric recep-
tors consisting of two or three subunits. In addition, Da5, Daé, and Da7 can also form homomeric
ACh receptors (Lansdell and Millar, 2004; Lansdell et al., 2012). According to RNA-sequencing
data, both T4 and T5 neurons express almost every ACh receptor subunit, except for Do6 and DB3
(Davis et al., 2020). Expression of UAS-Da7::GFP with a T4/T5-Gal4 line, revealed the distribution
of Da7 to both T4 and T5 dendrites while their axon terminals remained devoid (Figure 4A).

As previously conducted, we tested for potential overexpression artifacts of the UAS-Da7::GFP
line. We expressed Da7::GFP in all neurons and compared the expression pattern to two controls:
first, an antibody staining against Da7, and second, a MiMIC Trojan-Gal4 (TG4) line for Da7 com-
bined with UAS-Da7::GFP (Figure 4—figure supplement 1A-C; Fayyazuddin et al., 2006;
Diao et al., 2015; Lee et al.; 2018). The Trojan-Gal4 (TG4) line has a Gal4 insertion in the Do7 gene,
which drives expression of Gal4 only under endogenous transcriptional control of Da7. Combining
this line with the reporter lines UAS-myr::tdTomato and UAS-Da7::GFP should label all Dai7-express-
ing cells with tdTomato, and only within those cells, the Da7 receptor subunits with GFP. In the pan-
neuronal overexpression of UAS-Da7::GFP, the ACh receptor subunit is broadly expressed through-
out all neuropils with specific strong Da7 signal in medulla layer 10 where T4 dendrites reside and
lobula layer 1 where T5 dendrites reside (Figure 4—figure supplement 1A). However, in both the
antibody- and the TG4-experiment, there is only weak Do7 signal in M10 and Lo1 detectable (Fig-
ure 4—figure supplement 1B and C). Thus, under UAS-driven overexpression, the levels of Do7 are
increased compared to endogenous Da7 levels in M10 and Lo1.

To assess whether the subcellular distribution of Da7 is qualitatively altered by overexpression,
we characterized the distribution of Da7 in a cell type that does not express this receptor subunit
endogenously. Transcriptomic data revealed that Da7 is not expressed in Mi1 (Davis et al., 2020).
However, Mi1 receives cholinergic input from L3 and L5 and expresses several different ACh recep-
tor subunits (Takemura et al., 2017; Shinomiya et al., 2019; Davis et al., 2020). We tested the
UAS-Da7::GFP line in Mi1 to explore the qualitative overexpression-effects of this line. When UAS-
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Video 1. 3D-image of a T4 dendrite (subtype d)
(magenta) with GluClo::GFP (green).

Video 2. 3D-image of a T4 dendrite (subtype d)
(magenta) with Rdl::GFP (yellow).

https://elifesciences.org/articles/62953#video2

https://elifesciences.org/articles/62953#video!

Da7::GFP was overexpressed in Mi1, Da7 local-
ized to layers 1 and 5 of the medulla, where the
dendrites of Mi1 neurons arborize and receive
cholinergic input from L3 and L5 (Takemura et al., 2017, Figure 4—figure supplement 1D). This
suggests that overexpressed Da7::GFP localizes to cholinergic synapses and becomes part of an
ACh-receptor, even if this subtype is not endogenously expressed in this neuron. If this scenario is
true, the UAS-Da7::GFP line does not report real endogenous subunit compositions with Da7, but
in general it can still be used as a marker for postsynaptic cholinergic sites.

To test this hypothesis, we performed sparse labeling of individual T4/T5 dendrites with the ear-
lier described Gal80-hs-flippase method to explore the subcellular distribution of Da7 along T4/T5
dendrites. Dai7 was distributed along the central area and distal tips of both T4 and T5 dendrites
whereas the proximal base of the dendrite was completely devoid of Do7 signal (Figure 4B and C).
In the quantification, it becomes clear that for all subtypes the Da7-intensity is strongest in the cen-
tral area and slightly reduced toward the distal tips (Figure 4D). Taken together, these results dem-
onstrate that with the UAS-Da7::GFP line, Do7 localizes to the areas where T4/T5 dendrites receive
cholinergic input and not to the proximal base which receives only GABAergic synapses. We quanti-
fied the number of Da7-puncta and compared it to the number of cholinergic synaptic contacts
from T4/T5 inputs. For T4 dendrites the numbers of Da7 puncta quantified (mean: 88.4) matched
the numbers of cholinergic input synapses mapped by EM reconstruction (mean: 86.9; personal com-
munication, K. Shinomiya, May 2020) (Figure 4E). This strongly suggests that Da7 localizes only to
cholinergic synapses. However, for T5 dendrites the Do7 puncta exhibited 60 synapses less on aver-
age when compared to the mean of the summed cholinergic EM input synapse (Figure 4E). The lev-
els of Da7 along the dendrite are similar for T4 and T5 (Figure 4D), even though T5 receive more
cholinergic inputs on their distal tips than T4 (Shinomiya et al., 2019). The main cholinergic input to
T5 in the distal area is Tm9, which makes approximately 60 synapses with T5 dendrites. These 60
synapses could potentially be formed via differ-
ent cholinergic receptors other than Da7, for
instance muscarinic ACh receptors (Davis et al.,
2020).

In summary, the UAS-Da7::GFP line cannot be
used to define the exact composition of ACh
receptor subunits of cholinergic synapses, but
labels (nicotinic) ACh receptors in general. It, nev-
ertheless, can be used as a marker for postsynap-
tic ACh receptors. Using this approach, we found
that the central and distal areas of both T4 and

Video 3. 3D-image of a T4 dendrite (subtype d) T5 dendrites possess cholinergic receptors. The
(magenta) with Da.7::GFP (cyan). proximal base of the dendrites, as well as axon
https://elifesciences.org/articles/62953#video3 terminals are devoid of cholinergic input.
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Figure 5. FlpTag, a new tool for cell-type-specific, endogenous labeling as shown with GluCla. (A) Scheme of FlpTag cassette (first panel) and

integration of FlpTag cassette into target gene (second panel). The FlpTag cassette consists of attB-sites, specific FRT sites which form a FLEx-switch, a
splice acceptor, GFP and a splice donor. After ®C31-dependent integration of the FlpTag cassette into a coding intron of the GluCla: target gene, two
lines with opposite orientations of the cassette can be obtained. In the initial line with the cassette and GFP in opposite orientation with respect to the

Figure 5 continued on next page
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Figure 5 continued

gene (shown here), the cassette is spliced out together with the intron and no GFP-labeling occurs. After cell-type-specific Flp expression, the FlpTag
cassette is flipped, stably integrated as an artificial exon and GluCla is labeled with GFP. (B) Optic lobe with T4/T5 neurons labeled with myr::tdTomato
and FlpTag-GluClo::GFP. Left panel: horizontal view on the optic lobe overview (scale bar: 20 um). Central panel: close-up of medulla layer M10, lobula
layer Lol and Lobula plate layers 1-4 (scale bar: 5 um). Right panel: Frontal view on medulla layer M10 with T4 dendrites (scale bar: 20 um); inset: close-
up of columnar GluClo::GFP structure in layer 10 of the medulla. (C) Close-up of FlpTag-GluClo::GFP driven with a T4-Gal4-line; shown are layer 10 of
the medulla where T4 dendrites reside and lobula plate layers 1-4 where T4 project their axon terminals to (scale bar: 5 um). (D) Close-up of FlpTag-
GluClo::GFP driven with a T5-Gal4-line; shown are layer 10 of the medulla where T4 dendrites reside and lobula plate layers 1-4 where T4 project their
axon terminals to (scale bar: 5 um).

FlpTag - a new tool for cell-type-specific, endogenous protein labeling
Additionally, we sought to observe the spatial distribution of endogenous receptors using a cell-
type specific approach. We designed FlpTag, a new conditional, endogenous protein labeling strat-
egy inspired by recently published flippase-dependent methods (Fisher et al., 2017, Nagarkar-
Jaiswal et al., 2017; Williams et al., 2019).

The FlpTag cassette is a protein trap cassette consisting of a central GFP tag placed between a
splice acceptor (SA) and splice donor (SD), flanked by specific Frt sites forming a FLEX-switch for sta-
ble inversion (Figure 5A, upper panel) (Schniitgen et al., 2003; Xue et al., 2014). The FlpTag cas-
sette is integrated into an intronic coding region of interest by recombinase mediate cassette
exchange (RMCE) in vivo. We used the existing intronic MiMIC gene trap with attP landing sites to
facilitate ®C31-dependent exchange of the MiMIC insertion with our FlpTag cassette, consisting of
®C31 integrase attB sites on either end (Venken et al., 2011; Nagarkar-Jaiswal et al., 2015b).
After ®C31-dependent knock-in, two independent lines can be isolated. One in which the GFP is in
the 5’ to 3’ direction; the same orientation as the gene. In this configuration FlpTag acts as a protein
trap, revealing the protein’s expression pattern. In the alternate orientation the FlpTag cassette is in
the 3’ to 5’ direction; oppositely oriented to the gene. For the FlpTag approach, we used the oppo-
sitely oriented line in which the coding intron with the FlpTag cassette is naturally cut out during
mRNA splicing and no labeling takes place. Only upon UAS-Gal4 driven, cell-type-specific expres-
sion of the Flp recombinase, the cassette is flipped in the same orientation as the gene. Due to the
presence of flanking SA and SD, the GFP cassette is then spliced into the mature mRNA which is
translated, labeling the protein with GFP (Figure 5A, lower panel).

FlpTag line for GluCla

In a first proof-of-principle experiment, we generated a FlpTag line for the glutamate receptor sub-
unit GluClo.. The FlpTag cassette was inserted in the MIMIC insertion site MI02890, in the coding
intron between the last two exons of the GluClo. gene. For comparison of the various GluCla-tagged
lines, we examined the expression patterns generated by pan-neuronal FlpTag-GluClo::GFP, MiMIC
GFSTS GluCla, and pan-neuronal UAS-GluCla::GFP. The expression patterns were similar for all
three lines (Figure 2—figure supplement 1). We combined the GluCla-FlpTag line with UAS-
FLPD.1 and a T4/T5-specific driver-line. The distribution pattern of GluCla seen here is virtually iden-
tical to the UAS-GluCla::GFP genotype: GluCla is localized to T4 dendrites, the T5 dendrite area is
devoid of GluCla signal, and T4/T5 axon terminals in the lobula plate co-localize with GluCla
(Figure 5B, compare with Figure 2A). Expression of flippase and FlpTag-GluClo in T4 neurons only
further demonstrates the localization of the glutamate receptor to T4 dendrites and axon terminals,
as seen before with the UAS-GluCla::GFP line (Figure 5C, compare with Figure 2B). Specific expres-
sion of flippase and FlpTag-GluCla in T5 neurons revealed that the receptor localizes specifically to
the axon terminals in all T5 subtypes, as visualized by the presence of GluCla puncta in all layers of
the lobula plate (Figure 5D, compare with Figure 2C).

Taken together, we generated a new UAS-line and developed a new tool for studying the locali-
zation of GluCla in a cell-type-specific manner. Both the UAS-GluCla::GFP line and the FlpTag-line
led to similar results when compared to the pan-neuronal and T4/T5-specific experiments. These
tools can be used interchangeably to study the subcellular localization of GluCla. in any given cell of
interest.
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Figure 6. FlpTag lines for Gaba-b-r1, para and |h. Optic lobes with pan-neuronal expression of FlpTag Gaba-b-r1 (A), FlpTag para (C), and FlpTag |h
(E). (B) Expression of FlpTag Gaba-b-r1 in T4/T5 neurons labeled with myr:tdTomato. Left panel: horizontal view on the optic lobe overview (scale bar:
20 pum). Right panel: close-up of medulla layer M10, lobula layer Lo1 and Lobula plate layers 1-4 (scale bar: 10 um). (D) Expression of FlpTag para in T4/
T5 neurons labeled with myr::tdTomato. Left panel: horizontal view on the optic lobe overview (scale bar: 20 um). Right panel: close-up of medulla layer

Figure 6 continued on next page
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M10, lobula layer Lo1 and Lobula plate layers 1-4 (scale bar: 10 um). (F) Expression of FlpTag Ih in T4/T5 neurons. Horizontal view on the optic lobe
with medulla layer M10, lobula layer Lo1 and Lobula plate layers 1-4 (scale bar: 12 um). Left panel: Background staining anti-brp in blue and. Right

panel: h::GFP signal only.

FlpTag lines for Gaba-b-r1, para and |h

The FlpTag approach is generalizable and can be applied to any of the >2800 fly lines available with
MiIMIC attP insertions in coding introns (Nagarkar-Jaiswal et al., 2015b). To demonstrate the uni-
versal applicability of our FlpTag strategy, we set out to generate more FlpTag lines with the afore-
mentioned approach of integrating the FlpTag cassette into existing MiMIC landing sites in coding
introns. In keeping with our interest in neurotransmitter receptors we explored another GABA recep-
tor subunit, the metabotropic channel Gaba-b-r1. Additionally, we examined other proteins that
shape the biophysical response properties of neurons, such as the voltage-gated ion channels para
and Ih.

The metabotropic GABA receptor subunit Gaba-b-r1 is the most highly expressed GABA recep-
tor subunit in T4/T5 neurons after Rdl (Pankova and Borst, 2016; Davis et al., 2020). Gaba-b-r1 is
one out of three G-protein-coupled GABA receptor subunits described in Drosophila and has been
shown to be involved in sleep and appetitive long-term memory (Mezler et al., 2001; Kim et al.,
2017, Pavlowsky et al., 2018). We inserted the FlpTag cassette in the MiMIC site between the first
and second exon (MI01930) of the Gaba-b-r1 locus via RMCE. Again, two lines with two different ori-
entations of the FlpTag cassette were obtained. The line with the cassette in the same orientation as
the gene was used to observe the pan-neuronal distribution of the endogenous GABA receptor sub-
unit. Gaba-b-r1 is expressed throughout all neuropils with strongest signal in the outer distal layers
of the medulla and the medial part of the lobula (Figure 6A). Upon cell-type specific, FLP-depen-
dent inversion of the FlpTag cassette in T4/T5 neurons, we could not observe any Gaba-b-r1::GFP
signal in T4/T5 dendrites or axons (Figure 6B). Although RNAseq studies detected Gaba-b-r1
mRNA in T4/T5 neurons (Pankova and Borst, 2016; Davis et al., 2020), we could not confirm this
result at the protein level.

Paralytic (para) is the only voltage-gated sodium channel described in Drosophila and highly
expressed in T4/T5 neurons (Pankova and Borst, 2016). It is required for the generation of sodium-
dependent action potentials. We created the FlpTag para line by inserting the FlpTag cassette into
the MIMIC landing site between the first and second exon (MI08578), thereby covering all of its 60
isoforms. Surprisingly, the pan-neuronal expression pattern is rather sparse with some bundles
labeled in the medulla across the serpentine layer and axonal fibers in the chiasm between medulla,
lobula and lobula plate (Figure 6C). In the T4/T5 specific FlpTag genotype, para is strongly
expressed in the axonal fibers connecting dendrites and axon terminals in T4/T5 neurons
(Figure 6D).

Ih is a voltage-gated, hyperpolarization-activated ion channel which is highly expressed in T4/T5
neurons (Chen and Wang, 2012; Hu et al., 2015; Pankova and Borst, 2016). To generate the cor-
responding FlpTag line, the FlpTag cassette was inserted in the MiMIC site MI12136 housed by the
coding intron between the first and second exons of the Ih gene locus. In the pan-neuronal FlpTag
line, Ih is expressed most strongly in two layers of the distal medulla (M1 and M5), as well as in the
lobula plate and in Lo1 of the lobula (Figure 6E). In the T4/T5-specific FlpTag genotype, |h is local-
ized to the T4 and T5 dendrite area in medulla layer 10 and lobula plate layer 1 (Figure 6F).

Taken together, we generated four working FlpTag lines which uncovered the differential subcel-
lular distribution of the neurotransmitter receptor subunits GluCla. and Gaba-b-r1 and the voltage-
gated ion channels para and |h. We demonstrated that the FlpTag approach is generalizable and
can be expanded to many genes with MiMIC insertion sites.

Discussion

Neurotransmitter receptors are essential neuronal elements that define the sign and temporal
dynamics of synaptic connections. For our understanding of complex neural circuits, it is indispens-
able to examine which transmitter receptor types are used by the participating neurons and to which
compartment they localize. Here, we developed FlpTag, a generalizable method for endogenous,
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Figure 7. Summary of the receptor distributions of GluClo, Rdl and Da7 in T4 and T5 neurons. (A) Scheme of EM-reconstructed T4 neuron with
distribution of receptors on dendrite and axon terminal (image extracted from Seven medulla column connectome dataset, http://emdata.janelia.org/#/
repo/medullaZcolumn, #3b548, Janelia Research Campus). (B) Quantification of GluCla. (green), Rdl (orange) and Da7 (blue) distribution over the whole
dendritic length (distance) averaged across several T4 from all subtypes (combined data from Figures 2E, 4D and 5D). All dendrites were aligned
pointing to the right with the most proximal point at 0.0 and the most distal point at 1.0. (C) Scheme of EM-reconstructed T5 neuron with distribution of
receptors on dendrite and axon terminal (image extracted from Seven medulla column connectome dataset, http://emdata.janelia.org/#/repo/
medullaZcolumn, #3b548, Janelia Research Campus). (D) Rdl (orange) and Da7 (blue) distribution over the whole dendritic length (normalized distance)
averaged across several T5 from all subtypes (combined data from Figures 2E, 4D and 5D). All dendrites were aligned pointing to the right with the
most proximal point at 0.0 and the most distal point at 1.0.

cell-type-specific labeling of proteins. Alongside several GFP-tagged UAS-lines, we used our newly
developed FlpTag lines to explore the distribution of receptor subunits GluCle, Rdl, Da7, Gaba-b-r1
and voltage-gated ion channels para and |h in motion-sensing T4/T5 neurons of the visual system of
Drosophila. We found that these ion channels are localized to either the dendrite, the axonal fiber or
the axon terminal (summarized in Figure 7A and C). Even at the level of individual dendrites,
GluCle, Rdl and Da7 were differentially distributed precisely matching the locations where T4 and
T5 neurons sample signals from their glutamatergic, cholinergic, or GABAergic input neurons,
respectively (summarized in Figure 7).

Protein tagging methods: endogenous tags and UAS-lines
Working with Drosophila as model organism bears some unrivaled advantages when it comes to
genetic tools. The MiMIC and FlyFos libraries, for instance, are large-scale approaches of enormous
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value for the fly community as they provide GFP-tagged protein lines for thousands of Drosophila
genes including several neurotransmitter receptors and voltage-gated ion channels (Venken et al.,
2011; Nagarkar-Jaiswal et al., 2015a; Sarov et al., 2016). Recently, Kondo et al. expanded these
existing libraries with T2A-Gal4 insertions in 75 neurotransmitter receptor genes that can also be
exchanged by the fluorescent protein tag Venus (Kondo et al., 2020). While all these approaches
tag genes at their endogenous locus, none of them are conditional, for example they cannot be
applied in a cell-type-specific manner. Hence, ascribing the expression of the pan-neuronally tagged
proteins to cell-types of interest are challenging in dense neuronal tissue.

To overcome these difficulties, we used two conditional strategies for the investigation of mem-
brane protein localizations in our cell types of interest, T4 and T5 neurons. First, we developed GFP-
tagged UAS-lines for GluClo and Rdl and tested an existing UAS-Da7::GFP line. As stated above,
aberrant localization of overexpressed proteins can occur, however, this is not always the case. Over-
expression of UAS-GIuCla::GFP shows a similar receptor localization pattern as both MiMIC and
FlpTag endogenous lines (Figure 2—figure supplement 1), thus, validating the use of UAS-GluCla::
GFP for studying receptor distribution. Additionally, previous studies reported that the UAS-Da7::
GFP line showed proper localization of the acetylcholine receptor to endogenous synapses when
compared to antibody stainings or endogenous bruchpilot (Brp) puncta (Kuehn and Duch, 2013;
Mosca and Luo, 2014). Here, we confirmed this finding and further showed that Da7::GFP presum-
ably localizes only to cholinergic synapses. Overexpressing Da7::GFP in a medulla neuron that is
devoid of endogenous Da7 demonstrated that Dai7::GFP localized to apparent cholinergic synapses.
Hence, the UAS-Da7::GFP line can be used to study the distribution of cholinergic synapses, but not
the exact composition of cholinergic receptor subunits. A recent study showed that quantitatively
the levels of the postsynaptic density protein PSD95 change when overexpressed, but qualitatively
the localization is not altered (Willems et al., 2020). Altogether, this suggests that tagged overex-
pression lines can be used for studying protein localizations, but they have to be controlled carefully
and drawn conclusions might be different for every line.

The FlpTag method is generalizable and can be expanded to many
genes

Ideally, a tool for protein tagging should be both endogenous and conditional. This can be achieved
by introducing an FRT-flanked STOP cassette upstream of the gene of interest which was engi-
neered with an epitope tag or fluorescent protein. Only upon cell-type specific expression of Flp,
the tagged protein will be expressed in a cell-type specific manner. This genetic strategy was utilized
by two independent studies to label the presynaptic protein Brp, the histamine channel ort and the
vesicular acetylcholine transporter VAChT (Chen et al., 2014; Pankova and Borst, 2017). Recently,
a new approach based on the split-GFP system was utilized for endogenous, conditional labeling of
proteins in two independent studies (Kondo et al., 2020; Luo et al., 2020). However, all these
aforementioned approaches are not readily generalizable and easily applicable to any gene of
interest.

Table 1.
Localization in T4/T5
MiMIC insertion (coding MiMIC GFSTF MiMIC GFSTF FlpTag neurons
Gene intron) existing working Chromosome Phase working
1 GluCloe  MI02890, MI14426 MI102890 Yes 11 2 Yes, MI02890 T4: dendrites + terminals; T5:
terminals
2 Rdl MI02620, MI02957 MI02620 No 1l 0 No, MI02620 From UAS line: dendrites
3 Da7 MI12545 This study No X 1 No From UAS line: dendrites
(MI112545)
4 Gaba-  MI01930, MI05755 MI01930 Yes Il 0 Yes, MI01930 No
b-r1
5 para MI08578 This study Yes X 0 Yes, MI08578 T4/T5 axonal fibers
(MI108578)
6 |h MI03196, MI12136 This study Yes I 2 Yes, MI12136 T4/T5 dendrites
(MI112136)
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The FlpTag strategy presented here overcomes these caveats by allowing for endogenous, condi-
tional tagging of proteins and by offering a generalizable toolbox for targeting many genes of inter-
est. Similar to the conditional knock-out tools FlpStop and FlipFlop (Fisher et al., 2017; Nagarkar-
Jaiswal et al., 2017), FlpTag utilizes a FLEx switch to conditionally control expression of a reporter
gene, in our case GFP. Likewise, FlpTag also easily integrates using the readily available intronic
MiMIC insertions. Here, we attempted to generate FlpTag lines for six genes, GluClo, Rdl, Da7,
Gaba-b-r1, para and Ih (overview of lines in Table 1). Four out of these six lines yielded conditional
GFP-tagged protein lines (GluCla, Gaba-b-r1, para, Ih). We injected the FlpTag cassette in MI102620
for Rdl and MI12545 for Da7, but could not observe any GFP expression across the brain (data not
shown). The MiMiC insertion sites used for Rdl and Da7 seem to be in a suboptimal location for tag-
ging the protein.

Expansion of the FlpTag toolbox

As of now, there are MiMIC insertions in coding introns for more than 2800 genes available, which
covers approximately 24% of neuronal genes (Venken et al., 2011; Nagarkar-Jaiswal et al., 2015a;
Fisher et al., 2017). Additionally, the attP insertion sites generated in the study by Kondo et al. pro-
vide possible landing sites for the FlpTag cassette for 75 neurotransmitter receptor genes
(Kondo et al., 2020). Transmembrane proteins such as neurotransmitter receptors form complex 3D
structures making fluorescent tagging especially difficult. Neither the MiMIC insertion sites, nor the
target sites of the Kondo study at the C-terminus of several transmitter receptor genes, ensure a
working GFP-tagged protein line. For genes of interest lacking a suitable MiMIC insertion site we
generated a homology directed repair (HDR) cassette which utilizes CRISPR/Cas9-mediated gene
editing to integrate the FlpTag cassette in any desired gene locus (Supplementary file 6-
8; Gratz et al., 2014, Fisher et al., 2017). The plasmid consists of the FlpTag cassette flanked by
multiple cloning sites for the insertion of homology arms (HA). Through HDR the FlpTag cassette
can be knocked-in into any desired locus. Taken together, the FIpTag cassette is a generalizable tool
that can be integrated in any available attP-site in genes of interest (Venken et al., 2011; Nagarkar-
Jaiswal et al., 2015a; Kondo et al., 2020) or inserted by CRISPR-HDR into genes lacking attP land-
ing sites. This allows for the investigation of the endogenous spatial distributions of proteins, as well
as the correct temporal dynamics of protein expression.

Further, the FlyFos project demonstrated that most fly lines with an extra copy of GFP-tagged
protein-coding genes worked normally and GFP-tagged proteins could be imaged in living fly
embryos and pupae (Sarov et al., 2016). In principle, live-imaging of the GFP-tagged lines we cre-
ated could be performed during different developmental stages of the fruit fly. In general, the tools
generated here can be used as specific postsynaptic markers, visualizing glutamatergic, GABAergic,
and cholinergic synapses with standard confocal light microscopy. This extends the existing toolbox
of Drosophila postsynaptic markers (Sanchez-Soriano et al., 2005, Raghu et al., 2009,
Andlauer et al., 2014; Chen et al., 2014; Petzoldt et al., 2014; Kondo et al., 2020; Luo et al.,
2020) for studying the localization and development of various types of synapses.

Functional relevance of transmitter receptors and voltage-gated
channels for Drosophila motion-sensitive neurons
T4/T5 neurons combine spatiotemporal input from their presynaptic partners, leading to selective
responses to one of the four cardinal directions. Numerous studies investigated the mechanisms
underlying direction-selective responses in T4/T5 neurons, yet the computation is still not fully
understood. At an algorithmic level, a three-arm detector model is sufficient to describe how direc-
tion-selective responses in T4/T5 neurons arise (Arenz et al., 2017, Haag et al., 2017). This model
relies on the comparison of signals originating from three neighboring points in space via a delay-
and-compare mechanism. The central arm provides fast excitation to the neuron. While one flanking
arm amplifies the central signal for stimuli moving along the preferred direction, the other inhibits
the central signal for stimuli moving along the null direction of the neuron. Exploring the neurotrans-
mitter receptors and their distribution on T4/T5 dendrites allows us to define the sign as well as the
temporal dynamics of some of the input synapses to T4/T5.

According to the algorithmic model, we expect an excitatory, amplifying input signal on the distal
side of T4/T5 dendrites. Here, we found that T4 cells receive an inhibitory, glutamatergic input from
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Mi9 via GluCla, which, at first sight, seems to contradict our expectation. However, since Mi9 has an
OFF-center receptive field (Arenz et al., 2017, Richter et al., 2018; Drews et al., 2020), this gluta-
matergic synapse will invert the polarity from Mi9-OFF to T4-ON. Theoretically, in darkness, Mi9
inhibits T4 via glutamate and GluClo, and this inhibition is released upon an ON-edge moving into
its receptive field. The concomitant closure of chloride channels and subsequent increased input
resistance in T4 cells results in an amplification of a subsequent excitatory input signal from Mi1 and
Tm3. As shown by a recent modeling study, this biophysical mechanism can indeed account for pre-
ferred direction enhancement in T4 cells (Borst, 2018). Some studies failed to detect preferred
direction enhancement in T4/T5 neurons and they proposed that the enhanced signal in PD seen in
GCaMP recordings could be a result from a non-linear calcium-to-voltage transformation
(Gruntman et al., 2018; Gruntman et al., 2019, Wienecke et al., 2018). If this was really the case,
the role of Mi9 and GluCla. must be reconsidered and future functional experiments will shed light
onto this topic.

Nevertheless, Strother et al. showed that the RNAI- knock-down of GluCla in T4/T5 neurons leads
to enhanced turning responses on the ball set-up for faster speeds of repeating ON and OFF edges
(Strother et al., 2017). Although this observation cannot answer the question about preferred direc-
tion enhancement in T4 cells, it indicates that both T4 and T5 receive inhibitory input and that
removal of such create enhanced turning responses at the behavioral level. In line with these obser-
vations, we also found the glutamate receptor GluCla in T4/T5 axon terminals. A possible functional
role of these inhibitory receptors in the axon terminals could be a cross-inhibition of T4/T5 cells with
opposite preferred directions via lobula plate intrinsic neurons (LPis). Glutamatergic LPi neurons are
known to receive a cholinergic, excitatory signal from T4/T5 neurons within one layer and to inhibit
lobula plate tangential cells, the downstream postsynaptic partners of T4/T5 neurons, via GluClo in
the adjacent oppositely tuned layer. This mechanism induces a motion opponent response in lobula
plate tangential cells and increases their flow-field selectivity (Mauss et al., 2015). In addition, LPi
neurons could also inhibit T4/T5 neurons presynaptically at their axon terminals via GluClo in order
to further sharpen the flow-field selectivity of lobula plate tangential cells. Taken together, exploring
the subcellular distribution of GluClow in T4/T5 neurons highlights its differential functional roles in
different parts of these cell types.

Secondly, the Da7 signal in the center of T4/T5 dendrites discovered here, corresponds to iono-
tropic, cholinergic input from Mi1 and Tm3 for T4, and Tm1, Tm2 and Tm4 for T5. These signals cor-
respond to the central, fast, excitatory arm of the motion detector model. As T4 and T5 express a
variety of different ACh receptor subunits (Davis et al., 2020), the exact subunit composition and
underlying biophysics of every cholinergic synapse on T4/T5 dendrites still awaits further
investigations.

Third, inhibition via GABA plays an essential role in creating direction-selective responses in both
T4 and T5 neurons (Fisher et al., 2015a; Arenz et al., 2017; Strother et al., 2017,
Gruntman et al., 2018) by providing null direction suppression. Computer simulations showed that
direction selectivity decreases in T4/T5 motion detector models without this inhibitory input on the
null side of the dendrite (Arenz et al., 2017; Borst, 2018; Strother et al., 2017). Here, we show
that T4 and T5 neurons possess the inhibitory GABA receptor subunit Rdl mainly on the proximal
base on the null side of their dendrites, providing the synaptic basis for null direction suppression.
We did not detect the metabotropic GABA receptor subunit Gaba-b-r1 in T4/T5 neurons using the
newly generated FIpTag Gaba-b-r1 line. Finally, all of the receptor subunits GluCla, Rdl and Do7
investigated here are ionotropic, fast receptors, which presumably do not add a temporal delay at
the synaptic level. In the detector model described above, the two outer arms provide a slow and
sustained signal, and such properties are already intrinsic properties of these input neurons
(Arenz et al., 2017; Serbe et al., 2016). However, we cannot exclude that slow, metabotropic
receptor subunits for acetylcholine or GABA (e.g. Gaba-br2) which are also present in T4/T5 and
could induce additional delays at the synaptic level (Takemura et al., 2011; Davis et al., 2020).

Furthermore, we investigated the subcellular distribution of the voltage-gated ion channels para
and lh in T4/T5 neurons. We found para, a voltage-gated sodium channel, to be distributed along
the axonal fibers of both T4 and T5 neurons. As para is important for the generation of sodium-
dependent action potentials, it will be interesting for future functional studies to investigate, if T4/T5
really fire action potentials and how this shapes their direction-selective response. Further, we
detected |h, a voltage-gated ion channel permeable for several types of ions, in T4/T5 dendrites
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using the FlpTag strategy. lh channels are activated at negative potentials below —50 mV and as
they are permeable to sodium and potassium ions, they can cause a depolarization of the cell after
hyperpolarization (Magee, 1999, Littleton and Ganetzky, 2000; George et al., 2009). Loss-of-func-
tion studies will unravel the functional role of the Ih channel for direction-selective responses in T4/
T5 neurons.

Outlook

Since the ability to combine synaptic inputs from different neurotransmitters at different spatial sites
is common to all neurons, the approaches described here represent an important future perspective
for other circuits. Our tools can be used to study the ion channels GluCla, Rdl, Da7, Gaba-b-r1, para
and lh in any given Drosophila cell-type and circuit. Furthermore, the FlpTag tool box can be used
to target many genes of interest and thereby foster molecular questions across fields.

The techniques described here can be transferred to other model organisms as well, to study the
distribution of different transmitter receptors. For instance, in the mouse retina - similar to motion-
sensing T4/T5 neurons in the fruit fly - so-called On-Off direction-selective ganglion cells receive
asymmetric inhibitory GABAergic inputs from presynaptic starburst amacrine cells during null-direc-
tion motion. A previous study investigated the spatial distribution of GABA receptors of these direc-
tion-selective ganglion cells using super-resolution imaging and antibody staining (Sigal et al.,
2015). Additionally, starburst amacrine cells also release ACh onto ganglion cells which contributes
to the direction-selective responses of ganglion cells. Thus, mapping the distribution of ACh recep-
tors on direction-selective ganglion cells will be the next important step to further investigate cholin-
ergic transmission in this network (Sethuramanujam et al., 2020).

Overall, we demonstrated the importance of exploring the distributions of neurotransmitter
receptors and ion channels for systems neuroscience. The distinct distributions in T4/T5 neurons dis-
covered here and the resulting functional consequences expand our knowledge of the molecular
basis of motion vision. Although powerful, recent RNAseq studies lacked information about spatial
distributions of transmitter receptors which can change the whole logic of wiring patterns and under-
lying synaptic signs. Future studies can use this knowledge to target these receptors and directly
probe their role in functional experiments or incorporate the gained insights into model simulations.
However, this study is only highlighting some examples of important neural circuit components:
expanding the approaches described here to other transmitter receptors and ion channels, as well
as gap junction proteins will reveal the full inventory and the spatial distributions of these decisive
determinants of neural function within an individual neuron.

Materials and methods

Fly strains

Flies were raised at 25°C and 60% humidity on standard cornmeal agar medium at 12 hr light/dark
cycle. The following driver lines were used: R42F06-Gal4 to label T4/T5 neurons, R57C10-Gal4 for
addressing all neurons, S503734-splitGal4 to address L1, R19F01-AD; R71D01-DBD to address Mif1,
10-50 Gal4 to label T1, and Da7-TG4 (BL#77828). The T4-splitGal4 line was generated by combining
the hemidriver lines VT16255-AD (BL#75205) and VT12314-DBD (unpublished, T. Schilling); the T5-
splitGal4 line was generated by combining the hemidriver lines VT13975-AD and R42F06-DBD
(unpublished, T. Schilling). The following UAS-reporter lines were used for labeling cell-types and
drive flippase-expression: UAS-myr::tdTomato (BL#32222), and UAS-FLP1.D (BL#4539). For labeling
individual T4/T5 neurons stochastically together with the receptor lines, we combined UAS-myr:
tdTomato; UAS-GIuCla::GFP/UAS-RdI::GFP/UAS-Da7::GFP with hs-FLP; FRT-Gal80-FRT; R42F06-
Gal4 and heat-shocked pupae (P1-P3) for 5-8 min at 37°C in a water bath.

Generation of new genetic UAS-lines

The coding sequencing (CDS) of GluCla isoform K was acquired from flybase.org and along with the
sequence of GFP flanked by 4xGGS linker was synthesized by Eurofins Genomics and inserted into
pEX-A258 backbone between Notl and Xbal restriction sites. Using restriction digestion with Notl
and Xbal the GluCla fragment was cloned into pJFRC7-20XUAS-IVS-mCD8::GFP (Pfeiffer et al.,
2010) vector. Similarly, the CDS of Rdl isoform F was acquired from flybase.org and with the
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sequence of GFP flanked by 4xGGS linker was synthesized as three DNA fragments by Invitrogen
GeneArt Gene Synthesis. Each fragment carried a complementary overlapping section of 25-35 bps
on both ends. pJFRC7-20XUAS-IVS-mCD8::GFP (Pfeiffer et al., 2010) vector was digested with
Notl and Xbal restriction enzymes and all three DNA fragments were inserted using NEBuilder HiFi
DNA Assembly. Embryo injections were performed by BestGene Inc (Chino Hills, CA, USA).

For the generation of the FIpTag constructs, the pFlip-Flop-P0O plasmid (Nagarkar-Jaiswal et al.,
2017) ordered from Drosophila Genomics Resource Center (NIH Grant 2P400D010949) was
digested with BsmFl and EcoRI leaving the plasmid backbone with FRT, FRT14 and attB sites. Six
DNA fragments were synthesized by Invitrogen GeneArt Gene Synthesis. Three fragments contained
a predicted splice donor site (one for each phase) and half of an inverted 4xGGS-GFP. The other
three contained half of an inverted GFP-4xGGS followed by a slice acceptor (SA) site (one for each
phase). All fragments had complementary overlapping sections of 25-35 bps which was used to
insert phase-paired fragments into the digested pFlip-Flop plasmid using NEBuilder HiFi DNA
Assembly. Embryo injections were performed by BestGene Inc (Chino Hills, CA, USA), including
PCR-verifications and balancing.

S2 Schneider cell culture

We used Drosophila S2R+ Schneider cells in culture Drosophila Genomics Resource Center, stock
#150 for testing the newly generated UAS-receptor::GFP constructs before embryo injections. S2R+
cells were cultured in Schneider’s Drosophila medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and penicillin/streptomycin (Cytiva). UAS-con-
structs were tested by transfecting 250 ng of UAS-plasmid and 250 ng of actin5C-Gal4 plasmid (gift
from T. Kornberg) in 24-well plates using the FUGENE HD Kit (Promega). Two days later, we checked
for GFP-expression in transfected S2 cells with a fluorescence binocular microscope.

Immunohistochemistry

Fly brains were dissected in cold 0.3% PBST and fixed in 4% PFA in 0.3% PBST for 25 min at room
temperature. Subsequently, brains were washed four to five times in 0.3% PBST and blocked in 10%
normal goat serum (NGS) in 0.3% PBST for 1 hr at room temperature. Primary antibodies used were
mouse anti-Bruchpilot Brp (nc82, Developmental Studies Hybridoma Bank, 1:20, RRID:AB_2314867),
rabbit anti-dsRed (Takara Bio, 1:300, RRID:AB_10013483), and rat anti-Da7 (gift from H. Bellen,
1:2000). Secondary antibodies used were: goat anti-mouse ATTO 647N (Rockland, 1:300, RRID:AB
2614870), goat anti-rabbit Alexa Fluor 568 (Thermo Fisher Scientific, 1:300, RRID:AB_10563601),
and goat anti-rat Alexa Fluor 647 (Thermo Fisher Scientific, 1:300, RRID:AB_141778). GFP-labeled
receptors were imaged natively without antibody staining. 5% NGS was added to all antibody solu-
tions and both primary and secondary antibodies were incubated for at least 48 hr at 4°C. Brains
were mounted in Vectashield Antifade Mounting Medium (Vector Laboratories) and imaged on a
Leica TCS SP8 confocal microscope equipped with 488-, 561-, and 633 nm lasers, using a 63X glyc-
erol objective.

Quantifications of receptor distributions and number of puncta
For intensity quantification, confocal stacks were processed in ImagelJ using
maximum intensity projection. These images were then analyzed in python using the Skimage and
Numpy packages. For each image, florescence was normalized to the maximum intensity within an
image. Additionally, images were cropped to include the entire dendritic cross section and aligned
pointing to the right with the most proximal point to the left and the most distal point to the right.
These images were normalized to the maximum cropped image length.

For quantification of number of receptor puncta, confocal stacks were taken from the entire
cross-section of the dendrite as above. Puncta were counted in ImageJ software using the 3D object
counter plugin of Fiji (Bolte and Cordeliéres, 2006).

Statistical analysis

Statistical significance was tested with a Student t-test when comparing two groups. A p-value
below 0.05 was considered significant. In the case of pan-neuronal quantification where multiple
groups were compared, statistical significance was tested using one-way ANOVA. In all figures, *
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was used to indicate a p-value<0.05, ** for p<0.01, and *** for p<0.001. Statistical analysis and
graphs were generated in Python 3.4 using SciPy and Seaborn packages respectively. Figures were
generated in Adobe lllustrator CC.
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column, #3b548.

The following previously published dataset was used:
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3. DISCUSSION

Neurotransmitters and their corresponding receptors are the substrate of neural
communication. As neurons are discrete individual units, they need to form synaptic
contacts to allow for information flow in neural circuits. Today, the neuroscientific
community has unraveled the wiring diagram of many circuits in the fly brain.
However, it is still largely unknown which neurotransmitters certain neural types use
or which receptors are localized on the postsynaptic partner neuron. I set out to
develop tools to discover neurotransmitter receptors on motion-sensitive T4/T5
neurons. First, we described the glutamatergic phenotype and response properties of
three cell types in the motion vision circuit of Drosophila. We used the genetically
encoded glutamate sensor iGluSnFR to monitor glutamate release and found that
these responses are significantly faster than Ca**-signals, the proxy of neural activity
usually recorded with genetically encoded Ca*" sensors (GCaMP). Next, realizing
that methods for studying subcellular receptor distributions are limited, we designed
and generated new conditional tools for this purpose. UAS-driven GFP-tagged
receptor lines and a new genetic strategy called FlpTag allowed us to investigate the
distribution of several transmitter receptor subunits in T4/T5 neurons. We found an
asymmetric distribution of glutamate, GABA and ACh receptor subunits on
individual T4/T5 dendrites, as well as some voltage-gated ion channels that localized

to the dendrite or the axonal fibers only.

3.1 Methods for investigating neurotransmitters and their
receptors

The genetic toolkit of Drosophila is constantly expanding, allowing researchers to
answer questions that have been unimaginable in the past. On the technical side, light
microscopy-based techniques are pushed more and more beyond earlier proposed
resolution limits. Taken together, genetic and technical developments have allowed
researchers to unravel protein localizations at the tissue and subcellular level across
many different species. However, there are still drawbacks and limitations of the

existing methods that need to be overcome in order to see the big picture.

3.1.1 Defining the transmitter phenotype

Defining the neurotransmitter used by a cell type of interest can be done by a

multitude of tools that exist for this question. Antibodies, gene specific Gal4-lines
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or RNAseq data usually allow for a clear assignment of transmitter type. For
instance, antibodies against vesicular transporters or synthesizing enzymes of
neurotransmitters label the somata or terminals of cell types of interest and can be
detected under the confocal microscope. The neurotransmitter types used by the
input cells to T4 neurons were determined by antibody-labeling of their somata
against the enzymes VGlut, GADI and ChAT (Takemura et al., 2017). These
transmitter phenotypes were confirmed later at the mRNA level (Davis et al., 2020).
The same study also determined the neurotransmitter types of the TS input cells via
RNAseq (Davis et al., 2020). In a study contained in this thesis, we applied antibody
staining against VGlut to confirm the glutamatergic phenotype of L1, Mi9 and LPi
neurons, the only glutamatergic neurons in the motion vision pathway described so
far (Manuscript 2- Richter et al., 2018). Enhancer Gal4-lines, specific for genes
coding for vesicular transporters or synthesizing enzymes of one type of
neurotransmitter, combined with UAS-membrane-tagged-fluorophores label the
whole cell that produce that transmitter (Raghu & Borst, 2011; Kondo et al., 2020).
Another approach is a genetic strategy which labels the transporter or synthesizing
enzyme at the protein level, e.g. the vesicular ACh transporter VAChT for
cholinergic neurons (Pankova & Borst, 2017). From RNAseq data one can obtain
the mRNA levels of a synthesizing enzyme or vesicular transporter gene of interest
to eventually conclude which neurotransmitter the cell type is using (Pankova &
Borst, 2016; Davis et al., 2020). A new approach used a deep learning classifier to
predict the neurotransmitter from an Drosophila EM data set with 87% accuracy on
average (Eckstein et al., 2020). Inferring the neurotransmitter phenotypes directly
from the connectomic EM data set is a promising future direction as it circumvents

additional tedious light microscopy approaches.

3.1.2 Defining receptor expression

RNAseq is the gold standard of transcriptomic analysis nowadays. mRNA levels are
used as a readout of gene expression resulting in the respective protein levels.
Recently, several RNAseq studies have been performed in flies including the
transcriptome of T4/T5 neurons (Pankova & Borst, 2016; Davis et al., 2020;
Hoermann et al., 2020). They all found certain types of GABA, ACh and glutamate
receptors highly expressed, while others were only expressed at moderate levels
(Fig. 15). However, it is hard to determine whether these different expression levels
represent quantitative differences at the corresponding protein level. A paired
transcriptome/ proteome analysis at 14 timepoints during Drosophila embryogenesis

revealed a moderate mRNA-protein correlation of p = 0.54 (Becker et al., 2018).
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While former studies name post-transcriptional mechanisms as a possible
mechanism for this discrepancy (Greenbaum et al., 2003; Vogel & Marcotte, 2012),
this study could explain protein time-courses by describing protein translation and
degradation. Hence, mRNA levels derived from RNAseq experiments have to be
treated carefully as they do not always correspond one to one to the protein levels,
due to post-transcriptional, translational and protein degradation mechanisms (Vogel
& Marcotte, 2012).
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Figure 15. Expression of neurotransmitter receptors in T4/T5 neurons.

A) Gene expression levels of receptors for ACh, GABA and glutamate plotted as probability
of expression using a color scale with the minimum at 0 (blue, not expressed) and the
maximum at 1 (orange, expressed), adapted from Davis et al., 2020. B) Gene expression
levels of same genes plotted as mean RPKM values using a color scale with the minimum at
0 (blue) and maximum at 270 (orange); adapted from Pankova & Borst, 2016.

3.1.3 Receptor localization

Endogenous labeling
One drawback of RNAseq approaches is the lack of spatial information which is
essential when it comes to neurotransmitter receptors. As described in one of our

studies, it had been known already from RNAseq studies that GluCla is expressed
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in T4 and T5 neurons (Manuscript 3- Richter et al., 2018; Pankova & Borst, 2016;
Davis et al., 2020). However, only the investigation at the protein level revealed that
GluCla is localized to dendrites and axon terminals in T4 and merely in the axon
terminals in TS. These differential sites of inhibition play different roles in T4 and
TS5 neurons, respectively. In T4 dendrites release of inhibition via GluCla, is meant
to account for PD enhancement, whereas to date the function of the presynaptic

inhibition in T4/T5 terminals is not known.

Integrating a tag such as GFP or small epitopes (HA, V5, FLAG) in the endogenous
locus of the gene of interest is a reliable method for studying the localization of this
protein within its cellular environment. Large-scale approaches such as the MiMIC
or the FlyFos library generated thousands of endogenously GFP-tagged fly lines
readily available for researchers (Venken et al., 2011; Nagarkar-Jaiswal et al., 2015;
Sarov et al., 2016). However, not all existing MiMIC GFSTF lines show a detectable
GFP-signal due to several reasons (discussed below in paragraph ‘Challenges of
making tagged receptor lines’). A recent study targeted 75 neurotransmitter receptor
genes with a T2A-Gal4 cassette that can be exchanged for a fluorescent tag such as
Venus (Kondo et al., 2020). The disadvantage of these strategies is that they label
the protein in every cell. Hence, ascribing the localization of the pan-neuronally
tagged protein to a specific cell type or even a subcellular structure can be
challenging in dense neuronal tissue. Often, conventional confocal microscopy lacks
the required resolution to prove co-localization of the protein and the membrane of

a cell.

Theoretically, this problem can be overcome with super-resolution microscopy
techniques such as STED (Stimulated Emission Depletion) or STORM (Stochastic
Optical Reconstruction Microscopy). The STED microscope uses two laser beams;
one for excitation and the second one- the so-called STED beam- for donut-shaped
depletion around the excitation site (Klar et al., 2000). Thereby, its resolution is
improved compared to conventional confocal microscopy with the Abbe diffraction
limit of around 250 nm (Abbe, 1873). STORM microscopy is based on high-
accuracy localization of photo-switchable fluorophores which is able to create high
resolution images with an axial imaging resolution of 20 nm (Rust et al., 2006). Sigal
et al. demonstrated the feasibility of combining immunohistochemical staining with
STORM super-resolution microscopy to map receptor subunit-specific GABAergic
inputs on direction-selective ganglion cells in the mouse retina (Sigal et al., 2015).

In Manuscript 1 presented in this thesis, we demonstrated the improved resolution
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of dendritic neurites in Drosophila brain slices obtained with STED microscopy
(Fendl et al., 2017). Combining super-resolution STED microscopy with
endogenously tagged receptors from the MiMIC or FlyFos line collection and
labeled neurons could in theory enable co-localization studies. However, due to light
scattering STED microcopy is restricted to the surface of specimens, making it
difficult to analyze neurons deep in the fly brain with adequately high resolution. In
light of this fact, we developed a protocol for STED imaging in thin Drosophila
brain slices which should enable high-resolution imaging throughout the brain
(Fendl et al., 2017). Nevertheless, this technique comes with a new caveat:
depending on the slicing angle and the location of the neurons of interest in the tissue,
labeled neurons might be cut in separate slices and reconstituting individual neurons
from vibratome slices without informational loss is not possible. Taken together, we
were not able to obtain reliable receptor co-localization data from the combination

of pan-neuronal receptor labeling and STED super-resolution imaging.

Cell-type-specific (conditional) labeling

The simplest way to visualize the localization of a receptor in a given neuro is by
expressing the tagged protein conditionally only in the cell type of interest via the
UAS-Gal4 system. Several studies have employed UAS-lines with the coding
sequence of a receptor and a small epitope or fluorophore tag. For instance, the UAS-
lines for the nicotinic receptor subunit Da7 and the GABA receptor subunit Rdl have
been used to study their distribution in lobula plate tangential cells (Raghu et al.,
2007; 2009) or motor neurons in the fly (Kuehn & Duch, 2013). However, it is
thought that overexpression of proteins can lead to mistargeting and false
localization. Previous studies reported that the UAS-Da7::GFP line showed proper
localization of the acetylcholine receptor to endogenous synapses when compared to
antibody stainings or endogenous bruchpilot (Brp) puncta (Kuehn & Duch, 2013;
Mosca & Luo, 2014). Another study showed that when the postsynaptic density
protein PSD95 is overexpressed, the quantitative levels change, but qualitatively the
localization is not altered (Willems et al., 2020). In our hands, the UAS-Da7::GFP
line seemed to localize only to cholinergic synapses, though it was not clear if these
ACh receptors were really composed of the Da7 subunit (Manuscript 3- Fendl et
al., 2020). However, we generated a UAS-GluCla::GFP line which showed the same
distribution patterns as the endogenously tagged control lines. Taken together, it is
difficult to draw a general conclusion about UAS overexpression lines and their
possible mistargeting effects. Every line requires careful controls, and the outcome

might be different in every case.
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Cell-type-specific (conditional) and endogenous labeling

The best method for receptor labeling would combine both endogenous and
conditional labeling to make sure that the protein localization is trustworthy and can
be resolved in the cell type of interest. To date, this endeavor has only been achieved

in a few studies which [ would like to discuss in the following paragraphs.

The STaR method (Synaptic Tagging with Recombination) allows for cell-type-
specific tagging via a FRT-flanked STOP cassette followed by a small epitope tag
that is introduced in an extra BAC-copy of the gene of interest (Chen et al., 2014)
(Fig. 8A). Although the inclusion of a T2A-LexA in combination with a UAS-
tdTomato allowed for co-labeling of the gene-expressing cells in the case of Brp,
this was not possible for the histamine channel ort. Since the T2A-LexA can disrupt
the expression of the tagged gene, this method lacks a universal strategy for single
cell labeling of receptor-expressing neurons. Furthermore, the STaR strategy is not
truly endogenous as it introduces an additional copy of the engineered gene in a
different genomic locus via artificial bacterial chromosomes instead of targeting the
endogenous gene locus. It is also not easily generalizable, as it does not provide an
easily cloneable plasmid or cassette which can be applied to any gene of interest.
Nowadays, this approach could be extended and CIRSPR-Cas9 methods could

enable faster and more flexible gene editing.

The split-GFP method used in Kondo et al. and Luo et al. to apply cell type-specific
fluorescent labeling of target proteins are both inspired by the GRASP method which
was originally developed to label synaptic contact sites (Feinberg et al., 2008; Kondo
et al., 2020; Luo et al., 2020) (Fig. 8C and 8D). Both techniques rely on the
expression of one GFP half in the gene of interest and do not require additional
flippase expression. The study from Luo et al. additionally combined their method
with FRT-STOP-FRT line which allows for single-cell labeling of the receptor-
expressing neurons. The limitation of both methods is that they do not provide a
generalizable toolkit or cassette that can be applied to further genes of interest.
Moreover, the Kondo et al., study tagged neurotransmitter receptor genes only on

the C-terminus which bears potential complications as discussed in the next chapter.

The FlpTag method that we designed complements the existing tools for protein
tagging (Manuscript 3- Fendl et al., 2020). The strongest advantage of the FlpTag

method is that it is generalizable and can be applied to any gene of interest via

92



insertion of the FlpTag cassette into MiMIC sites or via CRISPR/Cas9 mediated
integration. The other existing methods focused mainly on their genes of interest and
failed to provide a general plasmid or cassette that can be easily used for genome
editing. The drawback of the FlpTag method is that to date it cannot be used in

combination with sparse labeling of single neurons.

Overall, the methods that became available in the past few years offer many
possibilities for cell-type-specific, endogenous protein tagging. None of the methods
is perfect and fulfills all requirements, though, together they complement each other

and enable various applications.

3.1.4 Challenges of generating tagged receptor lines

Independent of the exact strategy, it is challenging to generate a tagged protein line.
Proteins such as ligand-gated ion channels form complex 3D structures, and already
small changes in the amino acid sequence can lead to transformational changes of
the protein. Hence, introducing tags in for instance a neurotransmitter receptor
subunit, may cause conformational changes of the receptor which in turn can lead to

dis-functional receptors, degraded proteins, or tags that are not detectable.

Usually, the common approach is to tag the protein at the N- or C-terminus to prevent
interference with the 3D structure. Lately, one study also used this approach to tag
75 neurotransmitter receptors on the C-terminus neglecting the complex
conformational structure of each individual receptor protein (Kondo et al., 2020).
Another study tested the effects of N-terminal and C-terminal GFP-tagging on the
subcellular localization of 16 different proteins in HEK293T cells and found that all
C-terminal tagged proteins localized correctly, in contrast to less than half of the N-
terminal tagged proteins (Palmer & Freeman, 2004). The N-terminus of proteins is
important for protein folding after transition from the ribosome to the cytoplasm. It
is possible that the GFP on the N-terminus is, thus, disrupting protein folding and
proper translocation. Although tagging proteins at the C-terminus seems to be more
promising it still has certain limitations. Depending on the 3D structure the C-

terminal end can be folded into the inner side of the protein masking its fluorescence.

These difficulties can also be showcased by our attempts to generate a UAS-
GluCla::GFP line: In our first trial, we placed the GFP-tag on the C-terminus which

resulted in no detectable GluClo::GFP signal. Subsequently, we checked the 3D
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structure of the protein GluCla (composed of five GluCla-subunits) and found the
C-terminus hidden in the transmembrane domain resulting in a ‘hidden’ GFP. In our
second attempt, we took advantage of the working MiMIC GFSTF GluCla line and
placed the GFP in the same locus as the MiMIC insertion, in between the last two
exons which resemble an intracellular loop of the GluCla channel. This new GFP-

attachment site resulted in a functioning UAS-GluCla::GFP line.

In conclusion, there is no general recipe for generating functioning protein tagging
lines. It is commendable to investigate the crystal structure, or if not available, use
protein structure prediction softwares when deciding where to place the tag. In any
case, it is difficult to predict the exact confirmation of the tagged protein and how
trafficking and localization will be affected. Hence, every generated line needs to be

tested and controlled carefully.

3.2 Receptors and voltage-gated ion channels in T4/T5 and their
relevance for motion detection

A growing body of data is expanding our understanding of motion detection in flies.
While the circuit mechanisms have been probed mainly with classical methods such
as electrophysiological recordings, Ca’"-imaging and behavioral paradigms (Maisak
et al., 2013; Serbe et al., 2016; Arenz et al., 2017; Strother et al., 2017, 2018; Drews
et al., 2020), new approaches are now pushing towards a deeper molecular
understanding (Pankova & Borst, 2016; Davis et al., 2020; Hoermann et al., 2020).
The first step for unraveling the molecular basis of motion detection is defining
neurotransmitter types of the inputs and the corresponding transmitter receptors in
T4/T5 neurons. Since T4/T5 neurons receive input from several neurotransmitter
classes, a rather complex picture is expected at the level of receptors on their
dendrites. First and foremost, neurotransmitter receptors are important neural circuit
elements since they define the sign of a synaptic connection. lonotropic receptors
are ligand-gated ion channels for sodium, chloride, calcium or potassium, hence, the
conductance change they elicit is either excitatory or inhibitory. Furthermore,
transmitter receptors influence the temporal dynamics of synaptic transmission by
either fast ionotropic actions or rather slow metabotropic mechanisms via second

messenger cascades.

What is the relevance of the discovered receptors and their distribution on the T4/T5

dendrites? What can we learn and how is this information improving our
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understanding of the motion detection computation? The most recent model for
motion detection is the three-arm detector model described earlier in the
introduction. In order to find the neural correlates of the algorithmic model the

following questions need to be answered (visualized in Fig. 16):

1) Which cell type corresponds to which arm of the detector?
2) How and where is the delay mechanism implemented?

3) What is the cellular representation of the required non-linearities?

1.) input arms
2.) delays

3.) non-linearities

Figure 16. The three-arm detector model with its key elements.

Three spatially offset input arms (A’, B, C) provide input to the motion detector; Two of the
three input arms (A’ and C’) are delayed in time compared to the third arm (B). These three
arms are integrated in a non-linear way by means of a multiplication and a division: A’xB/C’.
Adapted from Arenz et al., 2017.

3.2.1 The sign of the input arms

The classical way of linking the arms of the algorithmic detector model with the
different input cell types is by measuring their functional response properties.
Several studies described the polarity, the temporal dynamics and the spatial
receptive fields of the input neurons to T4 and T5. For instance, the four main T5
inputs in the OFF-pathway, Tm1, Tm2, Tm4 and Tm9, could be divided into three
groups according to their Ca’’-responses to moving edges: fast, transient Tm2 and
Tm4, intermediate Tm1 and tonic, slow Tm9 (Serbe et al., 2016). Recently, the
response properties of all major inputs to T4 and T5 have been characterized, and
different combinations of cell arrangements on the three-arm model were tested in
an unbiased simulation (Arenz et al., 2017). EM studies also revealed the anatomical
arrangement of input synapses on T4/T5 dendrites, providing another resource for
probing the theoretical model (Takemura et al., 2017; Shinomiya et al., 2019). By
combining anatomical and physiological data, several studies found combinations of
cells that led to highly direction-selective detector responses in the simulations
(Serbe et al., 2016; Arenz et al., 2017). However, the sign of the synaptic connections

has mostly been inferred from neurotransmitter phenotypes of the different input
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neurons, although this is not a definite determinant. Depending on the receptor
forming the synapse, all main neurotransmitters can in principle be inhibitory or
excitatory. The most prominent example for this ambiguity is the glutamate-gated
chloride channel GluCla which is an inhibitory glutamate receptor only present in
invertebrates (Liu & Wilson, 2013; Mauss et al.,, 2015). Two recent studies
demonstrated the inhibitory action of ACh via the two metabotropic ACh receptors
mAChR-A and mAChR-B (Bielopolski et al., 2019; Qin et al., 2019).

In Manuscript 3, we started investigating the repertoire of receptors and their
distribution on T4/T5 dendrites to obtain information about the input signs
(summarized in Fig. 17; Fendl et al., 2020). As already speculated, the glutamatergic
synapse between Mi9 and T4 is formed by the inhibitory receptor GluCla. The sign
of the Mi9 input is therefore negative. However, since Mi9 responds to OFF-stimuli,
this negative sign is inverted and T4 experiences a release of inhibition upon ON-
stimuli. The input sign of the cholinergic Mil and Tm3 is positive, as they form the
synapse with T4 via the excitatory ACh receptor Da7. Pure inhibitory input to T4 is
provided by GABAergic Mi4, C3 and CT1 via the Rdl receptor. In the case of TS5,
most of the cholinergic inputs Tm1, Tm2, Tm4 and Tm9 make synaptic contacts via
the excitatory ACh receptor Da7. However, we quantified less Da7 puncta than
cholinergic input synapses on T5 dendrites, indicating that some cholinergic
synapses might be formed over different ACh receptor subunits. In the future, protein
labeling strategies like FlpTag will allow the investigation of further ionotropic and
metabotropic ACh receptor subunits on T5 dendrites. CT1, the only GABAergic
input to T5 provides the negative input sign as it makes synaptic contacts via the

GABA receptor subunit Rdl.

Mi9 Mi1, Tm3  Mi4, C3, CT1 Tm9  TmiTm2 Tmé T4
Glu ACh GABA ACh ACh GABA
A . c A B c
* GluCla
* Da7
: Ny Rdl
T4 Dendrite: A’xB/ C’ T5 Dendrite: A’xB/ C’
E—— — >

Figure 17. T4 and TS dendrites, their input cells, corresponding receptors, and how
they map onto the algorithmic three-arm detector model.
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Receptor distributions of GluCla, Da7, and Rdl on T4 (A) and T5 dendrites (B) indicated by
green, blue, and orange stars. The input neurons in corresponding colors (green=
glutamatergic, blue= cholinergic, orange= GABAergic) are assigned to the arms of the three-
arm detector model. Images adapted from Fendl et al., 2020.

Although the three-arm detector model seems to hold true in many experimental and
theoretical tests, there are several studies that failed to detect PD enhancement in the
electrophysiological responses of T4/T5 neurons (Gruntman et al., 2018; 2019). A
possible explanation is that the enhancement seen in the calcium traces results purely
from a nonlinear voltage-to-calcium transformation (Wienecke et al., 2018). If this
is the case, the role of Mi9 and the biophysical implications of GluCla need to be

reconsidered.

Unexpectedly, we also found GluCla in the axon terminals of T4/T5 neurons. This
finding showcases the necessity of investigations at the protein level when
describing the neurotransmitter receptor repertoire of a specific neural cell type.
RNAseq studies had shown already that GluCla is expressed in both T4 and T5
neurons (Pankova & Borst, 2016; Davis et al., 2020). While this result made sense
for T4 neurons, as they receive glutamatergic input by Mi9 on their dendrites, it was
puzzling why T35 possess glutamate receptors without any glutamatergic input on
their dendrites (Richter et al., 2018; Shinomiya et al., 2019). T5-specific expression
of GFP-tagged GluCla demonstrated the localization of this glutamate receptor to
axon terminals in the lobula plate (Manuscript 3- Fendl et al., 2020). In T4, on the
other hand, GluCla localized to both dendrites and axon terminals. What is the
functional role of these inhibitory glutamate receptors in T4/T5 terminals? Possibly,
glutamatergic LPi neurons could cross-inhibit T4/T5 cells with opposite preferred
directions via GluCla. This presynaptic inhibition at the level of T4/T5 axon
terminals could in turn further sharpen the flow field selectivity of lobula plate
tangential neurons, the downstream postsynaptic partners of T4/T5 neurons (Mauss

et al., 2015).

3.2.2 Delayed inputs

Another prerequisite of the three-arm model, as well as of its predecessors the
Hassenstein-Reichardt-detector and the Barlow- Levick-detector, is a delayed
response for some of the inputs compared to the others. This delay can be
implemented by cell-intrinsic mechanisms at the level of presynaptic inputs, which
have been already described in several studies (Ammer et al., 2015; Serbe et al.,

2016; Arenz et al., 2017). Another way of employing temporal delays are
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postsynaptic mechanisms on T4/T5 dendrites. In theory, metabotropic receptors can
introduce temporal delays via second-messenger cascades which are slower
compared to fast-acting ionotropic receptors. (Reiner & Levitz, 2018). For T5
dendrites, some cholinergic input arms could be delayed via muscarinic ACh
receptors as discussed previously (Shinomiya et al., 2014). According to recent
RNAseq studies (Pankova & Borst, 2016; Davis et al., 2020), both T4 and T5
neurons express metabotropic receptors for ACh and GABA which await further
investigations. Although a number of simulations already perform well with the
delayed signals as measured for some input neurons (Serbe et al., 2016; Arenz et al.,
2017; Drews et al., 2020), it cannot be ruled out that postsynaptic metabotropic

receptors introduce an additional delay.

3.2.3 Non-linearities

Lastly, it is not fully understood how the non-linearities proposed in the three-arm
detector are implemented in T4 and TS5 cells. The model involves an excitatory non-
linearity in the form of PD enhancement and an inhibitory non-linearity in the form
of ND suppression. When stimulated with apparent motion in the preferred direction,
T4/T5 cells respond with an increased response compared to the sum of the flicker
response of two adjacent ommatidia as seen with Ca?'-imaging (Haag et al., 2016,
2017). Hence, they show a non-linear, enhanced response for preferred direction (PD
enhancement). At the algorithmic level, the three-arm detector model implements

PD enhancement as a multiplication.

The biophysical mechanism of PD enhancement in the ON pathway could be as
follows (Borst, 2018): T4 receives input from inhibitory glutamatergic Mi9 (OFF-
center) via GluCla on the preferred side of the dendrite, followed by cholinergic,
excitatory input (ON-center) in the central dendritic area. When an ON edge is
moving along the preferred direction of the T4 cell, Mi9’s inhibitory input is
suppressed which releases T4 from inhibition. This leads to an increase of the input
resistance of T4, amplifying its response to the subsequent excitatory input signal in
the center. This enhancement can take place even in a passive T4 dendrite without
voltage-gated ion channels. Additionally, voltage-gated ion channels can also lead
to a non-linear integration of input signals (Koch, 1999; McCormick, 1991). Another
possibility is that PD enhancement is a result of the non-linear voltage-to-calcium
transformation seen with Ca?-imaging using GCaMP but not in electrophysiological
recordings (Gruntman et al., 2018, 2019; Wienecke et al., 2018). Strother et al.,
demonstrated that RNAi-mediated knockdown of GluCla in T4/T5 causes enhanced
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turning responses on the ball set-up under certain stimulus conditions (Strother et
al., 2017). This indicates that both T4 and TS neurons receive inhibitory input and
blocking this inhibition leads to an enhanced turning response, probably, due to the
enhanced activity of T4/T5. However, this behavioral paradigm did not probe the
effects of GluCla-loss on PD enhancement in T4 neurons. It is more likely that the
observed enhanced turning response is caused by the lack of inhibition via GluCla

on the axon terminals of T4/T5 neurons.

In TS5 neurons, the neural implementation of PD ehancement is less clear. On the
distal side of its dendrite, TS mainly receives input from cholinergic Tm9 which also
shows low-pass characteristics (Arenz et al., 2017; Shinomiya et al., 2019). The
distribution of the excitatory ACh receptor Da7 on T5 dendrites throughout the
central and distal areas indicates that most of the cholinergic inputs (Tml, Tm2,
Tm4, and Tm9) form synaptic contacts via this ACh receptor (Manuscript 3- Fendl
et al., 2020). However, we quantified less Da7 puncta than cholinergic input
synapses on T5 dendrites, indicating that some cholinergic synapses might be formed
over different ACh receptor subunits. Before the GABAergic input CT1 to TS was
discovered (Shinomiya et al., 2019), it was speculated that the inhibitory input
expected from the Barlow-Levick model could be provided via muscarinic ACh
receptor. Potentially, such muscarinic cholinergic receptors could lead to calcium
release, causing the activation of a high-conductance calcium-dependent potassium
channel, which eventually leads to membrane hyperpolarization in T5 cells
(Shinomiya et al., 2014). For instance, it would be possible for Tm9 to form synapses
via inhibitory metabotropic ACh receptors. Furthermore, Tm9 could connect to T4

via metabotropic ACh receptors that act via slower second messenger cascades.

The non-linearity for ND suppression is implemented as a divisive inhibition on the
null side of the three-arm detector similarly to the Barlow-Levick detector. The
divisive inhibition, also called ‘shunting inhibition’ is, mathematically speaking,
suppressing the excitatory input by division rather than linear subtraction (Carandini
& Heeger, 1994). This is the case when the inhibitory conductance is bigger than the
leak conductance of the cell. Such a strong, shunting inhibition could be
implemented via the GABA receptor Rdl on the null side of both T4 and T5 neurons,
as described in one manuscript included in this thesis (Manuscript 3- Fendl et al.,
2020). GABAA\ receptors can mediate shunting inhibition since their activation
shunts the depolarization caused by concurrent excitatory input (Alvarez-Leefmans

et al., 2009). In the case of T4, the GABAergic inputs Mi4, C3 and CT1 form
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inhibitory synapses via Rdl on the proximal side of the dendrite. TS dendrites only
receive GABAergic input from CT1 via Rdl on the base of the dendrite.

3.2.4 Voltage-gated ion channels

While neurotransmitter receptors, first and foremost, define the sign of the synaptic
input to a neuron, voltage-gated ion channels shape the amplitude and dynamics of
the response. There are several voltage-gated ion channels expressed in T4/T5
neurons (Pankova & Borst, 2016; Davis et al., 2020). However, only little was
known about their distribution or function in these neurons. Using our newly
developed FlpTag approach, we investigated the subcellular localization of Ih and

para in T4/T5 neurons (Manuscript 3- Fendl et al., 2020).

Ih channels or HCN (hyperpolarization-activated cyclic nucleotide—gated) channels
are activated at hyperpolarized potentials around -50mV at which they gate Na+ and
K+, causing a depolarization of the cell. In vertebrates, HCN channels are encoded
by four genes (HCNI, HCN2, HCN3, and HCN4) which are expressed in neurons,
as well as in heart cells. In Drosophila, there is only one gene described, which is
named 7/ after the so-called I, current running through HCN channels. However, in
bees and fruit flies, the gene has been shown to undergo alternative splicing,
resulting in multiple Th splice variants (Gisselmann, et al., 2004; Gisselmann et al.,
2005). Ih channels cover a wide range of functional roles, from regulating glutamate
release at presynaptic sites in Drosophila (Hu et al., 2015; Hegle et al., 2017), to
shaping the postsynaptic potential kinetics and integration in cortical neurons in the
mouse brain (Magee, 1999; Tsay et al., 2007; George et al., 2009). Furthermore, the
Ih current is necessary to maintain dopamine patterns important for sleep

consolidation in the fly brain (Gonzalo-Gomez et al., 2012).

In Manuscript 3, we found expression of Ih in both T4 and T5 dendrites (Fendl et
al., 2020). Ih channels are known to cause rebound-excitation after hyperpolarization
in the retina (Van Hook & Berson, 2010). In T4 dendrites, Ih channels could be the
biophysical substrate of PD enhancement by providing rebound-excitation. Upon
stimulation with a moving bright edge, T4 is released from glutamatergic inhibition
by Mi9 via GluCla. Th channels which are activated by hyperpolarization could
potentially be activated and cause a rebound-excitation after the hyperpolarization.
This rebound excitation could cause a non-linear enhanced depolarization of T4
which is excited even more once the stimulus reaches the central area of the dendrite

with excitatory input from Mil and Tm3. The problem with this hypothesis is that
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the rebound-excitation via Ih channels would also take place upon hyperpolarization
for stimuli moving in the null direction. Future loss-of-function experiments using
RNAI or other knock-out methods will examine the role of Th channels for direction

selectivity in T4 neurons.

para is the only voltage-gated sodium channel gene described in Drosophila and it
is highly expressed in T4/T5 neurons (Pankova & Borst, 2016; Davis et al., 2020).
In general, para is involved in the sodium-dependent generation of action potentials
(Loughney et al., 1989). In Manuscript 3, we used FlpTag to investigate the
subcellular localization of para in T4/T5 neurons and we found it localized to the
axonal fibers connecting dendrites and axon terminals (Manuscript 3- Fendl et al.,
2020). Further loss-of-function studies should focus on the following questions: Do
T4/T5 indeed fire action potentials? If so, is para required for the generation of action

potentials? How does this affect direction-selectivity in T4/T5 neurons?

Taken together, the findings about GluClo, Da7 and Rdl on T4/T5 dendrites support
some of the theoretical expectations of the algorithmic three-arm detector model. To
some extent we could answer open questions about the sign, the delay and the non-
linearities of the input arms. However, as suggested by RNAseq studies T4/T5
neurons express many more transmitter receptors and voltage-gated ion channels
that shape their biophysical response properties. Future experiments should
investigate the whole set of expressed channels and subsequently test their role in
loss-of-function experiments to understand the whole underlying molecular

complexity of motion vision.

3.3 Receptors and neurotransmitters in the mammalian retina

In the mouse retina, different cell types use various neurotransmitters to
communicate. Glutamate, acetylcholine and GABA are essential to the vertical
signaling pathway of the retina. The most abundant transmitter is glutamate, from
the first synapse of photoreceptors, onto bipolar cells, to the last layer of direction-
selective ganglion cells (DSGCs) projecting to the LGN in the thalamus. In this
chapter [ would like to discuss similarities and differences of the mammalian retina
and the fly optic lobe in terms of neurotransmitters and receptors used in their

respective motion detection circuits.
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3.3.1 Comparison of the ON and OFF pathways in the mouse retina and the

fly optic lobe

Motion vision circuits across species are split into an ON and an OFF pathway which
detect light increments or decrements, respectively (Borst & Helmstaedter, 2015).
This specification allows for more efficient encoding of visual stimuli (Gjorgjieva et
al., 2014). ON/ OFF dichotomy was described in both the mouse retina and the fly
optic lobe; however, they differ in their underlying cellular and synaptic

mechanisms.

In the mouse retina, photoreceptors hyperpolarize in response to light and release
glutamate onto their postsynaptic partners, the bipolar cells, in the dark. There are
ON- and OFF-responsive bipolar cells and the split occurs at the synaptic level
between photoreceptors and bipolar cells. ON bipolar cells express the metabotropic
inhibitory glutamate receptor mGluR6 which leads to a sign inversion and the
creation of the ON channel (Masu et al., 1995). On the other hand, OFF bipolar cells
express ionotropic AMPA receptors which cause a depolarization upon glutamate-
binding (Euler et al., 2014). There are fast and slow bipolar cells, similar to the
medulla and transmedulla neurons in the fly optic lobe which also come as ON or

OFF cells with different temporal dynamics (Euler et al., 2014).

In the fly, the split into ON- and OFF-pathway occurs at the level of the lamina cells,
an additional layer of cell types that have no equivalent in the mouse retina.
Drosophila photoreceptors depolarize in response to light and release histamine
which in turn acts on inhibitory histamine-gated chloride channels in the lamina
neurons (Hardie, 1989). Lamina neurons L2-L5 are cholinergic and convey the
photoreceptor signal onto the next layer of medulla and transmedulla neurons. L1 is
the main input to the ON channel, whereas L2 is the main input to the OFF channel
(Joesch et al., 2010). To create an ON channel, glutamatergic L1 neurons are thought
to inhibit postsynaptic Mil and Tm3 neurons via the glutamate-gated chloride
channel GluCla, implementing a sign inversion. Hence, in response to light
photoreceptors depolarize which inhibits L1 neurons and this in turn disinhibits Mil
and Tm3 neurons, leading to ON-responses. Recently, it was shown that this sign
inversion in the ON pathway is a multi-synaptic process that indeed involves both
GluCla and Rdl receptors (Molina-Obando et al., 2019). Interestingly, both in the
mouse and the fly visual system, glutamatergic, inhibitory signaling is responsible

for the sign inversion in the ON pathway. While in the mouse retina, the mGluR6
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receptor causes the required inhibition, the fly uses the GluCla channel which is

unique to invertebrates.

In the mouse, this split into ON- and OFF-pathway happens directly at the level of
the synapse between photoreceptors and bipolar cells, which can be compared to the
fly medulla and transmedulla neurons. The direction-selective T4/T5 cells in the fly
are comparable to the starburst amacrine cells (SACs) in the mammalian retina and
the lobula plate tangential cells in the fly resemble the direction-selective ganglion
cells (summarized comparison of the fly and mouse motion detection circuits in Fig.

18).
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Figure 18. Motion detection circuits of the fly and mouse.

Fly and mouse use two different ways of splitting the photoreceptor signal into ON and OFF
pathways: The photoreceptors in the fly connect via sign-inverting synapses to lamina
monopolar cells L1 and L2, the entry to the ON and OFF pathway, respectively. The mouse
retina lacks this additional layer of lamina cells and splits the signal directly via two types of
glutamate receptors onto ON and OFF bipolar cells. The first stage of direction-selective cells
are the T4 (ON) and T5 (OFF) neurons in the fly optic lobe and the ON and OFF SACs in
the mouse retina. Direction-selective information from the two pathways is integrated in
lobula plate tangential cells (LPTCs) in the fly and in ON-OFF direction-selective ganglion
cells (DSGCs) in the mouse. Image taken with permission from Borst & Helmstaedter, 2015.

3.3.2 Neurotransmitters and receptors in the mammalian retina involved in

motion-detection

The first direction-selective neurons described in the mammalian retina are the ON-
OFF direction-selective retinal ganglion cells, which were discovered in the rabbit
eye (Barlow et al., 1964; Barlow & Levick, 1965). Similar to the elementary motion
detectors in the fly (T4/T5 neurons), they come in four subtypes each responding to

motion in one of the four cardinal directions (Oyster & Barlow, 1967; Elstrott et al.,
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2008). The inhibitory input of GABAergic starburst amacrine cells (SACs) is
necessary for direction-selective responses in retinal ganglion cells as shown by
pharmacology and ablation experiments (Famiglietti, 1983; Yoshida et al., 2001).
Interestingly, starburst amacrine cells are already direction-selective themselves in a
centrifugal fashion, e.g. for stimuli from the soma to the dendritic tips (Euler et al.,
2002). It was later shown that starburst amacrine cells and direction-selective
ganglion cells are wired in an asymmetric way such that individual dendrites of
starburst amacrine cells connect strongly to ganglion cells with opposite directional
preference (Briggman et al., 2011) (Fig. 19B). The synaptic basis of the inhibitory
action of starburst amacrine cells is the GABA receptor GABAAR a2 as shown by
knock-out experiments, in which direction-selective responses in On-Off retinal
ganglion cells are reduced (Auferkorte et al., 2012). In line with this observation, a
super-resolution microscopy study mapped the distribution of GABAsR 02
receptors on individual dendrites of On-Off ganglion cells (Sigal et al., 2015) (Fig.
19C).
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Figure 19. Synaptic wiring in motion detecting circuits in the mouse retina.
A) Schematic illustration of the direction-selective circuit impinging on ON-OFF direction-

selective ganglion cells (DSGCs) (horizontal view). DSGCs receive glutamatergic inputs
from ON and OFF bipolar cells and from cholinergic/GABAergic starburst amacrine cells
(SACs). Preferred side SACs (p-starburst) provide mainly paracrine, excitatory, cholinergic
ACh input, whereas null side SACs (n-SACs) provide cholinergic excitation and GABAergic
inhibition. B) Asymmetric wiring between starbursts and DSGCs (top view). ‘Wrap-around’
synaptic connections (circles in red) are mainly made by n-starbursts mediating ‘null’
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inhibition. C) Top view (top) and side view (bottom) of the STORM microscopy
reconstructed ON-OFF DSGCs (blue) with synaptic gephyrin (green) and postsynaptic
(magenta) clusters. Images in A and B taken with permission from Hanson et al., 2019. Imag
in C taken with permission from Sigal et al., 2015.

Altogether, the field has mainly focused on the question of how starburst amacrine
cells and retinal ganglion cells become direction-selective. Bipolar cells provide
glutamatergic excitatory input to both cell types and there are several hypothesis and
lines of evidence about how they shape the direction-selective responses of both
postsynaptic partners (Fig. 19A). It was shown that starburst amacrine cells which
respond preferentially to stimuli moving from the soma to the dendritic tips, receive
input from different types of bipolar cells, including cells with fast and slow temporal
dynamics (Baden et al., 2013). Additionally, these different types of bipolar cells
show a ‘space-time wiring specificity’ with starburst amacrine cells: slower bipolar
cells predominantly form synapses with the starburst amacrine cells on the proximal
part of the dendrite, whereas faster bipolar cells wire with the distal area of the
starburst amacrine dendrite. Potentially, this constitutes the basis of the centrifugal

preferred direction of the amacrine cells (Kim et al., 2014).

When it comes to retinal ganglion cells, the picture is getting more complicated.
Originally, it was thought that non-direction-selective excitatory input from
glutamatergic bipolar cells and direction-selective inhibitory input from starburst
amacrine cells are globally integrated in direction-selective ganglion cells leading to
spiking responses in the soma. Recently, several lines of evidence suggest a different
model. First, it was shown that the glutamatergic bipolar cell signal acts on silent
NMDA synapses on starburst amacrine cells which affects the direction-selective
ganglion cells’ response in a modulatory fashion (Sethuramanujam et al., 2017).
Hence, cholinergic input from starburst amacrine cells is the primary source of
excitation to ganglion cells, except under extremely high contrasts (Sethuramanujam
et al., 2016). This is also supported by the observation that the starburst amacrine
network alone, without bipolar cell input, can generate direction-selective responses
in On-Off retinal ganglion cells (Sethuramanujam et al., 2016). Furthermore, a recent
study demonstrated that some cholinergic transmission of starburst amacrine cells is
non-synaptic, but still retains the ability to generate rapid miniature currents in
direction-selective ganglion cells. Acetylcholine released from starburst amacrine
cells is locally tuned for direction, thus leading to a local integration model of
direction selectivity with fine-tuned balance of excitation and inhibition

(Sethuramanujam et al.,, 2020). This compartmentalized non-linear dendritic
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integration is more efficient since it requires less overall inhibition and it provides a
higher resolution readout of direction-selective information. In this respect, it will
be very interesting to map cholinergic receptors on retinal ganglion cells as there
should be more receptors than cholinergic synapses in the volumetric transmission
scenario. In addition, it is possible that there are other GABA and ACh receptors

present on direction-selective ganglion cells (Sigal et al., 2015).

Taken together, it becomes obvious that underlying neurotransmitters and receptors
are of great interest for the direction-selective circuit in the mammalian retina. While
research in the field of retina motion vision is moving more towards the subcellular
level of direction-selectivity, the questions arising are similar to those in the field of
fly motion vision: which receptors are present on the dendrites of direction-selective
neurons and how do they shape the functional responses? For instance, in the case
of cholinergic volume transmission of starburst amacrine cells onto direction-
selective ganglion cells, researchers are just beginning to unravel the complexity of
different neurotransmitters and their corresponding receptors (Sethuramanujam et

al., 2020).

3.4 Conclusion and outlook

Investigating the subcellular localization and distribution of neurotransmitter
receptors across different neural compartments is the first step towards
understanding their functional roles. It also lays the logical foundation for any
subsequent loss-of-function experiments. In my thesis, I developed tools to
investigate the distribution of GluCla, Rdl and Da7 in T4/T5 neurons. Depending
on their localization on T4/T5 dendrites or terminals I discussed their potential roles

for the computation of motion detection.

As a next step, the various ideas about the function of these receptors can be probed
in loss-of-function experiments. The receptor subunits can be depleted with RNAi-
mediated knockdown or FlpStop knock-outs (Dietzl et al., 2007; Perkins et al., 2015;
Fisher et al., 2017) and the functional consequences can be monitored directly at the
level of T4/T5 neurons by Ca*'-imaging with GCaMP or by electrophysiological
recordings. In theory, it is expected that the response of T4/T5 neurons is less
direction-selective when receptors important for PD enhancement or ND
suppression are depleted. For instance, a knock-down of GluCla in T4 neurons

should abolish PD enhancement and decrease its direction-selectivity. However, it
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is not clear to which extent this effect is related to the depletion of dendritic or axonal
GluCla. The functional relevance of dendritic vs. axonal GluCla receptors in T4/T5
could be uncovered by blocking their corresponding presynaptic partners, e.g. Mi9
neurons for T4 dendrites and, presumably, LPi neurons for T4 and T5 axon
terminals. A clearer picture should arise with depletion of the GABA-receptor Rdl
which is only localized to T4/T5 dendrites and presumably responsible for ND
suppression. In this case, Rdl-knockdown is expected to diminish ND suppression
and to cause an even stronger decrease of direction-selectivity in T4/T5 neurons
(Borst, 2018). Additionally, the effects of the receptor knock-downs can be
examined in behavioral essays such as the optomotor response which relies on T4/T5

neurons (Bahl et al., 2013).

The receptors and channels that we investigated are only the starting point, and there
are many more receptors and voltage-gated ion channels which are yet to be
discovered. According to RNAseq data, there are several ionotropic acetylcholine
and GABA receptors expressed in T4/T5 neurons. With our newly developed
methods it is possible to investigate the exact subunit compositions that are used
across the different synaptic sites. Furthermore, there are a few metabotropic ACh
and GABA receptor subunits that could play an important role for the temporal
dynamic range on the postsynaptic side. In addition, voltage-gated ion channels are

crucial components that shape the response properties of neurons.

Altogether, the findings about neurotransmitter receptors and voltage-gated ion
channels are important steps towards the understanding of T4/T5 neurons’
functioning at the molecular level. With most of the information about circuit
elements, response properties, neurotransmitter phenotypes and wiring patterns at
hand, the field of motion vision research is moving deeper into the biophysical
intricacies of neural computation. Neural circuits are more than the sum of their
participating neurons and too often the different neural cell types are treated like
black boxes. It is only if we consider the different neurotransmitter types, receptors
and ion channels with their various functional implications, that we can understand
neural circuits as a whole. I believe that this is the future direction for systems
neuroscience, not only for fruit fly research, but in general in our endeavor to

understand the brain.
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