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ABSTRACT 

Visual motion is an essential cue for many sighted animals. This can either be caused 

by the movement of an object, or the relative movement of the entire world caused by self-

motion of the animal. Accordingly, the brain must compute both local motion cues, 

corresponding to spatiotemporal changes in luminance, and global motion patterns 

composed of many local motion vectors. In the fly eye, which is composed of hexagonally 

arranged visual units, the first-direction selective cells, the T4 and T5 neurons, are known as 

local motion detectors. Global motion was thought to be computed downstream, in large 

wide-field cells that sample information from many local motion detectors. Despite many 

years of research, the detailed mechanisms underlying local motion tuning in T4 and T5 cells, 

as well as the transformation of local into global motion information is not fully understood.  

In this thesis, I first studied the mechanisms of local motion detection and how local 

motion information is transferred into a global information about self-motion. First, blocking 

GABAergic signaling in the whole brain leads to a loss of direction-selectivity in T4 and T5 

cells, arguing for a significant role of GABAergic circuits for local motion computation (Fisher 

et al., 2015a). However, GABAergic cell types and their potential interactions with the 

neuronal circuit responsible for motion detection had not yet been identified. Based on a 

behavioral genetic screen, in vivo calcium imaging and genetic analyses, we propose a 

GABAergic feedback mechanism, implemented by the two columnar C2 and C3 cells, to be 

required for directional tuning of T4 and T5 cells. Both neurons mainly interact with neurons 

upstream of T4 and T5 cells, indirectly affecting motion processing. While our data suggest a 

specific role of C2 for suppressing responses into the neuron’s non-preferred direction in T4 

cells, C3 silencing affected the temporal properties of T4 and T5.  

 T4 and T5 cells have been classified anatomically into four subtypes, ostensibly 

responding to the four cardinal directions of visual motion (Fisher et al., 2015a; Maisak et al., 

2013). How these four motion axes arise, given the hexagonal arrangement of visual units in 

the fly eye, was not clear. Furthermore, it was not known how local cardinal motion from 

T4/T5 inputs can be transformed into complex optic flow fields encoded downstream.  To 

understand how global motion is represented by the population of T4 and T5 cells, I used in 

vivo two-photon calcium imaging to characterize the direction tuning of T4 and T5 cells across 

visual space and the extent of the lobula plate. In contrast to the four anatomically subtypes 

described previously, we found six functional subtypes of local motion detectors at the 

population level / across the lobula plate. On average, tuning of these six subtypes matches 

the hexagonal structure of the eye. Tuning of neighboring motion detectors gradually 

changes, such that all T4/T5 cells of one subtype encode global motion patterns induced by 

translational and rotational self-movements of the fly. Together, the T4/T5 population 

represents six types of self-motion encountered during flight. Thus, downstream LPTCs can 

simply pool information from the local motion detectors, T4 and T5, to compute diverse 

complex flow fields. This population code for optic flow is reminiscent of coding of retinal 

ganglion cells in the vertebrate retina where only four directions of self-motion faced during 

walking are represented (Sabbah et al., 2017). While the number of motion dimensions 

encoded by the local motion detectors differ, this suggests a general coding strategy of visual 



 

 

systems to extract self-motion of the animal, adapted to the complexity of maneuvers 

encountered during locomotion.  

Taken together, the data presented in this thesis provide new insights about local as 

well as global mechanisms of visual motion processing in the fly and suggest striking parallels 

but also highlight differences between the vertebrate and invertebrate visual system. This is 

critical not only for understanding computational principles of visual systems but also for 

understanding how evolution adapts neuronal coding strategies to the animal’s behavioral 

constraints. 
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1 INTRODUCTION 
 

Any living organism needs to extract relevant information from its environment to 

behave appropriately in different situations. Understanding how the brain computes such 

relevant information and how this depends on the ethological constraints of an animal is a 

merging goal of neuroscience and evolution. Therefore, it is essential to understand how 

specific physiological properties and the organization of single neurons within a network lead 

to distinct behaviors of the animal and how different or similar mechanisms may have 

evolved during evolution between different species. The computation of visual motion 

information is probably one of the most comprehensively understood mechanisms studied 

in many species ranging from primates, mice, turtles, and birds to flies. Visual motion 

patterns elicited on the eye during self-motion are essential cues for many sighted animals 

used for navigation and course control. These motion patterns, also named optic flow 

patterns, strongly depend on the animal’s locomotion behavior, such that the neuronal 

computation behind motion vision may not only be specialized to environmental constraints 

but also the distinct behaviors of the animal. Such global motion patterns are composed of 

many local motion vectors, that first need to be computed by small local processing units of 

the eye. 

 In this thesis, I aim to provide further insight on the mechanisms of local as well as 

global motion detection in the visual system of Drosophila melanogaster. Here neuronal 

anatomy, as well as neuronal connectivity in the visual system, are known with exquisite 

detail  (Fischbach and Dittrich, 1989; Meinertzhagen and O’Neil, 1991; Rivera-Alba et al., 

2011; Takemura et al., 2013, 2015; Zheng et al., 2018). Genetic access to almost any cell type 

and a rich pool of genetic tools for neuronal labeling, activity measurements (e.g. calcium or 

voltage measurements, Chen et al., 2013; Dana et al., 2019; Yang et al., 2016), and 

manipulations (Klapoetke et al., 2014; Mattis et al., 2012; Simpson, 2009) allows to precisely 

affect the circuit and make predictions about the functional importance of neurons that can 

be ultimately linked to behavior. 

 

1.1. Visual processing in Drosophila melanogaster 
 

The compound eye of the fruit fly Drosophila melanogaster is in relation to the body 

size one of the biggest eyes among most insects, which is thought to relate to the fast-flying 

behavior of these animals (Leuckart, 1876). Additionally, the visual systems cover almost 

two-thirds of the brain volume, indicating the importance of vision for the fly to guide many 

behaviors. Especially the information of visual motion cues has been shown to be relevant 

for fly navigation. Visual motion is elicited on the eye when objects move in front of the 

observer, but also when the observer itself moves through the world. It thus contains 

information about potential threats but also about the type of self-motion of the animal. 

Motion computation requires a comparison of local luminance changes over space and time, 

such that motion information is first computed for local points in space. To compute global 

motion patterns which are generated on the eye during self-movements, this local motion 
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information needs to be pooled across space. In the following paragraphs I will explain, how 

the visual system of D. melanogaster is constructed and how visual information is processed 

to extract local motion information. 

 

1.1.1 Anatomy of the Drosophila visual system  

 

The Drosophila compound eye contains approximately 750 visual units, also known 

as ommatidia that are arranged in a hexagonal fashion. Each ommatidium consists of eight 

light-sensitive photoceptors (R1 to R8), supporting cells, and a dense sheet of pigment cells 

that optimally isolate individual units from each other (Hardie, 1985; Kirschfeld, 1967). 

Whereas the six outer achromatic photoreceptors R1-R6 primarily inform the motion 

detection pathways (Heisenberg and Buchner, 1977; Yamaguchi et al., 2008), the two inner 

photoreceptors R7 and R8 sense light of a particular wavelengths and feed into the color 

vision channel (Chou et al., 1996; Heisenberg and Buchner, 1977; Salcedo et al., 1999). A 

group of six photoreceptors of the same type that are located in different adjacent 

ommatidia sample light from the same ~ 5  ͦ - wide “point” in visual space and project their 

axons into one common cartridge of the optic lobe (Figure 1A, B). Thus, photoreceptors within 

one ommatidium utilize the same optical apparatus but have different optical axes and hence 

belong to different visual units  (Katz and Minke, 2009; Kirschfeld, 1967; Liang et al., 1989). 

This specific case of visual mapping is known as neural superposition and is also found in 

other insect species (Braitenberg, 1967; Kirschfeld, 1967, 1973). In this arrangement, 

retinotopy is established in neurons downstream of photoreceptors. 

 

Figure 1. Anatomy of the compound eye of Drosophila melanogaster. (A) Side view (A.I) and top view (A.II) of 

neighboring ommatidia in the retina of the Drosophila eye. Light from one point in space (green) hits the lenses 

of six ommatidia and is captured by a different photoreceptor type (R1 to R6) in each ommatidium, whose axons 

converge to the same cartridge of the lamina, illustrating the neural superposition phenomenon. (B) Dorsal view 

of a fly’s head. The right side illustrates the central brain and the optic lobe that is situated below the retina. (C) 

Illustration of the visual system showing the retina and the four neuropiles of the optic lobe: lamina, medulla and 

the lobula complex composed of the lobula and the lobula plate. The chiasm from lamina and medulla and lobula 

to lobula plate are indicated in green. Illustrations were modified after (Nilsson D. E., 1989; Shinomiya et al., 

2019a).  
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Together the layer of photoreceptors constitutes the retina of the eye. Below the 

retina, the optic lobe consists of four neuropils: lamina, medulla, lobula, and lobula plate 

(Figure 1C). Each of them is again tiled into ~750 retinotopically-arranged cartridges or 

columns such that visual signals from different points in space are processed in parallel 

(Bausenwein et al., 1992). However, two chiasms, the outer chiasm from lamina to medulla 

and the inner chiasm from medulla to lobula complex invert this retinotopic map (Figure 1C, 

Fischbach and Dittrich, 1989; Shinomiya et al., 2019a).  

Within the Drosophila visual system, almost 100 cell types have been described and 

can be uniquely identified based on their specific anatomical characteristics (Fischbach and 

Dittrich, 1989; Nern et al., 2015). Of these, the first neuropile, the lamina, houses 12 neuronal 

cell types in each cartridge or column (Figure 2). These include the five lamina monopolar 

neurons L1-L5, two putative feedback neurons C2 and C3, and the tangential neuron T1, as 

well as the multicolumnar wide-field neurons Lai, Lawf1, Lawf2, and Lat (Fischbach and 

Dittrich, 1989). Direct input from photoreceptors R1 to R6, which extend their axons into the 

lamina, is given to L1, L2, an amacrine cell and L3 or a glia cell, forming tetrade synapses. All 

other lamina neurons are informed by either one of them (Fröhlich and Meinertzhagen, 

1982; Meinertzhagen and O’Neil, 1991). Most lamina cells further extend their axons into the 

second neuropile, the medulla (Fischbach and Dittrich, 1989; Takemura et al., 2008). In the 

medulla, most lamina neurons form synaptic contacts with medulla intrinsic (Mi), 

transmedullary (Tm, TmY), or distal and proximal medulla (Dm, Pm) neurons, some of which 

are illustrated in Figure 2. 

 

Figure 2. The visual system of the fruit fly. Shown are different types of neurons that process visual information 

from the lamina to the medulla and the lobula and lobula plate. These include the photoreceptors (R), lamina 

neurons (L), a tangential neuron (T), two columnar neurons (C2 and C3), medulla intrinsic (Mi) and transmedulla 

(Tm) neurons, dorsal and proximal medulla neurons (Dm and Pm), a lobula tangential neuron (Lt) as well as the 

local motion detection neurons T4 and T5. Neurons involved into motion detection are shown in color. Darker 

color depicts neurons assigned to the OFF pathway while ON pathway neurons are colored in light green. Note 

that only a few of more than 100 cell types are shown for simplicity. Furthermore, most cell types shown here 

exist once per cartridge or column. 

The columnar architecture of the lamina and medulla is maintained in downstream 

neuropiles, by different T neurons in the lobula and the lobula plate. Of these, the T4 and T5 
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neurons will be important here, because they are the first direction-selective cells of the 

visual system. While both, T4 and T5, extend their axon terminals into the lobula plate, T4 

houses its dendrites exclusively in the proximal medulla layer M10, whereas T5 extends its 

dendrites into the first layer of the lobula (Figure 2). T4 and T5 cells each come in four 

anatomical subtypes that can be distinguished based on the projections of their axon 

terminals into four distinct layers of the lobula plate (Fischbach and Dittrich, 1989). 

Downstream of T4 and T5 cells visual projection neurons (VPN) in the lobula plate, the lobula 

plate tangential cells (LPTCs) project their axons into the central brain. Within the lobula 

plate, LPTCs extend their dendrites along one or two particular layers of the lobula plate 

where they receive input from T4 and T5 cells as well as lobula plate intrinsic neurons (LPi) 

(Mauss et al., 2015) and thus signal global motion information (Joesch et al., 2008; Schnell et 

al., 2010). On the other hand, the VPNs located in the lobula of the visual system are mainly 

involved into other visual pathways for example object detection (Aptekar et al., 2012; Bahl 

et al., 2013, 2015; Keleş et al., 2019; Poggio and Reichardt, 1976). These include for example 

the most numerous lobula columnar (LC) neurons that project to multiple optic glomeruli in 

the central brain (Mu et al., 2012; Wu et al., 2016) as well as the large tangential (LT) neurons. 

Together with another set of giant cells that project into several neuropils at once e.g. the 

amacrine cell (CT1), Y cells, tangential neurons (Mt), translobula neurons (Tl), and lobula 

complex columnar neurons (Lccn), there is a large variety of different cell types in the visual 

system (Fischbach and Dittrich, 1989). Of these, only a few cell types have been shown to be 

important for the computation of visual motion information.  

 

1.1.2 Motion vision pathway  

 

The first instances of visual processing are the photoreceptors R1 to R6 that express 

the broad-band rhodopsin Rh1 to absorb photons and transform the energy into an electrical 

potential by phototransduction. In contrast to vertebrate cones and rods, photoreceptors in 

the fly retina respond with a depolarization to an increase of light (Laughlin, 1989; Zheng et 

al., 2006). Photoreceptors R1 to R6 transmit signals to the lamina via release of histamine, 

where postsynaptic lamina neurons express a histamine-gated chloride channel leading to a 

reversal of the response polarity (Hardie, 1987, 1989; Meinertzhagen and O’Neil, 1991; 

Rivera-Alba et al., 2011). Thus most lamina neurons respond with a depolarization to the 

offset of light and a hyperpolarization to the onset of light (Laughlin and Hardie, 1978).  

From the level of the lamina down to the level of the lobula and lobula plate, neurons 

involved into motion processing are typically classified into two major pathways, namely the 

ON and the OFF pathway, which are selective for processing movement of brightness 

increments (ON) and decrements (OFF), respectively (Maisak et al., 2013). Based on 

behavioral and physiological studies, L1 has been shown to predominantly contribute to the 

computation of ON motion, while L2 and L3 have been shown to provide input to the OFF 

motion pathway (Figure 3A, Clark et al., 2011; Joesch et al., 2010; Rister et al., 2007; Silies et 

al., 2013; Tuthill et al., 2013). While L1 and L2 show a transient response to the offset of light, 

signaling contrast (Clark et al., 2011; Laughlin and Hardie, 1978; Zheng et al., 2006), L3 has 

been shown to report information about luminance. This is required to correct the estimation 
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of contrast in rapidly changing environments where adaptation could not yet take place 

(Ketkar et al., 2020). A sign inversion from L1 to medulla neurons of the ON pathway 

mediated through a multisynaptic process involving both GABAergic and glutamatergic 

inhibition leads to depolarizations to the onset of light and thus ON selective responses of 

neurons downstream of L1 in the ON pathway (Behnia et al., 2014; Molina-Obando et al., 

2019; Yang et al., 2016). In contrast, neurons downstream of L2 or L3 are OFF selective (Arenz 

et al., 2017; Behnia et al., 2014; Serbe et al., 2016).  

Besides anatomical evidence (Takemura et al., 2013, 2015), the contribution of L4 

and L5 for visual processing remains unknown (Bahl et al., 2015; Meier et al., 2014; Silies et 

al., 2013; Tuthill et al., 2013). The four feedback neurons C2, C3, Lawf1 and Lawf2 have been 

suggested to broadly shape visual processing given their reciprocal connections to many 

lamina but also medulla neurons (Takemura et al., 2015; Tuthill et al., 2013; Yang and 

Clandinin, 2018). C2 and C3 have been shown to also have an effect on motion processing 

and motion-parallax for distance evaluation (Triphan et al., 2016; Tuthill et al., 2013).  

 

Figure 3.  Motion detection circuit in D.melanogaster. (A) Schematic of neurons involved into motion processing 

of the ON and OFF pathway. Different compartments illustrate the retina (Re) and the four neuropiles, the lamina 

(La), medulla (Me), lobula (Lo) and lobula plate (Lp) of the visual system. Colors indicate validated 

neurotransmitter phenotype: Histaminergic (grey), cholinergic (black), glutamatergic (green), GABAergic 

(magenta). Neuron connections that are so far only based on connectomic data are depicted in dotted lines. All 

other neurons shown have been functionally and anatomically validated to be important for motion detection. 

Modified from Yang and Clandinin (2018). (B) Direction and orientation tuning of the local motion detectors T4 

and T5. Polar plots show maximum calcium responses to gratings moving into eight different directions (top) or 

static gratings with different orientations. (Data from Fisher et al., 2015b) 

 

 In the medulla, few of the many neuronal cell types have so far been identified to be 

part of core motion detection circuits based on functional studies and connectomes. In the 

ON pathway, these are mainly the four medulla neurons Mi1, Tm3, Mi4 and Mi9 (Figure 3A). 

Of these only Mi1, Tm3 and Tm4 are ON selective (Arenz et al., 2017; Behnia et al., 2014; 

Strother et al., 2017). Mi9 on the other hand receives inputs from L3 and depolarizes to OFF 

(Arenz et al., 2017; Strother et al., 2017; Takemura et al., 2017). This shows that at the level 

of the local motion detector T4, inputs from both ON selective and OFF selective neurons are 
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utilized to extract ON motion responses. How this is important for the computation of motion 

will be discussed later. Besides the above described neurons, C3, CT1 and TmY15 have been 

show to provide synaptic contacts to T4 (Shinomiya et al., 2019b; Takemura et al., 2017).  

On the other hand, the four medulla neurons Tm1, Tm2, Tm4 and Tm9 have been 

assigned to the OFF pathway (Figure 3A). All these Tm neurons project their axon terminals to 

the lobula where they directly synapse onto the OFF motion-selective T5 neuron (Shinomiya 

et al., 2014, 2019b) and have also been shown to functionally contribute to the OFF motion 

processing pathway (Fisher et al., 2015b; Serbe et al., 2016). While Tm1, Tm2 and Tm4 

receive their main inputs from L2 and are thus OFF selective (Behnia et al., 2014), Tm9 

integrates L3 and L1 inputs (Fisher et al., 2015b; Takemura et al., 2013). Measurements of 

the receptive field structure of Tm9 and Tm2 show that they are comprised of an OFF center 

and a wider inhibitory ON component (Ramos-Traslosheros and Silies, 2021). Therefore, also 

at the level of T5, ON and OFF inputs are integrated for OFF motion processing. Interestingly, 

the GABAergic amacrine cell CT1 does not only synapse onto T4 but also onto T5 and has 

recently been described to be compartmentalized, in a way that it could provide local ON 

selective information to T4 and local OFF-selective signals to T5. It has therefore been 

suggested to be important for local motion processing in T4 and T5, which remains to be 

tested functionally (Meier and Borst, 2019; Shinomiya et al., 2019b; Takemura et al., 2017).  

As described previously, the local motion detectors T4 and T5 both extend their 

axons into four anatomical distinct layers of the lobula plate (Figure 2, Figure 3A). Based on the 

layer they project to (layer A-D), these neurons have been categorized into four anatomical 

subtypes each (Fischbach and Dittrich, 1989). First recordings using activity labeling with 2-

deoxyglucose have shown that each of these four layers in the lobula plate displays 

directional tuning into one of four cardinal directions of motion (Bausenwein and Fischbach, 

1992). Calcium imaging experiments in Drosophila confirmed that it is the axon terminals of 

the local T4 and T5 cells that display this direction tuning into ostensibly four directions of 

motion (Figure 3B, Fisher et al., 2015b; Maisak et al., 2013). Additionally, orientation tuning 

orthogonal to the axis of their preferred motion axis sharpens the directional tuning of the 

motion detectors T4 and T5 (Figure 3B, Fisher et al., 2015b). Further characterizations have 

shown that the direction tuning already arises at the dendrites of T4 and T5 cells in the lobula 

and medulla (Fisher et al., 2015a), whereas all input neurons to T4 and T5 are not directional. 

This suggests that directional tuning and thus motion information is computed at the level of 

T4 and T5 dendrites. Downstream of the local motion detectors, LPTCs pool information from 

many T4/T5 cells (Mauss et al., 2014; Schnell et al., 2012) and thus signal motion across a 

large part of the visual field. 

 

 

 

1.2. Computations underlying local motion detection 
 

1.2.1 Algorithms of local motion detection  
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To compute motion information, T4 and T5 cells need to compare local luminance 

changes over space and time. Already 60 years ago, long before the neurons in the visual 

system of flies or the vertebrate retina have been mapped, algorithmic models were 

proposed to describe how direction selectivity, a hallmark of motion detection could be 

extracted by a neuronal network. These include the Hassenstein-Reichardt Correlator (HRC), 

the Barlow-Levick model (BLM) and the Motion Energy Model proposed by Adelson and 

Bergen (Adelson and Bergen, 1985; Barlow and Levick, 1965; Von Hassenstein and Reichardt, 

1956a). All three models describe motion detectors that correlate inputs of neighboring 

points in visual space across time leading to either enhanced responses into the detector’s 

preferred direction (PD) or suppressed responses into the non-preferred or so-called null 

direction (ND).  For many years the HRC has been the major model for motion detection in 

flies as many behavioral responses to a wide range of different stimuli, quantitatively 

matched predictions of the HRC (Werner, 2013). However, recordings of the local direction 

selective T4 and T5 cells have shown that they integrate both excitatory and inhibitory signals 

to become direction-selective, suggesting that a combination of an HRC and BLM – type 

mechanism is implemented in the Drosophila brain (as comprehensively discussed in our 

review: Ramos-Traslosheros, Henning, Silies, 2018). Both models require non-linear filtering 

to become direction selective. Additionally, recent voltage recordings suggest that direction 

selectivity in T4 and T5 cells is established by a linear summation of excitatory and inhibitory 

signals and that a nonlinear voltage-to-calcium transformation accounts for the previously 

measured non-linearities (Gruntman et al., 2018, 2019; Wienecke et al., 2018). Taken 

together, T4 and T5 cells integrate excitatory inputs with inhibitory signals that suppress 

signals to non-preferred directions of motion.  

 

1.2.2 Inhibitory signaling for motion computation   

 

Inhibitory signaling in the brain of D. melanogaster can be mediated by gamma-

Aminobutyric acid (GABA) and glutamate (Enell et al., 2007; Kolodziejczyk et al., 2008; 

Küppers et al., 2003; Liu and Wilson, 2013). Glutamate is an amino acid that is one of the 

major excitatory neurotransmitters in vertebrates and can be both excitatory and inhibitory 

in invertebrates. It mediates its diverse effects by binding to different types of receptors 

including metabotropic glutamate receptors (mGluRs) or ionotropic glutamate receptors like 

the N-methyl-D-aspartate (NMDA) receptor or the glutamate gated chloride channel 

(GluClα). While NMDA and mGluRs have been shown to be important for activity dependent 

postsynaptic plasticity (Bogdanik et al., 2004; Tabone and Ramaswami, 2012; Xia and Chiang, 

2008), GluClα mediates an inhibitory chloride influx upon glutamate binding and thus leads 

to a hyperpolarization of the post synaptic cell (Liu and Wilson, 2013). GluClα was also shown 

to be highly expressed in the visual system of D. melanogaster (Davis et al., 2020; Fendl et 

al., 2020; Molina-Obando et al., 2019). 

GABA is synthesized from glutamate by glutamate decarboxylate (Gad1) (Featherstone et al., 

2000), transported into synaptic vesicles by the vesicular GABA transporter (vGAT) and 

removed from the synaptic cleft by the plasma membrane GABA transporter GATs1-3  (Fei et 

al., 2010; Schousboe, 2000). On the post synapse GABA binds to two classes of GABA 
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receptors, the metabotropic GABAB receptors and the ionotropic GABAA receptors. In the 

olfactory system GABAB was shown to mediate slow inhibition while GABAA receptors 

mediate fast inhibitory transmission (Wilson and Laurent 2005). Both GABAB and GABAA 

receptors are also highly expressed in many different neuron types in the visual system 

shown by immunostainings (Enell et al., 2007; Kolodziejczyk et al., 2008), genetically labelling 

the endogenous proteins (Fendl et al., 2020) and RNA sequencing data (Davis et al., 2020). 

The GABAA receptor is composed of different types of subunits (Hosie et al., 1997; 

Buckingham et al., 2005). Different types of GABAA subunit compositions were shown to form 

either GABA-gated chloride channels (Rdl/Lcch3) or GABA-gated cation channels (Lcch3/Grd) 

(Gisselmann et al., 2004; Zhang et al., 1995). The latter was recently shown to be expressed 

in the lamina neurons L1, L2 and L3 (Davis et al., 2020). But, the in vivo function of the 

different subunit composition is not known so far. 

Both GABA and glutamate signaling have been shown to be functionally important 

for the processing visual information. For example, a full loss-of-function of the GluCl 

subunit abolished ON motion responses in T4 neurons, because its function is critical for the 

sign inversion from L1 to ON selective medulla neurons (Molina-Obando et al., 2019). 

Additionally, the same study has shown that GABAergic signaling is also important for the 

computation of ON selectivity. Furthermore, GABAergic signaling has been shown to affect 

early visual processing in the OFF pathway, where it shapes the center surround organization 

of L2 (Freifeld et al., 2013). Most importantly, a pharmacological block of GABAA receptors 

results in a loss of orientation and direction-selectivity of T4 and T5 neurons, such that both 

neurons respond to any direction of motion (Fisher et al., 2015a). This shows that GABAergic 

signaling is not only important for peripheral processing of visual information but also 

required for the computation of direction-selective signals in T4 and T5 neurons. However, 

little is known about the role and the implementation of GABAergic circuitry in the Drosophila 

visual system.  

 

1.2.3 Neurotransmitter identity of motion detection neurons 

 

Diverse studies were set out to identify the neurotransmitter identity of the neurons 

involved in motion detection. These include immunostainings (Brotz et al., 2001; Datum et 

al., 1986; Kolodziejczyk et al., 2008; Meyer et al., 1986; Sinakevitch et al., 2003),  expression 

of reporter transgenes (Raghu and Borst, 2011; Raghu et al., 2011, 2013) or tagging 

neurotransmitter transporters with fluorophores (Pankova and Borst, 2017). Additionally, 

cell type-specific and single cell RNA sequencing predicted a neuron’s neurotransmitter 

phenotype using the enzymes and transporters expressed by a single neuron (Davis et al., 

2020; Konstantinides et al., 2018). Together they revealed several GABAergic cell types in the 

visual system including the GABAergic neurons C2, C3, Mi4, Dm10, Pm3, Pm4 and CT1. 

Notably the two columnar neurons C2 and C3 were suggested to be GABAergic already within 

the first attempts of classifying neurotransmitter identity (Buchner et al., 1988; Datum et al., 

1986; Kolodziejczyk et al., 2008; Meyer et al., 1986). Additionally, several glutamatergic cell 

types were identified, including L1, Mi9 and several Dm and Tm neurons (Davis et al., 2020). 

Taken together, two cell types of the ON pathway that directly synapse with dendrites of T4 
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cells, are inhibitory, the glutamatergic Mi9 neuron and the GABAergic Mi4 neuron. In 

addition, two GABAergic neurons, CT1 and C3, form synapses with T4 dendrites. The other 

two main inputs, Mi1 and Tm3 are cholinergic (Figure 3A). On the other hand, all main inputs 

to T5 are cholinergic. The only direct inhibitory input to T5 could be mediated by CT1.  

 

1.2.4 Implementation of PD enhancement and ND suppression  

 

In the last decade, a range of connectomic, physiological, behavioral and genetic 

approaches were taken to identify the molecular and circuit mechanisms behind motion 

computation (as extensively reviewed by: Borst et al., 2020; Ramos-Traslosheros et al., 2018; 

Silies et al., 2014; Yang and Clandinin, 2018). Based on the anatomic arrangement of the 

major presynaptic inputs onto the dendrites of T4/T5 direction selectivity, the proposed 

neurotransmitter identity of these inputs, and their temporal filter properties, new models 

were proposed to explain how PD enhancement and ND suppression are implemented in T4 

and T5 cells. For T4 this model is comprised of a slow inhibitory OFF input on the leading side, 

a fast ON component in the center and a slow inhibitory ON component on the trailing side 

(Figure 4A). Connectomics revealed that the medulla neurons Mi1 and Tm3 both synapse at 

the center of the T4 dendritic tree while the slow Mi4, C3 and CT1 neurons mainly synapse 

with the trailing side of the T4 dendrite and were thus suggested to implement ND 

suppression (Figure 4B, Shinomiya et al., 2019b; Takemura et al., 2017). Furthermore the OFF-

selective Mi9 neuron provides synapses on the leading side of the T4 dendrite, which was 

proposed to enhance PD responses to ON edges by release of inhibition (Borst, 2018; 

Shinomiya et al., 2019b). This model has been shown to capture direction selectivity in T4 

cells (Arenz et al., 2017; Badwan et al., 2019; Zavatone-Veth et al., 2020). However, genetic 

silencing experiments so far only demonstrated a critical role of Mi1 and Tm3 for motion 

computation, whereas blocking Mi4 or Mi9 had no effect on T4 responses (Ammer et al., 

2015; Strother et al., 2017). Furthermore, there is so far no evidence for a requirement of 

CT1 and C3 function for T4 responses. Together, this could either imply that PD enhancement 

alone is strong enough to compensate for the absent ND suppression, when blocking Mi4 or 

Mi9, or ND inhibition is not implemented by any of the direct inputs but by a so far unknown 

inhibitory circuitry. For DS responses in the OFF pathway, a similar model has been proposed, 

with Tm9 synapsing on the leading side, Tm1, Tm2 and Tm4 located in the center of the T5 

dendrites, and CT1 providing trailing side inhibition (Figure 4B, Shinomiya et al., 2019b). Tm9 

has been shown to transmit both ON and OFF information to T5 and could thus have a similar 

function for PD enhancement as Mi9 for T4 (Ramos-Traslosheros and Silies, 2021; Serbe et 

al., 2016). Besides CT1, all inputs to T5 are excitatory, however if CT1 is functionally important 

for DS in T5 is not known so far.  



1.2. Computations underlying local motion detection 

 

10 

 

Figure 4. Core mechanism for direction-selectivity of T4 and T5 neurons. (A) Three-arm motion detector for ON 

motion computation in T4. This model is comprised of a slow inhibitory OFF input on the preferred side, a fast ON 

component in the center and a slow inhibitory ON component on the null side. T4/T5 neurons sample from three 

to four neighboring columns. (B) Dendrites of an example T4 or T5 neuron. Synaptic sides of input neurons are 

organized across the dendrite such that they mainly target either the preferred- the central- or the null-side of 

the dendrite.  

 

Taken together, both T4 and T5 cells implement ND suppression, however the circuitry to 

implement this remains unknown. Furthermore, GABAergic signaling is required for direction 

selectivity in T4 and T5 neurons, but the GABAergic neurons, that are required for T4 and T5 

responses have not been revealed so far. 

 

 

1.3. From local to global motion detection 
 

All computations described above focused on the extraction of local motion 

information. However, for many visual animals, including the fly, the processing of global 

motion information is highly relevant for various types of behavior as for example navigation. 

As a fly moves through its environment, a particular type of self-motion will elicit specific 

global motion patterns also named optic flow patterns on the eye. To detect these optic flow 

patterns it is crucial to for example counteract deviations of the intended flight path (Krapp, 

2008). 

 

1.3.1. Wide field motion detectors 

 

In mice, optic flow is already represented in the population level of local direction 

selective ganglion cells (DSGCs, Sabbah et al., 2017). In contrast, in flies and many other 

insects, including moth, locusts and dragonflies, optic flow patterns are thought to be first 

time detected by the wide field motion-sensitive LPTCs in the lobula plate of the visual system 

(Evans et al., 2019; Hengstenberg et al., 1982; Kern, 1998; Kien, 1974; Rind, 1990; Rowell, 

1988; Stöckl et al., 2016; Theobald et al., 2010). In total 60 different types of these LPTCs 

located in the lobula plate have been described in blowflies (Calliphora) (Borst and Haag, 

2002; Egelhaaf, 2013; Hausen, 1982; Hengstenberg et al., 1982; Krapp, 2000, 2008; Krapp 
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and Hengstenberg, 1996; Krapp et al., 1998, 2001), and several LPTC types have been 

described in the fruit fly (Boergens et al., 2018; Schnell et al., 2010; Scott et al., 2002; Wei et 

al., 2020). These include three horizontal system (HS) cells and six vertical system (VS) as well 

as the dorsal and ventral centrifugal horizontal (dCH, vCH) cells, H1, H2 and V1 neurons and 

figure detection neurons (FD1, FD3). Of these, the three horizontal cells, HSN (north), HSE 

(equatorial) and HSS (south) and the six VS cells (VS1-VS6) have been characterized most 

extensively (Figure 5).  

 

 

Figure 5. Self-motion induced optic flow is encoded by LPTCs. (A) Dendritic arborizations of VS and HS cells in 

the lobula plate and an outline of the estimated receptive fields of the three HS cells (modified from Schnell et 

al., 2010 and Scott et al., 2002). (B) Illustration of the apparent uniform vector field representation by the four 

populations of T4 and T5 cells (left). Measured vector fields of a Drosophila HSN cell and a Calliphora VS1 cell 

(right). (modified from  Krapp and Hengstenberg, 1996 and Schnell et al., 2010). (C) Illustration of a VS cell dendrite 

pooling from T4 and T5 cells in layer D of the lobula plate. LPi cells mediate inhibitory input from T4 and T5 cells 

with opposite directional preference.  

 

While the six VS cell dendrites project mainly into layer D of the lobula plate and tile 

it sequentially along the posterior-anterior axis, the three HS cells extend their dendrites to 

either dorsal, equatorial or ventral parts of layer A in the lobula plate (Figure 5A, Boergens et 

al., 2018a; Fischbach and Dittrich, 1989; Schnell et al., 2010; Scott et al., 2002). 

Electrophysiological recordings confirmed that each VS cell is sensitive to vertical motion, 

whereas HS cells are sensitive to horizontal motion in a restricted region of the visual field 

(Figure 5A, Joesch et al., 2008; Schnell et al., 2010; Suver et al., 2016). Measuring local 

preferred tuning and sensitivities of these cells to small local motion stimuli at different 

positions of the visual field, revealed their receptive field organization (Figure 5B, Krapp and 

Hengstenberg, 1996; Schnell et al., 2010). Local preferred tuning systematically varied across 

the visual field, such that VS cells were described to be tuned to different types of rotatory 

optic flow along the horizontal plane of the fly, including nose up pitch (VS1) or roll rotations 
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(VS6) (Hengstenberg et al., 1982; Krapp and Hengstenberg, 1996; Krapp et al., 1998; Scott et 

al., 2002). HS cells on the other hand are predominantly tuned to forward translation (Figure 

5B, Hausen, 1982; Krapp, 2000, 2008; Krapp et al., 2001; Schnell et al., 2010).  

 

1.3.2. Computation of global motion 

 

The complex receptive field structures of LPTCs, where local motion preferences vary 

with the receptive field location, are surprising given that HS dendrites project exclusively 

into one layer of the lobula plate, where they pool from T4/T5 cells that were suggested to 

have a uniform tuning from front-to-back (Figure 5B, C, Maisak et al., 2013; Mauss et al., 2014; 

Schnell et al., 2012). The same is true for VS cells that mainly reside in layer D of the lobula 

plate, with the exception of small branches extending into layer C (Boergens et al., 2018). 

Therefore, several studies tried to understand the computation of complex optic flow tuning 

from local T4/T5 inputs and revealed several circuit mechanisms but also dendritic processes 

within LPTCs that may help to specialize their tuning. First of all, LPTCs do not only receive 

inputs from T4/T5 cells but additionally receive feed-forward inhibition from lobula plate 

intrinsic (LPi) neurons that pool responses from T4/T5 cells with opponent motion sensitivity 

(Figure 5C). This leads to hyperpolarizing responses of LPTCs to non-preferred directions of 

global motion, establishing motion opponency in these cells (Mauss et al., 2015). 

Additionally, LPTC dendrites are oriented to match the sequence of PD stimuli hitting the eye 

and selectively amplify inputs if the spatiotemporal sequence matches the neurons global 

tuning preference (Barnhart et al., 2018). Some evidence additionally suggests that, HS and 

VS cells are electrically coupled to each other (Cuntz et al., 2007; Farrow et al., 2005; Haag 

and Borst, 2004; Joesch et al., 2008; Schnell et al., 2010). Other cell types as for example H1 

cells, that preferentially respond to backward translational optic flow in Calliphora, receive 

inputs from layer B on the ipsilateral side and additionally innervate the lobula plate on the 

contralateral side of the brain in layer A and B where H1 is likely presynaptic to other LPTCs. 

This way H1 receives binocular motion information which may be useful to disambiguate 

rotational and translational motion (Egelhaaf et al., 2002; Wei et al., 2020).  

Taken together, several mechanisms may mediate the computation of complex 

receptive field structures tuned to optic flow of self-motion, however it is unclear if these 

computations are sufficient for the complex transformation of cardinal information to flow 

fields. Neither has it been shown whether the described directional selectivity of the local 

motion detectors extends across the whole extend of the visual field. Given the arrangement 

of ommatidia along the curvature of the eye suggest that local tuning preference which 

depends on the structure of neighboring ommatidia, may be more distributed than 

previously suggested (Heisenberg, M. & Wolf, 1984; Petrowitz et al., 2000).  
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1.4. Aims of the dissertation 
 

The aim of this thesis is to further elucidate the mechanisms and neuronal circuits 

underlying motion computation. This includes the local computation of direction-selective 

responses in T4 and T5 neurons, as well as the tuning distribution of the population of T4 and 

T5 cells for global motion computation.  

First of all, GABAergic inhibitory signaling is crucial for the local computation of 

direction-selective signals in the direction-selective T4 and T5 cells (Fisher et al., 2015). Based 

on direct measures of inhibitory signals in T4 and T5 cells (CITE) this inhibitory signal was 

suggested to be a direct connection onto T4 and T5 cells. However, none of the inhibitory 

cell types that synapse onto T4 and T5 cells has been shown to be required for the 

computation of direction selectivity (CITE). This argues that the inhibitory GABAergic 

signaling required for DS in T4/T5 might be implemented in upstream circuitry. Therefore, 

the first aim of this thesis is to elucidate the GABAergic circuitry that shapes direction-

selectivity in T4 and T5 neurons. Revealing the expressing pattern of genetic driver lines that 

showed deficits in motion guided behaviors upon genetically blocking output of the targeted 

cell types, I aimed to identify GABAergic neurons that are likely relevant for motion vision. 

Using in vivo two photon calcium imaging I further aimed to characterize response properties 

of the identified GABAergic neuron candidates to visual stimuli. Blocking neuronal activity of 

these neurons I aimed to identify their functional role for downstream neurons of the motion 

vision circuitry including the direction-selective T4 and T5 cells.  

 For the second part of my thesis, I aimed to understand how local motion information 

computed by the T4/T5 cells is transformed into a global information of optic flow that is 

generated during self-motion in downstream lobula plate tangential cells (LPTCs). In mice, 

optic flow is already represented in the population level of local direction selective ganglion 

cells (DSGCs, Sabbah et al., 2017). In flies the local T4/T5 cells are thought to be uniformly 

tuned to the four cardinal directions of motion across visual space (Maisak et al., 2013). This 

suggests that to become tuned to optic flow, downstream LPTCs cannot simply pool from 

T4/T5 cells across visual space but must transform cardinal motion information into complex 

flow fields, which raises the question why flies would have evolved such a complex system 

compared to mice. Furthermore, the computation of local cardinal motion seems challenging 

given the hexagonal arrangement of ommatidia in the fly’s eye which is further shaped by 

the curvature of the eye. To determine if the apparent cardinal tuning of T4/T5 cells 

generalized across the whole visual field, I aimed to characterize the directional tuning 

distribution across the population of T4/T5 cells using in vivo two photon calcium imaging.  
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2 REVIEW   
 

The following review ‘Motion detection: cells, circuits and algorithms’ 

(https://doi.org/10.1515/nf-2017-A028) was originally published in Neuroforum in 

March 2018.  

I wrote the first draft of part ‘Classical descriptions of motion detection algorithms’ and 

parts of ‘Novel insights into motion detection algorithms’ of this review (~ one third). The 

text was then jointly edited and finalized by all three authors.  

 

https://doi.org/10.1515/nf-2017-A028
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3 MANUSCRIPTS 
 

3.1 Inhibitory columnar feedback neurons tune local motion detection 
 

Manuscript in preparation: 

 

The following manuscript ‘Inhibitory columnar feedback neurons tune local motion 

detection’ is in preparation.  

Miriam Henning (M.H), Teresa Lüffe (T.L), Deniz Yüzak (D.Y), Daryl Gohl (D.G), Marion Silies 

(M.S) 

 

Author contributions:  
Conceptualization: M.H and M.S 
Methodology: M.H, T.L 
Software: M.H, D.Y 
Investigation: M.H, T.L, D.G 

 Visualization: M.H 
Supervision: M.S 

 Writing—original draft: M.H  
 Funding acquisition: M.S 

 
Daryl Gohl and Marion Silies conducted the behavioral forward genetic screen using InSITE-

Gal4 lines (basis for this study). Teresa Lüffe performed immunostainings for GABA 

colocalization and single cell Flp-out experiments (Fig.1). Deniz Yüzak helped with writing 

analysis code for the extraction of space-time-receptive fields (Fig.2, Fig.3, Fig.6). I performed 

all other experiments (Fig.1 – Fig.6), analyzed data, composed figures, and wrote this 

manuscript draft. 
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Abstract 
 

Visual motion information is essential for many living organisms to guide through 

their environment. The underlying neuronal circuits compute motion signals using a 

combination of enhancing preferred directions (PD) as well as suppressing non-preferred 

(null-directions, ND) in both the vertebrate retina and invertebrate visual systems. GABAergic 

signaling plays a crucial role in the direction-selective T4/T5 neurons of the Drosophila visual 

system, as well as retinal ganglion cells. However, the GABAergic neurons required for 

direction selectivity are unknown. Here we show that in the Drosophila visual system two 

GABAergic neurons, C2 and C3, provide inhibitory feedback to upstream circuitry of motion 

processing. Blocking output of C2 or C3 leads alters the receptive field organization of T4/T5 

neurons and block of C2 leads to a loss of null direction suppression in T4. Together, this 

reduces direction-selectivity of T4 and T5. This inhibitory feedback mechanism thus 

constitutes an essential pathway for the computation of direction selectivity, supporting 

direct feedforward mechanisms described previously.  

mailto:msilies@uni-mainz.de
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Introduction 
 

The computation of direction-selectivity (DS), a hallmark of motion detection, is a 

canonical example to understand the implementations of specific computations in neural 

networks. More than 60 years ago, two now famous models have been formulated that 

algorithmically explain how direction-selective signals can be extracted: The Hassenstein-

Reichardt Correlator (HRC) has been the key model to explain DS in the fly visual system, 

relying solely on the temporal and spatial comparison of two neighbouring excitatory inputs 

to enhance responses to motion in the preferred direction (PD) (Von Hassenstein and 

Reichardt, 1956b). Proposed to explain DS of retinal ganglion cells in the rabbit retina, the 

Barlow-Levick model (BLM) uses inhibitory inputs to suppress motion into the nonpreferred, 

or null direction (ND) (Barlow and Levick, 1965). More recent studies proposed combinations 

of PD enhancement and ND suppression to explain DS in both the fly visual system  and the 

mammalian retina (Arenz et al., 2017; Badwan et al., 2019; Haag et al., 2016; Leong et al., 

2016; Mauss et al., 2017; Pei et al., 2015). In both the vertebrate and invertebrate visual 

system direction-selective responses of the first local motion detectors rely on GABAergic 

signalling, as a pharmacological block of GABAergic inhibition leads to a loss of direction-

selectivity (Ariel and Daw, 1982; Fisher et al., 2015a). Direction selective ganglion cells 

(DSGCs) in the vertebrate retina receive lateral GABAergic inhibition from starburst amacrine 

cells (SACs) during motion into the ND leading to a suppression of responses as proposed by 

the BL model (Fried et al., 2002; Wei, 2018; Wei et al., 2011; Yoshida et al., 2001). Similarly, 

it has recently been shown that the first direction-selective cells in the visual system of the 

fruit fly, the T4 and T5 cells do not only integrate excitatory inputs for PD enhancement but 

additionally receive inhibitory signals that lead to ND suppression (Gruntman et al., 2018, 

2019; Haag et al., 2016; Leong et al., 2016). However, it is unknown whether this inhibitory 

signal for ND suppression is also mediated by direct GABAergic signals onto T4 and T5 cells.  

In the visual system of Drosophila, light information is transmitted from 

photoreceptors to lamina cells which further convey information in a retinotopic fashion to 

medulla neurons of the dark-sensitive OFF pathway or light-sensitive ON pathway (Clark et 

al., 2011; Joesch et al., 2010; Molina-Obando et al., 2019; Silies et al., 2013) In the ON 

pathway, T4 neurons receive input from the two cholinergic medulla neurons Mi1 and Tm3 

and two inhibitory neurons, the GABAergic neuron Mi4 and the glutamatergic neuron Mi9 

(Shinomiya et al., 2019b; Strother et al., 2017; Takemura et al., 2017). Together these 

neurons synapse onto the dendrites of T4, with Mi1 and Tm3 providing fast excitation in the 

central part of the dendrite and Mi9 and Mi4 providing slow inhibition on the flanking sides 

of the dendrite, such that they could implement both PD enhancement and ND suppression 

as suggested by a combination of an HRC and a BLM (Ramos-Traslosheros et al., 2018; 

Takemura et al., 2017). While genetic silencing experiments showed that the two excitatory 

inputs Mi1 and Tm3 together are required for T4 responses, silencing the GABAergic Mi4 

neuron had only a little effect on T4 responses (Strother et al., 2017). In the OFF pathway, 

four cholinergic and thus excitatory neurons Tm1, Tm4, Tm2, and Tm9, constitute the main 

inputs to the direction selective T5 neuron (Shinomiya et al., 2014, 2019b). This suggests that 

the GABAergic inhibitory signal required for DS in T4 and T5 neurons may not be 

implemented at the level of T4/T5 dendrites but in upstream circuitry of motion vision.  

Several GABAergic neurons in the visual system have been described by means of 

different techniques, including immunostainings and RNA sequencing (Datum et al., 1986; 

Davie et al., 2018; Davis et al., 2020; Kolodziejczyk et al., 2008; Konstantinides et al., 2018; 



3. MANUSCRIPTS 

 

29 

Raghu et al., 2013; Takemura et al., 2017). These include two GABAergic columnar feedback 

neurons C2 and C3, some distal and proximal medulla neurons Dm10, Pm3 and Pm4 and the 

large amacrine cell CT1. CT1 exhibits strong compartmentalization and processes ON 

information locally in the medulla, and OFF information locally in the lobula. It  was therefore 

suggested to provide local inhibitory input to both T4 and T5 cells (Meier and Borst, 2019; 

Shinomiya et al., 2019b; Takemura et al., 2017). However, neither CT1 nor any of the other 

GABAergic cell types have been shown to be required for the computation of direction-

selectivity in the local motion detectors T4 and T5. Thus, the identity of the GABAergic 

neurons that are relevant for motion computation remain unknown.  

Here we identified GABAergic neurons that are required for motion guided behaviour 

based on data from a behavioural forward genetic screen (Gohl et al., 2011; Silies et al., 

2013). This analysis frequently revealed the two GABAergic columnar feedback neurons C2 

and C3. Using in vivo two photon calcium imaging we show that C2 and C3 are ON selective. 

Blocking the synaptic output of C2 or C3 releases suppression of T4 neurons to full-field ON 

stimuli impacts spatiotemporal filtering properties of T4 and T5 neurons and significantly 

reduces direction selectivity. Both neurons do not interact with the motion-sensitive neurons 

directly, but alter the physiological response properties of lamina and medulla neurons of 

both ON and OFF pathways, upstream of T4/T5. Therefore, our data suggest that, in addition 

to feedforward excitation or inhibition, feedback inhibition mediated by the two GABAergic 

C2 and C3 neurons is required for direction-selective signals in T4 and T5 cells and thus 

motion computation in the fly visual system. 

 

Results 

 

GABAergic C2 neurons are required for behavioral responses to motion cues 

The computation of motion relies on GABAergic signalling, but it is unclear which 

neurons provide this inhibitory component and how it is implemented. To identify GABAergic 

neurons required for motion detection, we used data from a behavioural forward genetic 

screen (Silies et al., 2013). Different neuronal cell types, marked by a large collection of InSITE 

Gal4 driver lines, were tested for a role in motion-guided behaviors (Gohl et al., 2011; Silies 

et al., 2013). When the Gal4 lines were used to block synaptic activity, 25 driver lines showed 

a pronounced deficit in OFF edge motion detection, indicated by decreased turning to motion 

stimuli (Fig.1a). To identify GABAergic cell types, we marked the Gal4 expression patterns 

with GFP and co-labeled brains with anti-GABA (Fig. 1a, b). Out of the 25 lines, seven lines 

contained GABA-positive neurons (Fig. 1b and Supplementary Fig. 1a). Using a Flp-out 

strategy to sparsen the GFP-expression pattern, we then identified cell types within those 

driver lines based on their unique projection patterns (Fig.1c and Supplementary Fig. 1a). 

Out of the seven lines, expression in four lines marked the GABAergic columnar neuron C2, 

which is clearly recognizable based on its arborizations in the medulla (M) layer M1, M5, M8 

and M10 and the distinct position of its cell body between medulla and lobula plate cortex 

(Fig. 1c, f and Supplementary Table1) (Fischbach and Dittrich, 1989; Kolodziejczyk et al., 

2008). In some driver lines the expression pattern was clean and housed only one or two 

different cell types including C2, (InSITE 0787 and InSITE 0564), whereas the expression 

pattern of InSITE 0301 revealed broad expression in different cell types (Fig. 1c). C2 neurons 
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were found in 70% (0787), 60% (0564, 0301) and 100% (0940) of all Flp-out clones, indicating 

that in all four InSITE lines the expression pattern was dominated by C2. 

 

 

Fig. 1. C2 dominates the expression pattern of driver lines with deficits in motion vision upon neuronal 

silencing. a) Schematic illustrating the procedure of screening for behaviourally relevant GABAergic neurons in 

the visual system of Drosophila. InSITE Gal4 driver lines were selected based on a reduced rotation behaviour to 

moving ON or OFF stimuli when the targeted neurons were silenced. GABAergic neurons within the expression 

pattern were identified by i) screening for colocalization of the InSITE expression pattern (GFP, green) with anti-

GABA (purple) staining, ii) visualizing single cells within the expression pattern using a FlpOut strategy and iii) a 

gad1 intersection strategy, labelling solely GABAergic neurons within the expression pattern with GFP (green) and 

the whole expression pattern with RFP (red). b, c, d) Three examples of InSITE lines with behavioural deficits to 

OFF motion stimuli screened for GABA colocalization (b, scale bar = 20µm, 10µm), single cell clones (c, scale bar 

= 10µm) and the gad1 intersection pattern (d, scale bar = 20µm), where the neuropil is marked with nc82 (blue). 

e) Three examples of InSITE lines with behavioural deficits to ON motion stimuli screened for neurons within the 

gad1 intersection pattern. f) Drawing of the two GABAergic neurons C2 (purple) and C3 (green) in the fly visual 

system including the four neuropiles: lamina (La), medulla (M), lobula (Lo) and lobula plate (Lp). The local motion 

detectors T4 and T5 are additionally visualized in grey.   

 

To validate the expression of the GABAergic C2 cell in the selected InSITE lines, we 

used an intersectional strategy with cells expressing a split-LexA driver half under the 

promotor of glutamic acid decarboxylase 1 (gad1) (Fig. 1a), a key enzyme for GABA synthesis 

(Featherstone et al., 2000). Only cells that were marked by both the InSITE Gal4 line and Gad1 

expressed GFP. The full Gal4-expression pattern was additionally visualized with RFP (Fig. 1d 

and Supplementary Fig. 1a). This confirmed that the GABAergic C2 cell was dominantly 

expressed in the InSITE lines with behavioral deficits for ON motion detection. This strategy 

also revelaed other GABAergic cell types, including the columnar neuron C3 and the large 
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amacrine cell CT1 (Meier and Borst, 2019), however these two neuron types also expressed 

GFP when only the p65-Gal4 activation domain expressed under the control of the gad1 

promotor was present, indicating unspecific labelling independent of the InSITE driver lines 

(data not shown).  

To also identify GABAergic neurons that may be important for ON edge motion 

computation we next intersected 12 InSITE-Gal4 lines with deficits in ON-edge detection 

(Fig.1e and Supplementary Fig. 1b) with the Gad1 pattern. This again identified 4 lines 

labelling C2. All driver lines additionally labelled C3 and CT1 (Supplementary Table 1). 

Furthermore, we found a large tangential cell (LT) located in the lobula and a medulla neuron, 

with a branching pattern reminiscent to the medulla intrinsic neuron Minew1 (Supplementary 

Fig. 1b and Supplementary Table 1, Raghu et al., 2011). Taken together, we repeatedly found 

the GABAergic neuron C2 to be dominantly expressed by the selected InSITE Gal4 lines, 

suggesting that the observed behavioral phenotype for ON and OFF motion detection is 

strongly affected by the loss of function of C2 neurons. This indicates that C2 is likely relevant 

for the computation of motion. Although CT1 and C3 were found in the gad1 intersection 

patterns of almost all tested InSITE lines, their role for the measured behavioral phenotypes 

remains obscure.  

 

C2 & C3 are ON selective, multicolumnar neurons 

The two GABAergic columnar feedback neurons C2 and C3 both have been suggested 

to be important for motion guided behaviours (Triphan et al., 2016; Tuthill et al., 2013). To 

understand how they contribute to the computation of motion we first characterized the 

response properties of the two cells using in vivo two photon calcium imaging. We expressed 

the calcium indicator GCaMP6f specifically in one of the two cell types and recorded 

responses from arborizations in the first layer of the medulla (M1) to ON and OFF light 

flashes. Both neurons showed a transient increase in calcium signal followed by a sustained 

plateau response to the onset of light and a return to baseline to the offset of light (Fig. 2a). 

Calcium responses from C2 and C3 showed similar kinetics but lower amplitudes in other 

medulla layers (Supplementary Fig. 2b). Probing responses of these neurons to ON and OFF 

edges moving into eight different directions, both neurons responded to the ON edge but 

not to the OFF edge and showed no preference to any particular direction (Fig. 2b). To 

investigate the spatial and temporal filter properties of C2 and C3 we extracted their 

spatiotemporal receptive fields (STRFs) based on responses to horizontal and vertical ternary 

noise bars (Fig. 2c). Both C2 and C3 temporal filters showed a fast ON and a delayed OFF 

response component, where the timing of the ON peak tended to be slower for C3 compared 

to C2 for both the vertical and the horizontal STRF (Fig. 2d). The horizontal spatial filter size 

of ~18, estimated by the full width half maximum (FWHM) of a Gaussian fit, was similar 

between C2 and C3, whereas the vertical spatial filter for C3 tended to be slightly narrower 

with ~15 compared to ~18 for C2 (Fig 2e). Together these data show that the GABAergic C2 

and C3 neurons are multicolumnar and ON selective neurons that might shape responses of 

T4 or T5 neurons within the ON or OFF pathways.  
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Fig. 2. Response properties of C2 and C3 to visual stimulation. a) Calcium responses of C2 (purple, N=16 flies, 

181 cells) and C3 (green, N=12 flies, 149 cells) neurons in medulla layer M1 to full field ON and OFF flashes. b) 

Polar plots showing response intensities of C2 (N=6 flies) and C3 (N=8 flies) to ON and OFF edges moving onto 

eight different directions. Dotted lines show responses of the direction selective T4 and T5 cells (N=6 flies) for 

comparison. c) Average aligned spatiotemporal receptive fields (STRFs) of C2 and C3 cells extracted from 

responses to horizontal or vertical ternary noise bars. Red and blue colour indicate a positive and negative 

correlation with the stimulus, respectively. Sample size (N) equals number of cells. d) Temporal filter extracted 

from averaging single STRFs along the time axis of the horizontal and vertical STRFs. e) Timing of the ON peak of 

the temporal filter (left) and the full width half maximum (FWHM) of a gaussian fit extracted along the spatial 

dimension of maximal response of single STRFs (right). Shown are mean ± standard error. Significances are based 

on Wilcoxon rank sum test. 

 

C2 & C3 shape temporal and spatial filtering of T4 and T5 neurons 

C2 and C3 are presynaptic to lamina and medulla neurons of known motion-

detection circuitry, and C3 also directly synapses onto T4 (Fig. 3a, Takemura et al., 2013).  To 

examine if C2 and C3 affect response properties of T4 and T5 neurons, we recorded T4/T5 

GCaMP6f responses while genetically blocking neuronal activity in C2 and C3 by expressing 

the inward rectifying potassium channel Kir2.1 (Fig. 3a, Baines et al., 2001). To distinguish 

responses of single T4 and T5 axon terminals, we extracted regions of interest based on their 

unique response properties to moving ON and OFF edges (methods, Supplementary Fig. 

3a).The motion-selective neurons T4 and T5 hardly respond to full field ON and OFF flashes 

(Fisher et al., 2015a), but silencing either C2, C3, or both neurons simultaneously elicited 

strong increases in calcium signal in T4 neurons to the onset of a full field light stimulus (Fig. 

3a, b and Supplementary Fig. 3c, d). While C2 silencing led to a fast and transient ON 

response in T4, the ON response caused by C3 silencing reached its peak value significantly 

later (Fig. 3c). The ON response elicited by C2 silencing rapidly decreased back to baseline 

while the decay rate (λ) tended to be slightly smaller for the ON response caused by C3 

silencing (Fig. 3c). The increased ON response of T4 neurons upon C2 or C3 block was 

observed within T4 neurons of the four distinct layers of the lobula plate (Supplementary 
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Fig. 3f). However, the effect of C2 silencing was more pronounced for cells from layer 3 and 

4, while C3 silencing had a more pronounced effect on T4 cells from layer 1 and 4 

(Supplementary Fig. 3f). Responses of T5 neurons to the offset of light were not affected by 

C2 or C3 silencing (Fig. 3b), but T5 neurons showed a significant increase of calcium responses 

to the onset of light when C2 was blocked (Supplementary Fig. 3e). Although we cannot fully 

exclude that these responses are due to artefacts of T4 responses within T5 clusters, this 

could also constitute a dis-inhibited ON response of T5 when blocking C2. This ON response 

of T5 upon silencing C2 was especially increased for the T5 subtype positioned in layer 4 of 

the lobula plate (Supplementary Fig. 3f). Notably, the number of T4 and T5 cells extracted 

was drastically reduced when silencing both C2 and C3 together (Supplementary Fig. 3b). 

This can be attributed to a reduced contrast selectivity index (CSI) of individual pixels used to 

separate clean T4 or T5 pixel for the analysis (data not shown), indicating that data shown in 

Supplementary Fig. 3c-e likely underestimate the true phenotype. Together, our data show 

that both C2 and C3 suppress responses of the ON-selective T4 neuron to stationary full field 

ON stimuli and a possible role of C2 for suppression of ON responses in T5.  

The responses of T4/T5 to non-moving stimuli upon blocking C2 or C3 could reflect a 

critical role of C2 and C3 for the computation of motion- or direction-selective responses in 

T4/T5. To understand the specific contribution of C2 and C3 to the spatial and temporal filter 

properties of T4 and T5 neurons we extracted the space time receptive fields (STRFs) of T4 

and T5 neurons. Using horizontal and vertical ternary noise bars we obtained receptive fields 

of cells that are tuned to upward, downward, front-to-back or back-to-front motion. The 

STRFs of single T4 and T5 neurons show the two oppositely signed subfields, tilted along the 

neurons preferred direction that are characteristic for these directions-selective cells (Fig. 

3d, Leong et al., 2016) These space-time filters can be well fit by a Differences-of-Gaussians 

(Fig. 3d and Supplementary Fig. 4b, Leong et al., 2016). When blocking C2, the STRFs of all 

T4 subtypes showed a significantly reduced amplitude of the positive (ON) subfield and a 

significant increase in amplitude of the negative (OFF) subfield of the STRF, such that the OFF 

subfield was much more prominent in the average STRF (Fig. 3e,f and Supplementary Fig.4c). 

C2 silencing thus creates an imbalance of the ON and OFF subfields of T4 neurons. The OFF 

subfield was further compressed in both its temporal and spatial extent, such that only a fast 

OFF subfield remained (Fig. 3e, f and Supplementary Fig.4c). The effect on the STRF structure 

of T5 cells was less prominent, but C2 silencing reduced the peak amplitude of both the ON 

and OFF subfields. When blocking C3, the peak timing of the ON and OFF subfields of T4 STRFs 

became more variable and the average STRFs of all T4 subtypes appears temporally shifted 

(Fig. 3e,f and Supplementary Fig.4c). T5 STRFs were predominantly reduced in size along the 

spatial axis (minor axis) of the OFF subfield (Fig. 3f). The slope of either the ON or OFF 

subfields for T5 and T4 STRFs were not affected by C2 or C3 silencing (Fig. 3f). Together these 

data show that both C2 and C3 impact the temporal and spatial filtering of T4 and T5 neurons. 
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Fig. 3. C2 and C3 shape response properties of the motion detectors T4 and T5. a) Schematic of C2 and C3 

interactions in upstream circuitry of T4 and T5 silenced by expression of the rectified potassium channel Kir 2.1 

and in vivo calcium responses of T4 and T5 neurons to full field ON and OFF light flashes for control condition 

(grey, N=9 flies), C2 silencing (purple, N=8 flies) or C3 silencing (green, N=10 flies). b) Response change of T4 

neurons to the onset of light (ON step) and T5 neurons to the offset of light (OFF step) quantified from (a). c) Time 

to peak of the ON response of T4 upon C2 and C3 silencing (a) and decay rate quantified from fitting an 

exponential function to the decay of the ON response. d) Spatiotemporal receptive field (STRF) examples of one 

T4 and one T5 cell extracted by reverse correlation of the cells response to a ternary white noise bar stimulus of 

vertical orientation and the fitted Difference-of-Gaussians (DoG). Red and blue colour indicate a positive and 

negative correlation with the stimulus, respectively. Black errors are aligned with the neurons PD. e) Average 

aligned spatiotemporal receptive fields (STRFs) of several T4 and T5 cells from lobula plate layer 1 for the control, 

C2 silencing, and C3 silencing conditions. Sample size (N) equals number of cells. f) Statistics from fitting DoGs on 

extracted STRFs for individual T4 and T5 cells from each subtype. Upper row: Parameters of DoG for the ON 

(positive) subfield, including the peak amplitude, the half width maximum for the major and minor axis, the time 

to peak and the slope. Lower row: same for DoG parameters of the OFF (negative) subfield. Sample size refers to 

number of cells with N=29 for T4 Control, N=16 for T4 C2 silencing, N=26 for T4 C3 silencing condition and N=6 

for T5 Control, N=14 for T5 C2 silencing, N=5 for T5 C3 silencing condition. Shown are mean ± standard error. 

Significances are based on ANOVA (b, c) or Kruskal-Wallis Test (f) (p≤0.05 *, p≤0.01**, p≤0.001***, + Bonferroni 

correction for multiple testing). 
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C2 & C3 neurons sharpen direction selectivity of T4 and T5 neurons. 

Because direction-selective neurons correlate visual input across space and time, the 

temporal and spatial filtering properties are critical for precise motion estimation. The effect 

of C2 and C3 silencing might thus also impact direction selectivity in T4/T5. To test this, we 

recorded T4/T5 responses to stripes moving into eight different directions and quantified the 

tuning direction (direction of vector) and the direction selectivity (DS = length of vectors) of 

single T4 or T5 neurons. Blocking the activity of both C2 and C3 significantly reduced DS of T4 

neurons (Fig. 4a, b). The impact of blocking C2 alone on T4 neurons was more drastic than 

blocking C3 alone. A loss of direction selectivity can be allocated to either an increase of 

responses to the neuron’s non-preferred directions or a decrease of the response to the 

preferred directions. To differentiate these two, we plotted the peak responses of T4/T5 

neurons to the different motion directions. Blocking C2 increased responses to motion 

directions that differed from the PD by more than 45, while a C3 block less specifically 

enhanced responses to all directions of motion (Fig. 4c). Blocking the activity of C2 and C3 

simultaneously further decreased PD direction responses in T4 and lead to an even more 

drastic reduction of DS. DS of T5 neurons was less affected and only significantly reduced 

when both C2 and C3 neurons were silenced together (Fig 4. a,b). This phenotype was again 

associated with a significant increase of responses to non-preferred directions of motion (Fig. 

4c). Silencing C2 and C3 had similar effects for T4/T5 subtypes of any lobula plate layer 

(Supplementary Fig. 5). Taken together, our data show that the two columnar neurons C2 

and C3 strongly impact motion processing, especially in T4 neurons. 

 

 

Fig. 4. C2 and C3 are required for direction-selective responses of T4 and T5 cells. a) Compass plots showing 

direction tuning of T4 and T5 neurons extracted from responses to ON and OFF edges moving into eight different 

directions for the control (UAS-Kir2.1), C2 silencing (C2>>Kir2.1), C3 silencing(C3>>Kir2.1) and C2/C3 double 

silencing (C2&C3>>Kir2.1) conditions. Vector length corresponds to the strength of the tuning. Black arrow 

indicates the average vector of the population. b) Direction selectivity averaged across cells and flies for control 

condition (grey, N=7 flies, 370 T4 cells, 196 T5 cells), C2 silencing (purple, N=8 flies 170 T4 cells, 196 T5cells), C3 

silencing (green, N=6 flies, 188 T4 cells, 117 T5 cells) or double C2/C3 silencing (blue, N=7 flies, 132 T4 cells, 78 T5 
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cells). c)  Response amplitude (dF/F) of T4 and T5 cells in relation to the angular distance of stimulus motion 

direction to the neurons PD. Shown are mean ± standard error. Significances are based on ANOVA (p≤0.05 *, 

p≤0.01**, p≤0.001***) (b) or Kruskal Wallis test (c) + Bonferroni correction for multiple testing. In (c) significant 

comparisons are indicated by open circles. 

 

C2 & C3 neurons shape processing in medulla and lamina neurons 

We next asked how C2 and C3 could shape the temporal and spatial filter properties 

of neurons upstream of T4 and T5 neurons. While C3 forms direct synaptic contacts with T4 

cells, it only indirectly connects to T5 via medulla and lamina neurons of the OFF pathway. 

C2 is entirely lacking direct connections to the motion-sensitive T4 and T5 cells. Expressing 

the dendritic marker DenMark and a GFP-tagged Synaptotagmin (sytGFP) to label pre-

synapses in C2 confirmed that C2 forms both postsynaptic and presynaptic contacts in the 

lamina and medulla (Fig. 5a). To reveal the neurons with the most frequent postsynaptic 

contacts of C2 and C3 we extracted synapse counts from a seven column EM dataset 

(Shinomiya et al., 2019b). This revealed that C2 for example forms several presynaptic 

contacts to the lamina neurons L5, L1, and L2 or the medulla neurons Mi1 and Tm1, while C3 

mainly targets T1, L2 and L5, the trans-medulla neurons Tm1 and Tm4, and the medulla 

neuron Mi9 (Fig. 5b). Except of T1, all these neurons are known to be important components 

of the ON and OFF motion-detection circuits (Fig. 5c, d), suggesting that C2 and C3 indirectly 

affect processing in T4 and T5 by shaping upstream circuitry. 

 

 

Fig. 5. C2 and C3 connect to upstream circuitry relevant for motion detection. a) Confocal images of C2 cells 

labelled with the dendritic marker DenMark and a GFP-tagged Synaptotagmin (sytGFP) to label pre-synapses in 

C2 (scale bar = 20µm). b) Counts of synapses with neurons postsynaptic to C2 or C3 within the same or 

neighbouring columns from EM data. c) Illustration of the C2 and C3 circuitry within the motion detection 

pathway. d) EM reconstructions of main postsynaptic neurons downstream of C2 and C3 from the ON and OFF 

pathway. Data in (b-d) were extracted from the 7column EM dataset (neuprint-examples.janelia.org), recently 

published in (Shinomiya et al., 2019b). 
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To next examine if C2 already sets the physiological properties of neurons in circuitry 

presynaptic to T4/T5, we tested the effect of C2 silencing on two example neurons of the ON 

and OFF pathways: the lamina neuron L2, which is one of the main inputs to the OFF pathway, 

and the ON pathway medulla neuron Mi1, one of the main direct inputs to T4 (Fig. 5c). Similar 

to C2 and C3 neurons, Mi1 responded with a transient increase in calcium signal to the onset 

of light that decreased to a sustained plateau response (Fig. 6a). At light offset, the calcium 

signal returned back to baseline. C2 silencing enhanced the Mi1 ON responses and the ON 

plateau response of Mi1 slowly decreased throughout the stimulus presentation. When 

measuring spatiotemporal receptive fields of Mi1, C2 silencing significantly delayed the 

biphasic temporal filter (Fig. 6b).  

 

Fig. 6. C2 shapes physiological properties of neurons from ON and OFF pathway. a) Calcium responses of Mi1 

axon terminals for control condition (grey, N=5 flies, 24 cells) or while genetically silencing C2 using shibirets 

(purple, N=3 flies, 20 cells). b) Left: Average aligned spatiotemporal receptive fields (STRFs) of Mi1 cells extracted 

from responses to horizontal or vertical ternary noise bars. Sample size (N) equals number of cells. Right: 

Temporal filter extracted from averaging single STRFs along the time axis of the horizontal and vertical STRFs. 

Timing of the ON peak of the temporal filter (top) and the full width half maximum (FWHM) of a gaussian fit 

extracted along the spatial dimension of maximal response of single STRFs (bottom). Shown are mean ± standard 

error. Significances are based on Wilcoxon rank sum test. c, d) Same as (a, b) for calcium responses of L2. Shown 

are control condition (N=8 flies, 59 cells) and C2 silencing condition (purple, N=4 flies, 26 cells). 

 

L2 responded with a decrease in calcium signal to the ON step and an increase to the 

OFF step of the full field light stimulus (Fig. 6c).  C2 silencing caused a more biphasic response 

to the ON step and slightly enhanced the OFF response. The spatiotemporal filter of L2 was 

also slightly, although not significantly affected, in a way that C2 silencing again increased 

both the positive and the negative filter amplitudes (Fig. 6d). Taken together these data show 

that C2 shapes the response properties of neurons in upstream circuitry in both the lamina 

and the medulla and thus indirectly impacts processing in downstream circuitry. C2 has a 

bigger influence on the physiological properties of the ON pathway neuron Mi1, which is in 

line with the more pronounced effect of C2 silencing on T4 vs. T5 (Fig. 4). Considering the 

many postsynaptic targets of C2 and also C3, these results might generalize such that the 
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GABAergic C2 and C3 shape properties of other lamina and medulla neurons and constitute 

a so far unknown inhibitory feedback pathway that is required for motion computation.  

 

Discussion  
 

In this study we have shown that the two GABAergic feedback neurons, C2 and C3, 

are novel, critical components of motion computation. Both neurons are ON selective and 

connect to several lamina and medulla neurons of both the ON and OFF pathway. Silencing 

C2 and C3 affects filter properties of the local motion detector neurons, T4 and T5, and leads 

to a reduced direction-selectivity. Whereas C2 silencing specifically increased T4 responses 

to ND stimuli and induces an imbalance in the ON and OFF receptive field components of T4 

neurons, C3 silencing leads to more general enhancement of both T4 and T5 signals. The 

impact of C2 silencing on physiological properties of neurons upstream of the direction-

selective T4/T5 cells suggests an indirect effect via feedback inhibition of upstream circuitry 

to be required for motion computation.  

 

C2 and C3 are GABAergic, ON selective and multicolumnar 

A forward genetic screen repeatedly identified driver lines whose expression pattern 

was dominated by the two columnar neurons C2 and C3. Both neurons are required for 

motion computation in T4 and T5 cells. During development C2/C3 and T4/T5 cells develop 

from the same progenitor cells in two competence windows, further arguing that these cells 

are intricately linked (Apitz and Salecker, 2016, 2018). Both neurons were found to be 

GABAergic by GABA colocalizations and a gad1 intersection strategy, in line with previous 

studies (Datum et al., 1986; Kolodziejczyk et al., 2008; Meyer et al., 1986). The fast ON and 

the delayed OFF component of the C2/C3 filters well explain the transient ON responses to a 

full field light stimulus. The spatial receptive field of more than 15 suggests that C2 and C3 

are multicolumnar and pool information from at least three neighbouring columns (Götz, 

1964). This is in line with their broad arborisations into neighbouring columns of the medulla 

where C2 receives 30% of its total inputs, and C3 receives 15% of its total inputs from medulla 

neurons outside of their home column (neuprint, 7column data, Fischbach and Dittrich, 1989; 

Shinomiya et al., 2019). Interestingly the arborizations of C3 in medulla layer M5 and M9 into 

one direction along the anterior-posterior axis of the medulla is very stereotypic (Tuthill et 

al., 2013) and matches the wider receptive field size of C3 along the horizontal visual axis 

(Fig. 2c). Taken together, inhibitory C2 and C3 neurons integrate visual information across 

several visual units that are further processed by lamina and medulla neurons to inform 

motion processing.  

 

The functional role of C2 and C3 for the ON pathway 

C2 and C3 both define the spatial and temporal filtering properties of the motion 

detectors T4 and T5. There is a severe decrease of direction selectivity when either C2, C3, 

or both neurons are silenced. This is line with previous pharmacological experiments blocking 

GABA receptors in the whole brain (Fisher et al., 2015a). Given that other GABAergic inputs 

to T4/T5 are not required for DS responses, this suggests that C2 and C3 constitute a key 
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GABAergic circuit component required for motion detection. C2 and C3 neurons are ON 

selective and may thus have a greater impact on the processing of ON motion. This is 

consistent with the effect of C2 and C3 silencing on direction-selectivity being especially 

prominent for T4 neurons.  

The loss of the delayed negative (OFF) subfield upon C2 silencing argues for a missing 

ON-selective inhibitory input and can be explained by indirect inhibition from C2. This 

imbalance in the ON and OFF subfield, and especially the compressed temporal extent of the 

OFF subfield can explain the observed loss of direction-selectivity in T4. A stimulus moving 

into the neurons non-preferred or null direction (ND) and thus normally hitting both the ON 

and OFF subfield simultaneously will not be cancelled. This idea is further in line with the 

increased responses of T4 to non-preferred stimuli when C2 is blocked. Together, this suggest 

that C2 implements ND suppression as suggested by the Barlow Levick model. However, C2 

does not connect to T4 and can thus only indirectly mediate the ND suppression via medulla 

neurons that connect to T4. One prominent candidate would be Mi1 as it is one of the main 

inputs to T4 and receives synaptic input from C2  (Shinomiya et al., 2019; Takemura et al., 

2017, illustrated in Fig.5). Furthermore, increased Mi1 responses to a full field light stimulus 

upon C2 block indicate ON suppression by C2. How could Mi1, which was shown to 

predominantly synapse at the centre of the T4 dendrite implement ND suppression? Notably, 

the negative subfield of T4 neurons extends from the trailing side to the centre of the STRF 

(Fig. 3e). C2 silencing diminished the delayed negative subfield in the centre of the T4 STRF, 

in line with the central input of Mi1 to T4. This argues that in addition to inhibition on the 

trailing side of the receptive field (RF), a delayed inhibition in the centre of the RF may be 

important for ND suppression. In line with this, the spatiotemporal filter of Mi1 revealed a 

biphasic temporal filter with a late negative component, as also shown previously (Arenz et 

al., 2017; Yang et al., 2016). This filter was temporally delayed upon C2 silencing, which could 

affect the filtering properties of the downstream T4 neuron but would not explain the loss of 

the negative delayed subfield or the diminished positive subfield of T4. However, Mi1 is not 

the only T4 input that receives synaptic input from C2. C2 also strongly connects to L1, the 

main input to all ON pathway neurons, and L5, the main input to Mi4, and could thus 

indirectly affect the filtering properties of almost all T4 inputs (Fig. 5). As such, Tm3 responses 

also exhibits fast positive and a late negative temporal filter component and could mediate 

both the positive and the delayed negative subfield of T4 (Arenz et al., 2017). In this way an 

indirect contribution of C2 to the negative and positive temporal filter of medulla neurons 

could shape ND suppression in T4 neurons.  

C3 makes direct synaptic contacts with T4 and was therefore previously suggested to 

implement ND suppression in T4 together with Mi4 (Shinomiya et al., 2019b; Takemura et 

al., 2017). However, our data suggest another broader role of C3 for motion detection by 

interactions in upstream circuitry. Similar to C2, C3 inhibits flash responses in T4, but the 

slightly different response kinetics of T4 upon C2 or C3 silencing suggest different 

mechanisms by which C2 and C3 act. Indeed, C3 suppressed T4 responses not only to non-

preferred motion directions but also to PD directions and affected the timing of the ON and 

OFF filter components of T4 neurons. This suggests a potential role of C3 for temporal tuning 

of the ON pathway. Notably, C3 connects to Mi4 and Mi9, which both have previously been 

suggested to contribute to temporal frequency tuning of the ON motion pathway and to be 

relevant at different behavioural states of the fly (Strother et al., 2017, 2018).   
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The functional role of C2 and C3 for the OFF pathway 

Although C2 and C3 additionally connect to several lamina and medulla neurons of 

the OFF pathway, the impact on motion computation in T5 is less pronounced. Both C2 and 

C3 significantly affected the spatiotemporal filtering of T5 neurons, but only silencing C2 and 

C3 together significantly reduced direction-selectivity and contrast-selectivity in T5. Notably, 

C2 silencing induced ON responses of T5 to the full field light stimulus (Fig. 3), which could 

be explained by connections from C2 via Tm9 to T5 (Fisher et al., 2015c; Ramos-Traslosheros 

and Silies, 2021; Shinomiya et al., 2019b). On the other hand, C2 slightly affects responses of 

L2, the main input neuron to most major OFF pathway neurons, Tm1, Tm2 and Tm4 

(Shinomiya et al., 2014, 2019b), which could together amplify the effect and affect T5 

responses. Interestingly, both C2 and C3 connect to L2, which could explain the rather subtle 

phenotypes of blocking C2, and also explain previous data on GABAergic signalling setting up 

an L2 inhibitory surround (Freifeld et al., 2013). Furthermore, C2 and C3 were together but 

not individually required for direction-selectivity of T5, arguing that C2 and C3 may play a 

redundant role for shaping responses of the OFF pathway.  

Taken together, we hypothesize a specific role of C2 for mediating inhibition for ND 

suppression to the ON pathway and another more global role of both C2 and C3 for balancing 

neuronal activity in upstream circuitry of the ON and OFF pathway.  

 

C2 and C3 are relevant for motion guided behaviours 

C2 was identified for its behavioral loss of function phenotype for ON and OFF motion 

detection. Additionally, both C2 and C3 neurons are relevant for direction-selective 

responses in the motion detectors T4 and T5. As T4 and T5 neurons are required for 

responses in downstream wide field motion detectors and optomotor turning to visual 

stimuli (Bahl et al., 2013; Maisak et al., 2013; Strother et al., 2017), this suggests that both 

C2 and C3 are required for motion guided behaviours. C2 and C3 have not been considered 

to be part of core-motion detection circuits so far, although some studies have suggested 

distinct roles of C2 and C3 for motion guided behaviours. For example, silencing C2 or C3 had 

individual effects on the amplitude and timing of behavioural responses to apparent motion 

stimuli with reversed contrast, so called reverse-phi stimuli (Tuthill et al., 2013). In behaving 

flies these stimuli elicit a turning response opposite to the direction of motion, which is 

reversed at higher temporal frequencies. Reverse-phi responses are already prominent in 

T4/T5 responses likely due to the temporal decorrelation of inputs from the ON and OFF 

pathways (Salazar-Gatzimas et al., 2018; Wienecke et al., 2018). The role of C2 and C3 on the 

balance and especially the timing of the ON and OFF components of the T4 filter will 

drastically impact the decorrelation of the two components and can thus explain the 

behavioural phenotypes to reverse-phi stimuli. Opposite effects of C2 and C3 silencing 

suggest differential mechanisms of C2 and C3 for motion processing, in line with the specific 

effects on T4 and T5 response properties. Additionally, C3 was suggested to provide 

asymmetric luminance signals to enhance regressive but not progressive motion information 

(Tuthill et al., 2013). This could suggest a specific effect of C3 on T4 and T5 cells that encode 

regressive but not progressive motion. However, we found a smaller effect of C3 on full field 

flash responses of T4 and T5 neurons from layer 2 that preferentially respond to regressive 

motion (Supplementary Fig. 3f) and no layer specific effect on filter properties or direction-

selectivity of T4 and T5 neurons (Supplementary Fig. 4c and Supplementary Fig. 5). C2 and 

C3 have also been discussed to be important for distance estimation based on parallax-
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motion (Triphan et al., 2016). Taken together these behavioural phenotypes of C2 and C3 

silencing highlight the relevant role of C2 and C3 not only for direction selective responses at 

the level of T4 and T5 cells but for visual processing per se.  

 

Potential role of upstream inhibitory signalling for motion computation 

Several studies recently proposed a combination of direct excitatory and inhibitory 

mechanisms to compute direction selectivity in T4 and T5 cells (Badwan et al., 2019; Fisher 

et al., 2015a; Gruntman et al., 2018, 2019; Haag et al., 2016; Leong et al., 2016). Our data 

now suggest that motion computation relies on indirect feedback inhibition to upstream 

circuitry. Although EM studies and genetic profiling showed that both T4 and T5 cells receive 

direct inhibitory inputs within the ON and OFF pathways (Davis et al., 2020; Shinomiya et al., 

2019b; Takemura et al., 2015, 2017) none of these inhibitory inputs have so far been shown 

to be relevant for motion detection. For example, the prominent input Mi4 was suggested to 

provide ND suppression on the trailing side of T4 (Arenz et al., 2017; Shinomiya et al., 2019b) 

but blocking Mi4 output did not change responses of T4 and only affected ON motion 

behavior at higher temporal frequencies (Strother et al., 2017). In contrast, our data suggest 

that C2 provides inhibitory feedback to lamina and medulla neurons that is utilized further 

downstream to implement ND suppression in T4 neurons. Although our data suggest that 

neither C2 nor C3 implement ND suppression in T5, a similar mechanism of upstream 

inhibition could explain the delayed inhibitory signals measured in T5 cells (Gruntman et al., 

2019). This inhibitory feedback mechanism would be different from computations described 

in the vertebrate retina, where GABAergic starburst amacrine cells directly mediate ND 

suppression to direction-selective retinal ganglion cells (Fried et al., 2002; Wei, 2018; Wei et 

al., 2011; Yoshida et al., 2001). However, the idea of upstream inhibitory signalling required 

for DS reminds of the motion energy model that was suggested for motion-selective cells in 

cat visual cortex (Adelson and Bergen, 1985). Here, the inhibitory surround of upstream 

circuitry is utilized further downstream to compute direction-selective responses. The 

resulting Gabor-like filters of the motion detector highly resemble the tilted filter of T4 and 

T5 neurons (Leong et al., 2016; Salazar-Gatzimas et al., 2016). Notably, most inputs to T4 and 

T5 have centre-surround receptive fields or show negative temporal filtering (Arenz et al., 

2017; Bahl et al., 2015; Fisher et al., 2015c; Meier et al., 2014; Salazar-Gatzimas et al., 2018; 

Serbe et al., 2016; Strother et al., 2017). Furthermore, we could show that C2 has a broad 

receptive field, suitable for inhibitory surround inhibition. A modified version of the motion 

energy model, where the complex spatial and temporal filters were replaced with filters 

describing T4 responses, has also recently been used to explain DS responses in Drosophila 

(Gruntman et al., 2018), however this model still utilizes a direct inhibitory connection for ND 

suppression. It thus remains to be seen if the inhibition implemented in upstream circuitry 

alone is sufficient to mediate ND suppression in T4 cells. ND suppression could additionally 

be supported by direct inhibition from Mi4 in the ON pathway or CT1 in both the ON and OFF 

pathway. (Meier and Borst, 2019; Shinomiya et al., 2019b; Strother et al., 2017, 2018). Such 

an apparently degenerate system, employing two different mechanisms to implement the 

same function may be more robust against external or internal disturbances (Tononi et al., 

1999).  
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Broad impact of feedback inhibition on upstream processing 

Both C2 and C3 extensively connect to neurons in upstream circuitry which express 

different types of ionotropic GABAA but also metabotropic GABAB receptors (Davis et al., 

2020). Both receptor types mediate mainly inhibition to postsynaptic cells, by either gating 

chloride or G-protein coupled potassium channels (Wilson and Laurent, 2005). Additionally, 

our functional data suggests a more general role of C2 and especially C3 for inhibiting the 

activity of the entire network. In the vertebrate retina, horizontal cells (HCs) provide 

GABAergic feedback signals to photoreceptors, bipolar cells and retinal ganglion cells and 

have been proposed to be involved in multiple mechanisms of retinal processing including 

global light adaptation, spatial frequency tuning and the centre surround organization of 

retinal ganglion cells (Chaya et al., 2017; Diamond, 2017; Shelley et al., 2006; Tatsukawa et 

al., 2005; Thoreson and Mangel, 2012; Wu, 1992). In the salamander retina broadly 

distributed GABAergic inhibitory feedback synapses from the OFF amacrine cell highly 

influences sensitivity of ganglion cells (de Vries et al., 2011). Similarly, C2 could provide 

negative feedback to lamina and medulla neurons to return the membrane potential to 

baseline levels, increasing sensitivity to subsequent luminance changes. Such GABAergic 

inhibitory feedback interaction with an excitatory network of cells has been proposed to be 

important for network stabilization in higher mammalian brain regions (Avoli et al., 1995; 

Mann et al., 2009; Tsodyks et al., 1997). In the mouse retina excitation/inhibition balance has 

been suggested to be important for reliable computation of direction selectivity (Poleg-

Polsky and Diamond, 2011). Thus, similar to HCs of the vertebrate retina, C2 and C3 provide 

inhibitory feedback to several neurons and could additionally play a more general role for 

balancing excitation and inhibition in the entire network of motion processing.  

Taken together, our data demonstrate that C2 and C3 are essential to compute 

direction-selective outputs at the level of the local motion detectors T4 and T5. This work 

illustrates a novel feedback mechanism, adding to the feedforward circuitry to compute DS 

signals in T4 and T5 cells. 
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Methods  

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed to and will 

be fulfilled by the Lead Contact, Marion Silies (msilies@uni-mainz.de). 

 

EXPERIMANTAL MODEL AND SUBJECT DETAILS  

 

Drosophila strains and fly husbandry 

Drosophila melanogaster were raised on molasses-based food at 25°C and 55% humidity in 

a 12:12 hr light-dark cycle. For all experiments female flies were used. For imaging 

experiments flies were recorded 3-5 days after eclosion at room temperature (RT, 20°C). 

Genotypes used in all experiments are given in the Key Resources Table.  

 

Table 1 KEY RESOURCES TABLE 

REAGENT or 
RESOURCE 

SOURCE IDENTIFIER Designation Additional 
information 

Experimental Models: Organisms/Strains : D. melanogaster 

InSITE- 0301 BDSC RRID:BDSC_62767 Immunostaining Fig.1 

InSITE- 0564 BDSC RRID:BDSC_63411 Immunostaining Fig.1 

InSITE- 0787 BDSC RRID:BDSC_63782 Immunostaining Fig.1 

InSITE- 0940 BDSC RRID:BDSC_63911 Immunostaining Supplementary Fig. 1 

InSITE- 0470 BDSC RRID:BDSC_63341 Immunostaining Supplementary Fig. 1 

InSITE- 0096 T.Clandinin   Immunostaining  

InSITE- 0396 BDSC RRID:BDSC_64718 Immunostaining  

InSITE- 0619 BDSC RRID:BDSC_63449 Immunostaining Fig.1 

InSITE- 0913 BDSC RRID:BDSC_63892 Immunostaining Fig.1 

InSITE- 0669 BDSC RRID:BDSC_64737 Immunostaining Fig.1 

InSITE- 0974 T.Clandinin   Immunostaining Supplementary Fig.1 

InSITE- 1037 BDSC RRID:BDSC_63975 Immunostaining Supplementary Fig.1 

InSITE- 0980 BDSC RRID:BDSC_63936 Immunostaining Supplementary Fig.1 

InSITE- 0518 T.Clandinin   Immunostaining Supplementary Fig.1 

InSITE- 0756 BDSC RRID:BDSC_63499 Immunostaining Supplementary Fig.1 

InSITE- 0081 BDSC RRID:BDSC_62703 

 

Immunostaining Supplementary Fig.1 
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InSITE- 0168 BDSC RRID:BDSC_62706 Immunostaining Supplementary Fig.1 

InSITE- 0651 BDSC RRID:BDSC_63731 Immunostaining Supplementary Fig.1 

UAS-FRT-CD2y+-
RFT-mCD8::GFP; 
UASFlp 

(Wong et al., 
2002) 

 FlpOut clones Fig.1, Supplementary 
Fig.1 

UAS-mCD8::GFP (Fisher et al., 
2015c) 

 Immunostaining Fig.1,Supplementary 
Fig.1 

UAS-eGFP (Fisher et al., 
2015c) 

 Immunostaining Fig.1, Supplementary 
Fig.1 

UAS-DenMark, 
UAS-syt.eGFP 

BDSC RRID:BDSC_33065 

 

C2/C3 label 
dendrites & 
synaptic axons 

Fig.5 

UAS-
mCD8::RFPattP8;l
exAop-
mCD8::GFPattP16 

(Fisher et al., 
2015c) 

 Gad1 
intersection 

Fig.1, Supplementary 
Fig.1 

UAS-lexADBD BDSC RRID:BDSC_56528 

 

Gad1 
intersection 

Fig.1, Supplementary 
Fig.1 

Gad1MI09277-
p65AD 

BDSC RRID:BDSC_60322 

 

Gad1 
intersection 

Fig.1, Supplementary 
Fig.1 

lexAop-
GCaMP6f-
p10su(Hw)attp5  

BDSC RRID:BDSC_44277 T4/T5>>GCaMP
6f, 
Mi1>>GCaMP6f,
L2>>GCaMP6f 

Fig.3, 6, 
Supplementary Fig.3 

20xUAS-IVS- 
GCaMP6f attP40 

BDSC RRID:BDSC_42747 C2/C3>>GCaMP
6f 

Fig.2, Supplementary 
Fig.2 

R59E08-
LexAattP40 

BDSC RRID:BDSC_52832 T4/T5>>GCaMP
6f 

Fig.3,4 

R20C11-
p65.ADattP40 

BDSC RRID:BDSC_70106 C2 split Gal4, 
C2/C3 split Gal4 

Fig.2, 3, 4, 5 

Supplementary 
Fig.2,3, 4 

R25B02-
Gal4.DBDattP2 

BDSC RRID:BDSC_68969 C2 split Gal4 Fig.2, 3, 4, 5, 
Supplementary 
Fig.2,3, 4 

R26H02-
p65.ADattP40 

(Tuthill et 
al., 2013) 

RRID:BDSC_70159 C3 split Gal4 Fig.2, 3, 4, 
Supplementary 
Fig.2,3, 4 

R29G11-
Gal4.DBDattP2 

Tuthill et al., 
2013) 

 C3 split Gal4 Fig.2, 3, 4, 
Supplementary 
Fig.2,3, 4 

R48D11-
Gal4.DBDattP2 

BDSC RRID:BDSC_69028 C2/C3 split Gal4 Fig.4, Supplementary 
Fig.3, 4 

R19F01-
lexAattp40 

BDSC RRID:BDSC_52547 Mi1>> GCaMP6f Fig.6 
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R19D12-
lexAattp40 

BDSC RRID:BDSC_52545 L2>> GCaMP6f Fig.6 

UAS-
KCNJ2.EGFP(Kir
2.1)7 

BDSC RRID:BDSC_6595 C2/C3 >>Kir2.1 Fig.3,4, 
Supplementary Fig.3, 
4 

UAS-shits BDSC RRID:BDSC_44222 C2/C3 
>>shibirets 

Fig.6 

Software   

ImageJ National 
Institutes of 
Health 

http://imagej.nih.gov
/ij 

 Fig.1, Supplementary 
Fig.1 

Imaris Oxford 
Instruments 

  Fig.1, Supplementary 
Fig.1 

Adobe 
Photoshop 2021 

   Fig.1, Supplementary 
Fig.1 

MATLAB Mathworks http://ww.mathwork
s.com/ 

 All (except Fig.1) 

Python 2.7 Python https://python.org  All (except Fig.1) 

 

 

METHOD DETAILS  

 

Immunohistochemistry and confocal microscopy 

Fly brains were dissected and simultaneously fixed in 2% paraformaldehyde in phosphate-

buffered lysine (PBL) for 1hr at RT. Next, brains were washed 3x in phosphate-buffered saline 

containing 0.3% triton X-100 (PBT, pH:7.2) and blocked for 30 min in 10% normal goat serum 

(NGS, Fisher Scientific GmbH, Schwerte, Germany) in PBT at RT. The primary antibody 

solution was incubated for 24hr at 4°C and removed by washing 3x for 5 min in PBT. 

Subsequently the secondary antibody solution was incubated at 4°C overnight. The primary 

and secondary antibodies used for the different experiments are listed below. Last the 

samples were again washed with PBT 3x and embedded in Vectashield (Vector Laboratories, 

Burlingame) until further use but no longer that 7 days.  

 

Table 2 List of primary and secondary antibodies used for stainings 

 

Primary antibody species Conc. company Product nr.  

Polyclonal anti-GFP  chicken 1:2000 Abcam (Cambridge, UK) Ab13970 
Monoclonal anti-Bruchpilot (nc82)  mouse 1:25 DSHB (Iowa City, US)  
Polyclonal anti-GABA  rabbit 1:200 Sigma-Aldrich (Darmstadt, G) A2052 Sigma 
Polyclonal Anti-DsRed rabbit 1:400 Clontech (California, US) 632475 

 
Secondary antibody species Conc. company Product nr.  

Alexa Fluor anti-chicken-Alexa 488  goat 1:200 Dianova (Hamburg, G)  103-545-155 
Alexa Fluor anti-mouse-Alexa 647  goat 1:200 DSHB (Iowa City, US) 115-605-003 
Alexa Fluor anti-rabbit-Alexa 594  goat 1:200 Sigma-Aldrich (Darmstadt, G) 111-585-003 
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For confocal microscopy brains were mounted with a small drop of Vectashield on a 

microscope slide and covered with a cover slip (Thermo Fisher Scientific GmbH, Schwerte, 

Germany). Serial Z-stacks were taken on a Zeiss LSM10 microscope (Carl Zeiss Microscopy 

GmbH, Germany) using the Zen 2 Blue Edition software (Carl Zeiss Microscopy, LLC, United 

States). Z-stack images were taken at 1 µm steps and 512x512 pixel resolution using three 

different Plan-Apochromat objectives (20x/0.8 M27 (air), DIX(UV)VIS-IR 40x/1.3 M27 (oil), 

DIX(UV)VIS-IR 63x/1.4 M27 (oil)). Confocal stacks were further rendered into two-

dimensional images using Imaris (Oxford Instruments) and later edited using Adobe 

Photoshop 2021. 

 

Identification of GABAergic cell types  

To identify GABAergic cell types required for motion vision, we tested 25 InSITE Gal4 lines 

that were previously identified in a behavioral screen to be motion blind and showed 

extensive expression in the visual system (Silies et al., 2013). We expressed UAS-eGFP  and 

UAS-mCD8::GFP under the control of the InSITE-Gal4 line and visualized the expression 

pattern using confocal microscopy. To localize GABAergic neurons within the expression 

pattern, we stained the brains with anti-GABA antibodies and screened for colocalization of 

GFP and GABA.  

To identify cell types in the expression pattern of the InSITE Gal4 lines, we used a single cell 

Flpout strategy by which GFP expression was restricted to random cells of the targeted 

pattern. By expressing UAS>CD2,y+>mCD8::GFP Flpout as well as UAS-Flp under control of 

the respective Gal4 driver line.  

 

Identifying pre and postsynaptic sites of C2 and C3 

To identify the dendrites and synaptic axons of C2, we expressed the dendritic marker 
DenMark and the GFP-tagged Syt1 to label synaptic vesicles. Brain dissections and 
Confocal imaging was done as described above. Synaptic counts of C2 and C3 with 
postsynaptic cells and reconstructions of C2 and C3 and their postsynaptic partners 
were extracted from the 7column EM dataset (neuprint-examples.janelia.org), 
recently published in (Shinomiya et al., 2019b).  

 

 

 

Two-photon calcium imaging  

Prior to two-photon imaging, flies were anesthetized on ice and fit into a small hole in 

stainless-steel foil, located in a custom-made holder. The head was tilted approximately 30° 

to expose the back of the head. To fix the head of the fly, a small drop of UV-sensitive glue 

(Bondic) was used on the left side of the brain and the thorax. The cuticle on the right eye, 

fat bodies and tracheae were removed using breakable razor blades and forceps. To ensure 

constant nutrients and calcium supply flies were perfused with a carboxygenated saline 

containing 103 mM NaCl, 3 mM KCl, 5 mM TES, 1mM NaH2PO4, 4 mM MgCl2 1.5 mM CaCl2, 

10mM trehalose, 10mM glucose, 7mM sucrose, and 26mM NaHCO3 (pH~7.3). To record 
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calcium activity, a two-photon microscope (Bruker Investigator, Bruker, Madison, WI, USA), 

equipped with a 25x/1.1 objective (Nikon, Minato, Japan) was used. For excitation of 

GCaMP6f, the excitation laser (Spectraphysics Insight DS+) was tuned to a wavelength of 

920nm with <20mW of laser power measured at the objective. Emitted light was filtered 

through an SP680 short pass filter, a 560 lpxr dichroic filter and a 525/70 emission filter and 

detected by PMTs set to a gain of 855V. Imaging frames were acquired at a frame rate of ~15-

20 Hz and 4-7 optical zoom using PrairieView software. 

 

Visual stimulation 

Visual stimuli were presented on a 8 cm x 8 cm rear projection screen in front of the fly 

covering a visual angle of 60 deg in azimuth and elevation. Stimuli were filtered through a 

482/18 bandpass filter (Semrock) and ND1.0 neutral density filter (Thorlabs) and projected 

using a LightCrafter 4500 DLP (Texas Instruments, Texas, USA) with a frame rate of 100 Hz 

and synchronized with the recording of the microscope as described previously (Freifeld et 

al., 2013). 

All visual stimuli were generated using custom-written software using C++ and OpenGL. T4 

and T5 recordings always started by showing ON and OFF edges moving into four directions 

of motion used for the automated ROI selection. Subsequent stimuli were randomized. If the 

fly moved, the moving edge stimulus was repeated in between recordings.  

 

Moving OFF and ON edges  

Full contrast dark or bright edges moving with a velocity of 20°/s across the full screen to four 

or eight different directions. Each stimulus direction was presented at least two times in semi 

random order. A four-direction stimulus was used for the later mathematical identification 

of T4 and T5 axon terminals. An eight-direction stimulus was shown to C2 and C3 to quantify 

direction-selectivity. 

 

Periodic full-field flashes 

The full-field flash stimulus consisted of full-contrast ON and OFF flashes covering the whole 

screen. Each flash lasted for 5 s and thus 10 s for one stimulus epoch, presented for ~2 min 

per fly. This stimulus was shown to flies while recording C2/C3, T4/T5, Mi1 or L2 cells.  

 

Moving OFF and ON stripes  

Full contrast dark or bright stripes of 5° width moving with a velocity of 20°/s to eight 

different directions in semi-randomized order. This stimulus was repeated at least three 

times per fly and was used to quantify tuning preferences of T4 and T5 neurons. 

 

Ternary white noise 

Each frame consisted of 12 bars of 5° x 60° size tilted along either azimuth or elevation and 

spanning the whole screen of 60° x 60°.  Each bar changed its contrast from frame to frame 



3.1 Inhibitory columnar feedback neurons tune local motion detection 

 

48 

with equal probability of having either minimal, maximal or intermediate contrast 

independent of all other bars. Frames were updated every 50 ms. The duration of one epoch 

was 500s with 3s of grey interleave. Per fly the stimulus epoch was repeated twice for T4 and 

T5 recordings and once for medulla and lamina neurons.  This stimulus was used to extract 

the spatiotemporal receptive fields (STRFs) of all neuron types.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Preprocessing 

All data analysis was performed using MATLAB R2017a (The MathWorks Inc, Natrick, MA) or 

Python 2.7. Motion artifacts were corrected using Sequential Image Alignment SIMA, 

applying an extended Hidden Markov Model (Kaifosh et al., 2014). 

 

Manual ROI selection 

For manual ROI selection the average intensity of all frames was used to guide the manual 

selection of axon terminals using a custom written user interface with Matlab. Responses of 

pixels belonging to one ROI were averaged and saved for further analysis.  

 

Automated ROI selection 

For the extraction of single T4 or T5 axon terminals we made use of their contrast- and 

direction-selective responses to ON and OFF edges moving into four directions. First, the 

aligned images were averaged across time and the average image intensity was Gaussian 

filtered (s=1.5) and then threshold-selected by Otsu’s method (Otsu, 1979) to find 

foreground pixels suitable for further analysis. After averaging responses across stimulus 

repetitions, we selected pixels that showed a peak response larger than the average response 

plus two (three, for STRFs) times the standard deviation of the full trace. These pixels were 

grouped based on their contrast preference (ON or OFF pixels) and further assigned to four 

categories based on their anatomical location within the lobula plate (layers A, B, C, or D). 

We further calculated a direction-selectivity index (DSI) and contrast selectivity index (CSI) 

for each pixel as follows: 

𝐷𝑆𝐼 =
𝑃𝐷𝑚𝑎𝑥− 𝑁𝐷𝑚𝑎𝑥

𝑃𝐷𝑚𝑎𝑥
, 

𝐶𝑆𝐼 =  
𝑃𝐶𝑚𝑎𝑥−𝑁𝐶𝑚𝑎𝑥

𝑃𝐶𝑚𝑎𝑥
. 

where 𝑃𝐷𝑚𝑎𝑥 and 𝑁𝐷𝑚𝑎𝑥 denote the maximal response into the preferred direction (PD) 

and null direction (ND) and 𝑃𝐶𝑚𝑎𝑥 and 𝑁𝐶𝑚𝑎𝑥 denote the maximum responses for the 

preferred contrast (PC) and the non-preferred or inverse contrast (NC). We excluded all pixels 

that did not exceed the CSI threshold of 0.2 or 0.5 for STRF calculation to obtain clean T4 or 

T5 responses. For the final clustering we used the x and y location of pixel and the timing of 

the response to the PD. Based on these parameters the Euclidean distance between each 

pair of pixels was calculated and average-linkage agglomerative hierarchical clustering was 

performed. We further evaluated the optimal distance threshold that yielded most clusters 

of the appropriate size between 1 and 6.5 μm2. All resulting clusters that fell outside this 
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range were excluded from further analysis. Cluster locations were saved and matched with 

subsequent recordings of the same cells to other stimulus types. 

 

Response quantification 

dF/F clalculation 

After subtracting a background signal, the response of a cell was calculated as dF/F using the 

following formula:  

𝑑𝐹

𝐹
=

𝐹−𝐹0

𝐹0
, 

For T4 and T5 responses 𝐹0 was defined as the baseline fluorescence, computed from 

averaging responses to gray interleaves. For C2, C3, Mi1 and L2 𝐹0 was defined as the average 

of the whole response trace. Responses of single ROIs were averaged for each fly and 

interpolated to 10Hz before averaging across flies. 

 

Full-field flashes 

Responses of single cells to full-field flashes were extracted by matching the location of the 

extracted clusters from the cluster analysis. For T4 and T5 responses ON or OFF step 

responses were calculated as the difference of a response to an epoch 2s before the onset 

or offset of light and the peak response in an epoch 2s after the onset or offset of light, 

respectively. The time to peak was quantified solely for the two silencing conditions as the 

time delay from the onset of light to the timing of the peak response. The time to decay was 

extracted from the decay constant of a single term exponential fit to the response in an epoch 

3s after the onset of light. A decay constant was only taken into account if it was negative.      

 

Moving OFF and ON stripes  

To quantify direction selectivity (DS) of single cells, responses were trial averaged and the 

peak response to the eight different directions of either increment or decrement bars was 

extracted for T4 and T5 cells respectively. We further quantified the tuning of single cells by 

computing vector spaces as follows (Mazurek et al., 2014):  

𝐿𝑑𝑖𝑟 =  |
∑ 𝑅(𝜃𝑘)exp (𝑖𝜃𝑘)𝑘

∑ 𝑅(𝜃𝑘)𝑘
|. 

where 𝑅(𝜃𝑘) is the response to angle 𝜃𝑘. The direction of the vector 𝐿𝑑𝑖𝑟 denotes the tuning 

angle of the cell and the normalized length of the vector is related to the circular variance 

and thus represents the selectivity of the cell. 

 

Space-time receptive field mapping 

Space-time receptive fields (STRFs) were extracted from responses of single cell ROIs to the 

ternary white noise stimulus. The raw fluorescence (𝐹) traces of single clusters were 

extrapolated to 20Hz matching the update rate of the ternary white noise stimulus. The 

response changes of the cell (𝑑𝐹/𝐹) was extracted as described above for the full-field flash 
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stimulus. Here (𝐹0) denotes the baseline fluorescence, computed from averaging responses 

to gray interleaves. The extracted cell response was further centered around its mean and 

averaged across two stimulus epochs if it was repeated twice. The stimulus was normalized 

to have values of -1, 0 and 1 for dark, gray and bright bars. 

STRFs were extracted by computing a weighted stimulus average also known as reverse 

correlation. For this a sliding average of two seconds length was propagated backwards in 

time and weighted by the response of the cell at the start of the window. Given the response 

of the cell at time point t (𝑟𝑡), the time window of the stimulus (𝜏), the amount of total time 

points (𝑇) and the stimulus snippet 𝑠(𝑡 − 𝜏) the STRF is computed as follows: 

𝑆𝑇𝑅𝐹 =  
1

𝑇−𝜏
 ∑  𝑟𝑡𝑠(𝑡 − 𝜏)𝑇

𝑡=𝜏 . 

To evaluate how well STRFs predicted the real cell response we convoluted the extracted 

STRFs with the stimulus. This prediction of the cell response was then correlated with the 

real cell response. The correlation value R2 was used to discard non-valid STRFs. The R2 

threshold was chosen by visual inspection to be 0.2 for STRFs of T4 and T5 neurons and 0.26 

for C2, C3, Mi1 and L2 STRFs. Furthermore, we extracted a reliability measure of the cell 

response by correlating the responses two the two epochs of stimulus repetition for 

responses from T4 and T5. The threshold was again chosen empirically to be 0.1 

(Supplementary Fig. 4a). For medulla and lamina neurons one repetition of white noise was 

sufficient, so that no reliability measure could be calculated.  

The weighted average STRF was computed by averaging all STRFs of one subtype of cell and 

weighting each STRF by the R2 value. Therefore, STRFs that well predicted the cell response 

had a higher impact on the average.  

To further extract statistics of the STRFs for T4 and T5 neurons we fit Differences-of-

Gaussians (DoG) models with two opposite signed components to each STRF (Leong et al., 

2016). DoG fits were initialized at the location of the minimum and maximum of the STRF 

with a width of 10° in space and 250 ms in time. The angular orientation was set to 0 radians. 

The fitting was repeated 10 times with random perturbations of the initial parameters to 

improve robustness to initialization. Based on Euclidean distance the best fitting model was 

selected (Leong et al., 2016). We further applied a fitting threshold of 0.3 to filter for valid 

STRFs. From the best fitting linear DoG filter, we extracted the peak amplitude to be the 

maximum and minimum values of the filter and the time to peak from the distance of the 

maximum and minimum to 0 time. The spatial and temporal extends were approximated by 

extracting the half width of the principal and minor axis of the two subfields separately and 

the slope of the two subfields was calculated as the tangens from the angular orientation of 

fits (). For C2, C3, Mi1 and L2 the temporal filter was extracted from averaging single STRFs 

along the time axis of the horizontal or vertical STRFs. Timing of the ON peak was calculated 

as the time of highest correlation of the temporal filter and the full width half maximum 

(FWHM) was extracted from a gaussian fit along the spatial dimension of maximal response 

of single STRFs.  

 

Statistics 

All statistics were done in Matlab. For comparisons between C2 and C3 response 

characteristics (Fig. 2d,e) a two-sided Wilcoxon signed rank test was calculated.  
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For multiple comparisons of T4 and T5 or Mi1 and L2 response characteristics from control 

and C2/C3 silencing conditions all samples were first tested for normal distribution with a 

Kolmogorov–Smirnov test. If all samples were normally distributed a oneway ANOVA with 

subsequent pairwise comparison was calculated (an exception was made for Data in (Fig. 4b), 

where only the double C2 and C3 silencing condition for T5 was not normally distributed). 

Bonferroni correction was applied for multiple testing. In the case of non-normally 

distributed data, a Kruskal-Wallis Test was calculated. All statistics are listed in the following 

tables: 

 

Response properties of C2 and C3 

Table 3 Statistical summary of Wilcoxon rank sum test. Sample Size (N) is given in number of cells (C) 

 

 

 

 

 

 

 

 

 

 

 

 

Response properties of T4 and T5 to full field flashes 

 Fig. 2 Group 1: C2 (purple) Group 2: C3 (green) 

 p-value 
G1-G2 

Mean  Std  N Mean  Std N 

Timing ON peak 
Elevation (e) 

0.1164 -0.353 0.50 26C -0.543 0.80 36C 

Timing ON peak 
Azimuth (e) 

0.2648 -0.065 0.02 20C -0.180 0.34 23C 

FWHM Elevation 
(e) 

0.0515 17.580 7.66 26C 14.764 8.32 36C 

FWHM Azimuth 

(e) 

0.8742 18.532 4.43 20C 18.539 5.91 23C 
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Table 4 Statistical summary of ANOVA 

 

 

Table 5 Statistical summary of multi comparisons with Bonferroni correction. Sample Size (N) is given in number of cells (C) or 

flies (F). 

 

 

T4-ONResps (Fig. 3b & Supplmentary Fig.3d) 

Source SS dF MS F Prob>F 

Groups 2.39505 3 0.79835 4.26 0.012  
Error 6.18794 33 0.18751   
Total 8.58299 36    

 
T5-OFFResps (Fig. 3b & Supplmentary Fig.3d) 

Source SS dF MS F Prob>F 

Groups 0.10164 3 0.03388 0.86 0.4715 
Error 1.30002 33 0.03939   
Total 1.40166 36    

 
T5-ONResps (Supplementary Fig. 3e) 

Source SS dF MS F Prob>F 

Groups 0.57289 3 0.19096 5.02 0.0056  
Error 1.25588 33 0.03806   
Total 1.82877 36    

 
# Cells T4 (Supplementary Fig. 3b) 

Source SS dF MS F Prob>F 

Groups 4868.62 3 1622.87 13.74 4.95355e-06 
Error 4017.2 34 118.15    

Total 8885.82 37    

 
# Cells T5 (Supplementary Fig. 3b) 

Source SS dF MS F Prob>F 

Groups 163.53 3 54.5101 2.01 0.1313 

Error 923.02 34 27.1477   
Total 1086.55 37    

 

Fig. 3 G1: Control (grey) G2: C2 block (purple) G3: C3 block (green) 

 p-value 
G1-G2 

p-value 
G1-G3 

p-value 
G2-G3 

Mean  Std  N Mean  Std N Mean Std N 

Steps dF/F T4 ON 
(b) 

0.02745 0.02156 1 0.1908 0.11 9F 0.8310 0.65 8F 0.8146 0.27 10
F 

Steps dF/F T5 OFF 
(b) 

1 1 1 0.3167 0.13 9F 0.3999 0.22 8F 0.4350 0.18 10
F 

Time to peak (c) - 
 

- 0.00032 
 

- - - 0.4250 0.07 8F 1.0500 0.38 10
F 

Decay rate (c) 
 

- - 0.15063 - - - 0.6938 0.27 7F 0.8685 0.20 10
F 

 
Supplmentary Fig.3 G1: Control (grey) G2: C2block (purple) G2: C3 block (green) G2: C2C3 block (blue) 

 p-val 

G1-
G2 

p-val 

G1-
G3 

p-val 

G1-
G4 

Mean  Std  N Mean  Std N Mean Std N Mean Std N 

# Cells T4 (b) 1 0.08
7025 

0.00
0018 

42.666 13.0 9
F 

41.666 13.6 9
F 

29.800 10.4 1
0

F 

14.800 4.49 10
F 

# Cells T5 (b) 
 

1 1 1 11.000 4.55 9
F 

7.5556 6.94 9
F 

13.400 5.35 1
0
F 

10.400 3.53 10
F 

Steps dF/F T4 
ON (d) 

See 
T1 

See 
T1 

0.19
447 

0.1908 0.11 9
F 

See T1 - - See T1 - - 0.6352 0.51 10
F 

Steps dF/F T5 
OFF (d) 

See 
T1 

See 
T1 

1 0.3167 0.13 9
F 

See T1 - - See T1 - - 0.3181 0.23 10
F 

Steps dF/F T5 
ON(e) 

0.00
301 

0.46
976 

0.76
674 

0.1082 0.09 9
F 

0.4739 0.31 8
F 

0.2711 0.12 1
0

F 

0.2483 0.19 10
F 
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T4 and T5 STRFs  

Table 6 Statistical summary of Kruskal-Wallis Test 

 

T4 R2- goodness of gauss fit (Supplementary Fig. 4b) 
 

 
T5 R2- goodness of gauss fit (Supplementary Fig. 4b) 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 40.61 2 20.3048 0.75 0.6874 
Error 1259.39 22 57.245   
Total 1300 24    

 
Peak amplitude T4 ON (Fig.3f) 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 2876.1 2 1438.05 6.75 0.0342 
Error 26943.9 68 396.23   
Total 29820 70    

 
Peak amplitude T5 ON (Fig.3f) 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 389.967 2 194.983 7.2 0.0273  
Error 910.033 22 41.365   

Total 1300 24    

 
Peak amplitude T4 OFF (Fig.3f) 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 5496.3 2 2748.13 12.9 0.0016  

Error 24323.7 68 357.7   
Total 29820 70    

 
Peak amplitude T5 OFF (Fig.3f) 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 260.25 2 130.126 4.8 0.0905  
Error 1039.75 22 47.261   
Total 1300 24    

 
FWHM major axis T4 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 1182.8 2 591.397 2.78 0.2495 
Error 28637.2 68 421.135   
Total 29820 70    

 
FWHM major axis T5 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 79.44 2 39.719 1.47 0.4803 
Error 1220.56 22 55.4801   
Total 1300 24    

 
FWHM major axis T4 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 8084.3 2 4042.14 18.98 7.57113e-05 
Error 21735.7 68 319.64   
Total 29820 70    

 
FWHM major axis T5 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 66.31 2 33.1548 1.22 0.5422 
Error 1233.69 22 56.0768   
Total 1300 24    

 
 
 
 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 2701.3 2 1350.65 6.34 0.042  
Error 27118.7 68 398.8   
Total 29820 70    
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FWHM minor axis T4 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 12.8 2 6.391 0.03 0.9851  
Error 29807.2 68 438.341   
Total 29820 70    

 
FWHM minor axis T5 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 83.59 2 41.7929 1.54 0.4623 
Error 1216.41 22 55.2916    
Total 1300 24    

 
FWHM minor axis T4 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 1014.7 2 507.332 2.38  0.3039 
Error 28805.3 68 423.608   
Total 29820 70    

 
FWHM minor axis T5 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 671.51 2 335.755 12.4  0.002 
Error 628.49 22 28.568   

Total 1300 24     

 
Time to peak T4 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 2572.4 2 1286.18 6.04 0.0488 

Error 27247.6 68 400.7    
Total 29820 70    

 
Time to peak T5 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 3.51 2 1.7548 0.06 0.9681 
Error 1296.49 22 58.9314   
Total 1300 24    

 
Time to peak T4 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 2856.8 2 1428.4 6.71 0.035 
Error 26963.2 68 396.52    
Total 29820 70    

 
Time to peak T5 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 242.84 2 121.421 4.48 0.1063 
Error 1057.16 22 48.053   
Total 1300 24    

 
Slope Layer 1&4 T4 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 402.43 2 201.213 2.33 0.3115 
Error 7187.57 42 171.133   
Total 7590 44    

 
Slope Layer 2&3 T4 OFF 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 476.79 2 238.393 8.15 0.017 
Error 985.71 23 42.857   
Total 1462.5 25    
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Table 7 Statistical summary of multi comparisons with Bonferroni correction. Sample Size (N) is given in number of cells (C) or 

flies (F). 

 

Slope Layer 1&4 T5 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 30.393 2 15.1964 2 0.3672 
Error 151.607 10 15.1607   
Total 182 12    

 
Slope Layer 2&3 T5 ON 

Source SS dF MS Chi-sq Prob>Chi-sq 

Groups 2.976 2 1.4881 0.23 0.8918 
Error 140.024 9 15.5582   
Total 143 11    

 
 

 
Fig. 3 G1: Control (grey) G2: C2 block (purple) G3: C3 block (green) 

 p-value 
G1-G2 

p-value 
G1-G3 

p-value 
G2-G3 

Mean  Std  N Mean  Std N Mean Std N 

Peak amplitude T4 
ON (f) 

0.04414 0.20788 1 0.0050 0.00
29 

29
C 

0.0033 0.00
19 

16
C 

0.0037 0.00
19 

26
C 

Peak amplitude T5 

ON (f) 

0.08749 

 

1 0.1039 0.0050 0.00

24 

6C 0.0050 0.00

24 

14

C 

0.0054 0.00

33 

5C 

Peak amplitude T4 
OFF (f) 

0.00307 1 0.0041 0.0043 0.00
23 

29
C 

0.0079 0.00
36 

16
C 

0.0045 0.00
24 

26
C 

Peak amplitude T5 
OFF (f) 

0.6904 
 

1 0.1078 0.0094 0.00
38 

6C 0.0074 0.00
63 

14
C 

0.0136 0.00
76 

5C 

HWHM major T4 
ON 

0.36603 
 

0.69035 1 18.451 19.0 29
C 

18.880 28.2 16
C 

12.008 12.1 26
C 

HWHM major T5 
ON (f) 

0.71385 1 1 31.437 21.9 6C 21.516 16.6 14
C 

21.539 20.7 5C 

HWHM major T4 
OFF (f) 

0.00005 0.86526 0.0029 21.862 19.6 29
C 

6.093 3.03 16
C 

16.804 14.8 26
C 

HWHM major T5 
OFF (f) 

1 0.83438 
 

1 8.6434 4.04 6C 8.8525 2.09 14
C 

8.3158 5.24 5C 

HWHM minor T4 
ON (f) 

1 1 1 3.0726 4.38 29
C 

3.1608 3.58 16
C 

2.2373 1.20 26
C 

HWHM minor T5 
ON (f) 

1 0.67689 
 

0.9815 2.4164 1.17 6C 2.2316 0.87 14
C 

1.6506 0.93 5C 

HWHM minor T4 
OFF (f) 

1 0.41408 
 

0.8865 2.3314 0.87 29
C 

2.5014 1.53 16
C 

2.0424 1.53 26
C 

HWHM minor T5 

OFF (f) 

0.75417 0.00205 0.0122 3.2766 1.00 6C 3.2766 0.39 14

C 

1.5815 0.39 5C 

Time to peak T4 
ON (f) 

1 0.0522 0.3161 -0.275 0.44 29
C 

-0.266 0.30 16
C 

-0.541 0.53 26
C 

Time to peak T5 
ON (f) 

1 1 1 -0.577 0.26 6C -0.702 0.38 14
C 

-0.602 0.29 5C 

Time to peak T4 

OFF (f) 

0.45985 0.49823 0.0299 -0.312 0.31 29

C 

-0.149 0.04 16

C 

-0.489 0.50 26

C 

Time to peak T5 
OFF (f) 

1 0.7030 0.1049 -0.095 0.13 6C -0.043 0.08 14
C 

-0.164 0.08 5C 

Slope Layer1&4 T4 
OFF (f) 

1 0.38495 
 

1 -0.173 0.56 21
C 

0.4428 1.46 9C 0.0475 0.30 15
C 

Slope Layer1&4 T5 
ON (f) 

1 0.47706 
 

1 -0.125 0.07 4C -32.98 87.3 7C -0.05 0.01 2C 

Slope Layer2&3 T4 
OFF (f) 

0.63933 0.36518 
 

0.0144 -0.145 0.47 8C 1.556 4.00 7C 0.1293 0.22 11
C 

Slope Layer2&3 T5 
ON (f) 

1 1 1 0.0404 0.06 2C -0.002 0.07 7C 0.042 0.04 3C 

 
 

Supplmentary Fig. 4 G1: Control (grey) G2: C2 block (purple) G3: C3 block (green) 

 p-value 
G1-G2 

p-value 
G1-G3 

p-value 
G2-G3 

Mean  Std  N Mean  Std N Mean Std N 

R2- goodness of 
gauss fit T4 (b) 

0.39505 0.66545 - 0.5242     0.10 29
C 

0.4661     0.11 16
C 

0.5564 
 

0.11 26
C 

R2- goodness of 
gauss fit T5 (b) 

1 1 - 0.5915     0.13 6F 0.6283     0.13 14
F 

0.6440 0.19 5F 
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Direction tuning T4 and T5  

Table 8 Statistical summary of ANOVA 

 

 

Table 9 Statistical summary of multi comparisons with Bonferroni correction. Sample Size (N) is given in number of cells (C) or 

flies (F). 

 

DS (vector length) all layers: multiway analysis ANOVAN 

Source SS dF MS F Prob>F 

Conditions 2.17782 3 0.72594 60.18 0  
Layer 0.13956 3 0.04652 3.86 0.0104 
T4/T5 0.02321 1 0.02321 1.92 0.167 
Error 2.34025 194 0.01206   
Total 4.67595 201    

 
DS (vector length) averaged across layers T4  

Source SS dF MS F Prob>F 

Groups 0.43445 3 0.14482 29.78 2.93772e-08 
Error 0.11671 24 0.00486   

Total 0.55116 27    

 
DS (vector length) averaged across layers T5  

Source SS dF MS F Prob>F 

Groups 827.81 3 275.937 13.14 0.0043 
Error 810.19 23 35.226   

Total 1638 26    

 

Fig.4 G1: Control (grey) G2: C2block (purple) G2: C3 block (green) G2: C2C3 block (blue) 

 p-val 
G1-
G2 

p-val 
G1-
G3 

p-val 
G1-
G4 

Mean  Std  N Mean  Std N Mean Std N Mean Std N 

DS T4 (b) 0.00

000 

0.00

028 

0.00

000 

0.5165 0.08 7

F 

0.2517 0.08 8

F 

0.3245 0.05 6

F 

0.1852 0.03 7F 

DS T5 (b) 0.02
44 

0.18
94 

0.00
01 

0.4880 0.08 7
F 

0.3463 0.08 7
F 

0.3822 0.10 6
F 

0.2495 0.06 7F 

dF/F -180AD 
T4 (c) 

0.12
92 

0.02
49 

0.28
50 

0.6751 0.44 7
F 

1.4116 0.70 8
F 

1.4518 0.43 6
F 

1.1939 0.22 7F 

dF/F -135AD 
T4 (c) 

0.11
30 

0.09
74 

0.22
55 

0.6233 0.40 7
F 

1.2933 0.65 8
F 

1.2765 0.45 6
F 

1.1196 0.30 7F 

dF/F -90AD 
T4 (c) 

0.25
15 

0.12
19 

0.38
42 

0.7187 0.42 7
F 

1.3122 0.55 8
F 

1.4167 0.54 6
F 

1.2521 0.45 7F 

dF/F -45AD 
T4 (c) 

1 1 1 2.2096 1.10 7
F 

2.1420 0.91 8
F 

3.1046 1.32 6
F 

1.7718 0.53 7F 

dF/F 0AD T4 
(c) 

1 0.54
52 

1 3.8594 1.93 7
F 

4.0212 1.86 8
F 

5.3724 1.66 6
F 

2.7353 0.82 7F 

dF/F 45AD T4 
(c) 

1 0.31
77 

1 2.1960 1.22 7
F 

2.2547 1.11 8
F 

3.3790 1.15 6
F 

1.7469 0.44 7F 

dF/F 90AD T4 
(c) 

0.49
93 

0.14
37 

0.28
50 

0.7076 0.48 7
F 

1.3867 0.75 8
F 

1.6395 0.79 6
F 

1.3073 0.36 7F 

dF/F 135AD 
T4 (c) 

0.11
43 

0.07
08 

0.38
42 

0.6250 0.42 7
F 

1.3499 0.71 8
F 

1.4048 0.56 6
F 

1.1209 0.31 7F 

dF/F -180AD 

T5 (c) 

0.04

01 

0.67

68 

0.00

10 

0.6593 0.45 7

F 

1.2500 0.34 8

F 

1.0113 0.35 6

F 

1.5759 0.38 7F 

dF/F -135AD 
T5 (c) 

0.07
49 

0.64
88 

0.01
04 

0.6537 0.43 7
F 

1.1803 0.34 8
F 

1.0035 0.36 6
F 

1.3635 0.35 7F 

dF/F -90AD 
T5 (c) 

0.28
01 

1 0.02
76 

0.8763 0.55 7
F 

1.3589 0.48 8
F 

1.1756 0.30 6
F 

1.6191 0.35 7F 

dF/F -45AD 

T5 (c) 

1 1 1 2.0625 1.19 7

F 

2.4539 0.96 8

F 

2.5859 0.88 6

F 

2.7355 0.94 7F 

dF/F 0AD T5 
(c) 

0.83
91 

1 1 3.2665 1.45 7
F 

4.2833 1.37 8
F 

4.1690 1.27 6
F 

3.7727 0.97 7F 

dF/F 45AD T5 
(c) 

0.81
75 

1 1 1.9791 1.00 7
F 

2.7670 1.02 8
F 

2.6985 1.32 6
F 

2.2519 0.45 7F 

dF/F 90AD T5 
(c) 

1 1 0.81
02 

0.8989 0.68 7
F 

1.4130 0.54 8
F 

1.2793 0.78 6
F 

1.4200 0.30 7F 

dF/F 135AD 
T5 (c) 

0.13
24 

0.82
34 

0.00
30 

0.6688 0.45 7
F 

1.1418 0.29 8
F 

0.9882 0.31 6
F 

1.4702 0.41 7F 
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Response properties of Mi1 and L2 cells 

 

Table 10 Statistical summary of Wilcoxon rank sum test. Sample Size (N) is given in number of cells (C) 
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Supplmentary Fig. 5 G1: Control (grey) G2: C2block (purple) G2: C3 block (green) G2: C2C3 block (blue) 

 p-val 
G1-
G2 

p-val 
G1-
G3 

p-val 
G1-
G4 

Mean  Std  N Mean  Std N Mean Std N Mean Std N 

DS Layer 1 T4 

(b) 

0.27

61 

1 0.01

12 

0.4743 0.18 7

F 

0.2762 0.10 8

F 

0.3346 0.08 6

F 

0.2135 0.05 6F 

DS Layer 1 T5 
(b) 

0.52
12 

1 0.00
58 

0.4786 0.12 7
F 

0.3510 0.07 7
F 

0.3923 0.11 6
F 

0.2220 0.09 7F 

DS Layer 2 T4 
(b) 

0.08
38 

1 0.01
47 

0.4587 0.14 7
F 

0.2411 0.13 8
F 

0.3886 0.12 6
F 

0.1869 0.06 6F 

DS Layer 2 T5 
(b) 

0.03
46 

0.29
33 

0.00
58 

0.4909 0.12 7
F 

0.3230 0.07 7
F 

0.3695 0.11 6
F 

0.2873 0.09 7F 
 

DS Layer 3 T4 
(b) 

0.05
50 

1 0.00
64 

0.5411 0.09 7
F 

0.3467 0.11 6
F 

0.4763 0.10 5
F 

0.2427 0.10 5F 
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Fig.6 Group 1: Control (gray) Group 2: C2 block (purple) 

 p-value 
G1-G2 

Mean  Std  N Mean  Std N 

Timing ON peak 
Mi1 (b) 

0.0000 -0.113 0.15 59C -0.195 0.23 73C 

FWHM Mi1 (b) 
 

0.8332 16.366 5.65 59C 15.447 5.01 73C 

Timing OFF peak 
L2 (b) 

0.0119 -0.136 0.22 68C -0.140 0.22 36C 

FWHM L2 (b) 

 

0.8994 24.808 44.4 68C 16.414 9.65 36C 
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Supplemental Information 

 

 

Supplementary Fig. 1. Screen for behaviorally relevant GABAergic neurons. a) Two more examples of InSITE lines 
with behavioral deficits to OFF motion stimuli screened for GABA (purple) colocalization with the InSITE 
expression pattern labeled with GFP (green) (I, scale bar = 20µm, 10µm), single cell clones (ii, scale bar = 10µm) 
and the gad1 intersection pattern (iii, scale bar = 20µm), where the neuropil is marked with nc82 (blue), the InSITE 
expression pattern is marked with RFP (red) and the GABAergic neurons are additionally labeled with GFP (green).   
b) Examples of InSITE lines with behavioral deficits to ON motion stimuli screened for neurons within the gad1 
intersection pattern (scale bar = 20µm). 

 

 

Supplementary Fig. 2. C2 and C3 responses are weaker in proximal medulla layers. a) Confocal image of C2 and 

C3 split gal4 driver lines expressing GFP (green). The neuropil is marked with nc82 (blue).  b) Calcium responses 

of C2 (purple, N=16 flies, 181 cells) and C3 (green, N=12 flies, 149 cells) neurons in different medulla layers M1, 

M5, M8, M9 and the cell bodies (CB) to full field ON and OFF flashes.  
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Supplementary Fig. 3. C2 and C3 silencing specifically shape ON responses of T4 and T5 neurons from different 
lobula plate layers a) ROIs of single T4 and T5 axon terminals extracted mathematically from calcium imaging 
data. b) Number of ROIs (cells) extracted for all flies for control condition (grey, N=9 flies), C2 silencing (purple, 
N=9 flies), C3 silencing (green, N=10 flies) and C2/C3 double silencing (blue, N=10 flies). c) Calcium responses of 
T4 and T5 neurons to full field ON and OFF light flashes for C2/C3 double silencing.  d) Response change of T4 
neurons to the onset of light (ON step) and T5 neurons to the offset of light (OFF step) quantified from (c). e) 
Response change of T5 neurons to the onset of light (ON step). f) Calcium responses of T4 and T5 neurons 
extracted from different layer of the lobula plate to full field ON and OFF light flashes. Shown are mean ± standard 
error. Significances are based on ANOVA (p≤0.05 *, p≤0.01**, p≤0.001***, + Bonferroni correction for multiple 
testing).   

 

 

a

0

20

40

60

#
 C

e
lls

T5T4

n.s.
n.s.

n.s.

***
n.s.

n.s.

b

T4T5

0

0.5

1

1.5

2

s
te

p
s
 d

F
/F

n.s.

**

n.s.

c

S
te

p
s
 d

F
/F

0

0.5

1

1.5

2

OFF stepON step

n.s.n.s.

T5T4T4 T5

C2&C3 >> kir2.1 

d e

20 %
dF/F

5s

ON
OFF

T5

ON step

C2 >> kir2.1
C3 >> kir2.1

20 %
dF/F

5s

ON
OFF

Layer 1 Layer 2

T4 T5

Layer 3 Layer 4
f

Control



3.1 Inhibitory columnar feedback neurons tune local motion detection 

 

60 

 

Supplementary Fig. 4. Effect of C2 and C3 silencing on T4/T5 filter properties is not layer specific a) 
Spatiotemporal receptive fields (STRFs) of T4 and T5 cells were extracted by reverse correlation of responses to a 
ternary white noise bar stimulus of vertical or horizontal orientation. Good quality STRFs (colored circles) were 
filtered based on the correlation of the predicted and the real response of the cell (x-axis) and a correlation of 
responses to the first and the second repetition of the stimulus (y-axis). b) R2 values of fitting difference of 
Gaussians (DoGs) on extracted STRFs for T4 and T5 cells. Sample size refers to number of cells with N=29 for T4 
Control, N=16 for T4 C2 silencing, N=26 for T4 C3 silencing condition and N=6 for T5 Control, N=14 for T5 C2 
silencing, N=5 for T5 C3 silencing condition. Shown are mean ± standard error. Significances are based on KKW 
(p≤0.05 *, p≤0.01**, p≤0.001***, + Bonferroni correction for multiple testing).  c) Average aligned spatiotemporal 
receptive fields (STRFs) of several T4 and T5 cells from layers 2, 3 and 4 of the lobula plate for the control, C2 
silencing, and C3 silencing conditions. Sample size (N) equals number of cells. 
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Supplementary Fig. 5. C2 and C3 are required for direction-selective responses of T4 and T5 cells from all lobula 
plate layer. Direction selectivity averaged across cells and flies, for different layer of the lobula plate. Control 
condition (grey, N=7 flies), C2 silencing (purple, N=8), C3 silencing (green, N=6 flies) and double C2/C3 silencing 
(blue, N=7). Significances are based on KKW (p≤0.05 *, p≤0.01**, p≤0.001***, + Bonferroni correction for multiple 
testing).   

 

 

Supplementary Table 1. List of behaviourally relevant neurons identified from the expression pattern of InSITE lines 
with behavioural deficits to either OFF- or ON edge motion stimuli. Neurons were identified based on either 
colocalization of the InSITE expression pattern with GABA and single cell Flp-Out experiments, or a Gad1-
intersection strategy.  
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1037 - - Mi1new, (C3, CT1) Suppl. Fig 1b 

0756 - - - Suppl. Fig 1b 

0518 - - (C3, CT1) Suppl. Fig 1b 

0980 - - Mi1new, (C3, CT1) Suppl. Fig 1b 

0564 - - C2, (C3, CT1) Suppl. Fig 1b 

0081 - - (C3), LT Suppl. Fig 1b 

0168 - - (C3), Mi, LT  Suppl. Fig 1b 

0651 - - (C3), LT Suppl. Fig 1b 
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Abstract 
 

 

Self-motion generates visual patterns on the eye that are important for navigation. These 

optic flow patterns are different in flying animals as compared to walking animals because of 

maneuvers in three dimensions during flight. Whether this difference is reflected in neural 

processing is unknown. We show that the population of local direction-selective T4/T5 cells in 

Drosophila encodes global motion patterns generated during flight, similar to a population code 

in the mouse retina. Whereas the retina encodes four types of optic flow, the fly visual system 

encodes six. This matches the larger number of degrees of freedom and the increased complexity 

of possible translational and rotational motion patterns during flight. The four uniformly tuned 
T4/T5 subtypes described previously represent a local subset of the population. Thus, a 

population code for global motion patterns appears to be a general coding principle of visual 

systems that matches the individual ethological constraints of the animal. 

 

 

 

Teaser 

 

Local direction-selective cells encode six types of global motion patterns, matching different 

types of motion generated by fly behavior. 
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MAIN TEXT 

 

Introduction 

 

Animals that use the visual system to navigate through their environment need to detect and 

compute global motion patterns elicited on the eye. Such optic flow patterns are generated by 

locomotion, such as during walking, riding, or flying, where different types of behavior will elicit 

different optic flow patterns. In vertebrates, such optic flow generated by self-motion is represented 

by the population of local motion-sensitive retinal ganglion cells (1). Here, directional tuning of 

retinal ganglion cells changes gradually across visual space, together matching four different types 

of global motion patterns generated during walking. Thus, the first direction-selective cells in the 

mammalian visual pathway employ a code for visual cues generated by self-motion. Flying animals 

are exposed to more complex optic flow fields, but how the additional degrees of freedom in 

behavior impact neuronal processing is not known.  

 

In flies, the first direction-selective cells that encode local motion are the T4 and T5 neurons, 

that are sensitive to moving ON (T4) or OFF (T5) contrast signals. In contrast to the local direction 

selective ganglion cells of the vertebrate retina, T4/T5 neurons are thought to be uniformly tuned 

throughout the visual field, representing the four cardinal directions: upward, downward, front-to-
back and back-to-front motion (2–4). These direction-selective T4/T5 cells compute local motion 

by comparing inputs from neighboring points in space along one axis (3–9). Neighboring columnar 

units in the fly visual system are organized in a hexagonal array (10), following the hexagonal 

arrangement of ommatidia in the fly eye. Yet how these hexagonal interactions can yield four 

orthogonal motion axes represented by T4/T5 is unknown. 

 

One synapse downstream of T4/T5 cells, optic flow patterns are encoded by wide-field 

neurons that sample information globally across visual space (11–13). The general importance of 

this coding strategy is supported by the widespread presence of such flow-field sensitive cells, 

covering for instance moths (14–16), locusts (17–19) and dragonflies(20). In blow flies, different 
wide-field lobula plate tangential cells (LPTCs) are tuned to specific optic flow patterns generated 

by forward movement or turns of the animal (13, 21, 22). LPTCs with a similar receptive-field 
organization have been mapped in Drosophila (23–25), and are thought to be involved in the control 

of head optomotor responses, as well as in stabilizing gaze and forward walking (26–28).  
To extract optic-flow information, wide-field neurons pool information from presynaptic 

local motion detectors. In Drosophila, this is achieved by LPTCs receiving strong input from the 
columnar T4 and T5 neurons (2, 29). Four T4/T5 subtypes can be distinguished by axonal 

projections terminating in one of four layers of the lobula plate. Here, T4/T5 provide excitatory 
input to downstream LPTCs within the same layer and indirect inhibitory input to LPTCs of the 

adjacent lobula plate layer with opposite tuning, thus establishing motion opponency (29, 30). Most 
LPTCs extend their dendrites along one layer of the lobula plate and thus pool information from 

one subtype of T4/T5 neurons (23, 24, 31), although some LPTCs also project to more than one 

layer (25). Additionally, local motion signals are selectively amplified within the LPTC dendrites 

if they match the preferred global motion pattern (32). This suggests that the coding of optic flow 

is fundamentally different between vertebrate and invertebrate visual systems. It is unclear why 

flies would have evolved a system in which optic flow has to be computed through complex 

transformations from local motion detectors with uniform tuning, to ultimately match the motion 

patterns generated during flight. To understand how the four subtypes contribute to downstream 

optic flow fields, it is necessary to have a detailed map of T4/T5 direction tuning across retinotopic 

space. 
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Here, we use in vivo two-photon calcium imaging to characterize the direction tuning 

distribution of T4/T5 neurons across anatomical and visual space. We demonstrate that directional 

preference of T4/T5 subtypes changes gradually, forming continuous maps of tuning. At the 

population level, T4/T5 cells in fact do not fall into four but six subgroups that encode six diagonal 

directions of motion, matching the hexagonal lattice of the eye. The six topographic tuning maps 

match optic flows field generated by self-motion of the fly. Therefore, the organization of local 

direction-selective cells that represents self-motion parallels the retinal code for optic flow, 

providing a striking example of convergent evolution. The specific types of optic flow that are 

encoded differ between the mouse retina and the Drosophila visual system, arguing that evolution 

matched neural resources to the different physical distribution of information encountered during 

walking or flight. 

 

 

Results  

 

T4/T5 population tuning clusters around hexagonal directions of motion 

To understand how the T4/T5 neurons contribute to downstream optic flow fields, it is 

necessary to have a detailed map of T4/T5 direction tuning across retinotopic space. We used in 

vivo two-photon calcium imaging to record motion responses from large populations of T4/T5 
neurons in individual flies. We imaged GCaMP6f responses to ON and OFF edges moving in eight 

directions at different fly orientations relative to the screen, together subtending ~150° in azimuth 

and ~60° in elevation (fig. S1, A and B). Tuning across 3537 individual cells (1376 T4, 2161 T5), 

recorded in 14 flies was broad, together spanning 360º of motion. Neurons in both layer A and B 

covered more than 120° of tuning direction, and thus twice the range of cells in layers C and D, 

which were tuned to a range of ~60° (Fig. 1A). Dorsoventral location strongly impacted tuning 

direction in layers A and B (Fig. 1A). In layer A, cells that were more dorsally located in the lobula 

plate preferentially covered the 300°- 360° range, whereas more ventral cells of the lobula plate 

showed tuning directions in the 0°- 60° range. In layer B, more dorsally located cells were tuned to 

the 120°- 180° range, and more ventrally located cells were tuned to 180°- 240°  (Fig. 1A). 

Although the population of T4/T5 cells covered all directions of motion, the tuning distribution was 

non-uniform (Circular Rayleigh test: p<0.0001).  

Looking at the number of neurons sensitive to a certain motion direction, most neurons in 

layers A and B were tuned to the diagonal directions of motion, flanking the overall average 

orthogonal tuning of these layers (Fig. 1B). Cells in layers C and D each showed a unimodal 

directional tuning distribution in the upward or downward direction, respectively (Fig. 1B). The 

bimodal distribution in layers A and B were well fit by two Gaussians (fig. S1C). When thus 

assigning each cell to one of six subtypes, tuning of two subtypes in layer A and B split at 0° or 

180°, respectively (fig. S1D). The population average of the A.I subtypes was tuned to diagonal 

upward motion (~30°) and the A.II subtype was tuned to diagonal downward motion (~330°). Layer 

B subtypes encoded the two opposite axes of motion direction (fig. S1D). Taken together, our data 
show that at the population level, T4/T5 neurons fall into six functional subtypes (Fig. 1C and fig. 

S1D) Average motion tuning within individual subtypes reveals sensitivity to six directions with 

each subtype spanning a 60°-range, matching the hexagonal arrangement of the fly compound eye 

(Fig. 1, C and D).  
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Fig. 2. Layer A and B subtype projections separate along the dorsoventral axis.  (A) In vivo two photon calcium images of the 

lobula plate at two planes along the dorsoventral axis (Z30/Z60 = z-depth 30/60 µm). ROIs are color coded based on their subtype 

identity. (B) Histograms displaying number of neurons from the different classes along the dorsoventral axis (z-depth). Scale bar 

10 µm. (C and D) Tuning of individual neurons from one fly recorded in a ventral (Z60) (C), or dorsal (Z30) (D) plane of the lobula 

plate. Below: Same data plotted as circular histograms. (E) Tuning of all neurons recorded at different dorsoventral planes within 

one fly. 

 

T4/T5 neurons form topographic maps of directional tuning 

We next asked if the ~60º distribution of directional tuning within one subtype was random, 

or topographically organized. Color coding axon terminals based on their directional preference 

revealed that the tuning of neighboring cells was similar and gradually changed along the distal-to-

proximal axis. As such, recording in one ventral plane of layer A (group A.I) revealed T4/T5 tuning 

ranging from diagonally upward on the proximal end to front-to-back motion on the distal end of 

the lobula plate (Fig. 3, A and B). T4/T5 cells of other subtypes also gradually changed tuning 

from proximal to distal. Subtler changes in the tuning of neighboring cells within one subtype were 

also apparent along the dorsoventral axis (fig. S3, A and B). This gradually distributed tuning 

existed for both T4 and T5 when analyzed separately (Fig. 3, C and D and fig. S3C). Because 

T4/T5 neurons are retinotopically organized, this directional tuning map suggests that the 

population of T4/T5 cells is sensitive to specific global motion patterns. 
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Fig. 4. The population of T4/T5 neurons encode optic flow induced by self-motion. (A) Arrows indicate tuning direction of 
individual neurons plotted at their receptive field center coordinates in visual space. Length of vectors indicates direction selectivity 

of T4 (red) or T5 neurons (blue), n=14 flies. Horizontal and vertical dashed lines mark the split between left and right visual 
hemispheres and the horizon, respectively. Black tuning vectors show mean across 10 degree-wide bins. Gray shaded areas indicate 

the visual space in the left hemisphere that cannot be seen by the right eye. (B) Schematic of rotational and translational flow fields 

around the three body axes of the fly (modified after(35)). (C) Flow fields of data from two subtypes and the fitted normalized optic-
flow model. Model vectors are shown for each corresponding data vector. (D) Differences of the fit quality for three model types 

(translation + rotation [T+R], pure translation [T], pure rotation [R]) compared to a uniform vector field model (***Wilcoxon: 

p<0.001).  

 

 

Discussion  

 

In this study, we have demonstrated that optic flow is encoded by the local motion detectors 

in the Drosophila visual system: The direction-selective T4/T5 neurons are divided into six 

subtypes that encode specific optic flow pattern. Anatomically, these six direction match the 

hexagonal arrangement of the fly compound eye. Within each of the six subtypes, individual tuning 

preference is gradually distributed across the lobula plate such that the population of T4/T5 neurons 

of each subtype together forms a retinotopic tuning map that encodes flow fields containing 

information about translational and rotational self-motion of the fly.  

 Direction-selective T4/T5 neurons in Drosophila have been described to encode four 
cardinal directions of motion (2, 3). Population T4/T5 recordings now reveal average tuning to 

diagonal rather than cardinal motion directions, such that six subtypes of T4/T5 neurons exist. Only 
a global analysis of directional tuning reveals these six subtypes, but tuning to diagonal motion has 

been observed in electrophysiological recordings of an individual T4 neuron (8), and in optical 

recordings of T4/T5 (3, 36). T4/T5 neurons compute direction-selective signals across neighboring 

columns within the eye (5, 37). Thus, motion can simply be computed along the internal 
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organization of the fly eye, and the hexagonal arrangement of the eye does not need to be 

transformed into a cardinal coordinate system.  

Individual directional preference of a T4/T5 neuron correlates with its dendrite orientation, 

which manifests during development (10, 38, 39). Interestingly, developmental dendrite orientation 

for subtypes A and B reveal two peaks of diagonal rather than orthogonal orientation of dendrites 

(39), consistent with their distribution of direction selectivity. Our data show that each T4/T5 

subtype retinotopically covers overlapping regions in visual space. A comprehensive analysis of 

T4/T5 dendrite anatomy across the visual system will be needed to clarify how adult dendrite 

orientation is distributed across the visual system to represent the six subtypes. Furthermore, single-

cell transcriptomics has assigned developing T4/T5 cells to distinct clusters based on their genetic 

profiles (39–42), but genes involved in dendrite development or the differentiation are expressed in 

narrow time windows (42). Interestingly, one recent study identified a genetic subpopulation of T4 

neurons, restricted to lobula plate layers A and B (40). While it remains to be determined whether 

this corresponds to the functional layer A/B subtypes, genetic access will help to better understand 

the development and anatomy of the individual subtypes. 

While downstream of T4/T5, wide-field LPTCs are thought to encode self-motion (21, 24), 

our data show that the population of T4/T5 cells already encodes optic flow generated by a 
combination of rotational and translational self-motion of the fly. Within an optic flow field, single 

T4/T5 tuning changes along the retinotopic map. This could be inherited by the spatial distribution 
of ommatidia along the optical axis which varies with the curvature of the eye (43, 44). T4/T5 can 

then pass this information to downstream LPTCs, which do to not need to transform cardinal motion 
information into complex flow fields. Therefore, T4/T5 population tuning might be organized to 

encode optic flow in a way that facilitates downstream processing of diverse complex flow fields 
represented by a repertoire of LPTCs. Further internal dendritic processing, such as suppression of 

adjacent local motion signals, electrical coupling between LPTCs (24) and feedforward inhibition 

from lobula plate intrinsic neurons (30) will support the computation of diverse optic flow fields 

(29, 30, 32).  

 

The encoding of optic flow generated by self-motion at the level of local motion detectors 

has also recently been described in the mouse retina (1), where any kind of self-motion will activate 

different retinal ganglion cell types from both eyes in a unique pattern that will be decomposed into 

translational and rotational components further downstream. The fly eye and the vertebrate retina 

both show differences between local and global directional tuning (1, 45), and similarly compute 
visual signals generated by self-motion at the population level (1). A population code for optic flow 

generated by self-motion might therefore be a canonical strategy of visual systems, and evolved 
convergently during evolution. However, mice and flies differ in the number and directions of optic 

flow encoded by local direction-selective cells. Flying animals encode more motion axes than 
walking animals, likely to match the higher degrees of freedom encountered during flight. This 

difference might highlight adaptation to the visuoecological niches of flying and walking animals. 
We are just starting to understand how a population code in visual systems matches the statistics of 

the visual environment (1, 46–49), or animal behavior. Thus, this work is an important step towards 
understanding how anatomy, ethological constraints, and neuronal function are ultimately linked. 



3.2 Populations of local direction-selective cells encode global motion patterns  

generated by self-motion 

 

72 

 

 

 

  

 

Manuscript  

Template 
 

Science Advances                                               Manuscript Template                                                                                           Page 

9 of 16 

 

Materials and Methods 
 

Drosophila strains and fly husbandry 

Drosophila melanogaster were raised on molasses-based food at 25°C and 55% humidity in a 12:12 
hr light-dark cycle. For all imaging experiments female flies of the genotype w+; R59E08-

LexAattP40, lexAop-GCaMP6f-p10su(Hw)attp5/ R59E08-LexAattP40, lexAop-GCaMP6f-p10su(Hw)attp5  
were recorded 3-5 days after eclosion at room temperature (RT, 20°C). R59E08-LexAattP40 and 

lexAop-GCaMP6f-p10su(Hw)attp5 were obtained from the Bloomington Drosophila Stock Center 

(BDSC #52832 and #44277), recombined, and crossed into a w+ background. 

 

In vivo two-photon calcium imaging  

Fly preparation, experimental setup and data acquisition 

Prior to two-photon imaging, flies were anesthetized on ice and fit into a small hole in stainless-

steel foil, located in a custom-made holder. The head was tilted approximately 30° to expose the 

back of the head. To fix the head of the fly, a small drop of UV-sensitive glue (Bondic) was used 

on the left side of the brain and the thorax. The cuticle on the right eye, fat bodies and tracheae were 

removed using breakable razor blades and forceps. To ensure constant nutrients and calcium supply 

flies were perfused with a carboxygenated saline containing 103 mM NaCl, 3 mM KCl, 5 mM TES, 
1mM NaH2PO4, 4 mM MgCl2 1.5 mM CaCl2, 10mM trehalose, 10mM glucose, 7mM sucrose, and 

26mM NaHCO3 (pH~7.3). To record calcium activity, a two-photon microscope (Bruker 
Investigator, Bruker, Madison, WI, USA), equipped with a 25x/1.1 objective (Nikon, Minato, 

Japan) was used. For excitation of GCaMP6f, the excitation laser (Spectraphysics Insight DS+) was 
tuned to a wavelength of 920nm with <20mW of laser power measured at the objective. Emitted 

light was filtered through an SP680 short pass filter, a 560 lpxr dichroic filter and a 525/70 emission 
filter and detected by PMTs set to a gain of 855V. Imaging frames were acquired at a frame rate of 

~15-20 Hz and 4-7 optical zoom using PrairieView software. Each fly was recorded in at least three 
to five different focal planes (z-depth). We determined z-depth position relative to cell bodies and 

started the first recording at a z-depth of 30μm from there. Planes were then imaged every 15μm 
from there (fig. S1B).  

Visual stimulation 

Visual stimuli were presented on an 8 cm x 8 cm rear projection screen in front of the fly covering 

a visual angle of 60° in azimuth and elevation. To cover a larger part of the horizontal visual field 

of 150° we rotated the fly with respect to the screen two times by 45° (fig. S1A). Stimuli were 

filtered through a 482/18 bandpass filter (Semrock) and ND1.0 neutral density filter (Thorlabs) and 

projected using a LightCrafter 4500 DLP (Texas Instruments, Texas, USA) with a frame rate of 

100 Hz and synchronized with the recording of the microscope as described previously(50). All 

visual stimuli were generated using custom-written software using C++ and OpenGL.  

Moving OFF and ON edges  
Full-contrast dark or bright edges moving with a velocity of 20°/s across the full screen to four or 

eight different directions. Each stimulus direction was presented at least twice in pseudo-random 
order. The four-direction stimulus was merely used for the subsequent identification of T4 and T5 

axon terminals.  

 

Data analysis 

Preprocessing 
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Fig. S2. Layer A and B subtypes are separated along the dorsoventral axis. 2-photon calcium 

images of the lobula plate at three different z-depths (Z), given in µm relative to T4/T5 cell bodies 
(see fig. S1B). ROIs are color-coded based on their subtype identity. Shown are three example 

flies. Individual images, corresponding to planes along the dorsoventral axis, predominantly show 
the two subtypes A.II and B.II, or the four subtypes A.I, B.II, C and D. Scale bar 10µm. 
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Fig. S3. Tuning within individual subtypes is topographically organized. (A) 3D illustration 

of the lobula plate. Recordings were made at different z-depths, corresponding to different 

locations along the dorsoventral axis. Example images from one fly recorded at different planes 

along the dorsoventral axis, shown as 2-photon images (upper row) or color-coded ROIs based 

on their tuning preference (lower row). Scale bar = 10µm. (B) Pseudo z-stacks of ROIs from 

each lobula plate layer recorded at different z-depths. Examples are shown from three different 

flies. Colors indicate tuning preference. The most prominent tuning difference was attributable to 

the two subtypes in layers A and B. Some more subtle changes in tuning were also apparent 

along the dorsoventral axis, but they were less prominent than along the proximodistal axis c, 

Variability of T4 and T5 tuning preference within one fly for each of the six subgroups shows 

that tuning distribution were not significantly different (Wilcoxon test, p>0.05). 

 

C

Subtype A.IISubtye B.I

Subtype B.II

Subtype C

Subtype D 0

10

20

30

40

S
td

 o
f 
a
n
g

u
la

r 

p
re

fe
re

n
c
e
 [
°]

T4

0

10

20

30

40 T5

Subtype A.I

A

Z75

Z15

Z60

Z15

Z75

Z30

Fly 3

Fly 2

Fly 1

Layer A Layer B Layer C Layer D
B

Fly1
Z15 Z30 Z45 Z60 Z75

15μm

Z=0

Z

Medulla

Lobula

Lobula plate

Subtype Subtype

D
ir
e

c
ti
o

n
a
l 
tu

n
in

g

Dorsal

Ventral

Dorsal Ventral

T4



3.2 Populations of local direction-selective cells encode global motion patterns  

generated by self-motion 

 

84 

 



3. MANUSCRIPTS 

 

85 

 

 

 

6 

 

demonstrate that tuning shifts gradually along both the horizontal (E) and the vertical (F) 

dimension of the visual field. 
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Fig. S5. Flow fields generated by self-motion are matched filters for T4/T5 population  

tuning (A) Flow fields of data from each subtype (colored) and the fitted normalized flow field 

model (black). Model vectors are shown evenly spaced across the visual field. T[x,y,z] and 

R[x,y,z] show the translational and rotational components producing the best matched flow 

fields. The goodness of the fit was calculated as the linear projection (LP) between the data and 

the flow field vectors, which equals +1 when all vectors fit perfectly and equals -1 when all 

vectors point in opposite directions. Gray shaded areas indicate the area of the visual space in the 

left visual hemisphere that cannot be seen by the right eye. (B) Flow fields of data as in (A) from 

four subtypes not shown in Fig. 4C. Model vectors are shown for each corresponding data 

vector. Right: Model data represented as a 3D flow field. (C) Quality of the fit obtained from 

linear projection of the model to the data, shown for four different model variations allowing to 
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train either all parameters for translation and rotation (T+R), only translation (T), only rotation 

(R) or a model with uniform direction vectors (Uni). Each circle represents the best fit of 10-fold 

cross-validation (see methods). Colored circles represent the average of the ten cross-validation 

results. Open circles indicate a significant difference to the uniform model prediction (Wilcoxon: 

p<0.001)  
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4 GENERAL DISCUSSION  
 

Different types of local and global motion inform behavioral decisions. At the first processing 

steps of vertebrate as well as invertebrate eyes, retinotopically arranged visual units process 

visual information from local points in space, leading to the detection of local motion. 

Subsequently, this local motion information is pooled across visual space by wide-field cells 

that report global motion. Global optic motion patterns elicited on the eye during locomotion 

of animals inform the brain about the trajectory of self-movements. In this thesis, I studied 

both local and global motion processing. First, I investigated the tuning of the local motion 

detectors T4 and T5 in the visual system of the fruit fly to understand how their directional 

tuning is influenced locally by GABAergic circuits and revealed that the population of T4 and 

T5 computes global motion patterns, providing the basis for the computation of self-motion 

information in downstream wide-field cells. 

Together with my collaborators, I found two GABAergic feedback neurons, C2 and 

C3, to be essential for motion-guided behaviors and direction-selectivity of local motion 

detectors. We show that both neurons are ON selective and heavily connect to neurons in 

upstream circuitry of both ON (T4) and OFF (T5) motion detectors. Blocking neuronal activity 

in C2 shapes responses of neurons upstream of T4 and T5 cells, for example the OFF-pathway 

neuron L2 as well as the ON-pathway neuron Mi1. Furthermore, blocking neuronal activity in 

C2 or C3 caused T4 and T5 responses to stationary and non-preferred directions of motion 

stimuli, leading to a substantial decrease of T4/T5 direction-selectivity. While our data 

suggest a specific role of C2 for ND suppression in T4, both C2 and C3 likely play another more 

general role in stabilizing the neuronal activity in upstream circuits of motion detection. 

Together this suggests a GABAergic feedback mechanism that indirectly shapes tuning of 

local motion detection.  

To understand how global motion is computed from local T4 and T5 tuning, I used in 

vivo calcium imaging and mapped local direction tuning of the population of T4 and T5 cells 

across retinotopic space. My collaborators and I show that instead of four anatomically 

described subtypes, directional tuning preference of T4 and T5 can be grouped into six 

functional subtypes. Within each subtype, directional preference changes gradually across 

retinotopic space, forming continuous tuning maps that match optic flow fields generated 

during self-motion. Thus, similar to the mouse retina, one synapse before the global motion 

detector cells, the population of local motion detectors already encodes self-motion of the 

fly. In contrast to the mouse retina, where direction-selective ganglion cells encode four optic 

flow patterns generated during walking, the fly visual system encodes six directions of self-

motion, likely reflecting the higher degrees of freedom and the more complex maneuvers 

encountered during flight.  

In this general discussion, I will first focus on general ideas about how six subtypes of 

T4 and T5 cells might develop, how dendrites and axons might be organized in the visual 

system and how tuning differences might be shaped during development. Next, I will discuss 

the importance of global motion processing for understanding the function of visual systems.  
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Furthermore, I will discuss how much our data tell us about general principles of motion 

processing. In that context, I will discuss similarities of visual processing between the 

vertebrate and invertebrate retina. In addition, I will discuss the differences between our 

data and the visual processing observed in other visual species and what that might tell us 

about the evolutionary adaptation of visual systems to the behavioral constraints of an 

animal.  

 

4.1 Development, organization and refinement of local motion tuning 

 

During the development of the visual system, the same progenitor cells transition through 

two competence windows, first producing the two GABAergic C2 and C3 neurons and later 

T4/T5 cells (Apitz and Salecker, 2015, 2018). This argues that C2/C3 and T4/T5 are intricately 

linked, which is supported by the functional importance of C2 and C3 for motion detection in 

T4 and T5. This could indicate that functional dependence is to some extend reflected by 

development. Differential expression of effector genes further ensures that the local motion 

detectors T4 and T5 both extend their axon terminals into four distinct anatomical layers of 

the lobula plate of the visual system (Apitz and Salecker, 2018; Hörmann et al., 2020; Pinto-

Teixeira et al., 2018). Based on these anatomical projections, T4 and T5 cells have been 

grouped into four subtypes (Fischbach and Dittrich, 1989). However, functionally we find six 

subtypes of T4 and T5 cells, with two subtypes in layers A and B each. These two subtypes in 

layers A and B are organized into functional subregions of the lobula plate along the 

dorsoventral axis, where each of these subregions seems to be retinotopically organized. 

However, at the level of the dendrites the organization of the six subtypes remains obscure. 

The visual space that is covered by each of the six subtypes is highly overlapping, arguing that 

dendrites of the six T4 and T5 subtypes should be distributed across the retinotopically 

arranged visual units of the medulla and lobula respectively. Thus, one possibility is that 

medulla neurons of one column, for example Mi1, synapses with each of the six, rather than 

four, different subtypes of T4 cells (Figure 6A). On the other hand, the dendrites of the 

different subtypes could distribute across the outputs of the retinotopic units, such that each 

medulla neuron may synapse onto a subset of four out of the possible six different subtypes. 

The same scenarios could apply to T5 dendrites, which are located in the lobula where they 

receive retinotopic input from transmedulla (Tm) neurons. Interestingly, EM tracing of 

neurons within seven neighboring medulla columns revealed more than 60 T4 cells. This is 

exactly the number, one would expect, if each of the seven column houses six T4 cells plus 

the neighboring T4 cells that extend their dendrites into the outer six columns, given that 

each T4 neuron extends its dendrites across three neighboring columns (Haag et al., 2017; 

Takemura et al., 2017). In contrast, the total number of T4 and T5 cells in the whole optic 

lobe was reported to be 5,300, well matching the assumption of four T4 and four T5 subtypes 

in each of the ~750 columns of the fly eye (Mauss et al., 2014), which supports the second 

scenario. However, this count is based on genetically labeling T4 and T5 cells. It thus needs 

to be tested if the genetic driver used in this study, labels all six subtypes of T4 and T5 cells 

or only four.  
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Figure 6 Organization of six T4 cells in the medulla and lobula plate. (A) Six T4 cells sampling from the columns 

in the medulla (Me) and thus the same point in visual space project to different regions of the lobula plate (Lp). 

(B)  T4/T5 cells sample visual input by orienting their dendrites across the hexagonal arrangement of visual units 

of the fly eye. Arrows indicate the PD of the according neuron. 

 

In both situations, we would expect a chiasm of axons along the dorsoventral axis of 

the visual system from retinotopically sampling T4 and T5 neurons, converging once in the 

dorsal and once in the ventral subregion of the lobula plate. Such a dorsoventral chiasm has 

not been reported. However, the one study that looked at this was mainly focused on the 

anteroposterior and proximodistal axis in a small region of the visual system (Shinomiya et 

al., 2019a). To explore a possible chiasm along the dorsoventral axis, tracing of T4 and T5 

axons needs to be extended to the whole extend of the visual system. This should soon be 

possible with the advancement of EM tracing techniques and the availability of EM serial 

reconstructions of the visual system (Zheng et al., 2018). Notably, our functional data are 

broad along azimuth, covering ~150° of visual space, but limited along the dorsoventral size 

of the lobula plate, covering ~60° of visual space in elevation. This is mostly true because 

GCamP6f expression in T4 and T5 cells could only be detected in a range of approximately 70 

µm depth of the whole volume of approximately 150-200 µm (based on immunostaining 

experiments and EM reconstructions, Boergens et al., 2018b). To obtain an even more 

comprehensive picture of T4/T5 tuning across the dorsoventral axis of the lobula plate, one 

might try red-shifted calcium indicator, such as RGeco1a. This could allow 2-photon 

activation with longer wavelength and thus deeper tissue penetration (Dana et al., 2019). 

Alternatively, technological advances such as 3-photon microscopy could help address this 

problem and obtain a more comprehensive picture of direction tuning across the full 

population of T4/T5 cells (Hsu et al., 2019). Taken together, it remains to be tested more 

specifically how the six subtypes of T4 and T5 cells are organized in the visual system and to 

what directions T4 and T5 cells in more ventral regions are tuned to. 

 To become direction tuned, each T4/T5 neuron orients their dendrites along three to 

four neighboring columns of the medulla or lobula (Haag et al., 2016). Given the hexagonal 

structure of the fly eye, the diagonal tuning preference of T4 and T5 neurons found in our 

study can be well explained by dendrites orienting along the three ommatidial axis (Figure 6B). 

The orientations of dendrites are formed during pupa development (Hörmann et al., 2020) 

and are strongly correlated with the neuron’s direction preference (Takemura et al., 2013, 
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2017). Already manifesting during development, the dendrites of neurons from layers 3 and 

4 are clearly oriented along the dorsoventral axis, matching their direction preference. In 

contrast, dendrite orientation of neurons from layers A and B seems to be less specific. Here 

dendrites seem to be rather bilobed and oriented along two diagonal axes (Hörmann et al., 

2020). This perfectly matches their later directional tuning, which is also tuned to front-to-

back or back-to-front on average, but indeed shows a bimodal distribution with predominant 

diagonal tuning directions. The size of the dendrites then reduces in a period between the 

late pupa stage and the adult fly. It will be interesting to see whether one of the two dendritic 

lobes is pruned in layer A and layer B neurons, and thus refines dendrite orientation to match 

adult direction tuning. 

What are the processes that could shape dendrite and directional tuning? In the 

vertebrate retina, direction tuning is already established before eye opening (Tiriac et al., 

2021; Wei et al., 2011) However, some realignment of tuning takes place after eye-opening 

and is based on visual experience (Bos et al., 2016; Chan and Chiao, 2013). Furthermore, 

unidirectional stimulation of DSGC can even reverse their directional preference in adult 

mice, showing that visual experience is crucial for shaping tuning preferences of local motion 

detectors in vertebrates (Rivlin-Etzion et al., 2012). In contrast, the local tuning properties of 

wide-field motion detectors, downstream of T4 and T5, in blowflies did not depend on visual 

experience (Karmeier et al., 2001). Although it remains to be tested if this holds true for the 

population of local motion tuning in T4 and T5 cells, dendrite orientation is partially already 

determined during pupa development. This is mainly based on genetic programs and 

differential gene expression, which regulate the distinct orientation of dendritic arbors and 

the organization of axon terminals in the lobula plate (Apitz and Salecker, 2018; Hörmann et 

al., 2020; Kurmangaliyev et al., 2019; Pinto-Teixeira et al., 2018; Rossi et al., 2021). In 

addition, spontaneous activity evoked during pupa development (Akin et al., 2019) could 

coordinate the refinement of presynaptic partners and thus direction tuning of T4 and T5 

cells (Choi et al., 2021). Such retinal waves have just been shown to be important for tuning 

maps in the mouse retina (Tiriac et al., 2021). 

 

 

4.2 Global processing of visual information 

 

The tuning responses of the population of local motion detectors revealed that the T4 and 

T5 cells that have previously been described to be tuned to four cardinal directions of motion 

represent only a small subset of the entire population (Fisher et al., 2015a; Maisak et al., 

2013). Only when looking at the global direction tuning, we find that the six populations of 

T4 and T5 cells in fact gradually change tuning across visual space to encode self-motion of 

the fly. This is a striking example where it is relevant to study the whole extend of visual 

processing across visual space, to understand what type of information the population of 

cells encodes. The representation of information by a population of cells is well studied in 

higher brain areas of vertebrates (Berens et al., 2012; Gilad and Slovin, 2015; Sanger, 2003) 

but also for sensory processing in insects (Campbell et al., 2013; Clemens et al., 2011). 

In the visual system of the fruit fly, visual processing within each of the ~750 

repetitive visual units (ommatidia), was long thought to be uniform. However, dorsoventral 
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differences in sensitivities of photoreceptors can already be found in the insect retina as well 

as the vertebrate retina (Baden et al., 2020; Wernet et al., 2015). Furthermore, it was recently 

found that populations of neurons show differential gene expression along the dorsoventral 

axis of the visual system (Kurmangaliyev et al., 2020; Özel et al., 2020). Although this 

dorsoventral split across the retina in terms of photosensitivity or gene expression is different 

from the gradually changing tuning preferences of T4/T5 cells, both examples suggests that 

processing of visual information varies across the visual field. Beyond differential gene 

expression, also different synaptic connections may explain the differential tuning of T4 and 

T5 cells across visual space or the recently reported variability of receptive field sizes of 

medulla neurons (Ramos-Traslosheros and Silies, 2021). A recent EM study tried to evaluate 

variations of synaptic contacts between neurons, the current data sets are limited to 7 

columns and thus would not give a good estimate about variations across visual space 

(Takemura et al., 2015). Together this suggests that neurons within one population can 

greatly differ in their processing across retinotopic space. Therefore, to understand the 

function of visual systems it will not be enough to study only a small subset of cells in a small 

part of the brain, but it is necessary to extend the measures to the population of cells that 

process visual information across visual space.   

 

 

4.3 Common design principles of visual motion processing 
 

The theory of efficient coding predicts that neuronal circuits, which are energetically 

expensive, evolve to maximize the encoded information that is relevant for the different 

constraints of animals (Land and Nilsson, 2012; Sterling and Laughlin, 2015). To understand 

the principles of visual processing it is thus important to compare network functions across 

different species and relate them to the specific natural environments and the behavioral 

requirements of the animal (Baden et al., 2020). The eyes of vertebrates and invertebrates 

as mice and flies have evolved independently and look very different at first glance. However, 

these systems show several parallels in the way how visual motion information is computed 

(Borst and Helmstaedter, 2015). One prominent example is the retinotopic representation of 

visual space throughout the visual system, which is further processed in two parallel channels 

of motion processing, namely the ON and OFF pathways (Borst and Helmstaedter, 2015; 

Sanes and Zipursky, 2010).  

What do the two studies proposed here tell us about common or different design 

principles of visual systems? In the first study we found that the visual system of D. 

melanogaster employs a GABAergic feedback mechanism implemented into upstream 

circuitry that is required for the computation of direction-selectivity in local motion 

detectors. Such GABAergic circuits are also found in the retina of different vertebrate species, 

including mice, humans, birds, fish, and reptiles (Baden et al., 2020; Franke and Baden, 2017). 

Here, GABAergic horizontal cells regulate visual processing in upstream circuitry, while for 

example the GABAergic starburst amacrine cells implement ND suppression to direction-

selective retinal ganglion cells (Chaya et al., 2017; Diamond, 2017; Wei, 2018; Wei et al., 

2011). Similarly, we found a specific role of C2 for implementing ND inhibition for the ON 
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motion pathway (T4). However, the underlying implementation in neural circuitry appears to 

be fundamentally different. Whereas C2 acts on upstream circuitry and is not direction 

selective, the starburst amacrine cell provides direct and direction-selective signals to retinal 

ganglion cells to sharpen their directional tuning. Nevertheless, in both systems the different 

GABAergic circuits sharpen direction-tuning and additionally inhibit neuronal activity in 

upstream circuitry. A balance of excitation and inhibition (E-I) in neuronal networks has been 

suggested to be important for reducing the energy expenses as well as maximizing the mutual 

information and therefore allow efficient coding (Yu et al., 2018). GABAergic interneurons 

are not only important for visual processing but are found in diverse neuronal networks, for 

example the Drosophila mushroom body (Pavlowsky et al., 2018), as well as the prefrontal 

cortex, the barrel cortex, or the hippocampus of mice (Jang et al., 2015; Saffari et al., 2019; 

Yu et al., 2019). Here they have been suggested to be relevant for gain control and adaptation 

to dynamic inputs, such that the network can efficiently respond during different behavioral 

states of the animal. The two GABAergic neurons C2 and C3 may thus play a similar role for 

stabilizing the E-I balance of the network, such that it can efficiently encode motion 

information across different situations.  

Furthermore, the second study presented here shows that six types of global optic 

flow patterns containing information about the animal’s self-motion are encoded by six 

populations of the local motion detectors in the fly eye. Downstream of the population of 

the local motion detectors, local motion information can simply be pooled across space, to 

detect global motion information. This population code for self-motion is reminiscent to the 

population code of direction selective retinal ganglion cells in the mouse retina (DSGC) that 

encode four axis of self-motion (Sabbah et al., 2017). We hypothesize, that this 

representation of optic flow at the level of local motion detectors facilitates the computation 

of diverse optic flow fields represented by downstream wide field motion cells, although in 

the fly eye, the mixed flow fields still need to be decomposed into its translatory and rotatory 

components. Furthermore, the curvature of the fly eye provides a structure that simplifies 

the computation of optic flow (see discussion of the manuscript), arguing that the 

representation of optic flow already at the level of local motion detectors might be more 

efficient than the representation of cardinal motion, as suggested previously. Together this 

suggests that our data presented in the two manuscripts represent two computational 

principles of visual systems that have evolved independently during evolution. However, for 

both examples the computations are not completely alike, but might be adapted to the 

visuoecological and behavioral constraints of the animal.  

 

 

4.4 Behavioral constraints guide adaptation of neuronal networks  
 

Besides common principles between the vertebrate and invertebrate visual system our data 

also reveal explicit differences in visual processing between the two species. Whereas in the 

mouse retina four populations of direction-selective ganglion cells (DSGCs) encode 

translational optic flow patterns generated during walking, six motion directions are encoded 

in the fly brain. Additionally, the six motion patterns encoded in the fly brain do not only 
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encode translational but additionally rotatory components of self-motion. This suggests that 

the fly brain may be adapted to encode the increased degrees of freedom and the more 

complex rotational and translational maneuvers encountered during flight (Figure 7).  

 

Figure 7 The fly visual system is efficiently tuned to encode self-motion during flight. (A)  Flight trajectory of an 

escape maneuver of a fly induces complex optic flow fields of combined translatory and rotatory movements. (B) 

Local motion detectors in mice, the DSGC, encode four directions of self-motion, while T4 and T5 cells in the 

Drosophila visual system encode six. 

Many examples show that the ecological constraints, as for example the light 

conditions of an environment or the physical distribution of contrasts given by the structure 

of the scene that an animal encounters shape the evolution of neural networks (Baden et al., 

2020; Clark and Demb, 2016; Gonzalez-Bellido et al., 2011; Honkanen et al., 2017; Laughlin, 

1981; Simoncelli and Olshausen, 2001). Also, at the level of local motion detectors T4 and T5 

in the Drosophila visual system, it has been shown that the spatiotemporal filters and the 

integration of ON and OFF inputs matches the light-dark asymmetries of naturalistic stimuli 

(Salazar-Gatzimas et al., 2018). However, little is known about adaptations of neural 

networks to the behavioral constraints of an animal. In flies, wide field motion detectors (HS 

cells) of blow flies vs. fruit flies have been shown to be tuned to different temporal 

frequencies (Hausen, 1982; Schnell et al., 2010), likely reflecting the different flight speeds 

of the two species. To understand if the six optic flow patterns encoded by T4 and T5 really 

reflect an adaptation to flight or simply present a difference between the vertebrate and 

invertebrate visual system, we would need to know more about the encoding of self-motion 

in other flying versus walking species. However, only little is known about the tuning 

distribution of local motion detectors in other species. Notably, birds do have many more 

RGCs proportional to eye size as compared to non-flying species (Baden et al., 2020). For 

example the hummingbird, which is extremely maneuverable and can even fly upside down 

and backwards, contains 10 fold more RGC compared to the walking mouse (Jeon et al., 1998; 

Lisney et al., 2015). The Chilean eagle has ten times more RGC per eye compared to humans, 

although the size of the eyes are very similar (Inzunza et al., 1991). Although the type of RGCs 

have not been classified yet, the higher number of RGCs could be due to more cell types, 

including different subtypes of direction-selective ganglion cells, which could relate to the 

flying behavior of birds. However, this remains highly speculative, as more RGCs could also 

indicate more cells of the same subtypes per visual area and thus higher spatial acuity. 

Additionally, aquatic animals, like fish, navigate in three dimensions. In zebrafish, pretectal 

neurons are sensitive to global optic flow fields and mediate optomotor stabilizing behaviors 

(Kist and Portugues, 2019; Portugues et al., 2014). Furthermore, local DSGCs of zebrafish and 

goldfish could be clustered into three groups on average representing three directions of 

motion, but how individual tuning maps to the visual input location is so far not known 

DSGC
T4/T5

A B
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(Maximov et al., 2005; Nikolaou et al., 2012). Together this shows that we are just starting to 

understand how evolution shapes visual systems where the distribution of physical 

information depends on the animal’s behavior.   

 

 

4.5 OUTLOOK  

 

To summarize, we have shown that a so far unknown GABAergic feedback circuitry, mediated 

by the two columnar neurons C2 and C3 is required for the computation of direction-selective 

responses in the local motion detectors T4 and T5. We could show that C2 shapes 

physiological properties of two neurons in upstream circuitry of both T4 and T5 cells, 

suggesting that the indirect effect on T4 and T5 neurons is mediated by interactions in 

upstream circuitry. To validate this hypothesis, it will be necessary to decipher the whole 

circuitry of interactions of both C2 and C3 with neurons in the lamina (e.g. L1 and L5) and 

medulla (e.g. Tm1, Tm4 and Mi9). This can be achieved by manipulating neuronal activity in 

C2 or C3 while measuring calcium responses of postsynaptic neurons, as shown for Mi1 and 

L2. Furthermore, a model analysis of the measured effects of C2 and C3 on the motion 

detection circuitry would be helpful to gain more insights about the mechanistic 

implementation and importance of the GABAergic feedback inhibition for motion detection 

in T4 and T5 cells. A model analysis or further manipulation experiments are also needed to 

understand how the inhibitory feedback mechanism might act together with previously 

described mechanisms for direction-selectivity. It may be important to strengthen the 

direction-selectivity of the local motion detectors, make the system more robust against 

perturbations, or be more flexible in different behavioral contexts. We also suggested a role 

of feedback inhibition for stabilizing network activity in upstream circuitry of motion 

detection. How this may be required for motion computation and how it is implemented into 

the circuit needs to be addressed more carefully in future studies. This could further provide 

a general idea about the relation of network balance for proper function of neuronal 

networks.  

Furthermore, we showed that six T4/T5 subtypes encode six global optic flow 

patterns induced during flight. As discussed above, the organization of these six subtypes in 

the visual system could not be fully answered by our study. One possibility to address this 

question, could be to identify the postsynaptic partners downstream of for example Mi1 or 

Tm3 in the medulla. Using sparse expression of trans-Tango expression in these cells, which 

leads to the expression of a reporter gene (e.g. GFP) in all postsynaptic cell types could reveal 

if all six subtypes are postsynaptic to one medulla column (Talay et al., 2017), and reveal their 

projections into the lobula plate. To further understand how these six subtypes project into 

the lobula plate and if the proposed chiasm along the dorsoventral axis between medulla to 

lobula plate exist, one could trace T4 and T5 neurons in a larger region of the visual system 

from EM data. Such comprehensive tracing efforts of the whole visual system are currently 

conducted as a collaboration project between several research groups. However, this task is 

very time consuming. A faster approach would be to label individual neurons of the same 

population with different colors using a multi color flip out (MCFO) approach (Nern et al., 
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2015). These can be visualized and traced by simple immunostainings and confocal imaging. 

In this way we could additionally analyze the distribution of dendrite orientation in the 

medulla and lobula to get a better understanding of how tuning relates to dendrite 

orientation and how the six subtypes sample across retinotopic space. 

To get a better understanding of the functional importance of the six T4/T5 subtypes 

it will be important to have genetic access to each of the subtypes. Recently single cell RNA 

sequencing revealed on gene CG15537 to be specifically expressed in only a dorsal 

subpopulation of T4 and T5 cells from layer A and B (Kurmangaliyev et al., 2020). If this 

subpopulation represents the functional subpopulation revealed in our study remains to be 

tested. However, together with other differentially expressed genes, specific access to each 

subtype could be generated by genetic intersections. Specific genetic access could be further 

used to individually manipulate each subtype and test their functional role for motion-guided 

behaviors. In addition, such subtype-specific genetic access could be used to understand the 

mechanisms that differentiate the newly identified T4/T5 subtypes by tracing them 

throughout development (Apitz and Salecker, 2018; Pinto-Teixeira et al., 2018).  

Finally, we proposed that the six types of self-motion encoded in the fly eye could 

represent an adaptation of the visual system to the complex maneuvers and enhanced 

degrees of freedom encountered during flight. It would thus be exciting to compare the 

representation of optic flow fields in other vertebrate or invertebrate visual systems that 

encounter different types of locomotion. Ants, for example, rely on vision during navigation 

(Åkesson and Wehner, 2002). Interestingly some animals of the colony, the worker ants 

exclusively walk, whereas the queen and the drones can fly. Thus, within the same species, 

different mechanisms of optic flow detection may be implemented in different animals with 

different behavioral tasks. Another interesting dipteran species, closely related to D. 

melanogaster, is the swift lousefly, a flightless parasite that lost its wings during evolution. 

On the other hand it might be interesting to compare the four self-motion directions 

represented in the mouse to optic flow representation in another yet flying mammalian 

species, the bat, which combines echo-acoustic and optic flow for navigation (Kugler et al., 

2019). Such comparative studies of closely related species with different locomotion 

behaviors would help to better understand how different types of self-motion are 

represented in the visual system and how this is adapted to the behavioral constraints of the 

animal.   

  



4. GENERAL DISCUSSION 

 

97 

 

Appendix 
 

A.I List of Abbreviations 
 

BLM   Barlow-Levick model 

Dm   Dorsal medulla 

D.melanogaster Drosophila melanogaster 

DSGC   Direction-selective ganglion cell 

DS    direction selective 

EM   electron microscopy 

GABA    Gamma-Aminobutyric acid  

GluClα   Glutamate gated chloride channel 

HRC   Hassenstein-Reichardt detector 

HC   horizontal cell 

HS   horizontal system  

L   Lamina 

Lai   Lamina intrinsic 

Lat   Lamina tangential 

Lawf   Lamina wide-field 

LC   Lobula columnar 

Lccn   Lobula-complex intrinsic 

Lo   Lobula 

Lp   Lobula plate 

LPi   Lobula plate intrinsic  

LPTC   Lobula plate tangential cell 

LT   Lobula tangential  

M   Medulla 

MGluR   Metabotropic glutamate receptor 

Mi   Medulla intrinsic 

ND   Null direction (non-preferred direction) 

NMDA   N-methyl-D-aspartate  
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PD   Preferred direction 

Pm   Proximal medulla 

RGC   Retinal ganglion cell 

Rh   Rhodopsin 

SAC   Starburst amacrine cell 

Tm   Transmedulla 

vGAT   vesicular GABA transporter 

VPN   Visual projection neuron 

VS   vertical system 
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