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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 cell s 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  ˔.ôĄāðû òøāòĄøă ăþ øýăôöāðăô þÿÿþĂøýö üþăøþýĂ øý ă÷ô 

ąøĂĄðû õøôûó˕ʿ ăþöôă÷ôā Ćøă÷ üĈ òþûûôðöĄôĂʿ Ćô øóôýăøõĈ ăĆþ ýôĆ ăĈÿôĂ þõ 

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 s ingle -cell 

transcriptome analysi s, we show that the neurotransmitter used by the 

LPi3-4 and LPi4 -3 neurons is glutam ate. Glutamate released from the 

LPi3-ё ýôĄāþýĂ þÿôýĂ ð ò÷ûþāøóô ò÷ðýýôû 'ûĄ#û̡ þý ă÷ô óôýóāøăôĂ þõ ă÷ô 

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  R̝NA-seq transcriptome analysis of direction -selective 

T4/T5 neurons in Drosophila ,̞ I  provide the first genome  ʕ 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 neuro transmitters 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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biophysi cal implementation of the computations performed by the T4 and 

T5 neurons on the molecular level.  

In the publication  T̝ransgenic line for the identification of cholinergic 

release sites in Drosophila melanogaster ˕ʿ ĄĂøýö ă÷ô ýôĆûĈ 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 des cribed 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 gene s that regulate  embry onic development  

(Lewis , 1978; Nüsslein -Volhard and Wie schaus, 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 mutagen s such as ethyl 

methane sulfonate (EMS)  (Alderson, 1965)  that produced a substantial 

number  of loss-of-function mutant strains . A revolutionary tool to 

perform not only gene disr uption s but also to introduce transgenes in to 

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 rein sertion  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  ăþ ðĄăþýþüþĄĂûĈ ˔ùĄüÿ˕ Ćøă÷øý ð 

genome. An elegant way for using P elements to generate tran sgenic flies 

came with a n 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 (Bran d 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 system s 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  trigg ers 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 t he 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, t his 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 

ýĄòûôþăøóôĂ øý ă÷ô ђˑ þõ ă÷ô Ăö2.! 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 molecule s 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 t hat bind s to the 

complementa ry DNA  (Jinek et al., 2012) .  

In order f or 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 prot ein  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 -homologou s 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 funct ion at  the cellular and 

molecular level s 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, c omprises an 

estimated  100 000  ʕ150 000 neurons. In addition, a part from certain 

experience tʕriggered synaptic plasticity  (Kanamori et al., 2015; Yaniv 

and Schuldiner, 2016) , the fly brain is to substantial ex tent 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 stud ying 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 t hat 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 vo ltage 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., 2 013, 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 thousand s 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 

rela tively 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 p lace 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 o f neurotransmitter receptors, the slow metabotropic G protein -

coupled receptors, trigge r 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 metab otropic receptors 

for several neurotransmitters simultaneously and thus, integrate a 
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variety of incomin g signals. Understanding of which  neurotransmitters 

and receptors participate at a synapse is therefore crucial for deciphering 

the computations taking p lace in neuronal circuits.  

In D. melanogaster , eight different neurotransmitters have been 

identified so far: acetylcholine, glutamate, GABA, dopamin e, serotonin, 

octopamine, tyrami ne 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 

neuro transmi t ter is loaded  into synaptic vesicles with a vesicular 

neurotransmitter transport er. Depending on the  type of 

neurotransmitter, the d egradation 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 

neurotr ansmitter phenotype  of a neuron , assuming that  their function is 

restricted to neurotransmitter metabolism or tr ansport .  

 

1.2.1 Acetylcholine 

Acetylcholine is a major excitatory neurot ransmitter 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 acetylch oline 

esterase (AChe) that is  found in the synaptic cleft  (Haas et al., 1988) . 

Choline  is then transported into  the presynaptic neur on via a dedicated 

membrane choline transporter and re-used for the  further  synthesis of 

acetylcholine . The choline transpor ter has  already been studied 

extensively in mammals  (Parikh et al., 2013; Traiffort et al., 2013 ). 
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However, i n 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 necessar y 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 transpo rters (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 w ith the  enzyme glutamate decarboxylase (Gad1 ) 

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

synaptic vesicles is achieved by the ves icular 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 neuron s 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 furth er 

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 arom atic amino acids and contain one amino residue. In 

addition, all monoamine neurotransmitter s 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 -uptake n by glial cells that 

convert hista mine  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 s ynthesis 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 (T dc) 

(Livingstone and Tempel, 1983) . Tyramine can  in turn  be transformed 

into octopamine with an enzyme tyramine beta-hydroxylase (T bh)  

(Monastirioti et al., 1996) . For the synthesis of dopamine, the tyrosine is 

first converted to L -DOPA with t yrosine h ydroxylase ( ple or also known 

as TH)  (Friggi -Grelin et al., 2003) . In the  next step,  dopa decarboxy lase 

(Ddc) cataly zes 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 turn ed into 

serotonin  in a reaction catalyzed by Ddc  (Livingstone and Tempel, 1983) . 

From the synaptic cleft, dopamine and serotonin are removed with 

dedicated transporters, DA T 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 o f CG5653 in the neurotransmitter metabolism has 

not been confirmed yet.  

A plasma membrane transporter s 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 neurot ransmitter phenotype of a cell  is commonl y 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 pr otein , 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 localize d 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 -

resolu tion microscopy techniques such as STED or STORM might provide 

a solut ion 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 bo dies. This approach, however, might lead to  false 

negative interpretation of the  results : the inability to detect  a marker  

protein  in the soma does not neces sarily  mean that it is not present in 

other neuronal compartments. For several neurotransmitter mar kers 

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 a l., 2010; Sarov et al., 2016 ). 

Detection of markers at  the level of mRNA requires  isolation of cell type -

specific mRNA. T his can be done either by manual or FACS-based 

sampling of  the labelled neuronal somata or , alternatively,  by 

immunoprecipitation of th e tagged nuclei or ribosomes from many fly 

brains  simultaneously . Depending on the amount of mRNA collected, the 

transcript s 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 t ranscriptome profiling with  RNA-seq over RT-

PCR and microarrays are  the increased dynami c 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 th e 

terminator is removed so the cycle can be repeat ed. As hundreds of  

millions of short sequences can be imaged simultaneously, the method 

yield s large amounts of data  in a short time . The obtained  reads are then 

aligned to the genome and the gene expressio n 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 hybridiza tion.  However, due to 

laborious process of the probe optimization, this  is not a commonly used  

approach  to detect neurotransmitter ma rkers 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; Dia o et al., 2015 ) of gene -trap 

cassette insertions provides a major  source for  visualization of gene 

expression pattern s with the inserted reporters  such as green fluorescent 

protein (GFP) or transcription factor s of binary expression systems . 

However, the M iMIC 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-òðûûôó ˔ôý÷ðýòôā ăāðÿÿøýö˕ 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 t his approach provided s ome useful transgenic lines  for revealing 

the n eurotransmitter phenotype , it is often difficult to estimate the 

sequence that cons titutes a gene enhancer,  therefore,  the expression 

pattern of  many  enhancer trap lines do es not reliably  copy the expression 

pattern of the gene  that the enhancer region  belongs to  (Simpson, 2016) .  

In addition to detecting neurotransmitter  markers, the pr esence 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 loca l ly at the synapse , 

the resolution  achievable  by traditional confocal micro scopy is not 

suffi cient . 
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1.3 VISUAL SYSTEM OF D. MELANOGASTER 

Judging from the portion of  brai n 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 to tal almost two third s of 

the fly  brain volume . Anatomically, the  optic lobe  is located beneath  the 

retina  and consist s 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 an d the lobula plate. B) (Adapte d 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 ommati dia (Figure  5). In total, there are 

approximatel y 750 ommatidia in each eye of a fruit fly . Each ommatidium 

contains eight photoreceptors arranged  in a st ereotyped manner. 

Depending on the  position in ommatidium, the photoreceptors are 

termed as R1, R2, R3, R4, R5, R6, R7 and R8 cells . The ːþĄăôāˑ 

photoreceptors R1 -R6 provide the major input to the  contrast and motion 

vision  circuit  (Yamaguchi et al. , 2008 ) while the  ˔øýýôā˕ ÿhotoreceptors 

R7 and R8 are involved  in color discrimination  (Yamaguchi et al., 2010).  

The photoreceptor  type s vary with respect to the  class of light -absorbing 

pigment rhodopsin that they express and the pro jection 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 precise ly  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 e ach column. The lamina is 

a relatively simple neuropil consisting of only 12 classes  of neurons with 

well -studied connectivity and at leas t 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 neu ropil 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 st age 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 par allel streams 

 ʕthe ON and OFF channels  (Joesch et al., 2010). The signal from R1-R6 

photoreceptor s split s 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 photoreceptor s, fly photoreceptor s also rel ease 

their  neurotransmitter continuously  over time.  Due to a different 

molecular mechanism  of the photo conversion  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 d epolarization of the 

postsynaptic L1 and L2 cell s (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 spread s the 

information about its depolarization while th e other one only relay s 

information about its hyperpolarization  to the downstream neurons . 

Indeed, the h alf -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 neuro transmitter 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 spe culated that this sign inversion is achieved by the 

continuous release of glutamate from the L1 neurons causing 

hyperpo larization of  the postsynaptic neurons  via inhibitory glutamate -

gated chloride channel  (Liu and Wilson , 2013), nevertheless, this has not  

been proven experimentally, yet.   

The split ting 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 t he 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 cell s 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 increm ents 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 ro le of 

these cells in the motion vision circuit  (Ammer et al., 2015 ). 

Nevertheless, the  neurotransmitter of the Mi1 and Tm3 ne urons has not 

been described until recently (Strother et al., 2017; Takemura et al., 

2017), neither has it been known whether the i nput that the Mi1 and Tm3 

neurons provide to the direction -selective T4 neurons is excitatory or 

inhibitory.    

A B 



   

 

  

 16 

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 iden ti fied neurons  that prov ide input to T5 cell s, the 

Tm1, Tm2, Tm4 and Tm9 cell s, 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 wher e direction 

selectivity arises  (Maisak e t 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 direction s: 

front -to-back, back-to-front, upwards and downwards  (Maisak et al., 

2013.) . In addition to different physiological responses, the T4 a-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 

projection s of the  a-d subtypes of  the T4 and T5 neurons separat e in the 

lobula plate  such that each subtyp e 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 wid e-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, t he 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). I llustration of the optic lobe depict s 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 ts, the LPTCs do 

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

 

A

 

B 

 

C 
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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 quest ion 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 differentiall y 

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 movem ent 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 uni t 

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 

illus tration 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 fro m t wo adjacent points in space  and convey 

the signal to the direction -selective unit (depicted as circle).  One of the inputs is 

ăôüÿþāðûûĈ óôûðĈôó ˭ĂĀĄðāô Ćøă÷ ̶ˮ˅ Red traces show signal at the level of light detectors, 

inputs lin es and at the level of direction -selective unit. Left -to-right motion (preferred 

direction) of a single bright point  (yellow square)  and the corresponding re sponses 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 - directio n 

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.   
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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 

theoret ical 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 neurotransmitter s 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 lev el 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  th e 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 too l for the identification of cholinergic neurons and use 

this tool to ana lyze the ne urotransmitter 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 ˔.ôĄāðû òøāòĄøă ăþ integrate opposing motions in the visual 

õøôûó˕ (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 

ÿĄñûøĂ÷ôāˑĂ 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 profi ling, 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 label ing. 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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