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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 GluClα 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”, I 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; Nüsslein-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 
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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).  

  
 

 

 
 

 

 

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 

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.   

enhancer transgene 

enhancer transgene GAL4 UAS 

excision inversion recombination 

FLP recombinase FRT sequence 

A 

B 
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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.  

 

 

 

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 Cas9-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 
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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 (NHEJ) 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 
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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 
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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). 



   

 

  

 7 

However, in fruit flies, the function of the homologue gene, the CG7708, 

has not been experimentally confirmed yet.    

 

 

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 

VGluT. 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 Gad1, 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 (Gad1) 

(Featherstone et al., 2000) (Figure 3). The transport of GABA into 

synaptic vesicles is achieved by the vesicular GABA transporter (VGAT) 

C B A 
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(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-Calderón 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; Pörzgen et al., 2001). In mammals, the crucial 
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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; 
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Featherstone et al., 2000; Daniels et al., 2004; Greer et al., 2005; Romero-

Calderón 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). 

 

 
 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 

Illumina 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.      
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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, 

VGluT 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. 
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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).   

 

 

 

 

 

 

 

 

 

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 

A 
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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 
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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 L1 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 
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provide input to the OFF pathway via Tm9 neuron (Silies et al., 2013; 

Fisher (a) et al., 2015) (Figure 6). 

  

 
 

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.    

A B 
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In the OFF pathway, the downstream elements of L2 neurons are 

medullar cells Tm1, 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 

Tm1, Tm2, Tm4 and Tm9 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 T5a, T5a, T5b, 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 

T5a-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). 
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Neuron Neurotransmitter Marker Method used Reference 

R1-R6 Histamine - 
Histamine applied on 

postsynaptic cells 
Hardie, 1989 

L1 Glutamate VGluT 
RT-PCR of RNA from 

isolated cells 

Takemura et al., 

2011 

L2 Acetylcholine ChAT 
RT-PCR of RNA from 

isolated cells 

Takemura et al., 

2011 

Tm1 Acetylcholine ChAT anti-ChAT staining 
Shinomiya et al., 

2014 

Tm2 Acetylcholine ChAT 
RT-PCR of RNA from 

isolated cells 

Takemura et al., 

2011 

Tm4 Acetylcholine (?) 
ChAT 

(?) 

ChAT-GAL4 

expression pattern 
Raghu et al., 2011 

Tm9 Acetylcholine ChAT 
RT-PCR of RNA from 

isolated cells 

Shinomiya et al., 

2014 

T4 Acetylcholine ChAT 

RT-PCR of RNA from 

isolated cells; 

anti-ChAT staining 

Shinomiya et al., 

2014; Mauss et al., 

2014 

T5 Acetylcholine ChAT 

RT-PCR of RNA from 

isolated cells; 

anti-ChAT staining 

Shinomiya et al., 

2014; Mauss et al., 

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.  

 

 

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 shibirets, the LPTCs do 

not show any motion-specific responses (lower trace).    

 

A

 

B 
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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 τ). 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.      

 

 

Figure 9. The BL 

model of direction 

selectivity and its 

responses to 

preferred- and 

null- direction 

stimuli. The BL 

model of direction 

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.  

A

 

B

 

B
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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| PUBLICATIONS 
 

 

 

 

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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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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2.3 TRANSGENIC LINE FOR THE IDENTIFICATION OF 

CHOLINERGIC RELEASE SITES IN DROSOPHILA MELANOGASTER 

The article “Transgenic line for the identification of cholinergic release 

sites in Drosophila melanogaster” (https://doi.org/10.1242/jeb.149369) 

was originally published in the Journal of Experimental Biology in April 

2017. 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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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 Mi9 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 
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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 GluClα 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 GluClα 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 GluClα 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. 
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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 200nm (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 
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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 70nm 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 Gad1 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 β-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 β-alanine has been shown to open 

D. melanogaster Rdl receptors expressed in oocytes (McGonigle and 

Lummis, 2010). In the fly brain, β-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 β-alanine in vivo in the brain of a 

fruit fly. 
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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 Gad1. 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 
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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, Mi9, 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 GluClα 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). 
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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.   
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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 
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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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