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SUMMARY

Understanding how neuronal circuits perform computations on the
cellular and molecular level is a crucial step towards deciphering how
brains function. Yet, the complete elucidation of mechanisms underlying
simple computations such as the visual detection of movement is still
missing. In this dissertation, I employ genetically accessible model
organism Drosophila melanogaster to investigate the neurotransmitter
systems that are used by cells in the neuronal circuit for motion vision.

The contribution of this dissertation to current knowledge about the
neuronal circuit for motion vision in D. melanogaster is as follows:

In the publication “Neural circuit to integrate opposing motions in the
visual field”, together with my colleagues, we identify two new types of
neurons in the motion vision circuit termed LPi3-4 and LPi4-3 cells that
receive input from the local motion detectors, the T4 and T5 neurons and
provide inhibitory input to wide-field motion-selective lobula plate
tangential cells. Using antibody immunostainings and single-cell
transcriptome analysis, we show that the neurotransmitter used by the
LPi3-4 and LPi4-3 neurons is glutamate. Glutamate released from the
LPi3-4 neurons opens a chloride channel GluCla on the dendrites of the
LPTCs and thus, its role at this synapse is inhibitory. In addition, we
demonstrate that the LPi3-4 neurons are necessary for tuning of the
lobula plate tangential cells to movement in a specific direction in
naturalistic situations where competing visual stimuli moving in various
directions are present.

In the publication “RNA-seq transcriptome analysis of direction-selective
T4/T5 neurons in Drosophila”, 1 provide the first genome - wide
transcriptome analysis of the T4 and T5 neurons. The obtained gene
expression database characterizes the expression levels of all
neurotransmitter receptors in T4 and T5 neurons and thus, gives
information on which neurotransmitters provide input to T4 and T5
neurons. Moreover, the transcriptome analysis reveals the co-existence
of the cholinergic and GABAergic markers in D. melanogaster neurons
that has not been described previously. This study also analyzes the
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biophysical implementation of the computations performed by the T4 and
T5 neurons on the molecular level.

In the publication “Transgenic line for the identification of cholinergic
release sites in Drosophila melanogaster”, using the newly generated
FRT-STOP-FRT-VAChT::HA allele, I show that the Mi1 and Tm3 neurons
possess cholinergic release sites in their axons and thereby likely provide
cholinergic input to the local motion detectors, the T4 neurons. The FRT-
STOP-FRT-VAChT::HA allele described in this study is a universal tool
that can serve for the identification of cholinergic cells also in other
neuronal circuits in D. melanogaster.
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1| INTRODUCTION

1.1 DROSOPHILA MELANOGASTER AS A MODEL ORGANISM

The first use of a common fruit fly Drosophila melanogaster in scientific
experiments can be traced back to early 1900s. Owing to pioneering work
of Thomas H. Morgan on the chromosomal mapping of genes using fruit
fly mutants, D. melanogaster became the experimental organism of
choice for the generations of geneticists to follow. When compared to
vertebrate model organisms, the key advantage for using fruit flies in
research is that they are easy and inexpensive to rear and maintain. In
addition, their short life cycle, sequenced genome (Adams et al., 2000)
and variety of genetic tools available make them ideal candidates to
tackle almost any biological question.

Several influential findings that have broadened our understanding of the
molecular mechanisms of human biology and disease processes have
been made with D. melanogaster. Among the most significant are the
discovery of homeotic genes that regulate embryonic development
(Lewis, 1978; Niisslein-Volhard and Wieschaus, 1980) and the
elucidation of the role of Toll receptors family in innate immunity
(Lemaitre et al., 1996).

1.1.1 Genetic manipulations in D. melanogaster

The earliest approaches to genetic manipulation of fruit flies involved use
of X-rays (Muller, 1927) and chemical mutagens such as ethyl
methanesulfonate (EMS) (Alderson, 1965) that produced a substantial
number of loss-of-function mutant strains. A revolutionary tool to
perform not only gene disruptions but also to introduce transgenes into
fruit fly genome emerged after the discovery of P element transposons in
1970s (Kidwell et al., 1977). The P elements are DNA sequences that can
change their position within genome by their excision and re-insertion.
Interestingly, the excision and reinsertion of P elements is mediated by
the enzyme transposase which is encoded in the P element sequence. This




arrangement allows a P element to autonomously “jump” within a
genome. An elegant way for using P elements to generate transgenic flies
came with an idea for the separation of the two functional components
of a P element, the gene for transposase enzyme and the recognition
sequences for transposase action (Rubin and Spradling, 1982). By
attaching the P element recognition sites to a foreign DNA and by
providing a source of transposase, the foreign DNA can easily be
incorporated into the fly genome.

Another important milestone in the development of genetic tools in D.
melanogaster was the recruitment of two of the yeast binary gene
regulatory systems: the GAL4/UAS expression system (Brand and
Perrimon, 1993) and the FLP/FRT recombination system (Golic and
Lindquist, 1989; Golic, 1991) (Figure 1).
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Figure 1. The Gal4/UAS and the FRT/FLP sytems. A) The earliest approaches to a
tissue-specific transgene expression involved the fusion of a genomic enhancer to a
transgene of choice (upper illustration). The binary expression systems such as
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GAL4/UAS separate the enhancer and transgene components allowing for the versatile
combinatorial expression of transgenes. The genomic enhancer that is active in a
specific tissue or a set of cells triggers the expression of a GAL4 transcription factor.
The GAL4 protein in turn binds to the UAS sequence and initiates the transcription of a
transgene. B) The flippase (FLP) recognizes the FRT sequences and mediates
recombination between them. Depending on the organization of the FRT sites in the
genome, various genetic modifications such as sequence excision, inversion or
chromosomal recombination are possible.



Subsequent and still ongoing expansion of the genetic tools in Drosophila
is largely based on the refinement and combinatorial use of the
GAL4/UAS, FRT/FLP and other binary expression systems.

A relatively new technique for genome editing in flies relies on
CRISPR/Cas9-induced single- or double-break cleavages in defined
genomic locations (Gratz et al., 2013) (Figure 2). Due to its simplicity and
versatility, this approach holds a promise to engineer flies on demand in
a timely manner with virtually any sort of genome modification ranging
from inactivation of a selected gene to insertion of complex engineered
foreign sequences.

Cas9 W Cleavage site nCas9 % Cleavage site

A sgRNA (nickase) = sgRNA
|\”'IF 20nt’5. e ) 20nt|9

5! 3 S'me?
EQIIITITHTIIIit} | WS' EQITIHTITHHIIITII | WS‘

PAM PAM

\“‘

Silencing mutation

g % S A —

ALALLLLLLCULULU LU LU,

TITTTITTIT T T T TTIT AT IO IToT
BT
Donor DNA l l
L
- ALLLLLLUUUU UL
Homology-directed repair (HDR) Nonhomologous end joining (NHEJ)

Figure 2. Mechanism of the site-specific DNA cleavage mediated by the
CRISPR/Cas9 system. (Adapted from Wang et al., 2016). The sequence of 20
nucleotides in the 5’ of the sgRNA pairs with the complementary sequence in the
genomic DNA. In order for the Casg-mediated DNA digestion to occur, a specific three-
nucleotide sequence called PAM must be present on the DNA strand opposite to the
target strand. Cas9 (left) digests both DNA strands while its mutated version nCas9
(right) only cleaves one DNA strand.

The CRISPR (clustered regularly interspaced short palindromic repeats)
are segments in the prokaryotic DNA that together with Cas proteins
create adaptive immunity system of bacteria and archaea (Barrangou et
al., 2007). The Cas9 protein from Streptococcus pyogenes is a DNA
endonuclease that interacts with RNA molecules which navigate the Cas9
protein to a specific DNA sequence that are then cut by Cas9 (Jinek et al.,
2012). For the genome editing purposes, the RNA molecules that interact
with Cas9 can be reduced to a single RNA molecule (termed single-guide



RNA or sgRNA) that consists of a constant region which interacts with
the Cas9 protein and a variable 20-nucleotide region that binds to the
complementary DNA (Jinek et al., 2012).

In order for the DNA to be cut by the Cas9 protein, a specific three-
nucleotide sequence called PAM must be present in the DNA sequence
adjacent to the sgRNA binding site but on the opposite strand (Figure 2).
The key advantage for using the Cas9-mediated approach to induce
breaks in the DNA is that the site-specificity of the Cas9-induced
cleavages is based on the easily interchangeable 20 nucleotide
recognition sequence of the sgRNA.

The Cas9 protein causes double-strand breaks in the DNA (Jinek et al.,
2012). These breaks can be used as a site for the insertion of a donor DNA
which is incorporated to the genome by the homology-directed repair
(HDR) mechanism. The insertion of the donor DNA can be used to
generate gene knock-ins, correct genes or introduce any other sequence
of choice. A mutated version of Cas9 called nCas9 (or nickase) only
digests one DNA strand (Jinek et al., 2012). Single-strand DNA breaks can
be repaired by the non-homologous end joining (NHE]J) mechanism which
leads to random deletions or insertions and, as a result, shifts the reading
frame giving rise to loss-of-function alleles.

1.1.2 D. melanogaster in circuit neuroscience

The relation between the brain structure and function at the cellular and
molecular levels is the subject of study of circuit (or systems)
neuroscience. One advantage of using D. melanogaster as a model for
studying neuronal circuits is the relative simplicity of its nervous system.
The nervous system of a fly consists of two ganglia, one located in head
and one in thorax, and peripheral nerves extending from these ganglia.
The head ganglion, commonly referred to as brain, comprises an
estimated 100 000 - 150 000 neurons. In addition, apart from certain
experience-triggered synaptic plasticity (Kanamori et al., 2015; Yaniv
and Schuldiner, 2016), the fly brain is to substantial extent hard-wired
allowing for a reproducible identification of every neuron in every
individual (Chiang et al., 2011). Yet, despite the relative simplicity of the
fly brain, fruit flies still display variety of complex behaviors making
them an attractive system to study. As the basic principles of how
neuronal circuits function are largely shared across the species, findings




from studying the nervous system of a fruit fly can often be transferred
to mammalian systems.

As for the drawbacks of using D. melanogaster as a model organism in
circuit neuroscience, it is mainly the small size of neurons that makes it
difficult to perform electrophysiological recordings from single neurons.
To overcome this issue, several tools for the optical recording from
Drosophila neurons have been developed. In comparison to
electrophysiological recordings, the genetically encoded calcium
reporters and voltage sensors allow for monitoring of neuronal activity
with higher throughput and spatial precision, although not with the same
temporal acuity (Cao et al., 2013; Chen et al., 2013, Gong et al., 2015;
Yang et al., 2016).

Functional dissection of neuronal circuits in fruit flies is greatly
facilitated by the possibility to precisely manipulate the activity of
neurons within a circuit. Currently, several thousands of GAL4 lines with
the expression in various neuronal populations are available (Pfeiffer et
al., 2008; Jenett et al., 2012; Kvon et al., 2014). In combination with the
sophisticated tools for activation and silencing of neurons in a temporally
defined way, the role of individual neurons within a circuit can be
relatively easily examined.

1.2 NEUROTRANSMITTERS IN D. MELANOGASTER

Neurotransmitters are small molecules that are stored in synaptic
vesicles and released to the extracellular environment upon activation of
a neuron. Once released, neurotransmitter diffuses through the synaptic
cleft and binds to membrane receptors on the postsynaptic neuron.
Binding of a neurotransmitter to its receptor leads to direct opening of
ion channels or activation of second messenger signaling cascade in the
postsynaptic neuron. The type of neurotransmitter receptor defines what
action will take place in the postsynaptic neuron. Fast ionotropic
receptors are ligand-gated ion channels with different degree of
selectivity for sodium, potassium, calcium or chloride that cause
immediate depolarization or hyperpolarization of a neuron. The other
group of neurotransmitter receptors, the slow metabotropic G protein-
coupled receptors, trigger a variety of second messenger-induced events
that in general affect membrane permeability on a larger timescale. A
single neuron can express both, ionotropic and metabotropic receptors
for several neurotransmitters simultaneously and thus, integrate a




variety of incoming signals. Understanding of which neurotransmitters
and receptors participate at a synapse is therefore crucial for deciphering
the computations taking place in neuronal circuits.

In D. melanogaster, eight different neurotransmitters have been
identified so far: acetylcholine, glutamate, GABA, dopamine, serotonin,
octopamine, tyramine and histamine (Martin and Krantz, 2014). In
comparison to vertebrates, there is no evidence for the use of ATP or
nitric oxide as neurotransmitters. Another distinction between D.
melanogaster and vertebrate neurotransmitter systems is that no co-
release of two or more neurotransmitters from a single neuron has been
documented in fruit flies so far.

A neurotransmitter is either synthesized in a neuron or enters a neuron
via a dedicated membrane transporter. From the cytosolic space, a
neurotransmitter is loaded into synaptic vesicles with a vesicular
neurotransmitter  transporter. Depending on the type of
neurotransmitter, the degradation of a neurotransmitter can take place
either in the extracellular milieu or intracellularly, in a neuron or a glial
cell. The neurotransmitter synthesizing and degrading enzymes as well
as the vesicular and membrane transporters can serve as markers of the
neurotransmitter phenotype of a neuron, assuming that their function is
restricted to neurotransmitter metabolism or transport.

1.2.1 Acetylcholine

Acetylcholine is a major excitatory neurotransmitter in the fly nervous
system. The biosynthesizing enzyme of acetylcholine is choline
acetyltransferase (ChAT) that catalyzes the fusion of choline with
acetylcoenzyme A (Figure 3) (Salvaterra and McCaman, 1985). Loading
of the acetylcholine to synaptic vesicles is mediated by the vesicular
acetylcholine transporter (VAChT) (Kitamoto et al., 1998). Degradation
of acetylcholine occurs extracellularly in the synaptic cleft by the
separation of the acetyl residue from choline by the enzyme acetylcholine
esterase (AChe) that is found in the synaptic cleft (Haas et al., 1988).
Choline is then transported into the presynaptic neuron via a dedicated
membrane choline transporter and re-used for the further synthesis of
acetylcholine. The choline transporter has already been studied
extensively in mammals (Parikh et al., 2013; Traiffort et al., 2013).




However, in fruit flies, the function of the homologue gene, the CG7708,
has not been experimentally confirmed yet.
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Figure 3. Metabolism of acetylcholine, glutamate and GABA in a presynaptic
neuron. (A) The markers of the cholinergic neurons in fruit flies are ChAT and VAChT.
The D. melanogaster gene CG7708 is a structural homologue of choline transporter,
however, its role in the transport of choline in fruit flies has not been confirmed
experimentally, yet. (B) Glutamatergic neurons can be identified by the presence of
VGIuT. The GLS and EAAT have not been identified as necessary for the glutamatergic
transmission in D. melanogaster, yet. (C) The known markers of the GABAergic neurons
are Gadi, VGAT, Gabat and Gat.

1.2.2 Glutamate

Glutamate in fruit flies can have either an excitatory or inhibitory effect
on the postsynaptic neuron, depending on the type of receptors it
expresses (Liu and Wilson, 2013). Glutamate is an amino acid, a building
block of proteins, and therefore is abundantly present in all cells. The
most common biosynthetic precursor of glutamate is glutamine that can
be converted to glutamate by enzyme glutaminase (GLS) (Chase and
Kankel, 1987). The packaging of glutamate into synaptic vesicles is
mediated by the vesicular glutamate transporter (VGluT) (Daniels et al.,
2004) (Figure 3). Glutamate is removed from the synaptic cleft by the
excitatory amino acid transporters (EAATs) that are present either on
neurons or glia (Besson et al., 1999).

1.2.3 GABA

The main inhibitory neurotransmitter in D. melanogaster is GABA. So far,
the only described metabolic pathway to synthesize GABA in fruit flies is
from glutamate with the enzyme glutamate decarboxylase (Gadi)
(Featherstone et al., 2000) (Figure 3). The transport of GABA into
synaptic vesicles is achieved by the vesicular GABA transporter (VGAT)




(Fei et al., 2010). GABA released into the synaptic cleft is cleared by its
re-uptake into neurons or glia with the membrane GABA transporter
(Gat) (Neckameyer and Cooper, 1998). Degradation of GABA in
GABAergic neurons is performed by GABA transaminase (Gabat) that
converts GABA to succinic semialdehyde which is in turn further
metabolized in the Krebs cycle (Balazs et al., 1970; Chen et al., 2015).

1.2.4 Monoamines

The neurotransmitters serotonin, dopamine, octopamine, tyramine and
histamine have in common that from the chemical point of view, they are
all derived from aromatic amino acids and contain one amino residue. In
addition, all monoamine neurotransmitters in a fruit fly are loaded into
synaptic vesicle with the same type of transporter: the vesicular
monoamine transporter (Vmat) (Greer et al., 2005; Romero-Calderén et
al., 2008).

The precursor for the synthesis of histamine is histidine that is converted
to histamine by the action of histidine decarboxylase (Hdc) (Burg et al.,
1993). From the synaptic cleft, histamine is re-uptaken by glial cells that
convert histamine into carcinine. Carcinine is then transported back into
neurons via CarT transporter and converted to histamine with tan
hydrolase (Borycz et al., 2002; Stenesen et al., 2015).

For the synthesis of dopamine, octopamine and tyramine, the starting
substrate is the amino acid tyrosine. Tyrosine is converted in one-step
reaction into tyramine with an enzyme tyrosine decarboxylase (Tdc)
(Livingstone and Tempel, 1983). Tyramine can in turn be transformed
into octopamine with an enzyme tyramine beta-hydroxylase (Tbh)
(Monastirioti et al., 1996). For the synthesis of dopamine, the tyrosine is
first converted to L-DOPA with tyrosine hydroxylase (ple or also known
as TH) (Friggi-Grelin et al., 2003). In the next step, dopa decarboxylase
(Ddc) catalyzes conversion of L-DOPA to dopamine (Livingstone and
Tempel, 1983). Serotonin is in fruit flies synthesized from amino acid
tryptophan that is converted to 5-hydroxytryptophan with tryptophan
hydroxylase (Trh). The 5-hydroxytryptophan is subsequently turned into
serotonin in a reaction catalyzed by Ddc (Livingstone and Tempel, 1983).

From the synaptic cleft, dopamine and serotonin are removed with
dedicated transporters, DAT and SerT, respectively (Corey et al., 1994;
Demchyshyn et al., 1994; Porzgen et al., 2001). In mammals, the crucial




enzyme involved in the degradation of dopamine and serotonin is
monoamine oxidase (MAO). Based on the sequence similarity, the
predicted homologue of MAO in D. melanogaster is the CG5653 gene.
However, the function of CG5653 in the neurotransmitter metabolism has
not been confirmed yet.

A plasma membrane transporters of octopamine and tyramine have not
been identified in fruit flies so far, neither are understood the pathways
that lead to degradation of these neurotransmitters. Interestingly,
octopamine transporter has been already described in other insect
species (Malutan et al., 2002).

1.2.5 Assessment of the neurotransmitter phenotype

The neurotransmitter phenotype of a cell is commonly examined by
scrutinizing the expression of the transporters or enzymes involved in
the neurotransmitter life-cycle. The expression of neurotransmitter
marker genes (or any protein-encoding gene in general) can be examined
on three distinct levels: 1.) presence of a protein, 2.) presence of mRNA
or 3.) transcription level of the relevant genomic region. Available
methods for addressing the presence of the neurotransmitter markers on
each of these three levels are outlined below.

Proving the expression of proteins which are localized to the presynaptic
release sites such as neurotransmitter transporters on the synaptic
vesicles is not trivial in Drosophila neurons. The small diameter of the
dendrites and axons does not allow for a reliable cell-type specific
detection of the synaptically localized proteins using whole-brain
staining with antisera and traditional confocal microscopy. The super-
resolution microscopy techniques such as STED or STORM might provide
a solution to this issue, nevertheless, reaching the satisfactory resolution
in a three-dimensional tissue blocks such as fly brain is, has not been
demonstrated yet. The detection of neurotransmitter markers on the
protein level is thus restricted to the examination of their presence in the
neuronal cell bodies. This approach, however, might lead to false
negative interpretation of the results: the inability to detect a marker
protein in the soma does not necessarily mean that it is not present in
other neuronal compartments. For several neurotransmitter markers
either specific antibodies or tagged gene knock-ins in the endogenous loci
are available (Takagawa and Salvaterra, 1996; Kitamoto et al., 1998;




Featherstone et al., 2000; Daniels et al., 2004; Greer et al., 2005; Romero-
Calderdén et al., 2008; Fei et al., 2010; Sarov et al., 2016).

Detection of markers at the level of mRNA requires isolation of cell type-
specific mRNA. This can be done either by manual or FACS-based
sampling of the labelled neuronal somata or, alternatively, by
immunoprecipitation of the tagged nuclei or ribosomes from many fly
brains simultaneously. Depending on the amount of mRNA collected, the
transcripts can be analyzed either by RT-PCR or with high-throughput
approaches such as microarrays or RNA-seq (Figure 4).
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Figure 4. RNA-seq workflow. (Adapted from Wang et al., 2009 with permission). The

isolated mRNA is converted into a library in a process that involves fragmentation and
cDNA synthesis (the order of these two steps is interchangeable). The result of
sequencing are short reads that are aligned to a genome (or a transcriptome). The
information about expression strength of every protein-encoded gene is obtained.

The main advantages of transcriptome profiling with RNA-seq over RT-
PCR and microarrays are the increased dynamic range, higher selectivity
and ability to detect also weakly expressed genes. Although RNA-seq can
be performed with a variety of platforms, in practice, sequencing with
IIlumina technology dominates the field. Illumina technology is based on
sequencing by synthesis using reversible terminator bases with
fluorescent dyes attached. A complementary strand to the examined
sequence is synthesized using fluorescently labelled bases that contain a
removable terminator. One base at a time is added, imaged and the
terminator is removed so the cycle can be repeated. As hundreds of
millions of short sequences can be imaged simultaneously, the method
yields large amounts of data in a short time. The obtained reads are then
aligned to the genome and the gene expression is analyzed.




The major concern when isolating the cell type-specific mRNA is the
contamination with transcripts from other cell types what may
compromise the results. Detection of mRNA is possible also directly in
tissues with the method known as in situ hybridization. However, due to
laborious process of the probe optimization, this is not a commonly used
approach to detect neurotransmitter markers in fruit fly brain tissue.

Visualization of the expression pattern of any gene can be performed by
inserting a reporter gene sequence into the transcribed portion of the
gene locus. Using this approach, the presence of the reporter protein
marks all the cells throughout the brain that express the studied gene.
The MiMIC library (Venken et al., 2011; Diao et al., 2015) of gene-trap
cassette insertions provides a major source for visualization of gene
expression patterns with the inserted reporters such as green fluorescent
protein (GFP) or transcription factors of binary expression systems.
However, the MiMIC collection of lines was generated by random
genomic insertions and therefore not every gene contains the insertional
cassette. Recently, the generation of the LexA knock-ins into the VAChT,
VGIuT and VGAT genes expanded the available toolbox for the
determination of the neuronal neurotransmitter identity (Simpson,
2016).

The earlier approaches to reveal the expression pattern of genes were
based on so-called “enhancer trapping” that involved cloning of an
artificial construct consisting of the gene enhancer sequence fused to a
reporter protein that was introduced into genome (Figure 1). Even
though this approach provided some useful transgenic lines for revealing
the neurotransmitter phenotype, it is often difficult to estimate the
sequence that constitutes a gene enhancer, therefore, the expression
pattern of many enhancer trap lines does not reliably copy the expression
pattern of the gene that the enhancer region belongs to (Simpson, 2016).

In addition to detecting neurotransmitter markers, the presence of
neurotransmitter in neuronal cell bodies can be directly visualized with
immunostaining. In D. melanogaster, specific antibodies against several
neurotransmitters have been used successfully (Monastirioti et al., 1995;
Yuan et al., 2005; Kolodziejczyk et al., 2008). Nevertheless, the same
issue as with the detection of synaptically localized proteins applies: to
visualize a neurotransmitter which is synthesized locally at the synapse,
the resolution achievable by traditional confocal microscopy is not
sufficient.




1.3 VISUAL SYSTEM OF D. MELANOGASTER

Judging from the portion of brain devoted to visual processing, the vision
is an important source of sensory information about the surrounding
world for fruit flies. The optic lobes occupy in total almost two thirds of
the fly brain volume. Anatomically, the optic lobe is located beneath the
retina and consists of the four neuropils: lamina, medulla, lobula and
lobula plate (Figure 5).

Cone cells

Pigment Cells

Photoreceptors:
R16 |
R7

Figure 5. Visual system of a fruit fly. A) (Reprinted from Takemura et al., 2013 with
permission). The optic lobe comprises of photoreceptors in retina that provide input to
the underlying neuropils called lamina and medulla. The visual information is then
further processed in the lobula and the lobula plate. B) (Adapted from Wernet et al.,
2015 with permission). Vertical (left) and horizontal (right) cross-section through a
single ommatidium found in retina. The function of the cone cells and the pigment cells
ensures the effective collection of photons by photoreceptors from a single point in
space.

The retina comprises light-sensitive photoreceptors organized in
hexagonal units called ommatidia (Figure 5). In total, there are
approximately 750 ommatidia in each eye of a fruit fly. Each ommatidium
contains eight photoreceptors arranged in a stereotyped manner.
Depending on the position in ommatidium, the photoreceptors are
termed as R1, R2, R3, R4, R5, R6, R7 and R8 cells. The ‘outer’
photoreceptors R1-R6 provide the major input to the contrast and motion
vision circuit (Yamaguchi et al., 2008) while the “inner” photoreceptors
R7 and R8 are involved in color discrimination (Yamaguchi et al., 2010).
The photoreceptor types vary with respect to the class of light-absorbing
pigment rhodopsin that they express and the projection pattern of their
axons. The photoreceptors R1-R6 send their axons to the lamina whereas



the axons of the photoreceptors R7 and R8 project through the lamina
and only form synapses in the medulla.

Downstream of photoreceptors, the visual signal is passed onto neurons
that are organized in parallel units termed visual columns. This
arrangement preserves the retinotopy of the visual information
processing by precisely mapping each region of the visual field onto one
of the distinct columns in the lamina and medulla. The types of neurons,
their number and connectivity is identical in each column. The lamina is
a relatively simple neuropil consisting of only 12 classes of neurons with
well-studied connectivity and at least partially understood function
(Meinertzhagen and O'Neil, 1991; Joesch et al., 2010; Rivera-Alba et al.,
2011; Tuthill et al., 2013; Tuthill et al., 2014). In contrast, the medulla is
a larger and more complicated neuropil with more than 70 distinct types
of neurons (Morante and Desplan, 2008). The function in the visual
processing and the synaptic connections of the neurons in medulla have
been established only for a small portion of the medullar cells (Takemura
et al., 2011; Takemura et al., 2013; Behnia et al., 2014; Karuppudurai et
al., 2014; Serbe et al., 2016; Shinomiya et al., 2014; Strother et al., 2014;
Yang et al., 2016; Strother et al., 2017; Takemura et al., 2017). At the level
of lobula and lobula plate, the columnar structure of neuropil is largely
lost. Various tangential types of neurons with more elaborate response
properties that integrate signals from several visual columns or even
larger regions of the visual field are found at this stage of the visual
system (Fischbach and Dittrich, 1989).

1.3.1 Neuronal circuit for motion vision

The visual detection of motion is a classic example of a simple neuronal
computation that has been studied for decades, yet, is still not fully
understood neither in mammals nor in fruit flies. Motion vision in
Drosophila begins at the level of the R1-R6 photoreceptors. Similar to
mammals, the fly visual system also processes the information about
local light increments and decrements separately, in two parallel streams
- the ON and OFF channels (Joesch et al., 2010). The signal from R1-R6
photoreceptors splits into ON and OFF channels very early in the visual
processing, already at the level of the first postsynaptic neurons in
lamina (Joesch et al., 2010; Eichner et al., 2011; Joesch et al., 2013). Two
types of the columnar laminar neurons are central to motion vision
processing: the L1 neurons representing the first component of the ON




pathway and the L2 neurons that give rise to the OFF pathway (Joesch et
al., 2010).

Fly photoreceptors release from their axons neurotransmitter histamine
which opens chloride channels on the Li and L2 neurons and
hyperpolarizes them (Hardie 1989, Gisselmann et al., 2002; Zheng et al.,
2002). Just as vertebrate photoreceptors, fly photoreceptors also release
their neurotransmitter continuously over time. Due to a different
molecular mechanism of the photoconversion in vertebrates and
arthropods, the mammalian photoreceptors are constantly depolarized in
the dark whereas fly photoreceptors, on contrary, depolarize in response
to light and are hyperpolarized in the dark. The information about light
decrement is translated in flies into less histamine released from the
photoreceptors and as a result, transient depolarization of the
postsynaptic L1 and L2 cells (Yang et al., 2016). On the contrary, light
increment leads to more of the histamine released and consequently to
hyperpolarization of the L1 and L2 neurons (Yang et al., 2016).

For the L1 and L2 neurons to act as a point of splitting of the signal from
photoreceptors to the ON and OFF channel, the signal must be half-wave
rectified, meaning, that one laminar cell type only spreads the
information about its depolarization while the other one only relays
information about its hyperpolarization to the downstream neurons.
Indeed, the half-wave rectification has been observed in both, the L1 and
L2 cells (Reiff et al., 2010; Yang et al., 2016). The L2 cells depolarize and
release neurotransmitter acetylcholine as a response to light decrements
but not to light increments (Reiff et al., 2010; Takemura et al., 2011). On
the other hand, the glutamatergic L1 neurons have been shown to relay
the information about light increments represented as their membrane
potential hyperpolarization and, interestingly, invert the sign of the
signal such that the neurons postsynaptic to L1 cells depolarize as a
response to the hyperpolarization of the L1 neurons (Yang et al., 2016).
It has been already speculated that this sign inversion is achieved by the
continuous release of glutamate from the L1 neurons causing
hyperpolarization of the postsynaptic neurons via inhibitory glutamate-
gated chloride channel (Liu and Wilson, 2013), nevertheless, this has not
been proven experimentally, yet.

The splitting of the channels at the level of the L1 and L2 cells is not
perfectly segregated. Along with the L2 cells, the laminar L3 neurons also




provide input to the OFF pathway via Tm9 neuron (Silies et al., 2013;
Fisher (a) et al., 2015) (Figure 6).
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Figure 6. Neurons in the motion vision circuit. (A) (Adapted from Shinomiya et al.,
2014 with permission). Morphology of the neuronal cell types underlying processing of
the visual motion. (B) (Adapted from Borst and Helmstaedter, 2015 with permission).In
vivo calcium imaging of the axon terminals of the T4 and T5 neurons in the lobula plate
reveals the directional tuning map in the lobula plate. Each of the four layers of the
lobula plate is innervated by the T4 and T5 neurons that respond to the same direction
of motion.

The main downstream components of the ON pathway are the medullar
columnar neurons Mi1 and Tm3 cells which synapse on the T4 neurons,
the first identified motion- and direction-sensitive cells in the ON
pathway of the fly visual system (Maisak et al., 2013; Takemura et al.,
2013; Behnia et al., 2014; Strother et al., 2014; Strother et al., 2017;
Takemura et al., 2017) (Figure 6). The Mi1 and Tm3 neurons respond
specifically to light increments but not in a direction-selective manner
(Behnia et al., 2014; Strother et al., 2014; Yang et al., 2016). Silencing of
the Mi1 and Tm3 neurons reduces the ability of flies to behaviorally
respond to moving increments of light, further confirming the role of
these cells in the motion vision circuit (Ammer et al., 2015).
Nevertheless, the neurotransmitter of the Mi1 and Tm3 neurons has not
been described until recently (Strother et al., 2017; Takemura et al.,
2017), neither has it been known whether the input that the Mi1 and Tm3
neurons provide to the direction-selective T4 neurons is excitatory or
inhibitory.



In the OFF pathway, the downstream elements of L2 neurons are
medullar cells Tmi1, Tm2, Tm4 and Tm9 (Shinomiya et al., 2014; Serbe et
al., 2016) (Figure 6). The first direction-selective cell type in the OFF
channel are T5 neurons (Maisak et al., 2013) which receive the input from
all of the four types of the columnar medulla neurons (Shinomiya et al.,
2014). All of the identified neurons that provide input to T5 cells, the
Tmi, Tm2, Tm4 and Tmg9 cells, appear to be cholinergic (Raghu et al.,
2011; Shinomiya et al., 2014).

The T4 and T5 cells are the elementary motion detector neurons in a fruit
fly, representing the first stage in the visual system where direction
selectivity arises (Maisak et al., 2013; Fisher (b) et al., 2015). Both, the
T4 and T5 neurons, comprise of four subtypes, termed T4a, T4b, T4c, T4d
and Tsa, T5a, Tsb, T5c, T5d. Each of the a-d subtypes of the T4 and T5
neurons responds preferentially to one of the four cardinal directions:
front-to-back, back-to-front, upwards and downwards (Maisak et al.,
2013.). In addition to different physiological responses, the T4a-d and
Ts5a-d neuronal subtypes differ also in their morphology: each subtype
has a dendritic tree prolonged in a direction opposite to its preferred
direction of response (Takemura et al., 2013). Moreover, the axonal
projections of the a-d subtypes of the T4 and T5 neurons separate in the
lobula plate such that each subtype projects to one of the four layers
depending on its preferred direction (Maisak et al., 2013) (Figure 6).

The neurotransmitter phenotypes of neurons involved in the processing
of visual motion including the type of marker detected and the method
used are summarized in the Table 1.

The T4 and T5 neurons have been shown to synthesize and release
acetylcholine onto their downstream postsynaptic partners, the lobula
plate tangential cells (LPTCs) (Mauss et al., 2014; Shinomiya et al., 2014).
The LPTCs are wide-field motion-sensitive neurons that integrate signal
about motion from larger areas of the visual field and receive input from
both processing streams, ON and OFF (Joesch et al., 2008; Schnell et al.,
2010). In comparison to the local motion detectors, the T4 and T5
neurons, LPTCs show biphasic response properties to visual motion:
depolarization to the motion in the preferred direction and
hyperpolarization to the motion in the opposite, null direction (Figure 7).




Histamine applied on

R1-R6 Histamine - postsynaptic cells Hardie, 1989

L1 Glutamate VGIuT BT—PCR of RNA from  Takemura et al.,
isolated cells 2011

L2 Acetylcholine ChAT BT-PCR of RNA from  Takemura et al.,
isolated cells 2011

Tm1 Acetylcholine ChAT anti-ChAT staining 21;11r;om1ya etal,

Tmz Acetylcholine ChAT BT—PCR of RNA from  Takemura et al.,
isolated cells 2011

. ChAT ChAT-GAL4
T Acetylchol ? . Raghu et al., 2011
m4 cetylcholine (?) (?) expression pattern aghu et a °

Tmg Acetylcholine ChAT RT-PCR of RNA from  Shinomiya et al.,
isolated cells 2014
RT-PCR of RNA from  Shinomiya et al.,

T4 Acetylcholine ChAT isolated cells; 2014; Mauss et al.,
anti-ChAT staining 2014
RT-PCR of RNA from  Shinomiya et al.,

Ts Acetylcholine ChAT isolated cells; 2014; Mauss et al.,

anti-ChAT staining

2014

Table 1. Neurons in the motion vision circuit with identified neurotransmitter. The
neurons in the fruit fly motion vision circuit with known neurotransmitters are listed.
The Tm4 neurons were identified as cholinergic, however, it is not clear whether the
ChAT-GAL4 line used for the identification labels exclusively cholinergic neurons.
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Figure 7. Response properties of the LPTCs. (A) (Reprinted from Joesch et al., 2008
with permission). Schematics of the fly preparation for the in vivo electrophysiological
recordings combined with simultaneous visual stimulation. (B) (Reprinted from Mauss
et al., 2014). Illustration of the optic lobe depicts the position of the LPTCs in the fruit
fly visual system. (C) (Reprinted from Schnell et al., 2012). In vivo intracellular
recordings from LPTCs show depolarization as a response to visual stimulus moving
upwards and hyperpolarization to downward motion (upper trace). In flies with the T4
and T5 neurons synaptically silenced by the overexpression of shibire®, the LPTCs do
not show any motion-specific responses (lower trace).



The input of the T4 and T5 neurons is necessary for direction-specific
responses of the LPTCs (Schnell et al., 2012) (Figure 7). As all the T4 and
T5 neurons have been shown to synthesize acetylcholine (Mauss et al.,
2014), the following question arises: How does the activity of the
cholinergic T4 and T5 neurons translate into hyperpolarization of the
postsynaptic LPTCs?

1.4 COMPUTATIONS UNDERLYING DIRECTION SELECTIVITY

In the research field of motion vision, two prevalent algorithmic models
have been used to describe the mechanism of direction selectivity: the
Hassenstein-Reichardt (HR) model (Hassenstein and Reichardt, 1956)
and the Barlow-Lewick (BL) model (Barlow and Levick, 1965). Both
models predict existence of a simple, hypothetical circuit which responds
to motion in a direction-specific fashion by combining two inputs from
the neighboring points in the visual field that are temporally offset. The
HR model was inspired by the behavioral experiments performed on the
beetle Chlorophanus (Hassenstein and Reichardt, 1956) and has been
dominating the field of insect motion vision. The HR model assumes that
the visual input from two adjacent points in space is differentially
filtered in time. The two excitatory inputs then converge on the direction-
selective detector that produces supralinear response if the two inputs
arrive simultaneously (Figure 8). Peculiarly, the two inputs only reach
the detector simultaneously if the visual movement is presented in a
specific direction.

The other influential model of direction selectivity, the BL model, was
inspired by the work on rabbit retina (Barlow and Levick, 1965). Like the
HR model, the BL model also assumes that the direction selective unit
receives two temporally offset inputs from two neighboring points in the
visual field (Figure 9). In comparison to the HR model which assumes the
multiplication of two excitatory inputs, the BL detector acts on the
subtraction principle by deducting the inhibitory input from the
excitatory one.
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Figure 8. The HR
model of direction
selectivity and its

responses to
preferred- and
null- direction
stimuli. The

illustration shows
an HR model that

responds
specifically to left-
to-right motion of
light  increments.
Three subsequent
points in time are
illustrated. The
model consists of
two light detectors
(depicted as half-circles) that collect light from two adjacent points in space and convey
the signal to the direction-selective unit (depicted as circle). One of the inputs is
temporally delayed (square with t). Red traces show signal at the level of light detectors,
inputs lines and at the level of direction-selective unit. Left-to-right motion (preferred
direction) of a single bright point (yellow square) and the corresponding responses of
the HR model are depicted in (A) and the opposite, null-direction right-to-left motion of
an ON stimulus is in (B). The direction-selective unit performs multiplicative non-linear
summation of the inputs and conveys the signal further only if the two inputs arrive
simultaneously.
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selectivity with left-
to-right ON motion
as a  preferred
stimulus. In (A), the
responses to
preferred direction
of motion are
depicted. (B) shows
null-direction
movement.
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The computation that underlies direction selectivity of the T4 and T5
neurons is still not fully understood. Recent works suggested, that the
response properties of the T4 and T5 neurons are a mixture of the both
theoretical models outlined above (Fisher (b) et al., 2015; Haag et al.,
2016; Leong et al.,, 2016; Strother et al., 2017.). To elucidate how
direction selectivity in the T4 and T5 neurons arises, several questions
need to be fully answered: Which neurons provide input to the T4 and T5
cells? What neurotransmitters do neurons providing input to T4 and T5
cells use? Where and how is the temporal delay represented in the motion
vision circuit? On the level of input neurons, on the level of the synapses
between the input neurons and the T4 and T5 neurons or on the level of
the dendrites of the T4 and T5 neurons? How do the T4 and T5 neurons
perform the supralinear summation and what is the molecular substrate
for the null-direction inhibition?

1.5 AIMS OF THIS DISSERTATION

The aim of this dissertation is to elucidate the biophysical
implementation of computations that underlie the direction-specific
response of the local motion detectors, the T4 and T5 neurons as well as
their downstream partner, the wide-field motion-sensitive LPTCs.

By applying a whole genome transcriptome analysis to investigate gene
expression of the T4 and T5 cells, I examine the neurotransmitter input
that the T4 and T5 neurons receive as well as the molecular substrate for
their supralinear summation response to visual motion in a preferred
direction.

Furthermore, in order to map the known neuronal components of the
motion vision pathway onto proposed theoretical circuits, I develop and
describe a new tool for the identification of cholinergic neurons and use
this tool to analyze the neurotransmitter phenotype of neurons in the ON-
channel of motion vision, the Mi1 and Tm3 cells.

In addition, this dissertation also describes the morphology and function
of the previously uncharacterized class of interneurons that receive input
from the T4 and T5 neurons and convey the information about the null
direction movement to the hyperpolarization of the LPTCs.
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2.1 NEURAL CIRCUIT TO INTEGRATE OPPOSING MOTIONS IN THE
VISUAL FIELD

The article “Neural circuit to integrate opposing motions in the visual
field” (http://dx.doi.org/10.1016/j.cell.2015.06.035) was originally
published in the journal Cell in July 2015 and is reprinted here with the
publisher’s permission. The following authors contributed to this work:
Alex S. Mauss performed and analyzed electrophysiological recordings.
Katarina Pankova carried out and analyzed immunostainings (except
multicolor labeling and TNT-E expression), transcript profiling, and
GRASP experiments. Alexander Arenz performed and analyzed two-

photon calcium imaging experiments. Alexander Borst did computer
simulations. Gerald M. Rubin and Aljoscha Nern generated the LPi driver
lines and performed multicolor stochastic labeling. Alex S. Mauss and
Alexander Borst designed the study. Alex S. Mauss, Alexander Arenz, and
Alexander Borst wrote the paper with the help of all authors.
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SUMMARY

When navigating in their environment, animals use
visual motion cues as feedback signals that are eli-
cited by their own motion. Such signals are provided
by wide-field neurons sampling motion directions at
multiple image points as the animal maneuvers. Each
one of these neurons responds selectively to a
specific optic flow-field representing the spatial dis-
tribution of motion vectors on the retina. Here, we
describe the discovery of a group of local, inhibitory
interneurons in the fruit fly Drosophila key for filtering
these cues. Using anatomy, molecular characteriza-
tion, activity manipulation, and physiological record-
ings, we demonstrate that these interneurons convey
direction-selective inhibition to wide-field neurons
with opposite preferred direction and provide evi-
dence for how their connectivity enables the compu-
tation required for integrating opposing motions.
Our results indicate that, rather than sharpening
directional selectivity per se, these circuit elements
reduce noise by eliminating non-specific responses
to complex visual information.

INTRODUCTION

Diverse sensory experiences can result in largely overlapping
patterns of activation within sensory circuits yet require fun-
damentally different behavioral responses. An underlying key
operation is the extraction of features relevant for specific behav-
iors by hierarchical layers of neuronal networks with increasing
selectivity. A well-studied example of such feature extraction is
the computation of the optic flow associated with self-mo-
tion—that is, the feedback motion cues created by an animal
progressing through its environment. Across many animals stud-
ied, motion-sensitive neurons covering large receptive fields
(those that receive input from cues spanning the visual field)
tend to be motion opponent, i.e., are excited by motion along
one and inhibited along the opposite direction (Collett and Blest,
1966; Duffy and Wurtz, 1991; Hausen, 1984; Ibbotson, 1991;
Krapp and Hengstenberg, 1996; Wylie et al., 1998). However,
the functional significance of motion opponency is unclear and
has to date not been experimentally challenged. Here, we
address this problem in Drosophila, which has emerged as a
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powerful model system to study the mechanisms underlying mo-
tion vision (Borst et al., 2010).

The Drosophila optic lobe consists of four neuropiles called
lamina, medulla, lobula, and lobula plate. Each of these neuro-
piles is built from about 750 repetitive columns arranged in
a retinotopic way. Monopolar L1 and L2 cells, among others,
receive photoreceptor input in the lamina and feed into two mo-
tion pathways (Bausenwein et al., 1992; Bausenwein and Fisch-
bach, 1992; Clark et al., 2011; Joesch et al., 2010; Rister et al.,
2007; Shinomiya et al., 2014; Silies et al.,, 2013; Takemura
et al., 2013; Tuthill et al., 2013). Within each pathway, the direc-
tion of motion is computed separately, with the L1-pathway
selectively processing motion of brightness increments (ON)
and the L2-pathway motion of brightness decrements (OFF)
(Eichner et al., 2011; Joesch et al., 2010, 2013). The outputs
of the ON and OFF pathways are represented by arrays of
small-field T4 and T5 cells, respectively. Each T4 and T5 cell is
tuned to one of four cardinal directions and terminates in one
of the four layers of the lobula plate such that opposite directions
are represented in adjacent layers (Maisak et al., 2013) (layer 1:
front to back; layer 2: back to front; layer 3: upward; layer 4:
downward). These directions match the preferred directions of
wide-field motion-sensitive tangential cells that extend their
dendrites in the respective layers: horizontal system cells with
dendrites in layer 1 depolarize during front-to-back motion and
hyperpolarize during back-to-front motion, Hx cells in layer 2
exhibit the opposite tuning, and vertical system (VS) cells with
dendrites mostly in layer 4 depolarize primarily during downward
and hyperpolarize during upward motion (Hausen et al., 1980;
Hopp et al., 2014; Schnell et al., 2010; Scott et al., 2002; Wasser-
man et al., 2015). With T4/T5 cells blocked, tangential cells lose
all of their motion sensitivity (Schnell et al., 2012), and flies
become completely motion blind (Bahl et al., 2013). Combining
optogenetic stimulation of T4/T5 cells with various pharmaco-
logical antagonists, the connections between T4/T5 and tangen-
tial cells have recently been characterized as monosynaptic,
excitatory, and cholinergic (Mauss et al., 2014). T4/T5 cells
thus account for the depolarization of the tangential cells during
preferred direction motion. What remains unclear is the mecha-
nism and functional role of subtracting information about motion
in the opposite or null direction.

Here, we characterize a hitherto unknown class of vertical sys-
tem lobula plate intrinsic (LPi) neurons and demonstrate how
they contribute to motion opponency. First, our anatomical and
molecular characterization, as well as combined optogenetic
stimulation and electrophysiological recordings, reveal that LPi
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neurons are bi-stratified and inhibit tangential cells in single lob-
ula plate layers via glutamatergic synapses. Second, we demon-
strate by two-photon calcium imaging that LPi neurons are acti-
vated in response to motion directions similar to their presumed
T4/T5 inputs and opposite to their postsynaptic targets. Third,
genetically silencing LPi cell output selectively abolishes null di-
rection inhibitory potential changes in tangential cells. We there-
fore conclude that LPi neurons hyperpolarize tangential cells
during null direction motion through sign-inverting layer interac-
tions, thus forming the cellular basis of motion opponency in the
fly. As a final point, the identification of LPi neurons enabled us
to experimentally address the long-sought functional relevance
of motion opponency. As blocking the activity of LPi neurons
renders their postsynaptic wide-field motion-sensitive neurons
responsive to a variety of moving patterns, our experiments sug-
gest that motion opponency is essential for flow-field selectivity,
thereby improving the ability to reliably estimate self-motion tra-
jectories based on complex visual information.

RESULTS

Anatomy of Lobula Plate Intrinsic Neurons

Previous work suggested the existence of yet unidentified lobula
plate neurons underlying null direction responses in tangential
cells (Mauss et al., 2014). Candidate neurons to fulfill this role
are expected to possess a bi-stratified morphology covering
either both horizontal (1 and 2) or both vertical (3 and 4) layers.
To identify such cell types, we screened the Janelia Drosophila
driver line collection (Jenett et al., 2012; Pfeiffer et al., 2008)
and discovered two independent lines (R20D01, R38G02) con-
taining neurons that exclusively innervate the two layers of the
lobula plate vertical system. Moreover, putative presynaptic var-
icosities for each line are located in either layer 3 (R38G02) or 4
(R20D01), suggesting two distinct functional cell types. We
confirmed the presynaptic nature of these varicosities by co-ex-
pressing GFP and the presynaptic reporter Synaptotagmin (Syt),
which correspondingly localized to layer 3 (R38G02) and layer 4
(R20D01; Figures 1A-1B"). This anatomical layout indicates a
complementary directed signal transfer from layer 3 to 4 in one
and from layer 4 to 3 in the other cell type. Accordingly, these
two new neuron types are termed LPi3-4 (fobula plate intrinsic)
and LPi4-3, respectively. To reveal single-cell morphologies,
we performed stochastic multicolor labeling of LPi cells (Figures
1C-11) (Nern et al., 2015). Neurons in each line have vertically
elongated arbors covering the lobula plate in partly segregated
patches. While individual LPi neurons occupy lobula plate layers
3 and 4, their potential postsynaptic targets, the VS cells, have
dendrites restricted to layer 4 only (Figures 1J and 1J').

Transmitter Phenotype and Connectivity

We next investigated the transmitter phenotype of the LPi cells
by immunostaining (LPi3-4 and LPi4-3) and mRNA profiling
(Takemura et al., 2011) (LPi3-4). Both approaches revealed
that LPi neurons express vesicular glutamate transporter (vGlut;
Figures 2A-2C), while cholinergic and GABAergic markers could
not be detected (Figures 2C and S1). Aptly, tangential cells ex-
press glutamate-gated chloride channel o (GluCle; Figure 2C),
in line with their hyperpolarizing responses to glutamate applica-
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tion (Mauss et al., 2014). These results suggest that tangential
cells receive inhibitory glutamatergic input from LPi neurons.
To directly explore the synaptic connectivity between LPi neu-
rons and tangential cells, we focused on LPi3-4 neurons, which
provide putative synaptic input to the experimentally accessible
VS cells inlobula plate layer 4 (Figure 1J). First, we labeled mem-
brane contacts using the GRASP method (Feinberg et al., 2008)
by expressing membrane-targeted CD4-spGFP1-10 and CD4-
spGFP11 independently in LPi3-4 and VS cells using four
different driver line combinations. In all cases, reconstituted fluo-
rescence signal could be detected exclusively in lobula plate
layer 4, indicating contact between LPi3-4 terminals and VS
cell dendrites (Figures 2D and S2). To functionally determine
the synaptic connectivity, we took an optogenetic approach
previously used to establish connectivity between T4/T5 and
tangential cells (Mauss et al., 2014): brief optogenetic stimulation
of T4/T5 cells in blind, norpA” mutant flies evoked biphasic syn-
aptic responses in VS cells with direct cholinergic excitation and
delayed indirect inhibition (Figure 2E, red trace), the latter being
sensitive to the GABA/glutamate receptor antagonist picrotoxi-
nin (Mauss et al., 2014). To test whether this inhibitory com-
ponent could be conveyed by LPi3-4 cells, we optogenetically
stimulated LPi3-4 cells expressing ChR2-H134R in blind flies
while performing patch-clamp recordings from VS cells. VS cells
responded to optogenetic LPi stimulation with picrotoxinin-sen-
sitive inhibitory potential changes (Figures 2E-2H) and onset la-
tencies comparable to T4/T5-evoked excitation (Figure 2E). We
conclude that LPi3-4 neurons provide fast inhibitory glutamater-
gic input to VS cells in layer 4 of the lobula plate.

Visual Response Properties of LPi Neurons

Cholinergic T4/T5 cells represent the major motion-sensitive
input to the lobula plate (Schnell et al., 2012), and their axons
segregate into four layers according to their directional tuning
(Maisak et al., 2013). LPi cells of a single type are thus expected
to acquire direction selectivity by receiving excitatory input from
T4/T5 cells in one of the two motion-opponent layers. To probe
the LPi cells’ visual response properties, we expressed the
genetically encoded calcium indicator GCaMP5G (Akerboom
et al., 2012) and recorded calcium signals (Denk et al., 1990; Mai-
sak et al., 2013; Reiff et al., 2010) from putative presynaptic bou-
tons in the lobula plate while stimulating flies with pattern motion
(Figures 3A and 3B). Both LPi cell types responded in a strictly
direction-selective way to moving square-wave gratings. Impor-
tantly, LPi3-4 cells were tuned to upward motion and LPi4-3 cells
to the opposite, i.e., downward direction (Figures 3C and 3D).
Thus, the preferred direction of LPi3-4 cells matches the one of
T4/T5 cells terminating in layer 3, and the preferred direction of
LPi4-3 cells corresponds to the one of T4/T5 cells terminating
in layer 4. We next tested LPi responses to gratings moving
with different velocities. A correlation type motion detector as
implemented in flies results in a velocity tuning as a linear
function of the spatial pattern wavelength. This feature is re-
flected in the T4/T5 and tangential cell responses, which exhibit
an optimal temporal frequency of ~1 Hz in quiescent flies
(Joesch et al., 2008; Maisak et al., 2013; Schnell et al., 2010).
Likewise, LPi3-4 and LPi4-3 cells both had velocity tuning
peaks at 24° s~ for gratings with a spatial wavelength of 24°



R20D01 (LPi3-4)

o
LPi4-3 > </ (-4 GFP

R20D01 (LPi3-4)

Figure 1. Anatomical Characterization of Lobula Plate Intrinsic Neurons

(A-B'") Co-expression of GFP and the presynaptic marker synaptotagmin by LPi-specific Gal4 driver lines (A, R20D01; B, R38G02) reveals the bi-stratified
morphology and polarity of LPi neurites in lobula plate layers 3 and 4 in the horizontal confocal cross section (lateral up, anterior to the left). LPi3-4 neurons exhibit
synaptic output sites only in layer 4 (A-A"), while LPi4-3 neurons (B-B") with synaptotagmin in layer 3 show the opposite polarity. Postsynaptic sites are pre-
sumably restricted to the respective synaptotagmin-negative layers. Counterstaining with anti-bruchpilot (orp) highlights the synaptic neuropiles of the fly optic.
{C-H’) In two different views, stochastic multicolor labelings of LPi3-4 (C and D) and LPi4-3 neurons (F and G) are shown as well as individual neurons segmented
from multicolor samples (E and H). Five stacks each with ~50 labeled cells for R38G02 and ~100 labeled cells for R20D01 were analyzed in detail. The layer
positions and cell body locations were highly reproducible for each LPi type.

{l) Schematic representation of the fly optic lobe highlighting anatomical LPi neuron properties. LPi neurons cover lobula plate layers 3 and 4 in partly segregated
patches. Since the lobula plate is organized in a retinotopic fashion, individual LPi neurons represent different points in visual space. Lobula plate cross-sections
illustrate the inferred directed signal transfer. A, anterior; P, posterior; M, medial; L, lateral.

{J and J') Wide-field VS tangential cell segmented from a multicolor sample with its large dendrite restricted to layer 4.

Me, medulla; Lo, lobula; LP, lobula plate; white arrow heads, somata; black arrow heads, ramifications within the lobula plate; white arrows, VS cell axon.
Scale bar, 20 pm and 10 um for magnified views.
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Figure 2. LPi Neurons Provide Glutamatergic Inhibitory Input to Tangential Cells

(A and B) Co-localization of antibodies against the vesicular glutamate transporter (vGlut) with GFP-expressing LPi neurons indicates that LPi3-4 {A) and LPi4-3
(B) both release the neurotransmitter glutamate (see also Figure S1). Scale bar, 10 pm.

(C) Consistently, transcript profiling shows that mCD8-GFP-labeled LPi3-4 cells express vGlut {gel band with expected size of 339 bp), but neither choline
acetyltransferase (ChAT) nor vesicular GABA transporter (VGAT). The bands detected in the repo and vGAT lanes do not match the predicted sizes of products
from cDNA templates {137 and 151 bp, respectively) and probably correspond to primers. Transcript amplification of mCD8 and the glial marker repo were
included as positive and negative control, respectively. Lobula plate tangential cells (LPTCs) express glutamate-gated chloride channel « (GluCla, expected size
265 bp), indicating an inhibitory synaptic connection between LPi neurons and LPTCs.

(D) GFP reconstitution across synaptic partners (GRASP) reveals contacts between LPi3-4 cells and VS tangential cells in layer 4 (see also Figure S2). Lo, lobula;
LP, lobula plate. Scale bar, 20pm.

(E) Optogenetic activation of Channelrhodopsin-2-H134R-expressing T4/T5 cells in blind flies using a 2 ms pulse of blue light (472/30 nm, ~3 mW mm~2) leads
to a biphasic excitatory/inhibitory synaptic response in VS cells (red trace, n = 4; data taken from Mauss et al., 2014). Optogenetic activation of LPi3-4 cells
(~30 mW mm~?) in contrast causes a purely inhibitory response in VS cells with a similar onset latency (blue trace, n = 7). The schematic depicts the inferred
connectivity between T4/T5, LPi3-4, and VS cells supported by the data, with excitatory cholinergic and inhibitory glutamatergic synapses marked by red tri-

angles and a blue circle, respectively.

(F) Sustained hyperpolarizing VS cell response to 1 s optogenetic LPi3-4 activation (n = 6; ~1 mW mm 3.
(G) VS cell responses to 2 ms optogenetic LPi3-4 activation with varying light intensities.
(H) Quantification of data shown in (G) as baseline-subtracted response minima. For the highest light intensity and n = 4 cells, responses were also quantified after

10 min bath perfusion with 25 uM PTX and after another 30 min wash.

Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.05. Data in (E) to (H) are represented as

mean + SEM.

corresponding to a temporal frequency of 1 Hz (Figures 3E and
3F). Finally, to assess how T4/ON and T5/OFF signals are inte-
grated by LPi cells, we imaged individual presynaptic LPi bou-
tons in the lobula plate and stimulated flies by moving ON and
OFF edges separately. Most LPi3-4 boutons showed mixed
but also ON and OFF edge-selective responses (Figure 3G). In
LPi4-3 cells, mixed and ON edge-selective responses domi-
nated (Figure 3H). These results indicate that both T4 and T5
cells at least partly converge onto individual LPi cells. Taken
together, the anatomical overlap between T4/T5 output and
LPi cell input arbors as well as their precisely matching visual
response properties strongly suggests that LPi cells receive di-
rectionally tuned excitatory inputs from T4 and T5 cells.

Tangential Cell Motion Responses without LPi Input

Our data so far show that LPi3-4 neurons provide inhibitory input
to VS cells and depolarize to opposite motion directions. To test
directly whether LPi3-4 neurons convey null direction inhibition
to VS cells, we performed patch-clamp recordings from VS cells
(Joesch et al., 2008) in flies with LPi3-4 neurons silenced by
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expression of tetanus toxin (Sweeney et al., 1995) (Figure 4A;
“block flies”: LPi3-4-Gal4 > UAS-TNT-E), as well as in parental
control flies. In control flies, stimulating the eye with gratings
moving in the VS cells’ preferred direction (downward) produced
graded depolarizations, while null direction stimulation (upward
motion) hyperpolarized VS cells (Figure 4B, black and gray
traces/bars). In block flies, preferred direction responses were
similar to the controls. However, in sharp contrast, null direction
responses were almost entirely absent (Figure 4B, red traces/
bars). VS cell responses to individual ON and OFF edges were
also strongly diminished in LPi3-4 block flies selectively for null
direction motion (Figure 4C).

We next aimed to determine whether LPi activity might shape
preferred direction response properties in VS cells. It has been
suggested that the subtraction of oppositely tuned antagonistic
inputs sharpens directional tuning in postsynaptic neurons (Lev-
ick et al., 1969; Oyster et al., 1971; Sato et al., 1991; Single et al.,
1997). In Drosophila however, this might not be a vital require-
ment since the directional tuning of T4/T5 cells seems already
sufficiently narrow to avoid significant overlap at orthogonal
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Figure 3. LPi Neurons Are Direction Selective in Agreement with Layer-Specific Input from T4/T5 Terminals

(A) Representative frame from a two-photon calcium imaging experiment (LPi3-4 expressing GCaMP5G) with ROIs indicated with blue circles. Scale bar, 5 um.
(B) Average time-varying fluorescence (AF/F) across all ROls in response to square-wave gratings moving in the above indicated directions.

{C and D) LPi3-4 {(n = 7) and LPi4-3 (n = 10) neurons respond specifically to upward and downward motion, respectively (btf, back to front; ftb, front to back).
{E and F) Both LPi cell types respond optimally to gratings moving at a temporal frequency of 1 Hz{E,n=5; F,n=7).

{G) Individual LPi3-4 neuron boutons can show preferences for moving ON or OFF edges or mixed responses to both contrast polarities (n = 10 flies, n = 198

boutons).

{H) Calcium signals from individual LPi4-3 boutons {n = 8, n = 120) indicate an average preference for ON over OFF edges.
Contrast selectivity = (Ron — Rore)/{Ron + Rorr). Dashed vertical lines indicate the population mean. Data in {B) to (F) are represented as mean + SEM.

directions (Maisak et al., 2013). We directly tested this by
measuring VS cell responses in control and LPi block flies as a
function of motion direction. The directional tuning curve of VS
cells in control flies reveals a sinusoidal dependence on motion
direction, with negative potential changes around 90° (upward)
and positive potential changes around 270° (downward)(Fig-
ure 5A, black curve). Polarity and tuning width of the positive
and negative parts of the curve closely match those obtained
from calcium signals of T4d/T5d cells terminating in layer 4
and the inverse signals from T4c/T5c innervating layer 3 (Maisak
et al., 2013), respectively, further indicating that VS cells inte-
grate antagonistic inputs from oppositely tuned T4/T5 cells. As
expected, in LPi3-4 block flies, directions around 90° on average
did not evoke hyperpolarizing potential changes in VS cells (Fig-

ure 5A, red curve). The tuning curve for preferred directions
around 270°, however, resembled that of the control condition.
To test for a potential function in gain control, we presented grat-
ings at different contrasts (Figure 5B). The resulting response
functions showed lack of null direction inhibition selectively in
LPi3-4 block flies but were indistinguishable between both
experimental conditions for preferred directions. Last, we asked
whether LPi input might influence the dynamics of the depolariz-
ing VS cell responses to coherent pattern motion. To this end, we
tested a dynamic motion stimulus consisting of a sine-wave
grating changing velocity and direction according to a pseudo-
random velocity distribution. In control flies, the VS cells’ poten-
tial followed the pattem velocity with graded hyper- and depolar-
izations (Figures 5C-5E, black). In contrast, the responses in LPi
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Figure 4. LPi Neurons Convey Null Direction Responses to Tangential Cells

(A) Tetanus toxin light chain (TNT-E) is expressed in LPi3-4 neurons to silence synaptic release. Since expression by the driver line is confined to the dorsal part of
the lobula plate (demarcated by white line), visual stimuli to test LPi3-4 function were partly confined to the upper half of the visual field. Scale bar, 50 um. The
schematic depicts the experimental approach to probe LPi3-4 cell function by whole-cell voltage recordings from VS cells.

(B) Visual stimulation of flies with sine-wave gratings moving down {(preferred direction [PD]) or up {null direction [ND]) evokes de- and hyperpolarization in control
flies (Gal4, n = 9; UAS, n = 5). In LPi3-4 block flies (n = 10), hyperpolarizing responses to ND motion are selectively abolished. Voltage traces represent averaged

data, with SEM omitted for clarity.

(C) VS cell responses to moving ON and OFF edges are similarly affected with ND responses to both edge contrasts abolished in LPi3-4 block flies (Gal4, n = 9;

UAS n = 4; LPi3-4 block, n = 10).

Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.0001. Data are represented as mean + SEM.

block flies were largely clipped for negative velocities (upward
motion), while positive velocities (downward motion) were
still encoded in membrane depolarizations with no obviously
different dynamics (Figures 5C-5E, red).

Taken together, these data demonstrate that LPi3-4 neurons
integrate direction-selective information from T4 and T5 cells in
lobula plate layer 3 and convey this information to VS cells via
inhibitory synapses in layer 4, giving rise to the VS cells’ null di-
rection responses. However, the absence of inhibitory LPi3-4
input does not noticeably alter the direction tuning, gain, or dy-
namics of the remaining depolarizing tangential cell potential
changes in response to coherently moving patterns (Figures 4,
5, and S3).

Functional Implications of Motion Opponency

Since tangential cell dendrites —the postsynaptic targets of LPi
neurons —integrate inputs over large receptive fields (Figure 1J'),
we reasoned that motion opponency might serve to cancel out
incoherent motion signals impinging on different parts of the
dendritic tree. To test this, we devised three visual stimuli con-
taining opponent motion information (Figures 6A-6C): (1) 100
dots with random motion trajectories, reflecting independent ob-
ject motion (“motion noise”); (2) a radially expanding pattern
simulating flight through a tunnel (“expanding flow”); and (3) an
expanding black square as perceived during object approach
on a collision course (“looming square”). We presented these
patterns to control and LPi block flies while recording from VS
cells. Average responses in control flies were consistently subtle
for all patterns (Figures 6D-6G, black traces and bars). In
contrast, VS cells in LPi block flies showed robust depolariza-
tions (Figures 6D-6G, red traces and bars). These differences
were largely captured by model simulations of a motion detec-
tion circuit (for details, see Supplemental Experimental Proce-
dures) subjected to the same kind of stimuli (Figures 6H-8J).
We therefore conclude that, in the absence of motion opponent
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inhibition, VS cells are rendered sensitive to incoherent motion
signals and that the integration of motion opponent inputs serves
to reduce noise sensitivity and to increase flow-field selectivity in
wide-field neurons.

DISCUSSION

Motion detection is a fundamental function of all higher visual
systems. It is a paradigmatic model for sensory feature extrac-
tion since motion information is not explicitly encoded in the sin-
gle receptor response but has to be computed by downstream
neural circuits. Motion detection can be described as a two-
stage process (Borst and Egelhaaf, 1990; Egelhaaf et al., 1989;
Reichardt, 1987; van Santen and Sperling, 1985): In the first
stage, direction-selective signals are generated by correlating
the output from neighboring photoreceptors after asymmetric
temporal filtering. Neural substrates corresponding to these cor-
relators are, for instance, the T4/T5 cells of the fly optic lobes
(Maisak et al., 2013) and the dendrites of starburst amacrine cells
in the mammalian retina (Euler et al., 2002; Kim et al., 2014). In
the second stage, signals from oppositely tuned correlators
are subtracted from each other, giving rise to a fully opponent
output. This processing step is implemented in the fly optic
lobe on the dendrites of the lobula plate tangential cells (Borst
et al., 1995; Joesch et al., 2008), which receive two kinds of in-
puts: (1) a direct excitatory input from T4/T5 cells terminating
within the same lobula plate layer, giving rise to depolarization
during preferred direction motion (Maisak et al., 2013; Mauss
et al., 2014; Schnell et al., 2012); and (2) as shown here, an indi-
rect inhibitory input via bi-stratified LPi neurons from T4/T5 cells
terminating in the adjacent layer, causing hyperpolarization dur-
ing null direction motion (Figure 7).

GABAergic inhibition has been shown to shape response
properties of interneurons in early visual processing by medi-
ating lateral antagonistic effects in Drosophila (Freifeld et al.,
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Figure 5. Directional Tuning, Gain, and Dynamics of Preferred Direction Responses to Coherent Wide-Field Motion Are Normal in Absence of
LPi Input

(A) The directional tuning curve of VS cells in control flies {n = 6) shows a sinusoidal dependence on motion direction. Blocking LPi3-4 neurons (n = 6) selectively
clips all hyperpolarizing responses. ftb, front to back; btf, back to front.

(B) Preferred direction excitation as a function of pattern contrast is indistinguishable between control (n = 7) and LPi3-4 block conditions {n = 7). Null direction
inhibition is selectivity abolished for all contrasts in absence of LPi3-4 activity.

(C) Averaged VS cell voltage responses to sine-wave gratings dynamically moving up and down with velocities following a pseudo-random temporal profile (blue,
upward deflection represents downward motion). While the voltage responses in VS cells in control flies {black, n = 7) followed the velocity in both directions, the
VS cell membrane voltage in LPi3-4 block flies (red, n = 6) predominantly encoded PD (downward) motions.

(D) Scatter plot of average membrane voltage from VS cells in LPi block against control flies obtained from dynamic motion stimulation {blue trace in C; played
forward and backward). For positive control values, the distribution follows a positive linear relationship well described by y = 0.83x + 0.35 (R = 0.83), revealing
little differences between the two conditions. For negative control values, this relationship breaks down (y = 0.14x + 0.17; R? = 0.16), due to the clipped hy-
perpolarizing responses in LPi block flies.

(E) Cross-correlation of full, positively, and negatively rectified control and LPi block VS cell signals with the velocity profile of the dynamic motion stimulus {blue
trace in C; played forward and backward). Peak correlation for negatively rectified signals is significantly smaller in LPi block compared to control flies since
hyperpolarizing potentials are largely missing in the absence of LPi input. For the positively rectified signals, no significant difference is observed. Hence, the lack
of inhibitory LPi3-4 input to VS cells does not alter the dynamics of their depolarizing responses.

Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.001. Data are represented as mean + SEM. See
also Figure S3.

2018). Work in the Calliphora visual system has ascribed a more
specialized role for GABAergic transmission in mediating null
direction inhibition, based on experiments using picrotoxinin as
a GABA receptor antagonist (Brotz and Borst, 1996; Egelhaaf
et al., 1990). Unexpectedly, in the same context, we have identi-
fied glutamate as the underlying neurotransmitter in Drosophila.
This discrepancy is perhaps due to neglecting the action of the

pharmacologic compound as a rather unspecific chloride chan-
nel blocker (Liu and Wilson, 2013; Marder and Paupardin-
Tritsch, 1978; Mauss et al., 2014) in earlier work. It should also
be noted that, in Calliphora, picrotoxinin application was shown
to have two effects on tangential cell motion processing:
preferred direction depolarization was enlarged, and null direc-
tion hyperpolarization was replaced by noticeable depolarization
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Figure 6. Silencing Inhibitory Motion-Opponent Input to Tangential Cells Increases Responses to Motion Noise and Non-uniform Flow-Field
Patterns

(A-C) Stimulation arena showing images from visual patterns used to probe VS cell responses in control and LPi3-4 block flies. Independent motion of 100 dots
following random two-dimensional trajectories (A); expanding flow field simulating flight through a tunnel (B); and looming black square (C) with angular size as a
function of time shown in (F).

(D-F) Averaged recording traces (n = 6) from Gal4 control (black) and LPi3-4 block (red) flies subjected to the above shown visual patterns (four independent
pattemns for each D and E).

(G) Bars represent average baseline-subtracted responses. Shaded gray areas in (D) to (F) demarcate the response time window used for quantification. VS cell
responses in control flies were small for all stimuli with average depolarizations of < 1.5 mV. In contrast, VS cells without motion-opponent inhibitory input (LPi
block flies) showed significantly higher depolarizations (>4 mV).

(Hto J) Tangential cell responses could be largely captured by a computational model incorporating spatial integration of elementary motion detectors with and
without motion-opponent subtraction (see Supplemental Experimental Procedures for details).

Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.005. Data are represented as mean + SEM.

(Single et al., 1997). This was interpreted as evidence for weak
directional tuning of the inputs, i.e., the later identified T4/T5
cells. A similar result was observed in Drosophila (A.S.M., unpub-
lished data). The LPi3-4 block in Drosophila, however, did not
produce a prominent null direction depolarization, and preferred
direction excitation was indistinguishable from the control condi-
tion (Figures 4, 5, and S3). Since a recent study demonstrated
narrow directional tuning of the T4/T5 cells (Maisak et al.,
2013), rendering postsynaptic directional response sharpening
unnecessary, we suggest that picrotoxinin off-target effects on
glutamate or GABA receptors in the upstream circuit are respon-
sible for this inconsistency, and genetic LPi block represents a
more suitable approach to eliminate null direction inhibition.
We have focused our analysis on the LPi3-4 neurons and their
postsynaptic partners in layer 4, the VS cells, because of their
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experimental accessibility. However, our findings can be most
likely extended to the other layers. Tangential cells with den-
drites in layer 3 have been identified in other fly species (Hausen,
1976, 1984; Wertz et al., 2008). Such so-called V2 cells are mo-
tion opponent with preference to upward flow, in agreement with
their presumed inputs from excitatory layer 3 T4/T5 cells. Since
our data indicate that the LPi4-3 neurons convey glutamatergic
signals selective for downward motion to lobula plate layer 3, it
seems plausible that a motion-opponent wiring complementary
to the LPi3-4/VS cell connectivity exists as well (Figure 7). The
preference of LPi4-3 cells to ON over OFF edges is unexpected
because in contrast to tangential cells, LPi4-3 neurons appear
to be able to differentiate between T4/ON and T5/OFF input.
Whether this finding hints toward an ON-selective null direction
inhibition in layer 3 postsynaptic cells, perhaps dictated by
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opponent response in VS cells. LPi4-3 neurons likely contribute to a complementary circuit in the other direction. Additional LPi neurons are postulated to
constitute a corresponding motion-opponent circuit for the horizontal system tangential cells in layers 1 and 2. A, anterior; P, posterior; M, medial; L, lateral.

certain natural stimulus statistics, or whether it reflects merely a
bias of the driver line for an ON-selective LPi4-3 subgroup re-
mains to be investigated. Some presynaptic swellings of the
complementary LPi3-4 cells also exhibited polarity preference,
but at present, it is unclear whether this indicates a similar T4/
T5 selectivity on a cell-by-cell basis or stochastic sampling of in-
puts. The functional architecture of lobula plate layers 1 and 2
strongly resembles the one of layers 3 and 4 with a 90° direc-
tional tuning shift (Figure 7): motion-opponent HS cells with a
preference for front-to-back motion ramify their dendrites exclu-
sively in layer 1 (Schnell et al., 2010), while motion-opponent Hx
cells that prefer back-to-front motion confine their dendrites to
layer 2 (Wasserman et al., 2015). We therefore anticipate the
existence of at least two complementary horizontal LPi cell
types in those layers too. It thus seems that global motion infor-
mation is processed initially in two segregated horizontal and
vertical subsystems with little direct interaction. Rather than
representing the cardinal directions in a clock- or counter-clock-
wise manner, the four lobula plate layers are arranged such that
opposite directions are represented side by side. This functional
organization might serve to facilitate efficient nearest-neighbor
interactions of motion-opponent signals.

Similar to the fly lobula plate, the dorsal lateral geniculate nu-
cleus (ALGN) in mammals relays direction-selective signals from
the retina to higher brain centers (Cruz-Martin et al., 2014). Some
fundamental parallels in the organization of the two brain regions
seem to exist. Their input channels, T4/T5 neurons in flies and
ON/OFF direction-selective ganglion cells in mammals, predom-
inantly encode the four cardinal directions of motion up, down,
left, and right (Maisak et al., 2013; Piscopo et al., 2013). The
anatomical separation of the vertical and horizontal subsystems
in flies seems to be mirrored, at least to a degree, in the dLGN,
where opposing horizontal direction information resides in the
superficial region of mouse dLGN, segregated from vertical mo-
tion (Marshel et al., 2012). Moreover, a feed-forward inhibitory

principle to generate motion opponency that we describe in
the fly might also prevail in the dLGN, where directionally selec-
tive output neurons were suggested to integrate opposing sig-
nals from retinal ganglion cells (Levick et al., 1969; Oyster
et al., 1971), possibly directly and indirectly via local inhibitory
neurons (Cox et al., 1998; Singer, 1977; Wang et al., 2011). How-
ever, many mammalian dLGN neurons are also orientation selec-
tive, potentially obtaining this property by integrating opponent
excitatory direction-selective input (Cruz-Martin et al., 2014;
Marshel et al., 2012; Piscopo et al., 2013).

Associated with their proposed role as matched filters for
sensing the optic flow generated by an animal’s self-motion, in
contrast to dLGN neurons, lobula plate tangential cells have large
receptive fields, in some cases covering more than 100 degrees
of visual space (Hopp et al., 2014; Joesch et al., 2008; Krapp
and Hengstenberg, 1996; Schnell et al., 2010). Independent
movement, e.g., originating from conspecifics or foliage, thus
poses a challenge to the system by providing excitatory drive to
tangential cells not associated with self-motion. Our experiments
with intact and silenced LPi neurons support the idea that such in-
puts are attenuated by antagonistic signals from oppositely mov-
ing objects elsewhere in the visual scene (Figure 6D). Perhaps
more importantly, different flight maneuvers generate ambiguous
optic flow patterns in sub-parts of the receptive field. For
instance, both lift and forward translation cause downward optic
flow in the ventral visual field, while only the latter produces up-
ward flow dorsally. Taking into account excitation only, a reliable
distinction between those patterns, especially under varying stim-
ulus intensities, i.e., contrasts as experienced in natural scenes,
seems inconceivable. We have demonstrated (Figures 6E and
6F) that LPi cells strongly reduce such ambiguities, most likely
by cancelling the excitation caused in one part of the dendrite
by inhibition in another part. Motion opponency is thus reminis-
cent of other neural opponent mechanisms. In the classical
example of color opponency, neural comparison discriminates
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sensory signals that are ambiguous at the level of photoreceptors
in terms of wavelength and stimulus intensity. Notably, while color
vision requires at least two separate measurements at any point
in space, motion opponency disambiguates different optic flow-
fields derived from the same photoreceptor responses. Given
that wide-field motion-sensitive neurons in various other systems
are also motion opponent (Collett and Blest, 1966; Duffy and
Wurtz, 1991; Ibbotson, 1991; Wylie et al., 1998), we suggest
that such a mechanism might be universally required to increase
sensitivity and selectivity for optic flow-fields associated with self-
motion. Similar neural comparators might be widely used for the
extraction of equally complex sensory features.

EXPERIMENTAL PROCEDURES

Flies
Details about all fly stocks and genotypes can be found in the Supplemental
Experimental Procedures.

Immunostaining

Brains were dissected in phosphate-buffered saline and were fixed in 4% PFA
with 0.1% TritonX or, for anti-vGlut and anti-GAD1, with Bouin’s fixative.
Brains were subsequently washed and sequentially stained with primary and
fluorophore-conjugated secondary antibodies. 2% normal goat serum was
added to all primary and secondary antibody solutions. Brains were optically
sectioned with a Leica TCS SP5 confocal microscope. Brains expressing
GRASP components were fixed and stained against the neuropile marker
bruchpilot. Afterward, native GRASP fluorescence was visualized. For more
details, please refer to the Supplemental Experimental Procedures.

Multicolor Stochastic Labeling

Stochastic single-cell labeling was carried out using “MultiColor FlpOut™
(MCFO) (Nern et al., 2015), a multicolor adaptation of the “flp-out” approach
(Struhl and Basler, 1993).

Transcript Profiling

The transcript profiling protocol was modified from the method described pre-
viously (Takemura et al., 2011). For details, please see the Supplemental
Experimental Procedures, Table S1, and Figure S4.

Two-Photon Calcium Imaging

Two-photon imaging was performed on a custom-built microscope, as previ-
ously described (Maisak et al., 2013). Images were acquired at a frame rate of
1.88 Hz.

Electrophysiology, Optogenetic Stimulation, and Pharmacology
Electrophysiological and optogenetic experiments were performed as described
previously (Mauss et al., 2014). Picrotoxinin (PTX; Sigma P8390) was dissolved in
dimethylsulfoxide at 50 mM and was kept as a stock at —20°C. For experiments,
PTX was diluted in external solution to 25 uM and washed in (10 min) and out
(30 min) at 2 mVmin.

Visual Stimulation

Custom-built LED arenas were used for visual stimulation in calcium imaging
and electrophysiology experiments. The arenas covered ~170° and 90° in az-
imuth and elevation, respectively, and allowed refresh rates of 550 Hz and 16
intensity levels (Maisak et al., 2013). Identical visual stimuli were presented in
three to five trials in every experiment, usually in a randomized sequence.
Please refer to the Supplemental Experimental Procedures for more details.

Physiological Data Analysis

Data from VS cell recordings and LPi calcium imaging experiments were eval-
uated using custom-written analysis scripts in Matlab. Details can be found in
the Supplemental Experimental Procedures.
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Modeling

Stimuli were calculated at 1° spatial and 10 ms temporal resolution. Every
stimulus frame was convolved with a radial Gaussian function of 5° half-width
and down-sampled to an array of 40 x 40 photoreceptors, corresponding to
an angular separation of 5° between neighboring receptors. Please see the
Supplemental Experimental Procedures for detailed parameters of the model.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.cell.2015.06.035.
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Genotype Antibody Optic lobes analyzed | GFP-positive cells | Co-stained LPi cells
w;UAS-mCD8-GFP; a-vGlut 5 114 99.1%
R20D01-Gal4

w;UAS-mCD8-GFP; a-vGlut 3 42 97.6%
R38G02-Gal4

w;UAS-stinger-GFP/+; | «-ChAT 1 24 0%
R20D01-Gal4/+

w;UAS-stinger-GFP/+; | a.-ChAT 1 7 0%
R38G02-Gal4/+ |

w;UAS-mCD8-GFP; «-GAD1 5 134 3.7%
R20D01-Gal4

w;UAS-mCD8-GFP; «-GAD1 3 61 3.3%
R38G02-Gald

Figure S1. Neurotransmitter Phenotype of LPi Neurons, Related to Figure 2

{A-D) Immunostaining of brains expressing GFP in LPi3-4 (A and B) and LPi4-3 neurons (C and D) with antibodies against choline acetyltransferase (ChAT) and
glutamic acid decarboxylase 1 {GAD1) does not show co-localization, indicating that LPi cells are neither cholinergic nor GABAergic.

(E) Quantification of neurotransmitter marker co-localization with GFP-expressing LPi neurons.

Scale bar 20 um (10 um for magnified views from demarcated boxes). Genotypes: (A) w ; UAS-stinger-GFP/+ ; R20D01-Gal4/+, (B) w ; UAS-mCD8-GFP/+ ;
R20D01-Gal4/+, {C) w™ ; UAS-stinger-GFP/+ ; R38G02-Gal4/+, (D) w™ ; UAS-mCD8-GFP/+ ; R38G02-Gal4/+.
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R20D01-LexA>CD2-GFP R20D01-Gal4>CD8-RFP s

Figure S2. Membrane Contact between LPi3-4 and VS Cells Labeled by GRASP, Related to Figure 2

(A-D) GRASP signal is detected in lobula plate (LP) layer 4 using four different LPi3-4/VS cell driver line combinations (Lo, lobula; Me, medulla). (D) is the same
confocal image as shown in Figure 2D.

(E-J) Expression pattems of the individual Gal4 and LexXA lines used for GRASP experiments.

Scale bar 20 um. Genotypes: {A) DB331-Gal4/+ ; lexAop-CD4-spGFP11, UAS-CD4-spGFP1-10/R20D01-LexA ; +, (B) w ; lexAop-CD4-spGFP11, UAS-CD4-
spGFP1-10/R20D01-LexA ; VT58488-Gald/+, (C) w ; lexAop-CD4-spGFP11, UAS-CD4-spGFP1-10/R20D01-LexA ; VT0025-Gal4/+, (D) w ; lexAop-CD4-
spGFP11, UAS-CD4-spGFP1-10/VT23749-LexA ; R20D01-Gal4/+, (E) DB331-Gal4 ; UAS-mCD8-GFP/+; +, (F) w™ ; UAS-mCD8-GFP/+ ; VT58488-Gal4/+, (G) w';
UAS-mCD8-GFP/+ ; VT0025-Gald/+, (H) w ; VT23749-LexA/+ ; lexAop-CD2-GFP/+, {l) w ; R20D01-LexA/+ ; lexAop-CD2-GFP/+, (J) w ; UAS-mCD8-RFP/+ ;
R20D01-Gal4/+.
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Figure S3. VS Cell Preferred Direction Responses to Moving Gratings Are Not Affected by the Absence of Null Direction Inhibition, Related to
Figure 5

{A) Schematic to illustrate the experimental approach to probe LPi3-4 cell function by whole cell voltage recordings from VS cells. LPi3-4 output is silenced by
TNT-E expression (genotypes as in Figure 5 and 6)

(B) Stimulation with a still grating followed by 2 s downward motion and stimulation with 2 s upward followed by 2 s downward grating motion, moving gratings
presented at 1 Hz temporal frequency. For both stimulus conditions, preferred direction excitation is indistinguishable between the control and LPi3-4 block
condition, showing that preceding inhibitory stimulus history does not affect the gain of the depolarizing output of tangential cells on a timescale of several
seconds.

(C) Stimulation with moving gratings of two sizes: 50° x 100° (square-wave grating) and 50° x 50° (sine-wave grating, data taken from Figure 4B). Gratings were
presented at 1 Hz temporal frequency. While null direction responses are selectively abolished in LPi3-4, preferred direction depolarization is identical in both
experimental conditions, irrespective of the stimulus window size.

Significant differences were established using a two-tailed Wilcoxon rank-sum test with * indicating p < 0.001. Data are represented as mean + SEM.
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Figure S4. PCR Amplification of Transcripts Isolated from Whole Heads, Related to Experimental Procedures
Functionality of gene-specific primers used to detect transcript expression in individual neurons was tested on RNA isolated from heads of Canton S flies. The
PCR products detected in the gel match their expected sizes (see Table S1, Supplemental Experimental Procedures).
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Flies. Flies were raised at 25°C and 60% humidity on standard cornmeal agar medium at a 12 h
light/dark cycle. The following fly strains were used: Canton-S wildtype, R20D01-Gal4™"? (LPi3-4),
R38G02-Gal4™™ (LPi4-3), R42F06-Gal4™™ (T4/T5), R20D01-LexA™"*’ (LPi3-4), DB331-Gald on X
(courtesy of R. Stocker) (Joesch et al., 2008), VT58488-Gal4™ ", VT0025-Gal4™"?, VT23749-LexA™"*
recombined JexAop-CD4-spGFP11, UAS-CD4-spGFP1-10 on 2™ (Gordon and Scott, 2009), UAS-mCD8-GFP
on 2™ (all VT, GRASP and CD8-GFP lines courtesy of Barry Dickson), UAS-synaptotagmin-HA on 2™ (UAS-
syt-HA, courtesy of Andreas Prokop) (Lohr et al., 2002; Robinson et al., 2002), multicolor flip-out line
MCFO-7 (Nern et al., 2015), UAS-Channelrhodopsin2-H134R-mCherry on 2™ (UAS-ChR2-H134R, courtesy
of Stefan Pulver) (Mattis et al., 2012; Nagel et al., 2005; Pulver et al., 2009), norpA’ on X (dysfunctional
phototransduction mutant EE5) (Hotta and Benzer, 1970), UAS-stinger-GFP on 2™, UAS-GCaMP5G™*"*
(Akerboom et al., 2012), UAS-TNT-E on 2™ (Sweeney et al., 1995). If not otherwise indicated, flies were
obtained from the Bloomington stock center.

Genotypes for experiments

Figure 1

(A) w; UAS-synaptotagmin-HA, UAS-mCD8-GFP/+ ; R20D01-Gal4/+

(B) w'; UAS-synaptotagmin-HA, UAS-mCD8-GFP/+ ; R38G02-Gal4/+

(C—E) R57C10-FIp2::PEST™ " ; + ; pJFRC201-10XUAS-FRT>STOP>FRT-myr::smGFP-HA"* | pJFRC240-
10XUAS-FRT>STOP>FRT-myr::smGFP-V5-THS-10XUAS-FRT>STOP>FRT-myr::smGFP-FLAG™ /@1
pJFRC210-10XUAS-FRT>STOP>FRT-myr::smGFP-OLLAS®"*/R20D01-Gal4

(F=H) R57C10-Flp2::PEST™* ; + ; pJFRC201-10XUAS-FRT>STOP>FRT-myr::smGFP-HA" "%, pJFRC240-
10XUAS-FRT>STOP>FRT-myr::sSmGFP-V5-THS-10XUAS-FRT>STOP>FRT-myr::smGFP-FLAG /a1
pJFRC210-10XUAS-FRT>STOP>FRT-myr::smGFP-OLLAS™"*/R38G02-Gal4

()) pBPhsFIp2::PEST™ " /+ ; OL-KD (29C07-KDGeneswitch-4)""°/+ ; R57C10-GAL4™™, tubP-KDRT>GAL8O-
6-KDRT>*%%? /1 JFRC201-10XUAS-FRT>STOP>FRT-myr::smGFP-HA"% | pJFRC240-10XUAS-
FRT>STOP>FRT-myr::smGFP-V5-THS-10XUAS-FRT>STOP>FRT-myr::smGFP-FLAG®“(fwattP1

Figure 2

(A) w ; UAS-stinger-GFP/+ ; R20D01-Gal4/+

(B) w ; UAS-stinger-GFP/+ ; R38G02-Gal4/+

(C, left) w ; UAS-mCD8-GFP/+ ; R20D01-Gal4/+

(C, right) DB331-Gal4 ; UASmCD8-GFP/+

(D) w'; lexAop-CD4-spGFP11, UAS-CD4-spGFP1-10/VT23749-LexA ; R20D01-Gal4/+

(E, red trace) norpA7 ; UAS-ChR2-H134R ; R42F06-Gal4

(E=H) norpA” ; UAS-ChR2-H134R ; R20D01-Gal4

Figure 3

w ; UAS-GCaMP5G ; R20D01-Gal4

w ; UAS-GCaMP5G ; R38G02-Gal4



Figure 4 to 6

w’; +; R20D01-Gal4

w’; UAS-TNT-E ; +

w*; UAS-TNT-E ; R20D01-Gal4

Immunostaining. Brains were dissected in PBS and fixed in 4% PFA with 0.1% TritonX for 25 min at room
temperature with the exception of anti-vGlut and anti-GAD1 stainings for which brains were fixed in
Bouin’s fixative (Gregory, 1980) for 5 min at room temperature. Brains were subsequently washed 3-4
times in 0.5% PBT. The primary antibodies used were mouse anti-bruchpilot (nc82, Developmental
Studies Hybridoma Bank, 1:200), rabbit anti-GFP (Torrey Pines Biolabs, 1:500), rat anti-HA (Roche,
1:200), chicken anti-GFP (Rockland, 1:500), mouse anti-ChAT (courtesy of P. Salvaterra, 1:200)
(Takagawa and Salvaterra, 1996), rabbit anti-vGlut (courtesy of A. DiAntonio, 1:200) (Daniels et al.,
2004), rabbit anti-GAD1 (courtesy of F.R. Jackson, 1:200) (Featherstone et al., 2000) and rabbit anti-
Tetanus Toxin (Statens Serum Institut, 1:5000). The secondary antibodies all used at 1:500 were goat
anti-chicken Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 568, goat anti-
mouse Alexa Fluor 568, goat anti-rat Alexa Fluor 568 (Life Technologies) and goat anti-mouse ATTO
647N (Rockland). 2% normal goat serum was added to all primary and secondary antibody solutions.
Brains were mounted (IMM; ibidi) and optically sectioned with a Leica TCS SP5 confocal microscope.
Brains expressing GRASP components were fixed, stained against the neuropile marker bruchpilot and
mounted as described above. Afterwards, native GRASP fluorescence was visualized.

Multicolor stochastic labeling. “Multicolor FlpOut” (MCFO) labeling was carried out as described (Nern
et al, 2015). Briefly, low level FLP recombinase expression was used to excise FRT-flanked
transcriptional terminators from UAS reporter constructs carrying HA, V5 and FLAG epitope tags,
respectively. Epitope tags were visualized by indirect immunofluorescence and images acquired on a
Zeiss LSM 710 confocal microscope with a 63x 1.4 NA objective. Images were processed using Janelia
Workstation and NeuronAnnotator software (Janelia Fly Light Scientific Computing Team, unpublished).
The latter is a modified version of V3aaD (Peng et al., 2010). The images shown are reoriented substack
projections generated using NeuronAnnotator and exported as TIFF-format screen shots. Manual
segmentation of neurons from MCFO samples was carried out wusing Fluorender
(http://www.sci.utah.edu/software/fluorender.html). The VS cell shown in Figures 1) and 1) was

labeled with a method that combines MCFO with a second recombinase system to obtain sparse
labeling of optic lobe neurons from a “pan-neuronal” GAL4 driver (“Two-recombinase MCFQ”, for details
see Nern et al. 2015).

Transcript profiling. The transcript profiling protocol was modified from the method described
previously (Takemura et al., 2011). Lobula plate tangential cells were isolated from the line DB331-Gal4 ;
UAS-mCD8-GFP/+. Flies were dissected and cells were exposed using the same procedure as for the
electrophysiology experiments. For the LPi cells isolation, flies with the genotype w™ ; UAS-mCD8-GFP/+ ;
R20D01-Gal4/+ were decapitated and their heads were fixed on a plastic holder with wax. Subsequently,
retina and lamina were removed and the medulla was digested with 2 mg/ml Protease Type XIV (Sigma).
GFP-expressing somata were harvested using custom-pulled capillaries and kept at -80°C. Five cells were
collected into the same tube in order to increase the amount of mRNA for detection. cDNA synthesis



reaction was performed using SuperScript Il First-Strand Synthesis SuperMix (Life Technologies).
Reactions were primed with random hexamers and carried out exactly as directed by the manufacturer’s
instructions. Synthesized cDNA was amplified by nested PCR on FlexCycler (Analytik Jena) using
DreamTaq Green PCR Master Mix (Thermo Scientific) and gene-specific primers (Table S1). The PCR
amplification programs for the first and second round of PCR were as described previously (Takemura et
al., 2011). In order to distinguish between PCR products amplified from genomic DNA and cDNA, primers
were designed such that they amplified gene regions containing an intron. Size of PCR products was
analyzed by agarose gel electrophoresis. For every cDNA synthesis, two control gene sequences were
PCR amplified: mouse CD8 transgene was included as a positive control and glial marker repo as a
negative control. Functionality of primers used was tested on RNA obtained from heads of Canton S
flies. Total RNA was isolated using TRIzol Reagent (Life Technologies), purified with RNeasy Mini Kit
(Qiagen) and treated with DNase I, Amplification Grade (Life Technologies). cDNA synthesis and PCR
amplification were performed as described above and the expected size of PCR products was confirmed
by agarose gel electrophoresis (Figure S4).

Two-photon calcium imaging. Two-photon imaging was performed on a custom-built microscope as
previously described (Maisak et al., 2013). Images were acquired at a frame rate of 1.88 Hz.

Electrophysiology. Electrophysiological experiments were performed as previously described (Mauss et
al., 2014). For all experiments 1d old female flies kept at 25°C were used. For optogenetic experiments,
yeast paste containing 1 mM all-trans-retinal (ATR, R2500; Sigma Aldrich) was fed to freshly eclosed
flies. Using a plastic holder and bees wax, flies were attached beneath a recording chamber with the
back of their heads inserted into a small cutout in the bottom of the chamber consisting of thin foil.
Under external solution, a window was cut into the head capsule on one side using a hypodermic needle
to expose the brain. Further dissection and recordings were performed under a Zeiss Axiotech vario
microscope. Under polarized light contrast, the glial sheath was digested locally by applying a stream of
0.5 mg/ml Collagenase IV (Gibco) through a cleaning micropipette (~5 pum opening) (Maimon et al.,
2010). Whole cell recordings were established with patch electrodes of 5-8 MQ resistance. Signals were
recorded using a BA-1S bridge amplifier (npi Electronics), low-pass filtered at 3 kHz, and digitized at 10
kHz via an analog/digital converter (PCI-DAS6025; Measurement Computing). All physiological data were
acquired in Matlab (R2010b; Mathworks) using the data acquisition toolbox. Normal external solution
contained the following (in mM): 103 NaCl, 3 KCI, 5 TES, 10 trehalose, 10 glucose, 3 sucrose, 26 NaHCO3;,
1 NaH,PQ,, 1.5 CaCl,, and 4 MgCl,, pH7.3-7.35, ~280m0Osmol/kg. External solution was carboxygenated
(95% 0,/5% CO,) and constantly perfused over the preparation at 2 ml/min. Internal solution, adjusted
to pH 7.26 with 1N KOH, contained the following: 140 K-aspartate , 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP, 1
EGTA, 1 KCl, and 0.1 Alexa Fluor 488 hydrazide salt (~265 mOsmol/kg).

Pharmacology. Picrotoxinin (PTX; Sigma P8390) was dissolved in dimethylsulfoxide at 50 mM and kept
as a stock at -20°C. For experiments, PTX was diluted in external solution to 25 uM and washed in (10
min) and out (30 min) at 2 ml/min.

Optogenetic stimulation. Optogenetic stimulation was performed as previously described (Mauss et al.,
2014). Light pulses were delivered by a Lambda DG-4 Plus wavelength switcher (Sutter) with a 300W



Xenon Arc lamp via the epifluorescence light path of the microscope through a 40x/0.8 NA water-
immersion objective (LUMPlan FI; Olympus). Intensities were measured with a power meter (Thorlabs
PM100D) under the objective in air and irradiance per mm?’ estimated, as indicated in Figure 2. Light
stimuli were triggered via the data acquisition software with voltage steps. A stimulus trial consisted of
eight light pulses interleaved by 5 s.

Visual stimulation. Custom-built LED arenas were used for visual stimulation in calcium imaging and
electrophysiology experiments. The arenas were engineered and modified based upon Reiser and
Dickinson (2008), covered approx. 170° and 90° in azimuth and elevation, respectively, and allowed
refresh rates of 550 Hz and 16 intensity levels (Maisak et al., 2013). Identical visual stimuli were
presented in 3-5 trials in every experiment, usually in a randomized sequence. Patterns were smoothed
by sub-maximal intensity steps so that 4 to 10 frames, depending on the pattern, corresponded to
progression across one LED, i.e. pixel. For calcium imaging, stimuli were presented over the whole
arena. For the direction tuning (Figure 3C and 3D), square-wave gratings with a spatial wavelength of
24° were shown running at 24°/s (corresponding to a temporal frequency of 1 Hz) in 12 directions
separated by angles of 30°. Subsequently shown directions differed by 150° to avoid stimulating
neighboring directions in direct succession. For the velocity tuning (Figure 3E and 3F), square-wave
gratings with a spatial wavelength of 24° running in the preferred direction were presented at temporal
frequencies from 0.05 to 10 Hz. Vertically running ON and OFF edges were presented at a velocity of
30°/s (Figure 3G and 3H). To probe visual VS cell responses in control and LPi block experiments, visual
stimuli (except edges and expanding flow fields) were presented fronto-dorsally on the ipsilateral side,
to account for GAL4 expression in the LPi3-4 driver line predominantly in cells covering the dorsal visual
field. Grating stimuli had the following parameters. Figure 4B: sine-wave grating, 20° spatial wavelength,
1 Hz temporal frequency, 50° x 50° rectangular window; Figure 5A: square-wave grating, 24° spatial
wavelength, 1 Hz temporal frequency, 50° diameter round window; Figure 5B: square-wave grating, 24°
spatial wavelength, 1 Hz temporal frequency, 50° elevation x 100° azimuth rectangular window; and
Figure 5C to E: sine-wave grating, 24° spatial wavelength, dynamic motion, 50° x 50° rectangular
window. Horizontal edges (Figure 4C) subtended the full arena and moved vertically at a velocity of
22.5°/s. Four different random motion noise stimuli (Figure 6A) were tested each generated with the
same parameters. Each consisted of 100 small squares (4x4 pixels, bright on dark) independently moving
in x and y with random trajectories according to a Gaussian velocity distribution (u = 0°/s, o = 20°/s). To
simulate forward translation (Figure 6B), four random expanding flow fields were generated with the
same parameters: 24 objects/s (1 cm half-size, bright on dark) approaching the observer at 10 cm/s and
passing at a lateral distance of 10 cm. The angular displacement from the focus of expansion (~34°
azimuth, ~0° elevation) can be described by tan™ (d/vt) and the angular increase in size of each object by
2-tan? (IfV(d*+vt?)), with d denoting lateral distance, / the object half-size, v the approach velocity and ¢
the time to passing. The looming square (Figure 6C) simulated a dark object of 5 cm on a collision course
approaching at 10 cm/s. The time-varying angular size 6(t) can be described by 2-tan™ (I/vt), with /
denoting the object half-size, v the approach velocity and t the time to collision. All patterns except for
Figure 5B were shown at full arena contrast.



Physiological data analysis. Data from LPi calcium imaging and VS cell recording experiments were
evaluated using custom-written analysis scripts in Matlab. Two-photon calcium imaging: Time series of
relative fluorescence changes (AF/F) were calculated from the raw image series. Regions of interest
(ROIs) were selected by hand with a diameter of about 1-2 um, encompassing single putative
presynaptic boutons. For every ROI, calcium signals were averaged over 3-5 stimulus repetitions. Visual
responses were calculated as the peak amplitude of the average calcium signal during presentation of
the respective stimulus subtracted by the preceding baseline calculated from the average of the 2
frames before stimulus presentation. These ROI responses were normalized to the maximum response
of this ROI, averaged across ROIls within flies, and then averaged across flies. Only for edge selectivity,
single ROIs were considered separately, and their selectivity for ON or OFF edges was quantified using a
contrast selectivity index, calculated as CSI = (Ron - Rore)/(Ron + Rore), With Ron an Roge being the
baseline subtracted responses to ON and OFF edges, respectively. Electrophysiology: To evaluate VS cell
responses to optogenetic LPi3-4 stimulation (recorded cells identified anatomically by dye-labeling),
eight trials for each cell and condition were averaged and taken for analysis. Those were then averaged
across cells and plotted with shaded area as SEM (Figures 2E-2G), or baseline-subtracted minima taken
for quantification (Figure 2H). To probe visual tangential cell responses (Figures 4 to 6), cells were
selected for robust downward motion responses and after the recording session their VS cell identity
could be confirmed by anatomy in most cases. Neurons with lateral receptive fields (¥90° azimuth) were
discarded right away and three out of eight UAS control flies with both weak preferred and null direction
responses were not included in the analysis. Resting membrane potentials of included VS cells
(corrected for the experimentally measured liquid junction potential of 11.5 mV) in Gal4 control, UAS
control and LPi block flies amounted to -51 mV £ 0.4, -50 mV % 0.5, and -50 mV + 0.3 SEM, respectively.
Measurements associated with Figure 4, Figures 5A and 5B and Figure S3 were down-sampled to 1 kHz
and those associated with Figure 5C and Figure 6 to 0.1 kHz. Responses to four stimuli repetitions were
averaged for each cell. In the case of ‘motion noise’ and ‘expanding flow field’ patterns, responses to
four trials and four independent patterns (randomly generated with same parameters) were averaged.
For quantification, except for edges and looming squares, the membrane potential during 4 s motion
was measured and a 1 s baseline prior to motion onset subtracted. To quantify responses to full field
edges, a 2 s time window within 4 s stimulation was chosen, in which the edges progressed through the
upper half of the arena projecting to the dorsal visual field of the lobula plate, which contains the LPi3-4
cells targeted by the R20D01-Gal4 driver line (Figure 4A). To quantify responses to the looming stimulus,
an arbitrary 2 s response time window was chosen (indicated in Figure 6F). Plotted quantified values in
all figures correspond to the mean + SEM. Significant differences were established using a two-tailed
Wilcoxon rank-sum test in Matlab.

Modeling. Stimuli were calculated at 1° spatial and 10 ms temporal resolution. Every stimulus frame was
convolved with a radial Gaussian function of 5° half-width and down-sampled to an array of 40x40
photoreceptors, corresponding to an angular separation of 5° between neighboring receptors. Signals of
lamina cells L1 and L2 were calculated by a high-pass filter (time constant 250 ms) plus 10% of the input
(Eichner et al., 2011). L1 and L2 signals were processed separately in ON (L1) and OFF (L2) pathways
(Joesch et al., 2010): The ON (L1) signal was obtained by half-wave rectifying the signal at a threshold of
0, the OFF (L2) signal was inverted and have-wave rectified at a threshold of 0.05. These signals were



then low- and high-pass filtered within each pathway with time constants of 100 and 300 ms,
respectively. To obtain the responses of the 4 groups of T4 and T5 cells (one for each direction), low-
and high-pass filtered signals from neighboring columns were multiplied accordingly (e.g. T4a = low-pass
left * high-pass right, T4b = low-pass right * high-pass left, etc.). T4 and T5 signals were then half-wave
rectified with a threshold of 0.005. The signal of VS cells in control flies was calculated as the spatial sum
of all 40x40 T4d and T5d cells (i.e. downward tuned) minus the sum of all T4c and T5c cells (i.e. upward
tuned). To simulate the condition of LPi block, the VS cell signal was calculated without subtraction of
T4c and T5c cells.

Table S1. Primer pairs used for the PCR amplification of gene-specific sequences, Related to
Experimental Procedures

Gene First-round primers (5’ - 3’) Nested primers (5’ - 3’) Expected nested PCR
product size
Template: | Template:
DNA cDNA
mouse CD8 _ F: AAGGTGGACCTGGTATGTGAAGTG | 266 bp 266 bp
R: ACCGAGTTGCTGATGACTGAG
Repo (CG31240) F: GAAGCAGCAGCAAGAAGAAGG F: GGCATCAAGAAGAAGAAGACG 552 bp 137 bp
R: CACGGGATTCGCTCAGATTCA R: GATTCGCTCAGATTCAGCTTG
ChAT (CG12345) F: ACCGGGAAATGCTTCAGGAG F: GCAATCAACGCAATCTGGAGC 336 bp 272 bp
R: GTCCACACTCTTGGAGGCTT R: GGAACAGGAGTGCTCATAGCA
vGlut (CG9887) F: TCCCGGCCAACAAGATATTC F: TGCATCTCTTCGTGCCATTCG 807 bp 339 bp
R: AACTTGTGCTTGAGGAACG R: GTATGCTGATGGCCGGATGTT
VvGAT (CG8394) F: GCCCGTATAGCAGCAGATGT F: GCGATACGATGAACATGCCC 223 bp 151 bp
R: CAGCAAACGGACGGCTTTAG R: CAGCAAACGGACGGCTTTAG
GluClo. (CG7535) | F: GACGGATGAACGCCTCAAGT F: TCGAACGAGAAGGAGGGACA 533 bp 265 bp
R: TTCTCCAGTGTGAAGCGAGG R: GTGTGAAGCGAGGTAGGTGT
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2.2 RNA-SEQ TRANSCRIPTOME ANALYSIS OF DIRECTION-
SELECTIVE T4/T5 NEURONS IN DROSOPHILA

The article “RNA-seq transcriptome analysis of direction-selective T4/T5
neurons in Drosophila” (https://doi.org/10.1371/journal.pone.0163986)

was originally published in the journal PloS ONE in September 2016. The
following authors contributed to this work: Katarina Pankova conceived
and performed the experiments and wrote the manuscript. Alexander
Borst revised the manuscript.
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Abstract

Neuronal computation underlying detection of visual motion has been studied for more than
a half-century. In Drosophila, direction-selective T4/T5 neurons show supralinear signal
amplification in response to stimuli moving in their preferred direction, in agreement with
the prediction made by the Hassenstein-Reichardt detector. Nevertheless, the molecular
mechanism explaining how the Hassenstein-Reichardt model is implemented in T4/T5
cells has not been identified yet. In the present study, we utilized cell type-specific transcrip-
tome profiling with RNA-seq to obtain a complete gene expression profile of T4/T5 neurons.
We analyzed the expression of genes that affect neuronal computational properties and
can underlie the molecular implementation of the core features of the Hassenstein-Reich-
ardt model to the dendrites of T4/T5 neurons. Furthermore, we used the acquired RNA-seq
data to examine the neurotransmitter system used by T4/T5 neurons. Surprisingly, we
observed co-expression of the cholinergic markers and the vesicular GABA transporter in
T4/T5 neurons. We verified the previously undetected expression of vesicular GABA trans-
porter in T4/T5 cells using VGAT-LexA knock-in line. The provided gene expression data-
set can serve as a useful source for studying the properties of direction-selective T4/T5
neurons on the molecular level.

Introduction

Processing of visual cues and detecting the direction of motion in particular is critical for the
survival of many organisms. In Drosophila, visual motion processing begins at the level of pho-
toreceptors in retina that use histamine as their neurotransmitter [1]. Photoreceptor signals are
segregated into parallel ON- and OFF-channels represented at the cellular level by glutamater-
gic L1 neurons (ON-channel) and cholinergic L2 neurons (OFEF-channel) (2,3,4,5]. The identi-
fied downstream components of the ON motion vision pathway are Mil and Tm3 neurons
which synapse on the T4 neurons [6,7,8,9]. In the OFF motion vision pathway the L2 neurons
provide input to Tm1, Tm2, Tm4 and Tm9 cells that in turn connect with T5 neurons
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NMDA receptors [23], opening of rectifying electrical synapses [24] and deactivation of inhibi-
tory currents [25]. As the present knowledge about expression of genes that could determine
the computational properties of T4/T5 neurons is limited [11], the implementation of the HR
model of direction-selectivity at the molecular level on the dendrites of T4/T5 neurons is still
an unresolved issue.

Here, we provide a complete transcriptional profile of all protein-encoding genes in T4/T5
neurons. We examine expression levels of the identified neurotransmitter receptors and gap
junction proteins in order to characterize the input T4/T5 neurons receive from their presyn-
aptic partners. Furthermore, we analyze the expression of voltage-gated and non-gated ion
channels that may underlie the mechanism for coincidence detection in the T4/T5 neurons.
Unexpectedly, our RNA-seq data reveals that T4/T5 neurons co-express vesicular transporters
for acetylcholine and GABA. In addition to cholinergic markers, T4/T5 neurons also produce
GABA-degrading enzyme GABA transaminase. We confirm the co-expression of the vesicular
GABA transporter (VGAT) and acetylcholine-synthesizing enzyme ChAT in all T4/T5 neu-
rons using the transgenic VGAT-LexA knock-in line (Simpson 2016; ] Neurogenetics, in revi-
sion) and immunostaining with antibody against ChAT.

Materials and Methods
Fly stocks

Flies were raised on standard cornmeal-agar food at 25°C. The following stocks were used:
10xUAS-unc84::2xGEP (provided by L. Schnorrer) [26], GMRSS00324 (R59E08-AD;
R42F06-DBD) (provided by A. Nern) [27], R42F06-Gal4 (provided by G. Rubin) [15], UAS-
mCD8:GFP (BDSC #5130) [28], VGAT-LexA (provided by J. Simpson) (Simpson 2016; ] Neu-
rogenetics, in revision) and LexAop-myr:mCherry (provided by B. Dickson) [29].

Immunoprecipitation of nuclei

The following protocol was modified from the previously described procedure [26]. 300 ul of
Dynabeads Protein G magnetic beads (Thermo Fisher Scientific) were incubated with 10 pl of
the monoclonal anti-GFP antibody (Sigma-Aldrich, G6539) for 30 minutes at 4°C. Afterwards,
beads were washed three times with 0.1% PBT. Approximately 50-60 ml of flies with the geno-
type w'; RS9E08-AD/+; R42F06-DBD/10xUAS-UNC-84::2xGFP were anesthetized by CO,
and frozen in liquid nitrogen. Flies were decapitated by vigorous vortexing. Heads were
smashed using Dounce grinder (Sigma-Aldrich) with loose pestle in ice-cold buffer (10 mM p-
glycerophosphate, 2 mM MgCl2, 0.5% Igepal). The homogenate was passed through a 180 um
nylon net filter (Millipore) and filtrate was smashed again in Dounce grinder with tight pestle.
After additional filtering through a 20 um nylon net filter (Millipore), the homogenate was
brought to 50 ml with sucrose buffer (10 mM B-glycerophosphate, 2 mM MgCl2, 25 mM KCl,
250 mM sucrose) and the antibody-preincubated magnetic beads were added. The binding
reaction was carried out at 4°C for 30 min and was followed by five washes of the bead-bound
nuclei with sucrose buffer. The bead-bound nuclei were imaged on a Leica TCS SP8 laser-scan-
ning confocal microscope with DAPI (1 pg/ml) as a nuclear marker. In total, 636 DAPI-posi-
tive nuclei were manually counted, out of which 597 (94%) were GFP-positive.

RNA isolation and RNA-seq

RNA from bead-bound nuclei was extracted with Trizol reagent (Thermo Fisher Scientific).
Total RNA from two biological replicates (0.7 ug and 0.8 ug) was submitted to EMBL Geno-
mics Core Facility, Heidelberg, Germany. A cDNA library was generated using TruSeq
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Stranded mRNA LT Sample Prep Kit (Illumina) and single-end sequenced on [llumina HiSeq
2000 to 51 bp read length. TopHat (v2.1.0) [30] was used to align untrimmed reads to the
annotated genome of D. melanogaster (FlyBase r6.04). Alignment was carried out with default
settings, except for excluding reads that mapped to more than one genomic position. In two
biological replicates, 90% and 87% of total reads were uniquely mapped, resulting in a total of
154 and 119 million aligned reads. Reads mapping to gene exons were counted with the ‘fea-
tureCounts’ software (Rsubread package v1.12.6) [31] in R (v3.0.2). Read counts per gene were
normalized by total exon length of a gene and the sum of reads assigned to all exons to generate
the reads per kilobase per million reads mapped (RPKM) values (S1 Table).

Immunohistochemistry

Fly brains were dissected in PBS and fixed in 4% PFA with 0.1% TritonX for 25 minutes. Brains
were washed in 0.3% PBT and incubated first with primary (24-72h) and then secondary (24-
48h) antibodies in 0.3% PBT supplemented with 5% NGS at 4°C. Brains were mounted in Vec-
tashield mounting medium (Vector Laboratories) and imaged on Leica TCS SP5 laser-scanning
confocal microscope. We used the following antibodies: rabbit anti-GFP (Torrey Pines, 1:400),
mouse anti-nc82 (DSHB, deposited by E. Buchner, 1:200), rat anti-RFP, (Chromotek 5F8,
1:50), mouse anti-ChAT (DSHB, deposited by P. Salvaterra, 1:50), goat anti-rabbit Alexa 488
(Thermo Fisher Scientific, 1:200), goat anti-rat Alexa 568 (Thermo Fisher Scientific, 1:200) and
goat anti-mouse Alexa 647 (Thermo Fisher Scientific, 1:200).

Results
RNA-seq data

We performed RNA-seq of the mRNA extracted from immunoprecipitated GFP-tagged nuclei
of T4/T5 neurons [26]. Cell type-specificity of our approach was achieved by using a split Gal4
line with expression restricted to T4/T5 neurons [27] (Fig 2A) and the high purity (94%) of the
isolated GFP-labelled nuclei (Fig 2B). Two independent biological replicates showed high cor-
relation of their expression values (Fig 2C), confirming the reproducibility of the obtained
RNA-seq results. The genome-wide expression levels in T4/T5 neurons were within the range
0-4770 RPKM (S1 Table). We plotted all analyzed expression levels on an arbitrary color scale
with the minimum at 0 and maximum at 100 RPKM, arguing that 95% of the genes in T4/T5
neurons have an expression value within these limits.

Neurotransmitter receptors and gap junction proteins in T4/T5 neurons

We analyzed expression of the identified membrane receptors for all known neurotransmitters
in Drosophila (Fig 3). In addition, we considered the possibility that T4/T5 neurons may
receive input via electrical synapses and, therefore, examined expression of the known gap
junction proteins as well (Fig 3). RNA-seq results showed that four subunits of nicotinic acetyl-
choline receptor (Do2, Da7, DB1 and DB2) had high expression levels. In addition, the musca-
rinic acetylcholine receptor mAChR-A was strongly expressed, while the other muscarinic
receptor, mAChR-B, showed lower expression levels. Among the identified glutamate recep-
tors, we observed strong expression of the glutamate-gated chloride channel GluClo which has
been shown to mediate the hyperpolarizing action of glutamate in fly neurons [32,33,34]. We
detected high expression levels of the ionotropic glutamate receptor subunits CG3822 and
CG11155. Despite the very weak expression of the functional subunits of the NMDA receptor
Nmdar1 and Nmdar2, we found that a related gene, Nmdal that encodes a protein associated
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Fig 2. Specificity and reproducibility of RNA-Seq. (A) Expression pattern of the split Gal4 line labelling specifically T4/T5 neurons. In
the central brain, the expression is—with an exception of a single pair of neurons—absent. The fly genotype was w’; R59E08-AD/+;
R42F06-DBD/UAS-mCD8::GFP. The anti-GFP staining is shown in cyan and anti-nc82 staining is in red. Scale bar: 100 ym. (B) The
immunoprecipitated GFP-tagged nuclei {cyan) were labelled with DAPI (red) to quantify the number of nuclei without GFP expression and
as a result, the proportion of nuclei belonging to cells other than T4/T5. Scale bar: 30 pm. (C) Correlation of RPKM values of the two
biological replicates plotted on a logarithmic scale. Linear regression (red line) accounts for 96% of the variation among the two replicates.

doi:10.1371/journal.pone.0163986.9002

with the NMDA receptor is strongly expressed. Nmdal gene has not been fully described yet
and it is not clear whether it has functional role in neurotransmission.

Our RNA-Seq results showed presence of transcripts also for ionotropic GABA receptor
subunits Rdl, Lcch3 and CG8916 as well as metabotropic GABA receptors GABA-B-RI and
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Fig 3. Expression of neurotransmitter receptors and gap junction proteins in T4/T5 neurons. Gene expression levels of the
identified receptors for acetylcholine, glutamate, GABA, dopamine, octopamine, tyramine, serotonin and histamine as well as the
innexin proteins are plotted as mean RPKM values using a color scale with the minimum at 0 and maximum at 100 RPKM.

doi:10.1371/journal.pone.0163986.9003
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Fig 4. Expression of voltage-gated sodium and calcium channels in T4/T5 neurons. RPKM values of the identified structural and
modulatory subunits of voltage-gated sodium and calcium channels are plotted on a color scale ranging from 0 to 100 RPKM.

doi:10.1371/journal.pone.0163986.9004

GABA-B-R2. None of the known receptors for serotonin, histamine or tyramine were
expressed in T4/T5 neurons. Amongst the octopamine receptors, we detected low expression
of Oamb, suggesting weak octopaminergic input to T4/T5 neurons. Dopamine-ecdysone
receptor DopEcR was expressed at high levels in T4/T5 neurons. Nevertheless, presence of
DopEcR does not necessarily imply that T4/T5 neurons receive dopaminergic input as DopEcR
also serves as a detector of steroid hormones [35]. We did not detect expression of any gap
junction proteins of the innexin family in the T4/T5 neurons.

lon channels in T4/T5 neurons

The whole Drosophila genome contains only one gene that encodes a voltage-gated sodium
channel—named para—and five genes encoding auxiliary subunits that are known to modulate
the gating of para. We found the voltage-gated sodium channel para to be expressed in T4/T5
neurons together with four out of the five identified modulatory subunits (Fig 4). All of the
identified subunits of voltage-gated calcium channels were expressed in T4/T5 neurons as well
(Fig 4). In addition, we also detected expression of the voltage-gated cation channel NaCP60E
that is permeable for both, calcium and sodium (Fig 4).

Potassium channels can be divided based on their structure and function into three main
groups: voltage-gated potassium channels, two-pore domain potassium channels and inwardly
rectifying potassium channels. With the exception of Elk and KCNQ, all of the identified mem-
of Shawl and SK was rather weak (Fig 5). Two-pore domain potassium channels have been
shown to mediate leak potassium current as well as chemo- and mechano-sensation [36]. In
T4/T5 neurons, two members of this family, CG1688 and Task7 were strongly expressed (Fig
5). None of the inwardly rectifying potassium channels was present in T4/T5 neurons (Fig 5).

Neurotransmitter phenotype of T4/T5 neurons

T4/T5 neurons have previously been shown to use acetylcholine as their neurotransmitter
[11,33]. Hence, our expectation was to confirm the cholinergic phenotype of these neurons.
Indeed, we found the genes for the acetylcholine-synthesizing enzyme ChAT and the vesicular
acetylcholine transporter (VAChT) to be expressed at high levels (I'ig 6). Surprisingly,
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Fig 5. Expression of potassium channels in T4/T5 neurons. Expression levels of the identified members of the voltage-gated
potassium channels, two-pore domain potassium channels and inwardly rectifying potassium channels are plotted as RPKM values on
a color scale ranging from 0 to 100 RPKM.

doi:10.1371/journal.pone.0163986.9005

however, we also found the gene for the vesicular GABA transporter (VGAT) to be expressed
in T4/T5 neurons (Fig 6A).

To prove the expression of VGAT in T4/T5 neurons by another line of evidence, we used a
transgenic fly line VGAT-LexA that had the sequence for bacterial transcription factor LexA

A B RPKM

prt ChAT [ 100

VAChT CG7708 | 80
VGAT

VGlut Gad1 60

Vmat Gat 40
Gabat

20

0

Fig 6. Neurotransmitter phenotype of T4/T5 neurons. Expression values of the identified vesicular neurotransmitter transporters (A)
and known markers of the cholinergic and GABAergic neurons (B) are plotted as RPKM levels on a color scale capturing the range
0-100 RPKM.

doi:10.1371/journal.pone.0163986.g006
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Fig 7. Co-expression of ChAT and VGAT in T4/T5 neurons. Optic lobe of a fly with genotype w’; VGAT-LexA/LexAop-
myr::mCherry; R42F06-Gal4/UAS-mCD8::GFP was immunostained with antibodies against GFP (green), mCherry (red) and
ChAT (blue). Boxed area in the left picture is enlarged in four panels in the right. White asterisks mark the position of the
GFP-labelled cell bodies of the T4/T5 neurons. Somatic membrane of the T4/T5 neurons co-localizes with anti-mCherry as
well as with anti-ChAT immunostaining. Scale bar: 50 pm.

doi:10.1371/journal.pone.0163986.9007

inserted into the first exon of the VGAT gene (Simpson 2016; ] Neurogenetics, in revision).
Utilizing two binary expression systems, Gal4/UAS [37] and LexA/lexAop [38], we labelled
T4/T5 neurons with GFP and cells with an active VGAT locus with mCherry. The immunos-
taining revealed that T4/T5 neurons were indeed part of the VGAT-LexA expression pattern
(Fig 7). The apparent co-expression of VAChT and VGAT in T4/T5 neurons raises the possi-
bility that T4/T5 neurons compose two different populations; one cholinergic and one express-
ing VGAT. To test this, we performed further staining against acetylcholine-synthesizing
enzyme ChAT that showed that all of the VGAT-expressing T4 and T5 neurons were in addi-
tion cholinergic as well (Fig 7).

Besides the vesicular transporter VAChT and acetylcholine-synthesizing enzyme ChAT,
cholinergic neurons are characterized by the presence of the membrane choline transporter
that is in Drosophila encoded by the gene CG7708. Our RNA-seq results confirmed the expres-
sion of all three cholinergic markers in the T4/T5 neurons (Fig 6). On the other hand,
GABAergic neurons are characterized by the presence of GABA-synthesizing enzyme gluta-
mate decarboxylase (Gadl), membrane GABA transporter (Gat) and GABA-degrading
enzyme GABA transaminase (Gabat). We found that T4/T5 neurons did not express Gadl and
Gat but their expression of Gabat was comparable to that of cholinergic markers (Fig 6), sug-
gesting that degradation of GABA is taking place in T4/T5 neurons.

Discussion
Comparison of expression data obtained with RNA-seq and RT-PCR

A low-throughput transcript profiling of selected 22 genes in T4/T5 neurons was already per-
formed previously using RT-PCR amplification of mRNA from the isolated somata of either
T4 or T5 neurons [11]. Shinomiya et al. [11] detected expression of ChAT and potassium chan-
nel slo in both, T4 and T5 neurons, muscarinic acetylcholine receptor mAChR-A in T5 cells
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and mAChR-B in T4 cells, in agreement with our results (Figs 3, 5 and 6). However, transcripts
for nicotinic subunit D3 identified by RT-PCR in T4/T5 neurons [11] were not detected in
our RNA-seq dataset (Fig 3). On the other hand, we observed strong expression of nicotinic
receptor subunits Do2, DB1, DP2 (Fig 3) and vesicular transporter VGAT (Fig 6) while none of
these genes was identified as expressed in the RT-PCR assay [11]. These discrepancies are likely
due to lower detection threshold caused by smaller amounts of input mRNA used in reported
RT-PCR experiments and higher risk of contamination of the analyzed neurons with other cell
types during the manual sampling of somata.

Our transcriptome analysis with RNA-seq pools T4 and T5 cells together as there is no
available Gal4 line with the expression pattern restricted exclusively to either T4 or T5 neurons.
The Gal4 lines used previously to target either T4 or T5 neurons [11,13,33] show expression
also in other neuronal types in the central brain, therefore they are not suitable for the
approach used in this study that involves immunoprecipitation of neuronal nuclei from the
whole fly heads. As a consequence of the pooling of T4 and T5 cells together in our analysis,
genes that are differentially expressed in T4 and T5 neurons might show weaker expression in
our dataset although their expression is strong but restricted to either T4 or T5 cells. In addi-
tion, T4/T5 neurons comprise a total of eight subtypes that differ in their preferred direction,
orientation of their dendrites and projection pattern of their axons. Although all these cell
types likely perform the same dendritic computations, this diversity might still affect our tran-
scriptome data.

Molecular implementation of HR model

A major contribution of our transcriptome analysis of T4/T5 neurons is narrowing down the
biological mechanisms that can apply the HR model of motion detection to the dendrites of the
T4/T5 neurons. Depending on where the time delay in the HR model arises (Fig 1), different
molecular processes underlying coincidence detection come into question. Inputs that are tem-
porally offset already presynaptically to the dendrites of the T4/T5 neurons (Fig 1A) can be
summed in a supralinear fashion by rectifying electrical synapses [24], deactivation of Kir con-
ductance [25] or voltage-gated sodium or calcium channels [21,22]. As neither the electrical

synapses nor the inwardly rectifying potassium channels are present in the T4/T5 neurons
(Figs 3 and 5), we suggest that voltage-gated sodium and calcium channels (Fig 4) are the main
candidates for the supralinear summation in this scenario.

Our results show that T4/T5 neurons are likely to receive cholinergic, glutamatergic and
GABAergic input (Fig 3). For each of these neurotransmitters, both ionotropic as well as G-
protein coupled receptors are expressed in the T4/T5 neurons. As the ionotropic and metabo-
tropic neurotransmitter receptors have different activation dynamics, the temporal delay can
indeed be generated by the two inputs synapsing on different types of receptors on the den-
drites of T4/T5 neurons (Fig 1B). Supralinear dendritic summation by NMDA receptors in the
T4/T5 neurons is not likely as the expression levels of the functional NMDA receptor subunits
are rather low (Fig 3). A coincidence detection mechanism involving deactivation of KCNQ-
mediated hyperpolarizing potassium current via muscarinic acetylcholine receptor signaling
cascade has already been proposed to take place in T4/T5 neurons [11,39]. However, the weak
expression of KCNQ in T4/T5 neurons makes the contribution of KCNQ currents to a supra-
linear signal amplification in T4/T5 neurons unlikely (Iig 5). As a potential substrate for the
recently discovered null-direction suppression [18,19], T4/T5 neurons express GABA recep-
tors as well as glutamate-binding hyperpolarizing GluCla channel (T'ig 3). Such inhibitory
inputs could also shape the receptive field properties of T4/T5 neurons making them more sen-
sitive to gratings orthogonal to their preferred orientation [14].
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Dendritic signal propagation depends on the morphology of the dendrites as well as on
their active and passive membrane properties. Possible differential temporal filtering in the
dendritic compartments of T4/T5 cells (Fig 1C) can be caused by inhomogeneous distribution
of ion channels mediating leak currents, low threshold potassium currents or hyperpolariza-
tion-activated potassium currents. We identify expression of candidate channels in the T4/T5
neurons that might mediate these currents such as leak potassium channels CG1688 and
Task7, hyperpolarization-activated potassium channel Ih and low threshold-activated potas-
sium channels Shab, Shaw [40], eag [41] and sei [42] (Fig 5).

Co-existence of acetylcholine and GABA in T4 and T5 neurons?

GABAergic neurons in flies are traditionally characterized by the presence of glutamic acid
decarboxylase Gadl, an enzyme responsible for GABA synthesis [43]. Mammalian neurons,
however, can release GABA in absence of glutamate decarboxylase. This is achieved either by
re-uptaking GABA from the extracellular space via GABA transporters [44] or by its synthesis
with alternative pathways [45,46]. GABA transaminase (Gabat) can convert succinic semialde-
hyde into GABA and vice versa [47], and is thought to participate in the degradation of GABA
in most cells, not in its synthesis [48]. In T4/T5 neurons, the Gad1 and Gat are expressed very
weakly (Fig 6B) and therefore their contribution to potential GABAergic transmission of T4/
T5 neurons is questionable. On the other hand, Gabat is expressed at the levels comparable to
cholinergic markers (Fig 6B) suggesting that degradation of GABA is taking place in T4/T5
neurons. Alternatively, Gabat might be the GABA synthesizing enzyme in the T4/T5 neurons.

T4/T5 neurons synthesize and release acetylcholine from their axons onto their postsynap-
tic partners, the lobula plate tangential cells [11,33]. In addition to axon terminals, T4 neurons
also possess presynaptic neurotransmitter release sites in their dendrites [6]. The identified
recipients of the dendritic synaptic input from T4 neurons are Mi9, C3 and other T4 neurons
[6]. The functional role of dendritic synapses of T4 neurons has not been investigated yet, and
neither has it been shown that these synapses are cholinergic. For comparison, in mouse retina,
direction-selective starburst amacrine cells (SACs) co-release acetylcholine and GABA [49]
and GABAergic SAC-SAC connections shape the velocity tuning and contrast range of SACs
[50]. Whether this could be the role of GABAergic transmission in T4/T5 neurons remains to
be investigated. In flies, there has been no evidence provided so far for the release of more than
one neurotransmitter from a single neuron.

Supporting Information

S1 Table. RPKM values in T4/T5 neurons.
(XLSX)
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METHODS & TECHNIQUES

Transgenic line for the identification of cholinergic release sites in

Drosophila melanogaster

Katarina Pankova’2* and Alexander Borst'

ABSTRACT

The identification of neurotransmitter type used by a neuron is
important for the functional dissection of neuronal circuits. In the
model organism Drosophila melanogaster, several methods for
discerning the neurotransmitter systems are available. Here, we
expanded the toolbox for the identification of cholinergic neurons by
generating a new line FRT-STOP-FRT-VAChT::HA that is a
conditional tagged knock-in of the vesicular acetylcholine
transporter (VAChT) gene in its endogenous locus. Importantly, in
comparison to already available tools for the detection of cholinergic
neurons, the FRT-STOP-FRT-VAChT::HA allele also allows for
identification of the subcellular localization of the cholinergic
presynaptic release sites in a cell-specific manner. We used the
newly generated FRT-STOP-FRT-VAChT::HA line to characterize the
Mi1 and Tm3 neurons in the fly visual system and found that VAChT is
present in the axons of both cell types, suggesting that Mi1 and Tm3
neurons provide cholinergic input to the elementary motion detectors,
the T4 neurons.

KEY WORDS: VAChT, Acetylcholine, Neurotransmitter, Motion
vision, Mi1 neurons, Tm3 neurons

INTRODUCTION

Understanding of the information processing in neuronal circuits
requires knowledge about connectivity and properties of the cells
involved. The type of neurotransmitter released by a cell defines, to
a large extent, the role of a cell and the range of logical operations
that are performed within a circuit. Thus, the identification of the
cellular neurotransmitter phenotype is of crucial importance for the
functional dissection of neuronal circuits.

Various techniques have been described for the identification of
neurotransmitter systems in the Drosophila melanogaster nervous
system. The most common approach is the detection of
neurotransmitter molecules (Monastirioti et al., 1995; Yuan et al.,
2005; Kolodziejezyk et al., 2008), neurotransmitter-synthesizing
enzymes (Takagawa and Salvaterra, 1996; Featherstone et al., 2000;
Blanco et al, 2011) or vesicular neurotransmitter transporters
(Kitamoto et al., 1998; Daniels et al., 2004; Greer et al., 2005;
Romero-Calderdn et al., 2008; Fei et al., 2010) with an antibody. In
Drosophila neurons, the major disadvantage of this strategy is that

TMax Planck Inslilule of Neurobiology, 82152 Martinsried, Germany. *Graduale
School of Systemic Neurosciences, LMU Munich, 80538 Munich, Germany.

*Author for correspondence (pankova@neuro.mpg.de)
() K.P., 0000-0002-7182-5486

This is an Open Access article distributec uncer tne terms of the Creative Commons Attribution
License (nttp:/creativecommons.org/licenses/oy/3.0}, which permits unrestrictec use,
distrioution and reproduction in any medium provided that the original work is properly attributed.

Received 7 September 2016; Accepted 31 January 2017

either cell bodies or larger neuropil areas are examined for the
antibody staining. Because of the small diameter of the neuronal
processes, reliable localization of the antibody staining within the
individual neurites is beyond the resolution threshold of traditional
confocal microscopy. Therefore, the markers that localize to the
presynaptic regions and are not present ubiquitously in the
cytoplasm or at the cytoplasmic membrane of soma cannot be
easily detected in individual neurons.

The second approach for the identification of neurotransmitter
phenotype is the detection of mRNA transcripts for
neurotransmitter-synthesizing  enzymes or  neurotransmitter
vesicular transporters. The in situ hybridization technique has
been used to study gene expression mainly in fly embryos but also in
other tissues, including the nervous system. Nevertheless, the
demanding process of probe optimization poses a challenge and
therefore this technique is not routinely used to assess
neurotransmitter phenotype. With respect to the specificity and
dynamic range, the current method of choice for transcript profiling
is RNA-seq of a single cell or a homogeneous population of cells
(Henry et al., 2012; Thomas et al., 2012). In addition, other
techniques such as RT-PCR or gene expression microarrays have
been successfully used to study gene expression in Drosophila
neurons (Nagoshi et al., 2010; Takemura et al., 2011). Regardless of
the specific technique, the cell-type-specific transcriptome profiling
requires isolation of labeled somata, nuclei or ribosomes in
sufficient quantity and purity, which is labor-intensive. Also,
contamination of the analyzed sample with mRNA from other cell
types may occur during this process.

The third approach relies on genetic labeling of neurons
expressing the neurotransmitter-synthesizing  enzymes  or
neurotransmitter vesicular transporters via insertion of a transgene
into 5" UTR or a coding intron of the respective gene (Venken et al.,
2011; Diao et al, 2015). When the inserted transgene is a
transcription factor of a binary expression system such as Gal4/
UAS (Brand and Perrimon, 1993) or LexA/lexAop (Lai and Lee,
2006), the complete expression pattern of a particular gene can be
casily identified throughout the whole nervous system. Recently, a
set of LexA knock-in lines for the neurotransmitter vesicular
transporter genes was generated by ends-out homologous
recombination (Simpson, 2016).

Acetylcholine is a major excitatory neurotransmitter in the
Drosophila nervous system. Synthesis of acetylcholine is catalyzed
by the enzyme choline acetyltransferase (ChAT) and its loading
into synaptic vesicles is mediated by the vesicular acetylcholine
transporter  (VAChT). Currently, the available tools for
identification of the cholinergic neurons are ChAT antiserum
(Takagawa and Salvaterra, 1996), ChAT Trojan-MiMIC driver lines
(Venken et al., 2011; Diao et al., 2015) and VAChT-LexA knock-in
line (Simpson, 2016).

In the present study, we describe a newly generated FRT-STOP-
FRT-VAChT::HA allele for the reporting of the endogenous
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expression of VAChT that not only identifies neurons with the
cholinergic phenotype but also provides information about the
subcellular localization of the cholinergic presynaptic release sites.

MATERIALS AND METHODS
Fly stocks and genotypes
The flies were raised on a standard cornmeal-agar food at 25°C. The
following stocks were used: yw, ActSC-cas9, ligd (provided by
F. Schnorrer, Max Planck Institute of Neurobiology, Germany)
(Zhang et al., 2014), UAS-FLP (BDSC 4539 and 8208), UAS-
mCD8::GFP (BDSC 5137) (Lee and Luo, 1999), VT25965-Gal4
(T4/TS line) (provided by B. Dickson, Janelia Research Campus,
USA); R20D01-Gal4 (LPi3-4 line) (BDSC 48889) (Jenett et al.,
2012); VT7747-AD, VT49371-DBD (Mil line) (Ammer et al.,
2015), GMRSS00300-split Gal4 (Tm3 line) (provided by A. Nern,
Janelia Research Campus, USA), MBOO&B (Aso et al.,, 2014),
MBI112C (Aso etal., 2014), UAS-nsyb::GFP (BDSC 6921) (Zhang
et al., 2002) and Act5C-Gald (BDSC 4414).

The genotypes of flies used in this study are detailed in Table 1.

Generation of the FRT-STOP-FRT-VAChT::HA allele with the
CRISPR/cas9 system
The target sites for CRISPR/cas9-induced cleavages in the VAChT
gene were designed using a web-based software tool (http:/crispr.mit.
edu/; Hsu et al., 2013). The efficiency of individual guide RNAs
(gRNAs) was tested in S2 cells stably expressing cas9 (provided by
F. Schnorrer) (Bottcher et al., 2014) as described previously (Zhang
et al., 2014). The CRISPR target sites used for genome editing were
AGAGGAAGTCCCAAAGAAAC (TGG) and GGGCTATCGAT-
ACAATCACG (AGG). The target-specific sequences were cloned
into pU6-Bbs[-gRNA plasmid (provided by M. Harrison,
K. O’Connor-Giles and J. Wildonger; Addgene plasmid 45946)
(Gratz et al., 2013) such that the first base of both sequences was
replaced by G. The gRN A-expressing plasmids and the donor plasmid
for the homology-directed repair were injected into fly embryos of the
genotype yw, Act5C-cas9, ligd. The embryo injections were
performed by BestGene Inc. (https:/www.thebestgene.cony/).

The donor fragment for the generation of FRT-STOP-FRT-
VAChT::HA allele was assembled by PCR fusion of the following

Table 1. Genotypes of flies used in the study

Experiment Genotype
Adult w w yw; Act5C-Gal4/UAS-FLP; FRT-STOP-FRT-VAChT::
viability HA/FRT-STOP-FRT-VAChT::HA

Fig. 2A w; UAS-FLP/UAS-mCD8::GFP; FRT-STOP-FRT-VAChT::
HANT25965-Gal4

Fig. 2B w; UAS-FLP/UAS-mCD8::GFP; FRT-STOP-FRT-VAChT::
HA/R20D01-Gal4

Fig. 2C UAS-FLP/w™; MB008B-split Gal4/UAS-mCD8::GFP;
MBO008B-split Gal4/FRT-STOP-FRT-VAChT::HA

Fig. 2D UAS-FLP/w™; MB112C-split Gal4/UAS-mCD8::GFP;
MB112C-split Gal4/FRT-STOP-FRT-VAChT::HA

Fig. 3A UAS-FLPAw ; VT7747-AD/UAS-mCD8GFP; VT49371-DBD/
FRT-STOP-FRT-VAChT::HA

Fig. 3B UAS-FLPAW ™ ; GMRSS00300-split Gal4/UAS-mCD8GFP;
GMRSS00300-split Gal4/FRT-STOP-FRT-VAChT::HA

Fig. 3C UAS-FLP/w™; VT7747-AD/UAS-nsyb::GFP; VT49371-DBD/
FRT-STOP-FRT-VAChT::HA

Fig. 3D UAS-FLP/w~; GMRSS00300-split Gal4/UAS-nsyb::GFP;
GMRSS00300-split Gal4/ FRT-STOP-FRT-VAChT::HA

Fig. 3E w, VT7747-AD/UAS-mCD8GFP; VT49371-DBD/+

Fig. 3F w; GMRSS00300-split Gal4/UAS-mCD8GFP;
GMRSS00300-split Gald/+

1406

sequences: (1) flippase recognition target (FRT)-flanked cassette
containing transcriptional terminator (hsp70Ab polyadenylation
signal } and the sequence for a screenable eye marker (3xP3-DsRed-
oltub_3"UTR), synthesized de novo; (2) DNA fragment containing
the Kozak sequence followed by an open reading frame (ORF) of
the VAChT gene with the sequence for the HA tag inserted after the
first 14 codons from translational start, synthesized de novo; and (3)
two 1 kb homology arms flanking the CRISPR cleavage sites,
amplified from genomic DNA of yw, Act5C-cas9, lig4 flies. The
resulting donor fragment consisted of the upstream homology arm
fused to the FRT cassette, followed by the Kozak sequence, the
ORF with tag sequence and the downstream homology arm. The
donor fragment was blunt-end cloned into pJetl.2 vector (Thermo
Fisher Scientific). The nucleotide sequence of the HA tag was TAC
CCA TAC GAT GTT CCA GAT TAC GCT.

Immunohistochemistry

Fly brains were dissected in PBS and fixed in 4% PFA with 0.1%
Triton X for 25 min. Brains were washed in 0.3% PBT and incubated
first with primary (24-72 h) and then secondary (24-48 h)antibodies
in 0.3% PBT supplemented with 5% NGS. The brains were mounted
in Vectashield mounting medium (Vector Laboratories) and imaged
on a Leica TCS SP5 or SPS laser-scanning confocal microscope. The
following antibodies were used: rabbit anti-GFP (Torrey Pines
TP401, 1:400), rat anti-HHA (Sigma-Aldrich, clone 3F10, 1:100),
mouse anti-ChAT (DSHB, deposited by P. Salvaterra, 1:50)
(Takagawa and Salvaterra, 1996), goat anti-rabbit Alexa 488
(Thermo Fisher Scientific A-11008, 1:200), goat anti-rat Alexa 647
(Thermo Fisher Scientific A-21247, 1:200) and goat anti-mouse
Alexa 647 (Thermo Fisher Scientitic A-21235, 1:200).

RESULTS AND DISCUSSION

Using CRISPR/cas9-based genome editing (Jinek et al., 2012; Gratz
etal., 2013), we generated anew allele ofthe VAChT gene that carried
an additional HA tag. This new allele was positioned in the original
genomic locus of the VAChT gene and therefore its expression
depended on the endogenous regulatory sequences of VAChT. The
HA tag was placed after the first 14 amino acids from the N terminus,
within the cytoplasmic domain of the VAChT protein. The position
of the tag was chosen such that it would not interfere with
protein folding or signaling sequences known to participate in
the intracellular trafficking of VAChT (Fei et al., 2008).

Our aim was to restrict the expression of VAChT::HA to a
population of neurons defined by the expression pattern of a Gal4
line of choice. Therefore, we included a transcriptional stop cassette
into the 5" UTR of the VAChT gene that was flanked by two FRT
sites (Fig. 1). The expression of the VAChT::[HA was, as a result,

ORF

: VAChT I

FRT

STOP

Fig. 1. Original VAChT allele and FRT-STOP-FRT-VAChT::HA allele. FRT-
flanked transcriptional stop signal in the 5" UTR constrains the expression of
VAChT::HA. Removal of the stop cassette requires FLP recombinase,
introduced by the Gal4/UAS system. Expression of the VAChT::HA is therefore
restricted to cells with active endogenous regulatory sequences of VAChT that
are, in addition, part of the Gal4 expression pattern. The 3xP3-dsRed
sequence encodes a screenable eye marker. ORF, open reading frame.
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confined to cells that were expressing flippase (FLP) recombinase
introduced by the Gal4/UAS system and contained an active
endogenous promoter of VAChT.

Disruption of both copies of the VAChT gene causes lethality
during embryonic or larval development (Kitamoto et al., 2000).
We did not observe any adult flies homozygous for the newly
generated FRT-STOP-FRT-VACHT::HA allele, confirming that the
stop cassette efficiently disrupts transcription of the VAChT::HA.
When the stop cassette was removed by expressing the FLP
recombinase ubiquitously with Act5C-Gal4 driver line, the flies
homozygous for FRT-STOP-FRT-VAChT::HA allele were viable.
This suggests that the tagged transporter VAChT::HA can fully
substitute the original VAChT transporter at the synapse.

To test the functionality of the FRT-STOP-FRT-VAChT::HA
allele, we chose the T4/T5 neurons. T4/T5 neurons are the
elementary motion detectors of the fly, sensitive to motion of
bright (T4) and dark (T5) edges (Maisak et al., 2013). These cells
have been shown previously to synthesize and release acetylcholine
(Mauss et al., 2014; Shinomiya et al., 2014). In accordance with
these prior findings, we detected VAChT::HA in the axon terminals
of the T4/T5 neurons in the lobula plate (Fig. 2A). A weaker HA
signal was present also in the dendrites of T4/T5 neurons in medulla
and lobula. This finding is in line with a previous study reporting
existence of the dendritic presynaptic release sites in the T4 neurons
(Takemura et al., 2013). To show that the expression of VAChT::HA
is absent in non-cholinergic neurons, we looked at the expression of

anti-GFP
anti-HA

anti-HA

VAChT::HA in the LPi3-4 neurons that have been previously
identified as glutamatergic (Mauss et al., 2015). As expected, we
could not detect any expression of the VAChT::HA in the LPi3-4
neurons (Fig. 2B).

To demonstrate that FRT-STOP-FRT-VAChAT::HA allele reliably
captures the endogenous expression pattern of the VACh7 gene in a
variety of neuronal populations, we additionally examined the
expression of VAChT::HA in the mushroom body neurons. We
detected VAChT::HA in the Kenyon cells in o/p lobes of the
mushroom body (Fig. 2C) that have recently been shown to release
acetylcholine (Bamstedt et al., 2016). On the contrary, we did not
observe any HA signal in the GABAergic mushroom body output
neurons ylpedc>o/f (Aso et al., 2014) (Fig. 2D).

Mil and Tm3 neurons synapse onto dendrites of T4 neurons
(Takemura et al., 2013) and are involved in visual detection of the
moving bright edges (Behnia et al., 2014; Ammer et al., 2015).
Despite the functional characterization of the responses of Mil and
Tm3 neurons (Behnia et al., 2014) and the reported effects of the
synaptic silencing of Mil and Tm3 on the motion vision circuit
(Ammer et al., 2015), the exact contribution of the Mil and Tm3
neurons to direction-selective responses of the T4 neurons is not
clear (Maisak et al., 2013; Haag et al., 2016), nor is it known
whether the synaptic input that Mil and Tm3 neurons provide to T4
neurons is excitatory or inhibitory. Therefore, we employed the
newly generated FRT-STOP-FRT-VAChT::HA allele to investigate
the neurotransmitter system used by Mil and Tm3 neurons.

dsRed
anti-GFP
anti-HA

Fig. 2. VAChT::HA is detectable exclusively in the cholinergic neurons. (A) The expression of VAChT::HA in T4/T5 neurons is localized to the axons in the
lobula plate and dendrites in the medulla and lobula. (B) In the LPi3-4 neurons, no expression of VAChT::HA can be detected. The fluorescence of DsRed

in the R7/R8 photoreceptor terminals in the medulla confirms the presence of the FRT-STOP-FRT-VAChT::HA allele in the fly genome. (C) Kenyon cells in the o/}
lobes of the mushroom body show expression of VAChT::HA. (D) No co-localization of the HA signal and GFP staining in the mushroom body output

neurons (MBON) y1pedc>a/B can be detected. All scale bars: 20 pm. Me, medulla; Lo, lobula; LP, lobula plate.
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Using the FRT-STOP-FRT-VAChT::HA line, we identified the
Mil and Tm3 neurons as cholinergic. The expression of VAChT::
HA could be detected in all medullar and lobular layers where Mil
and Tm3 neurons laterally extend their neurites (Fig. 3A,B). The
VAChT::HA signal was strongest for both the Mil and Tm3 neurons
in the medullar layer 9/10, where Mil and Tm3 neurons synapse on
the dendrites of T4 neurons (Takemura et al., 2013). In order to
examine whether the localization of VAChT::HA corresponds to the
presynaptic release sites in the Mil and Tm3 neurons, we expressed
a marker for presynaptic sites, the GFP-tagged neuronal
synaptobrevin (nsyb::GFP) (Zhang et al., 2002), in Mil and Tm3
neurons. We observed that the subcellular localization of nsyb::GFP
in both Mil and Tm3 neurons shows the same pattern as VAChT::
HA (Fig. 3C,D), confirming that the subcellular distribution of
VAChT::HA corresponds to the presynaptic release sites. The
expression of nsyb::GFP in Mil and Tm3 neurons was stronger than
the expression of VAChT::HA and could be detected also in the
neuronal fibers. This is likely due to overexpression of the nsyb::
GFP transgene with the Gal4/UAS system. To prove the cholinergic
phenotype of the Mil and Tm3 neurons by another line of evidence,

Mi1 neurons

anti-GFP
anti-HA

F

anti-GF

we stained fly brains with ChAT antiserum (Takagawa and
Salvaterra, 1996) and looked at the presence of ChAT
immunostaining in the cell bodies of Mil and Tm3 neurons. We
detected the presence of ChAT immunoreactivity in the cell bodies
of both Mil and Tm3 neurons (Fig. 3E,I), confirming that Mil and
Tm3 neurons use acetylcholine as their neurotransmitter.

‘When using the FRT-STOP-FRT-VAChT::HA allele, one
important aspect to consider is choosing a Gal4 line with as
specific an expression pattern as possible. Even very weak
expression of the FLP can lead to genomic excision of the FRT-
flanked transcriptional stop cassette and, as a result, to expression of
the VAChT::HA. As the expression level of VAChT::HA depends
on the endogenous regulatory sequences and not on the amount of
Gal4 molecules present, it may occur that the expression of
VAChKT::HA is stronger than that of Gal4-driven GFP. When using a
Gal4 line containing cells with various strength of Gal4 expression,
we noticed the presence of VAChT::HA also in the neurons that
were barely detectably labeled with GFP. We believe that this is the
reason for the unspecific dotted pattern of the anti-HA staining in
the optic lobe of the Tm3 line (Fig. 3B).

Tm3 neurons

anti-HA

anti-GFP

&

Fig. 3. The Mi1 and Tm3 neurons are cholinergic. The VAChT::HA can be found in all layers of the medulla and lobula in which Mi1 (A) and Tm3 (B) neurons
laterally extend their processes (white arrowheads). The subcellular localization of the presynaptic marker nsyb::GFP in the Mi1 (C) and Tm3 (D) neurons

(white arrowheads) corresponds to that of VAChT::HA. The insets in C and D show close-ups of the medulla regions containing presynaptic release sites of Mi1
and Tm3 neurons labeled by VAChT::HA and nsyb::GFP. Anti-ChAT staining co-localizes with the GFP-labeled somatic cytoplasmic membrane of the Mi1 (E) and
Tm3 (F) neurons. White asterisks mark the position of the GFP-labeled cell bodies of the Mi1 and Tm3 neurons. All scale bars: 20 pm. Me, medulla; Lo, lobula; LP,

lobula plate.
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The decision about which approach to use for the identification of
cholinergic neurons should be based on the driver line inspected.
For the Gal4 lines with a narrow expression pattern and the split-
Gal4 lines, the FRT-STOP-FRT-VAChT::HA allele is the tool of
choice. When using the FRT-STOP-FRT-VACOT::HA allele, there
is no need for further experiments to determine which neurites
contain presynaptic release sites. In contrast, for the Gal4 lines with
a broader expression pattern, the examined neurons should instead
be tested for co-localization with the expression pattern of the ChAT
Trojan-MiMIC driver line (Venken et al., 2011; Diao et al., 2015),
the VAChT-LexA knock-in line (Simpson, 2016) or with ChAT
antiserum (Takagawa and Salvaterra, 1996).

A previously reported method for synaptic tagging with
recombination using bruchpilot protein as a general marker of
presynaptic release sites (Chen et al., 2014) served as an inspiration
for the generation of the transgenic allele described in this study.
The combination of the conditionally tagged bruchpilot protein and
the conditionally tagged VAChT might enable enumeration of the
total presynaptic release sites and cholinergic release sites
simultancously in a single neuron, assuming that a specific and
sparse Gal4 line is provided.
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3| DISCUSSION

3.1 MECHANISM UNDERLYING DIRECTION SELECTIVITY IN THE T4
AND T5 NEURONS

The HR model of direction selectivity assumes that the theoretical
motion-detecting unit receives two excitatory inputs while the BL model,
by contrast, requires presence of one excitatory and one inhibitory input
(Figures 8 and 9). The power of the genome-wide transcriptome analysis
of the T4 and T5 neurons is that it reveals information about the
expression levels of all neurotransmitter receptors expressed, the
excitatory as well as inhibitory ones. One of the hypotheses that the
transcriptome analysis of the T4 and T5 neurons aimed to test was
whether the T4 and T5 neurons only receive excitatory inputs. In such
situation, the possibility that the T4 and T5 neurons follow the BL model
of direction selectivity could be excluded. This, however, turned out not
to be the case as the T4 and T5 neurons express depolarizing receptors
for acetylcholine along with the hyperpolarizing receptors for GABA and
glutamate.

Recent evidence revealed that the mechanism for direction selectivity in
the T4 and T5 neurons is indeed a combination of both, the HR as well as
the BL model (Fisher (b) et al., 2015; Haag et al., 2016; Leong et al., 2016;
Strother et al., 2017). As the two major cell types providing input to T4
neurons, the Mi1 and Tm3 cells, were identified as cholinergic (Strother
et al., 2017; Takemura et al., 2017; this dissertation), the question arises
which neurons provide null direction inhibition to the T4 neurons. The
possible candidates are the GABAergic Mi4 cells, glutamatergic Mig cells
and the newly described GABAergic CT1 neurons (Strother et al., 2017,
Takemura et al., 2017).

The identified input neurons to T5 neurons appear to be all cholinergic
(Raghu et al., 2011; Shinomiya et al., 2014). This poses a question what
the neuronal substrate for the inhibitory mechanism acting on the level




of T5 neurons (Leong et al., 2016) during null direction motion is. As the
newly identified GABAergic CT1 neurons also possess presynaptic release

sites in the lobular layer 1 where the dendrites of the T5 neurons are
found (Takemura et al., 2017), the CT1 neurons are the likely candidates.

The plausible molecular substrates for the null direction inhibition in the
T4 and T5 neurons appear to be the GABA and the GluCla receptor
subunits (Strother et al., 2017; this dissertation). As the null direction
inhibition is likely conveyed by a GABAergic neuron (Strother et al., 2017;
Takemura et al., 2017), the depletion of GABAergic receptor subunits
specifically in the T4 and T5 neurons should affect their direction tuning.
Downregulation of the GluCla in the T4 and T5 neurons has been shown
to affect fly behavioral response to moving ON edges (Strother et al.,
2017). The role of GluCla in the direction tuning of the T4 and T5 cells
has not been tested yet.

Both models of direction selectivity, the HR as well as BL, propose
existence of a time delay in one of the inputs. However, the biophysical
mechanism underlying this feature is still unresolved. The temporal
offsets of the input neurons in both, the ON and OFF channels, have been
measured by calcium imaging of axon terminals (Serbe et al., 2016; Arenz
et al., 2017). Although delayed signal propagation is observable at the
level of axon terminals of some input neurons, the implementation of the
neuronal cell types to a theoretical model that is based solely on the
measured differential temporal filtering of neurons is not fully consistent
with the reported synaptic strength of the input neurons to T4 cells
(Arenz et al., 2017; Strother et al., 2017; Takemura et al., 2017).

3.2 VGAT IN T4 AND T5 NEURONS

The most surprising finding learned from the transcriptome analysis of
the T4 and T5 neurons was the expression of VGAT in these cells. The
expression of VGAT in the T4 and T5 neurons was further confirmed by
showing that the T4 and T5 neurons are part of the expression pattern of
the VGAT-LexA knock-in line (Simpson, 2016; this dissertation).
Nevertheless, it is not clear what the role of VGAT in the T4 and T5
neurons is. To create hypotheses about the function of VGAT in the T4
and T5 neurons, first, it is necessary to understand where in the neurons
VGAT localizes. The confinement of VGAT to axons or dendrites that
contain synaptic vesicles would indicate a role in neurotransmission.




Previously reported antibody staining using VGAT antiserum did not
detect presence of VGAT in the cell bodies of the T4 and T5 neurons
(Mauss et al., 2014), suggesting that subcellular localization of VGAT
might be restricted to their neuronal processes. To identify presence of
VGAT in the neurites, two different approaches can be employed:
generation of a conditional tagged VGAT knock-in line or detection of
VGAT using a previously described antibody with super-resolution
microscopy techniques.

3.2.1 Approach to generate a conditional knock-in of the VGAT gene

Using the same strategy as described in this dissertation for the
generation of the FRT-STOP-FRT-VAChT::HA allele, a conditional tagged
VGAT line may be generated as well. However, one attempt to produce
such line with the CRISPR/Cas9 system already failed because of off-
target breaks in the DNA which led to multiple unspecific insertions of
the donor fragment and possibly also chromosomal rearrangements. To
decrease the likelihood of the unspecific DNA cleavages, choosing an
sgRNA with minimal number of the predicted off-targets should be the
first step. Amongst other measures reported to suppress unwanted off-
target breaks, for instance, the use of truncated sgRNA with only 18
nucleotides instead of 20 has been shown to increase the specificity of
the CRISPR/Cas9-mediated cleavages in mammalian cells without
sacrificing on-target editing efficiency (Fu et al., 2014). Also, the
employment of nickase Cas9 to mediate two single-strand breaks in the
adjacent sites instead of one double-break cleavage promotes higher
specificity and has been shown to function in Drosophila (Port et al.,
2014).

3.2.2 Approach to visualize VGAT using super-resolution microscopy

Another possibility to characterize localization of VGAT in the T4 and T5
neurons requires immunostaining with an antibody against VGAT
followed by detection of the staining inside of the neurites of the T4 and
T5 cells using super-resolution microscopy techniques such as STORM or
STED. As the diameter of the presynaptic active zone in Drosophila
neurons is approximately 20onm (Maglione and Sigrist, 2013), in order
to reliably localize the VGAT signal in the processes of a studied neuron,
the required resolution in all three dimensions must be below 100nm and




must allow to reconstitute the thinnest neuronal branches as hollow
tubes.

The STED microscopy offers significantly improved resolution compared
to traditional confocal microscopy. Nevertheless, when used to image
tissue blocks, the acquired resolution is often suboptimal due to high
sensitivity of STED microscopy to light scattering. Despite reported
improvements on the optical clearing of the samples (Ke et al., 2016),
imaging of thin neurites in dense neuropils requires further optimization.

STORM microscopy has been demonstrated to provide resolution of up to
20nm in plane, however, the axial resolution is limited by the extent of
the evanescent field illumination that reaches to 100-200 nm. Possible
improvement can be achieved by employing ultra-thin tissue sectioning.
In the sectioned tissue, the thickness of the slices determines the z-axis
resolution. So far, slices of brain tissue with 7o0nm thickness were already
obtained and imaged (Sigal et al., 2015). Although certainly achievable,
the use of super-resolution techniques to detect the localization of VGAT
in the T4 and T5 neurons requires establishment of new protocols for
sample preparation.

3.2.3 Possible roles of VGAT

The expression of VGAT in the T4 and T5 neurons in the absence of GABA-
synthesizing enzyme Gadi1 is intriguing and opens door for several
hypotheses explaining the function of VGAT in these cells. In Drosophila,
the only known function of VGAT is the transport of GABA into synaptic
vesicles. In mammals, however, VGAT transports also glycine (Chaudhry
et al., 1998) and in is capable of transporting B-alanine in an in vitro
assay (Juge et al., 2013). Recent evidence implies that glycine might be a
previously unrecognized neurotransmitter in fruit flies (Frenkel et al.,
2017), nevertheless, it is not clear yet whether VGAT is involved in its
transport into synaptic vesicles. The B-alanine has been shown to open
D. melanogaster Rdl receptors expressed in oocytes (McGonigle and
Lummis, 2010). In the fly brain, B-alanine localizes mainly to the glial
cells in retina and lamina where it serves as a substrate for the
conversion of histamine into carcinine (Borycz et al., 2002). There is no
evidence for the synaptic function of f-alanine in vivo in the brain of a
fruit fly.




The VGAT in T4 and T5 neurons might transport also GABA, provided that
GABA is synthesized in the T4 and T5 neurons by other means than by
glutamate decarboxylase Gadi. For instance, in the mammalian
dopaminergic midbrain neurons, GABA is synthesized by aldehyde
dehydrogenase in the absence of glutamate decarboxylase (Kim et al.,
2015). Interestingly, aldehyde dehydrogenase (Aldh) is also expressed in
the T4 and T5 neurons as revealed by the transcriptome analysis (this
dissertation). GABA is also synthesized in the mammalian glial cells in
the absence of glutamate decarboxylase by the enzyme monoamine
oxidase B (Yoon et al.,, 2014). Although this enzyme has in D.
melanogaster a predicted homologue based on the structural similarity,
the CG5653 gene, this gene is not expressed in the T4 and T5 neurons
(this dissertation). A hypothetical synthesis of GABA by GABA
transaminase which normally degrades GABA was already suggested
previously (Tritsch et al., 2014). The GABA transaminase is expressed in
the T4 and T5 neurons (this dissertation) and presence of this enzymes
speaks in favor of the hypothesis that GABA is present in the T4 and T5
cells. Nevertheless, it is not clear what role GABA transaminase has in
the T4 and T5 neurons and whether it is involved in the metabolism of
GABA. Detectable GABA immunoreactivity would confirm dual
neurotransmitter phenotype of the T4 and T5 neurons. However, the cell
bodies of the T4 and T5 neurons are not immunopositive for GABA (K.
Pankova, unpublished observation). This, nevertheless, does not confirm
the absence of GABA at the presynaptic release sites of the T4 and T5
neurons.

To speculate about a hypothetical role of the VGAT-mediated inhibitory
output of the T4 and T5 neurons on the circuit level, first, it is necessary
to establish whether VGAT localizes to the axons of the T4 and T5 neurons
in the lobula plate or to their dendrites that also possess presynaptic
release sites (Takemura et al., 2013; Takemura et al., 2017; this
dissertation) or to both. The synaptic output of the T4 and T5 axons onto
LPTCs and LPi neurons has been shown to be excitatory and cholinergic
(Mauss et al., 2014; this dissertation), therefore, the potential recipient
of the inhibition from the T4 and T5 neurons in the lobula plate must be
some other neuronal type. As there is no electron microscopy-based
reconstruction of neuronal connections in the lobula plate available, such
hypothetical candidate neuron cannot be specified any further. On the
other hand, if VGAT localizes to the dendrites of the T4 and T5 cells in
the medulla and lobula, the neurons that might receive theoretical




inhibitory synaptic input from the T4 neurons are identified (Takemura
et al., 2013; Takemura et al., 2017). The dendrites of the T4 neurons
provide synaptic input to the TmY15, CT1, Mig, C3 and other T4 cells
(Takemura et al., 2013; Takemura et al., 2017). As VAChT is present in
the dendritic presynaptic release sites (this dissertation), some of the
inputs that T4 cell dendrites provide to these neurons are certainly
cholinergic.

When considering the number of similarities between the organization
of the motion vision circuits in flies and mammals, the dendro-dendritic
connections among the T4 cells are the most likely candidates for the
hypothetical VGAT-mediated inhibition. The functional analogues of the
T4 and T5 neurons in mammalian retina are starburst amacrine cells
(SACs), the first direction-selective neurons in the mammalian retina
(Euler et al., 2002). SACs have been shown to co-release two
neurotransmitters: acetylcholine and GABA (O'Malley et al., 1992).
Similar to T4 neurons, SACs also form dendro-dendritic synapses among
themselves (Ding et al., 2016). The GABAergic SAC-SAC synapses shape
the direction selectivity of SACs, although the effect of this inhibition is
not very strong (Ding et al., 2016). Blocking of the GABAergic SAC-SAC
transmission results in decreased direction selectivity of SACs under
high-velocity and high-contrast conditions (Ding et al., 2016). Would that
also be the case in the T4 and T5 neurons of Drosophila?

Interestingly, the direction tuning of the T4 and T5 neurons with blocked
synaptic output including their dendro-dendritic connections was
measured for a range of velocities (Haag et al., 2016) (Figure 10).

Despite the authors’ conclusion that no differences in the direction tuning
could be found (Haag et al., 2016), a close comparison of the response
properties of the T4 and T5 neurons with dendro-dendritic signaling
intact and blocked differs when high velocity stimuli are presented.
Nevertheless, the contribution of the VGAT-mediated inhibition to these
differences is in the light of current evidence still just a speculation.

3.3 INHIBITORY ROLE OF GLUTAMATE IN NEURONAL CIRCUITS

The substrate for the inhibitory action of glutamate in fruit flies is the
glutamate-gated chloride channel that is encoded by the GluCla gene
(Cully et al., 1996). The GluCl receptors appear to be unique to nervous
systems of invertebrates and are not found in mammals. Since the first
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Figure 10. Direction tuning of the T4 and T5 neurons. (Adapted from Haag et al.,
2016). Responses properties of the axons of T4T5 neurons in the lobula plate layer 3 to
grating moving at various velocities either upward (preferred direction, PD) or
downward (null direction, ND) measured using a calcium indicator. The responses of
the control flies to high velocities PD stimuli are larger than those of the T4T5 block
flies, suggesting that synapses among the T4T5 neurons might be necessary to retain
direction-selectivity at higher velocities.

demonstration of the inhibitory function of glutamate in the olfactory
system of fruit flies (Liu et al., 2013), the inhibitory role of glutamate has
been indicated also in the LPTCs and T4 and T5 neurons in the neuronal
circuit for motion vision (Mauss et al., 2014; Strother et al., 2017; this
dissertation).

From the evolutionary perspective, the two different effects of glutamate
at the synapse in invertebrates, depolarizing and hyperpolarizing, may
provide a possibility to easily exchange the sign of the signal transduced
to the postsynaptic neuron. Switching the expression to the particular
type of glutamate receptor in the postsynaptic neurons might be a more
flexible way of changing the computation performed by a circuit
compared to altering the enzymatic machinery involved in
neurotransmitter synthesis and transport in the presynaptic neuron.

Another possible advantage for the existence of a neurotransmitter
capable of exerting two different effects, depolarization as well as
hyperpolarization, might be the increased range of computations
performed on a dendrite with differentially distributed excitatory and
inhibitory glutamate-gated receptors. Moreover, having another
inhibitory neurotransmitter in addition to GABA in the fruit fly nervous
system may increase the range and flexibility of synaptic inhibition (Liu
et al., 2013).



Despite the lack of GluCl receptors in mammals, the hyperpolarizing
effect of glutamate has also been reported to take place in mammalian
retina. The mammalian photoreceptors release glutamate as a response
to light decrements. The presence of ionotropic glutamate-gated channels
on the OFF bipolar neurons explains their depolarization as a response to
light decrements (DeVries and Schwartz, 1999; DeVries, 2000).
Nevertheless, the more interesting is the mechanism that conveys the
information about light increments. The binding of glutamate to the
metabotropic receptors on the ON bipolar cells leads to the activation of
a second messenger cascade that triggers closure of the non-selective
cation channel TRPM1 (Nawy and Jahr, 1990; Masu et al., 1995; Koike et
al., 2010). As there is less glutamate released from photoreceptors as a
response to light increments, the TRPM1 cation channels open and cause
depolarization of the ON bipolar cell. Thus, the inhibitory role of
glutamate in the mammalian ON bipolar cells is mediated
counterintuitively via channel closure, not its opening. The inhibitory
function of glutamate acting via metabotropic receptors has not been
demonstrated in fruit flies, yet.

3.4 PROS AND CONS OF THE FRT-STOP-FRT-VACHT::HA ALLELE

The previously reported approaches to detect acetylcholine-releasing
neurons include ChAT antiserum (Takagawa and Salvaterra, 1996), ChAT
Trojan-MiMIC driver lines (Venken et al., 2011; Diao et al., 2015) or the
VAChT-LexA knock-in line (Simpson, 2016). Despite the different
working principles, these three tools function in a very similar manner:
they all visualize the complete expression pattern of the cholinergic
neurons in a fly brain. The neurons of interest to be tested for the
cholinergic phenotype are labelled using a binary expression system with
transgene such as GFP. Then, the co-localization (or lack of it) of the GFP
signal with the expression pattern of the cholinergic neurons determines
whether the neurons of interest are cholinergic or not. In practice, the
major issue is that the labelling of the cholinergic neurons with the
aforementioned tools is often ambiguous and for the weakly labelled
neurons it is hard to judge whether they belong to the cholinergic
expression pattern or not. In such cases, the FRT-STOP-FRT-VAChT::HA
allele can be particularly helpful. To use the FRT-STOP-FRT-VAChT::HA
allele in an experiment, the allele needs to be combined with a GAL4 line,
UAS-FLP construct and a reporter gene construct such as UAS-GFP.




In order to understand the role of any neuron in a neuronal circuit, it is
necessary to identify which of its neuronal branches are dendritic and
which are axonal. To address this question, a commonly used approach
in D. melanogaster is the expression of tagged proteins participating at
the neurotransmitter release sites such as HA-tagged synaptotagmin
(Robinson et al., 2002) or GFP-tagged n-synaptobrevin (Zhang et al.,
2002). The advantage of the FRT-STOP-FRT-VAChT::HA allele in
comparison to the other approaches to detect acetylcholine-releasing
neurons is that it enables direct visualization of the cholinergic release
sites in a single experiment, without the need to further determine which
branches of the examined neuron release neurotransmitter.

A drawback of using the FRT-STOP-FRT-VAChT::HA allele is that it can
lead to uncertainties when using GAL4 lines with broad expression
patterns. The problematic are cases when the GAL4 expression pattern
includes weakly expressing neurons or neurons that express GAL4 only
transiently during development. For an illustration, let us consider a
hypothetical situation in which a neuron with FRT-STOP-FRT-VAChT::HA
allele expresses two UAS constructs, UAS-GFP and UAS-FLP. In extreme
scenario, this neuron produces only one protein molecule from each of
the UAS constructs. The expression of the GFP would be impossible to
visualize because the amount of the protein produced is too low.
However, if the one molecule of FLP flips the stop cassette out, the
amount of VAChT::HA in the neuron (assuming the neuron is cholinergic)
would be easily detectable. Indeed, in practice, we observed presence of
HA tag in several GAL4 lines in neurons with barely detectable expression
of GFP. For this reason, a care should be taken that the GAL4 line tested
has an expression pattern as narrow as possible. Otherwise, it may
happen that the tested neuron is falsely identified as cholinergic because
of the VAChT::HA localized in the branches of an adjacent, weakly
labelled neuron.

The FRT-STOP-FRT-VAChT::HA line described in this work expresses a
red fluorescent protein dsRed in all photoreceptors using the P3 promoter
of the rhodopsin genes. The 3xP3-DsRed sequence is commonly used as a
marker of the successful integration of a transgenic sequence into host
genome. Once the transformants are identified, the 3xP3-DsRed sequence
can be removed from genome assuming that it is flanked by excisable
transposase or recombinase recognition sites. The FRT-STOP-FRT-
VAChT::HA allele was not designed to have the 3xP3-DsRed sequence




removed. Nevertheless, this had no observable effects on the FLP-
mediated recombination events and the functionality of the allele.

3.5 CONCLUSION

The important breakthrough in the field of Drosophila motion vision
research came with the demonstration that the two conceptually
different theoretical models of direction selectivity, the HR and the BL
model, act together to ensure the direction-selective response properties
of the T4 and T5 neurons. This termination of dichotomy in the field was
documented by several lines of evidence provided by different labs
(Fisher (b) et al., 2015; Haag et al., 2016; Leong et al., 2016; Strother et
al., 2017; this dissertation).

Mapping of the neurons to the components of theoretical models requires
information about both, the connectivity established by electron
microscopy-based reconstructions as well as the functional
characterization of the neuronal response properties. As the recent
studies provided detailed characterization of the neurons in motion
vision circuit on the structural and also functional level (Serbe et al.,
2016, Yang et al., 2016; Arenz et al., 2017; Strother et al., 2017; Takemura
et al., 2017; this dissertation), the current focus of research shifts more
towards understanding of the computations that take place in this circuit
on the molecular level. Conveniently, the rise of novel powerful
techniques such as RNA-seq and CRISPR/Cas9-based genome editing
greatly facilitates such efforts. Obtaining the transcriptome data from
other neurons participating in the motion vision circuit as well as
generating the cell type-specific tools to visualize and knock down
receptors and channels involved in neuronal computations is necessary
to gain deeper understanding of processes that underlie visual detection
of motion in D. melanogaster.
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