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Summary 

 

The optomotor response is a behavior displayed by insects like Drosophila melanogaster 

as a response to whole-field motion. When scientists first observed this behavior, they 

were faced with what we call “a black box system,” meaning they could control the visual 

input (i.e. the velocity of a high-contrast grating) and record the behavioral output (i.e. 

rotation of the fly), but they did not have any means of understanding the mechanism 

that processed the visual information and triggered the motor program they observed. 

Today, the brain of the fly is no longer a black box: the various advanced technologies for 

genetic targeting and manipulating individual nerve cells have helped us understand the 

neural network responsible for motion vision. 

 

In Manuscript 1, my colleagues and I aimed to discover the relevance of motion vision for 

one of the most important but complex tasks that a fly can perform: flight control. During 

a flight bout, a fly executes a series of long, rather straight flight segments, interrupted 

by sudden changes in flight direction called saccades. By blocking the primary motion-

sensitive neurons of the fly brain, i.e. T4/T5 cells, we could investigate flight performance 

in motion-blind flies. When inducing an aerodynamic imbalance by clipping the tip of one 

wing, motion-blind flies show reduced straightness of the intersaccadic segments 

compared to the wild-type controls.  

 

In Manuscript 2, we show that once a fly has discovered a food source, it can remember 

its location with the help of path integration. Path integration is a process first observed 

in nesting animals, which refers to the ability of an animal to return in a straight-line route 

back to the nest after a long, sinuous, foraging trip. The path integrator performs a vector 

summation of the direction and length of each walking bout, updating itself continuously. 

We show that flies remember the distance between two reward zones using path 

integration. In future experiments, we plan to use this experimental approach to 

investigate the neural substrate of the path integration process.  

 

Taken together, the two manuscripts demonstrate the power of behavioral observations 

in freely moving animals. Based on technological advancements, animals no longer need 

to be restrained, thus opening the door to study complex behaviors such as flight control 

and path integration. 
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Chapter 1: THE ORIGINS OF VISION 

 

1.1 How the sun influenced evolution 

Life is governed by sunrise and sunset. This recurrent permanence is most likely the 

leading selective factor in the evolution of nearly all living creatures on Earth (Fernald, 

2000). If the Earth would have been a bit closer or a bit further away from the sun, nothing 

would have evolved the way we know it today (Hart, 1978). The Sun governs everything 

on our planet: plants use sunlight for nourishment, while animals evolved organs that use 

light as a means of perceiving their surroundings, helping them locate food sources and 

mates and avoid predators. 

 

Cyanobacteria evolved a method to use the wavelengths from the sunlight, converting 

them into energy to upkeep cellular metabolism. This gave way to the evolution of beta-

carotene, the precursor of retinal. The development of the visual pigment, which was 

formed by covalently bonding an opsin molecule to retinal, was a critical moment in the 

evolution of the eye (Schwab, 2018). Sunlight plays a key role in the isomerization 

process, transforming the visual pigment from cis to trans configuration using the energy 

of photons. This conformational change triggers a signaling cascade called 

phototransduction (Kefalov et al., 2005). Using this process, photoreceptors could signal 

the presence or absence of light, and the first circadian rhythms were established. 

 

The aggregation of multiple such cells with the capacity to measure light intensities from 

different neighboring points in space has led to the formation of the eye spot (Schwab, 

2018). This gave unicellular organisms the capacity to locate the light, which they then 

used for nourishment. More complex, pluricellular organisms such as the early 

metazoans (Arendt et al., 2009), not only needed to monitor the amount of ambient light 

but also to discern the direction from which the light is shining to avoid exposure to 

extreme intensities. They evolved a screening pigment which partially restricted the field 

of sensitivity of the photoreceptors, allowing them to discern direction from which the 

light shines (Land and Nilsson, 2012).  

 

1.2 The parallel evolution of the vertebrate and invertebrate eye 

Progression to more complex visual tasks, such as detection of self-motion, landmark 

orientation, and collision avoidance has expanded the list of requirements for the 

rudimentary eye spot (Land and Nilsson, 2012). The need for monitoring different 

directions simultaneously has pushed for the distribution of the photo-sensitive cells in a 
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pit (precursor of ommatidium) or cup (precursor of vertebrate and cephalopod eyes) 

structure, allowing for a more exhaustive sampling of the environment. 

 

Higher spatial resolution, required for predator evasion and mate detection, derived the 

necessity of light focusing lenses. Moreover, both compound and camera-type eyes were 

pushed by evolution to improve mechanisms for contrast and angular sensitivity, to cope 

with the higher resolution demands (Land and Nilsson, 2012). In the following, I will 

describe the principles of insect vision by focusing on key moments in the evolution of 

the insect eye. I will then present some principles of vision and navigation based on the 

brain of the model organism Drosophila melanogaster. 

 

Chapter 2: INSECT VISION 

 

2.1 Phototransduction 

By following the simple timeline provided by evolution, all visual systems can be 

described. Let’s start with the phototransduction mechanism which made vision possible.  

 

 

   

The invertebrate visual pigment is comprised of an opsin which is bonded to a 

chromophore via a Schiff base. The absorption of a photon is changing the 11-cis                   

3-hydroxy-retinal chromophore to an all-trans configuration. This conformational change 

causes a biochemical cascade that ends in an excitation of the photoreceptor cell (Yarfitz 

Figure 1: The phototransduction mechanism 
The absorption of a photon causes a conformational change of the 
photoreceptor’s chromophore, causing a biochemical cascade: A Gq-protein-
coupled receptor is spliced by a GTPase enzyme. The alpha subunit activates 
Phospholipase C (PLC). PLC facilitates the hydrolyzation of PIP2 into IP3, DAG and 
the free proton. DAG interacts with a lipase to produce PUFAs which, in turn, 
open Ca2+ and Na+ ion channels. Figure reproduced and modified with the 
permission of Tabea Schilling. 
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and Hurley, 1994, Schwemer, 1989). A Gq-protein-coupled receptor is spliced by a GTPase 

enzyme, and the resulting alpha subunit activates the Phospholipase C (PLC). While for 

vertebrates, the rest of the phototransduction cascade is well understood, in 

invertebrates, there are still some questions to be answered.  In contrast to vertebrates, 

in the insect phototransduction mechanism, an increase in photon levels elevates the 

level of free calcium ions in the cytosol (Yarfitz and Hurley, 1994) via the opening of the 

transient receptor potential (TRP) and transient receptor potential-like (TRPL) channels 

(Yau and Hardie, 2009). However, it is still not clear how that happens. It is known that 

PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) resulting in three by-

products: inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG) and a free proton 

(Hardie and Raghu, 2001). One hypothesis states that polysaturated fatty acids (PUFAs) 

produced by the interaction of DAG with a lipase activate the TRP and TRPL channels 

(Chyb et al., 1999; Delgado and Bacigalupo, 2009, Hardie and Jusola, 2015). Another 

hypothesis proposes that these channels open as a result of PIP2 level reduction and 

simultaneous cytosolic acidification resulted from the hydrolyzation process (Huang et 

al., 2010). Nonetheless, the opening of TRP and TRPL channels causes an increase in 

cytosolic Ca2+ and Na+ which results in a depolarization of the photoreceptor cells 

(Stavenga, 1995; Yarfitz and Hurley, 1994).  

 

This phototransduction mechanism has fascinating capabilities in Drosophila 

melanogaster. Fruit flies can sense light levels as low as a single photon as well as 

variations of illumination in bright environments, simply by adapting to the background 

level of the environment via the modulation of cytosolic Ca2+ levels (Yarfitz and Hurley, 

1994; Gu et al., 2005).  

 

2.2 The insect retina 

Nearly every principle known in optics has been employed by evolution during the 

process of perfecting visual resolution. Of great interest are compound eyes, which treat 

image formation differently than classic camera-type eyes. Compound eyes, common in 

insects and some aquatic animals are an accumulation of multiple single-faceted eyes 

called ommatidia. There are 3 types of compound eyes in nature, characterized by 

different levels of light sensitivity and spatial resolution: apposition eyes, neural 

superposition eyes, and superposition eyes. Evolution has attempted with each of these 

models to design a system that would produce an image of sufficient brightness and 

clarity within the constraints of optical properties of biological materials (Laughlin, 1989). 
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2.2.1 Apposition eyes 

Appositions eyes are common among arthropods. They are characterized by ommatidia 

which function as independent, isolated optical units. An ommatidium has several 

components: a cornea, a cone, a rhabdom, and a pigment screen. Each ommatidium has 

a group of eight photoreceptors containing rhabdoms which represent the 

photosensitive structures. From a spatial resolution perspective, they are the least 

economical, since the lens diameter has to be limited to ensure the acuity of an image, 

which causes fewer photons to be absorbed by each unit (Nilsson, 1989). To improve the 

spatial resolution of such eyes, both the number of ommatidia and the lens size would 

have to be increased (Kirschfield, 1976), which would be ecologically impossible.  

 

2.2.2 Superposition eyes 

Compared to apposition eyes, superposition eyes do not have optically isolated 

ommatidia. In the absence of the screening pigment, a clear zone is available for the 

photons to cross between ommatidia. Thus, one rhabdom receives light from many 

facets, increasing the system’s sensitivity to light (Nilsson, 1989).  

 

2.2.3. Neuronal superposition eyes 

In the apposition eyes, rhabdomeres are fused. On the contrary, in Dipterans the 

rhabdomeres are isolated from one another and distributed in such a manner that the 

axes of eight rhabdomeres (two from the central ommatidium and one from each of the 

six surrounding ommatidia) are aligned, allowing seven facets to sample the light in the 

same space in the visual field. This orientation decreases photon noise by capturing more 

photons from the same space, thus increasing sensitivity without degrading spatial 

resolution. These features make it the most successful compound eye of the three types 

(Nilsson, 1989). Axons from these units reach the same column in the lamina. This 

Figure 2: Schematic representation of compound eyes types 
(A) Apposition eyes (B) Superposition eyes (C) Neuronal superposition eyes. 
Modified from Kirschfield, 1967. 

A C B 
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particular arrangement of the axons was coined by Kirschfeld (1967) as “neuronal 

superposition”.   

 

Chapter 3: DROSOPHILA AS A MODEL ORGANISM 

 

3.1 The benefits of using Drosophila as a model organism 

A common strategy for understanding complex neural processes is to investigate simpler 

systems, which have a higher probability of being ascertained, given the currently 

available methods (Hardie, 1986). Thus, the fly motion vision system is a great 

intermediate level in the journey of understanding how the human brain works. Not only 

are flies highly genetically amenable, small in size, and cheap to rear, but their visual 

system has a similar organization to that of vertebrates at only a fraction of the number 

of neurons (Hardie, 1986; Pak and Pinto, 1976). Moreover, the fruit fly presents a vast 

repertoire of complex behaviors which have been extensively characterized. Thus, 

Drosophila is a great model organism for analyzing the mechanisms of vision 

(Franceschini et al., 1989). 

 

3.2 The importance of mutations 

Before methods for targeted mutation appeared, scientists relied on natural or chemical-

induced mutations to study the role of specific genes. For example, flies with a severe 

mutation in the norpA gene present a deficiency in Phospholipase C – an essential 

component in the phototransduction mechanism (Yarfitz and Hurley, 1994). Such a 

mutation causes the cell to remain electrically salient due to its inability to increase 

intracellular Ca+ levels (Stavenga, 1995). Thus, flies carrying this mutation are blind, 

becoming useful control flies for experiments regarding vision. 

 

3.3 Selective genetic manipulation 

 

3.3.1 Gal4-UAS 

Expressing a gene of interest in a spatially restrictive manner is of great importance in 

research. The ease to do so in Drosophila melanogaster has made it a favorite in the realm 

of model organisms (Jenett et al., 2012). A useful tool for targeting multiple, genetically 

similar cell populations simultaneously is the Gal4-UAS system. Gal4 is a potent yeast 

transcriptional activator, which can be used with any promoters bearing the Gal4 binding 

sites. By combining it with genes containing optimized Gal4 binding sites in an Upstream 

Activation Sequence (UAS) construct, we can drive the expression of any gene of interest 

in any cell population we desire. Great collections of Gal4 lines controlled by different 
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transcriptional enhancer fragments have now been fully imaged and documented, thus 

highlighting the benefits of using Drosophila melanogaster as a model organism (Jenett 

et al., 2012). 

 

 

 

 

3.3.2 LexA-LexAop 

A similar binary method for driving genetic expression is the LexA – LexAop system.       

LexA is found in the bacterium Escherichia coli and consists of a DNA-binding domain and 

a dimerization domain. It binds to gene-specific LexA DNA-binding motifs (LexAop) found 

upstream of the target gene (Pfeifer et al., 2010). By combining LexA-LexAop and Gal4-

UAS systems in the same transgenic fly, one can independently express two reporters in 

two different cell populations. This is tremendously useful in experiments relating to 

neuronal connectivity (Jenett et al., 2012). 

 

3.3.3 Split-Gal4 

Because the binary Gal4-UAS system has some disadvantages in the limited specificity of 

the available gene promoters, the system has also since been improved. Gal4 can be 

separated into two elements: a DNA-binding domain (DBD) and a transcription-activation 

domain (AD).  Thus, a system combining an activation and the binding domain via a 

leucine zipper fragment enables them to become transcriptionally active (Luan et al., 

Figure 3: Methods for driving genetic targeted expression 
(A) Gal4-UAS system: the reporter gene is attached to an Upstream Activation 
Sequence and is expressed under the presence of the Gal4 transcription activator. 
(B)  LexA-LexAop: reporter gene attached to LexA DNA-binding motifs is expressed 
in the presence of LexA. (C) Split Gal4: by splitting the DNA binding domain and the 
transcription activation domain, the reporter gene is expressed only when both the 
AD and DBD domains are present in the same cell. 
Reproduced and modified with permission from Tabea Schilling. 

A 

B 

C 
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2006) and generates a higher specificity expression pattern. While individually, they do 

not drive expression, the heterodimerization of the two domains results in a 

transcriptionally competent complex, driving expression only at the intersection of the 

expression pattern of both (Luan et al., 2006, Luan et al., 2020).  

 

3.4 Effectors 

 

3.4.1 Green Fluorescent Protein 

A lot of information about a neural circuit can be inferred from the shape of the neurons, 

their synaptic partners, and their positioning in the brain. This can be achieved by 

visualizing neurons under the microscope. One approach is to tag the neurons of interest 

with green fluorescence protein (GFP) by driving its expression via the Gal4 – UAS system 

(Casso et al., 1999). GFP is a fluorescent protein found in nature in the bioluminescent 

jellyfish Aequorea victoria. By exciting the cells with blue light (395 nm), the purified GFP 

emits green light in return (540 nm), making it possible to visualize these cells under the 

microscope (Chalfie et al., 1994). 

 

3.4.2 Tetanus Toxin 

One approach to determine the role of a subset of neurons is to block the neural activity 

of these neurons and then observe the behavioral output of the animal. In many cases, 

such an experiment determines the key function the neurons play in the targeted circuit. 

A great tool for blocking neural transmission is Tetanus Toxin (TNT). This toxin cleaves 

synaptobrevin, a key protein in the vesicle release process. This results in a complete loss 

of neurotransmitter release function due to the inability of the vesicle to perform 

exocytosis, thus blocking neuronal activity. Hence, if selectively expressing TNT in a 

targeted neuron results in a loss of phenotypical behaviors, it can be inferred that the 

neuron represents an essential component in the respective neural circuit (Rister and 

Heisenberg, 2006; Sweeney et al., 1995) 

 

3.4.3 Kir2.1 

Another approach for blocking neuronal activity is by driving the neuron’s membrane 

potential towards hyperpolarization. This can be achieved by expressing potassium 

inward rectifying channels (i.e. Kir2.1) which produce a persistent outward K+ current 

(Paradis et al., 2001), thereby reducing the excitability of the cell (Johns et al.,1999).  

 

 3.4.4 Shibire 

Both TNT and Kir2.1 expression cause irreversible neuronal blocking. Additional useful 

information could be inferred from the ability to switch the neurons on and off. A tool 
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that enables scientists to reversibly block neuronal activity is a mutated version of the 

gene shibire. This mutation was first discovered as a cause for temperature dependent 

paralysis. Adult flies carrying this genetic anomaly which were heated up to 29°C were 

completely paralyzed. However, when cooled down to 22°C, they would recover mobility 

in a matter of minutes (Grigliatti et al, 1973). This phenotype is explained by the failure 

of synaptic vesicles to reform, due to the dysfunctionality of Drosophila’s dynamin 

equivalent, a protein important for the endocytosis process (Chen et al., 1991). By 

expressing the temperature sensitive shibire (shibirets) protein using the Gal4-UAS system 

in a subset of neurons, one can observe behavioral changes caused by temperature 

manipulations which can reveal the function of the investigated neurons                

(Kitamoto, 2001). 

 

3.5 Optogenetics 

Sometimes, blocking neuronal activity is too severe a manipulation to understand 

intricate properties of neuronal circuits. Luckily, additional non-invasive approaches that 

allow a modulation of the neuronal activity have been developed. Optogenetics refers to 

the technique of inserting specific light-sensitive proteins in neuronal membranes, 

intending to manipulate membrane potential via light exposure. By targeting the 

expression of such genes via the binary expression systems presented above, one can 

manipulate the activity of a subpopulation of cells with similar genetic background. Light-

sensitive channels, which open when excited with the appropriate wavelength, change 

the composition of ions in the cytosol of the cell, influencing its membrane potential  

(Fiala et al., 2010). Thus, neurons can be depolarized or hyperpolarized with millisecond 

precision (AzimiHashemi et al., 2014). One depolarizing optogenetic tool is Chrimson, a 

red-shifted channelorhodopsin activated by light between 470 and 617 nm. The red shift 

makes it convenient for deep-tissue stimulation and penetration through the fruit fly’s 

cuticle. Moreover, flies are unable to perceive light in the red and infra-red spectrum 

(McEwen, 1918), making Chrimson a perfect tool for experiments on freely behaving 

animals (Klapoetke et al., 2014).  

 

Figure 4: Optogenetic activation of Chrimson 
Red light opens the Chrimson channel letting ions into the cytosol, 
resulting in a depolarization of the membrane potential of the neuron. 
Illustration created using BioRender. 
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Chapter 4: PROCESSING OF VISUAL MOTION SIGNALS IN THE FLY 

BRAIN 

 

During locomotion, the images on the fly’s retina change in a continuous manner, with 

closer objects “moving” at a faster rate across the fly’s retina than those further away 

(Tammero and Dickinson, 2002). The information provided by the optic flow is 

indispensable for the fly, producing an external reference system that yields valuable 

information about certain flight aspects such as altitude and speed (Fry et al., 2009). Thus, 

optic flow needs to be processed at an extremely fast pace and in a continuous manner. 

 

4.1 Local motion detection 

Each compound eye of the fruit fly has 750-800 almost identical ommatidia, which span 

approximately 330° in azimuth and 180° in elevation (Montell, 2012, Ryu et al., 2022). 

Photons cross the corneal facet lens of each ommatidium to be absorbed by eight 

photoreceptor cells (Stavenga, 1995). The first six (R1-6) are larger and have three-fold 

faster dynamics than the R7 and R8 (Cosens and Spatz, 1978). R7 and R8 have long been 

proposed as the spectral wavelength discrimination cells responsible for color vision 

(Heisenberg and Buchner, 1977), whereas R1-6 have a key importance in motion vision. 

Axons from R1-6 group themselves according to the point in space they observe, sending 

terminals to specific cartridges of the lamina following the retinotopy principles. In other 

words, two photoreceptors sampling neighboring points in space will synapse in two 

adjacent cartridges. Thus, the lamina is the first structure of the brain which holds the 

representation of the visual space as an ordered map (Shaw, 1989).  

 

The luminance information from the light-sensitive cells is then divided into two streams: 

the ON and the OFF pathway (Jösch et al., 2010). This critical step is a great benefit: by 

having two parallel pathways in the visual system, the dichotomy between light and dark 

in natural scenes is better represented (Yang et al., 2016). The ON pathway signals 

increases in signal density (from dark to light), while the OFF pathway is responsible for 

processing signals of decreasing light intensity (from light to dark). 

 

4.1.1 The ON pathway 

Out of all the monopolar lamina cells, L5 presents the strongest increase in activity for 

increasing light intensities (Arenz et al., 2017, Drews et al., 2020). However, when 

blocking L1, flies fail to respond to moving ON edges, indicating that they are also 

important for the ON pathway (Jösch et al., 2010). Experiments blocking L3 activity do 
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not show a direct involvement in motion detection, but rather a role in contrast sensitivity 

for both ON and OFF edges (Rister et al., 2007, Tuthill et al., 2013, Drews et al., 2020).  

 

Following again the principles of retinotopy, information from the lamina arrives in the 

medulla. Of great interest for the ON pathway are three subclasses of medulla intrinsic 

neurons (Mi1, Mi4, and Mi9), one class of transmedullary neurons (Tm3), and one class 

of centrifugal neurons (C3) (Arenz et al., 2017; Takemura et al., 2017, Groschner et al., 

2022). Interestingly, most of these neurons have center-surround receptive fields: Mi1, 

Mi4, and Tm3 have an ON center and OFF surround, while Mi9 has an OFF center and an 

ON surround (Drews et al., 2020).  

 

Electron microscopy data (Shinomiya et al., 2019; Takemura et al., 2017) have resolved 

the arrangement of these cells onto their postsynaptic partners, the T4 cells. Combining 

this knowledge with results from cell recordings (Groschner et al., 2022), we have a full 

picture of the inputs to T4 and the computations that make it the first motion-selective 

cell in the visual system. T4 dendrites are oriented in the opposite orientation to their 

preferred direction and span about 7 retinotopic columns, accordingly sampling the 

environment of 7 adjacent points in space (Shinomiya et al., 2019). The distal end of the 

dendrite receives glutamatergic input via the Mi9 cell, the middle section of the dendrites 

forms cholinergic synapses with Tm3 and Mi1, while the proximal end of the dendritic 

tree receives GABAergic input from C3 and Mi4. The spatial arrangement of inputs, along 

with the neurotransmitters involved, results in a signal synchronization in the preferred 

direction. The change in luminance is first received by the distal ommatidium and lastly 

by the proximal ommatidium column, thus requiring temporal modulation in signal 

transmission to arrive at the T4 neuron at the same time (Groschner et al., 2022). The 

same temporal modulation results in a release from glutamatergic inhibition in the 

preferred direction (Borst, 2018; Groschner et al., 2022) and an activation of inhibitory 

inputs in the null direction (Arenz et al., 2017; Gruntman et al., 2018). Four subtypes of 

T4 cells have been identified, each tuned to one of the four cardinal directions.               

Axon terminals from the cells with the same preferred direction are grouped together in 

one layer of the lobula plate. Thus, T4a cells tuned to front-to-back motion are located in 

layer 1, T4b cells responding to back-to-front motion are in layer 2, with T4c (upwards 

motion) and T4d (downwards motion) being found in layers 3 and 4, respectively    

(Maisak et al., 2013). 
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Figure 5: Retinotopic inputs to the ON and OFF motion circuits 
(A) Schematic representation of the direct columnar inputs for the ON Pathway: photoreceptors 
R1-6 from 3 adjacent ommatidia send their inputs into the lamina. In the first column (left), 
information is relayed via the L3 neuron to the Mi9 in the corresponding column in the medulla. 
L1 and L5 in the middle column send synapses to Mi and Tm3 in the central medullar column. 
Inputs coming from the last (right) column are sent into the medulla to the Mi4 neurons via the 
L5 laminar neurons. Mi9 synapses onto the distal tip of a T4 dendrite. In the median part, 
synapses from Mi1 and Tm3 cells can be found. At the apex of the dendritic tree, Mi4 and C3 
axon terminals can be observed. This arrangement constitutes the basis of the direction 
selectivity property of the neuron (preferred direction represented with the yellow arrow).  (B) 
Similarly, information in the first column is sent from the ommatidium’s R 1-6 photoreceptors 
via L3 in the lamina, to the corresponding Tm9 neurons in the medulla. Inputs from the central 
L2 and L4 laminar neurons relay information onto the central Tm1, Tm2 and Tm4. Both C3 (ON 
pathway) and CT1 (ON and OFF pathway) receive indirect feedback and input from other cells in 
the optic lobe (feedback loops and indirect input not displayed). Neuronal reconstructions taken 
with permission from Amalia Braun and Lukas Groschner. 
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4.1.2 The OFF pathway 

The principles of the OFF pathway are mostly the same: laminar monopolar cells L2 and 

L4, along with inputs from L3 synapse in a retinotopic manner in the medulla. Surprisingly 

both Tm9 which innervates the distal section of a T5 neuron, and Tm1, Tm2, and Tm4 

which send their axon terminals to the central part of the dendritic tree, form cholinergic 

synapses. To achieve null-direction suppression, the multicolumnar CT1 inhibits T5 on the 

proximal side via GABAergic inputs (Braun et al., 2023). Similar to T4 cells, four subtypes 

of T5 cells have been identified, presenting the same direction of motion preference and 

localization of terminals in the lobula plate (Maisak et al., 2013).  

 

4.2 Global flow-field analysis 

For the fly to see the world, all the information from the local motion detectors must be 

pooled together to extract global motion information relevant to initiating a behavioral 

response (Barnhart et al., 2018). This happens at the level of the lobula plate, where axon 

terminals of T4 and T5 neurons arrange themselves in 4 distinct layers according to their 

preferred direction (Maisak et al., 2013). Inputs from these neurons are integrated by the 

so-called lobula plate tangential cells (LPTCs) which have large dendritic trees with 

preferred directions as well. The horizontal system (HS) cells react to movement in the 

horizontal plane and receive inputs from the first two layers of T4/T5 neurons, which 

signal front-to-back and back-to-front movement. The vertical system (VS) cells encode 

movement in the vertical plane, spanning their dendrites in layers 3 and 4 of the lobula 

plate, encoding information about upward and downward movement respectively (Scott 

et al., 2002).  

 

When the fly is moving, LPTC neurons are required to process faster-moving stimuli than 

when it is stationary. Therefore, the temporal frequency tuning for these cells needs to 

change (Chiappe et al., 2010). This is achieved via the octopaminergic neurons, which, 

depending on the state of the fly (walking, flying, or stationary) modulate the temporal 

tuning of LPTCs (Jung et al., 2011).  It was later discovered that octopaminergic input is 

not only present in LPTCS, but is also responsible for tuning T4 and T5 cells to shift their 

tuning to higher frequencies (Arenz et al., 2017).  

 

Axon terminals of LPTCs go on to innervate descending neurons, which, in part synapse 

onto motor control neurons which trigger direct behavioral responses (Ryu, 2022, Busch 

et al., 2018). The LPTCs are responsible for integrating optic flow information and 

initiating the appropriate optomotor response, one of the most studied insect behaviors 

(Haikala et al., 2013).  
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Chapter 5: METHODS FOR STUDYING THE OPTOMOTOR 

RESPONSE 

 

We have seen in the previous chapters how information from a few light quanta is 

absorbed by photoreceptors, translated into electrical signals, and then processed by 

higher-order neurons to lead to a complementary behavioral response (Schwemer, 

1989). As previously mentioned, one of the most robust and well-studied behaviors is the 

optomotor response. By genetically manipulating different cells in the circuit linking the 

visual input to the behavioral output, we have gained tremendous amounts of knowledge 

about how the brain processes local motion (Zhu, 2013). When the visual scene rotates, 

the visual input is registered by the LPTCs, which signal to the motor neurons to initiate 

an equivalent rotational movement in the same direction. This compensates for the 

involuntary rotation and keep a straight course (Götz et al., 1979). There are several 

experimental methods useful for assessing the optomotor response, each presenting 

certain benefits and drawbacks.  

 

      

 

 

 

 

 

 

5.1 Tethered flies 

 

5.1.1 Tethered flying flies 

The first characterizations of the optomotor response in Drosophila melanogaster were 

performed by mounting a fly (fixating its head and thorax) to a pin that can rotate (Götz, 

1975). The pin was connected to two coils which reported the torque of the fly via a 

magnetic field. Both the magnitude and the direction of the rotation were successfully 

Figure 6: Schematic representation of behavioral setups for Drosophila studies 

(A) Tethered flying setup of a fixed fly. The wing movements are recorded via a wing-beat analyzer. 

Picture modified with permission from Tabea Schilling. (B) Tethered walking ball setup. Picture 

reproduced courtesy of Tabea Schilling. (C) Free flying setup. Flies’ movements are monitored with 

the help of 5 video cameras. (D) Free walking chamber. Picture reproduced courtesy of Stefan Prech. 
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recorded via this elegant yet simple system. When flies flying in this setup were presented 

with gratings moving in a given direction, they were observed to perform a rotation of 

the same magnitude in the same direction in a behavior coined as the “optomotor 

response”.  

 

Several other iterations of this setup are available. More modern approaches give the fly 

complete freedom of rotation by suspending the pin via a magnet and measuring the yaw 

direction (e.g. Salem et al., 2020). Due to the bilateral changes in stroke amplitude during 

rotations, the pin can be fixed and the behavioral output can also be read via a wing beat 

analyzer (e.g. Schilling and Borst, 2015; Götz et al., 1979). 

 

5.1.2 Tethered walking flies  

Another approach for quantifying the optomotor response was developed soon after the 

tethered flying setup by Buchner (1976) and Götz (1973). Both setups require the fly to 

walk on a ball, being kept stationary in orientation via tethering from above. The rotation 

and translation responses of the fly to visual stimuli presented are recorded via the 

rotation of the ball in 4 different directions. Götz and Wenking (1973) recorded this 

rotation via a servo system while Buchner 1976 changed the material and size of the ball 

so that it can be suspended by airflow, a method used to this day to monitor the intended 

trajectory of the walking fly (e.g. Bahl et al., 2013).  

 

5.2 Unrestrained flies 

 

5.2.1 Freely flying flies 

Simply releasing flies in a transparent acrylic enclosure and monitoring their behavior via 

a multicamera system is a great experimental method for many studies, including the 

observation of the optomotor response. Displaying rotating stimuli on the vertical walls 

of a cylindrical arena evokes circular flight paths consistent with optomotor response. 

The ability of the fly to move unrestrained in all 3 dimensions reveals new properties of 

the optomotor response: the radius of the circular flight path increases with increasing 

velocity of the stimulus, and the flight path is consistently concentric to the center of the 

arena (Mronz and Lehmann, 2008). 

 

5.2.2 Freely walking flies 

Optomotor responses in freely walking Drosophila are not a novelty. As early as 1943, 

flies were released in transparent spherical enclosures and their response to stripe 

patterns was observed (Kalmus, 1943).  Surprisingly, Götz (1975) reported that freely 
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walking fruit flies move in the opposite direction of a “floating” (continuous translatory) 

visual stimulation.   

 

     Chapter 6: VISUALLY GUIDED BEHAVIORS 

 

Animals equipped with image-forming eyes process visual features from their 

surrounding environment and use this information to execute appropriate behavioral 

responses (Ryu et al., 2022). Light has several properties that need to be extracted by the 

visual circuit of the fly: intensity, propagation direction, wavelength, and polarization. 

These characteristics are inhomogeneous and change continuously across the visual field, 

being influenced by objects and the surrounding environment. Each ommatidium reports 

the properties of light found at a particular point in space. The brain processes and 

compares these streams of information in parallel neuronal circuits, leading to 

ecologically beneficial behaviors for the fly. Here I will present some of these visually 

guided behaviors. 

  

6.1 Phototaxis 

One of the most robust behaviors of the fly is phototaxis. In a visual preference task, flies 

are observed to be attracted by light. The strength of the response (i.e. walking velocity 

and number of flies moving towards the light source) is modulated by the intensity of the 

light (Hu and Stark, 1980). However, the spectral composition also plays a role (Ryu et al., 

2022). When the fly is faced with multiple light sources of different spectral values, flies 

favor ultraviolet wavelengths (Hu and Stark, 1980). Surprisingly, this behavior, while 

present in all individuals, is subject to great variability in response strength across subjects 

(Kain et al., 2012).  

 

6.2 Object fixation 

Drosophila melanogaster shows a preference for long vertical bars during locomotion, 

always keeping them in the center of their visual field (Reichardt and Wenking, 1969; 

Götz, 1987; Maimon et al., 2008). Ecologically, this is explained by the similarity of this 

stimulus with a tree-trunk, a common feeding site for flies (Ryu et al., 2022). An intriguing 

observation is that bar fixation is not completely dependent on motion vision (Bahl et al., 

2013). A response asymmetry to the direction of motion of the bar is observed, with 

control flies responding twice as strongly to front-to-back motion compared to back-to-

front when the stimulus was located in the frontal section of the visual field. On the other 

hand, motion-blind flies are able to fixate a bar to the front of their visual field, but do 

not show an optomotor response to the motion of a bar presented in the same field of 
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view (Bahl et al., 2013). This indicates that landmark orientation (i.e. object fixation) is 

used as a parallel strategy from optic flow processing for navigational purposes. 

 

6.3 Menotaxis   

Contrary to expectations, Drosophila can execute fly bouts of many kilometers long.  

Mark-and-recapture experiments revealed the amazing ability of fruit flies to fly almost 

15 km in a single afternoon (Coyne et al., 1982). For that to happen, they need to keep 

the course relatively straight.  Menotaxis is the ability of a fly to pick and maintain an 

arbitrary heading direction relative to an external cue (Fischer, 2022). Flies can use the 

position of the sun to maintain their straight course. This is different to object fixation, as 

flies do not keep the sun “in front” of their visual field, but rather choose a random 

direction relative to the sun’s position and maintain this orientation (Giraldo et al., 2018).  

 

 

 

6.4 Orientation via polarized light 

Celestial cues such as the sun, the moon, or the milky way are useful for navigation. 

However, these are not always readily available. For example, the Sun’s location may be 

obstructed by clouds or local features, making it impossible for an animal on the ground 

to orient using its location (Wier and Dickinson, 2012). Evolution has again found an 

elegant solution to this problem: insect and arthropod eyes are capable of detecting a 

special property of light undetectable by the human eye: polarization. Light is, in essence, 

an electromagnetic field (with the electric and the magnetic components being 

perpendicular to each other) that rotates based on the sun’s position. 

Figure 7: Visually guided orientation 
Flies use different elements of the visual field to orient their locomotion 
trajectories. They can perform object fixation, moving towards a trunk 
of a tree or orient using celestial cues such as the Sun or the light 
polarization pattern. 
Illustration created using BioRender. 
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Von Frisch (1949) first observed that bees use the polarization of the skylight as a 

compass. Such observations were also made in dragonflies, which use the polarization of 

the water surface to stabilize flight (Laughlin, 1976). Such a capability has recently been 

discovered in Drosophila as well. Flies can use light polarization patterns as a reference 

as they remain stable during translation but change when the animal performs a rotation 

(Heinze et al., 2018). In a portable tethered flight setup, wild-type flies were observed 

compensating for the rotation of the arena when sky polarization information was 

available. This phenomenon is similar to the optomotor response and is explained by the 

intention of the fly to maintain a consistent heading (Wier and Dickinson, 2012). 

Locomotion modality seems to be of little consequence to the fly: walking flies also align 

to the direction of the vectors of polarized light coming from below (Wernet et al., 2012). 

 

6.5 Landing and escape response 

When a predator, such as a dragonfly, is approaching, the fly experiences an expanding 

dark circle on the retina. This looming stimulus elicits an escape response such as 

freezing, take-off, or backward walking, a choice which is dependent on the state of 

locomotion. For example, if the fly is stationary, a fast-looming stimulus will trigger a take-

off response. This stereotypical motor program takes less than 300 ms from the onset of 

stimulus detection (Card and Dickinson, 2008). On the contrary, if this stimulus is 

encountered mid-flight, it will trigger either landing or escape flight maneuvers               

(Ryu et al., 2022).   

 

In tethered conditions, responses to looming stimuli are present either in the form of 

avoidance turns (Schilling and Borst, 2015) or legs extension away from the body in 

preparation for landing (Ache et al., 2019).  

 

Chapter 7: NAVIGATION 

 

7.1 Multi-sensory integration for course control 

Visual information is crucial for the fly. However, it is not the only sensory system used 

for navigation. Flies can move around the environment even in complete darkness. Thus, 

it is important to understand how information from the other sensory modalities is 

pooled and processed in the fly’s brain. In the following section, I will present some other 

sensory modalities employed by the fruit fly during the course of a moving bout. 
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7.1.1 Ocelli 

For many insects, especially predatory species like dragonflies, ocelli are important for 

reporting the position of the head mid-flight. By comparing the 3 luminance values 

reported by the 3 simple eyes located on top of the head in a triangular distribution, one 

can infer the tilt of the head (Krapp, 2009). However, the role of ocelli in simpler insects 

such as Drosophila melanogaster is not completely understood. It is thought to be a 

modulator rather than a direct player in visually guided behaviors, meaning that flies can 

still perform those behaviors even if ocellar input is missing. One theory states that the 

role of ocelli is to adjust the light sensitivity of the compound eyes (Hu and Stark, 1980; 

Kerfoot, 1967). Occlusion of the ocelli causes a slower phototaxis response (Médioni, 

1962) and alters color preference and locomotor activity (Hu and Stark, 1980). 

Interestingly, axon terminals from the ocelli bypass the lamina and medulla, sending 

projections directly into the lobula and lobula plate (Jean‐Guillaume and Kumar, 2022). 

This indicates a direct influence of the ocelli on visual processing in the optic lobe.  

 

7.1.2 Halteres 

Halteres are club-shaped organs which act as gyroscopes for the fly. Their role is to 

encode self-movement (Dickinson, 1999) used to stabilize the body during flight. Halteres 

oscillate with the same frequency as the wings but due to their shape, they resist inertia 

to body rotations which results in Coriolis forces arising at the base of the haltere 

(Nalbach and Henstenberg, 1994; Yarger and Fox, 2016). Their importance for flight 

control was revealed by ablation experiments which rendered flies unable to take off 

(Mureli and Fox, 2015).  Moreover, studies modifying the halteres by weighing them 

down report changes in the dynamics of the saccades by prematurely triggering the 

motor command for saccade termination (Bender and Dickinson, 2006). Like all other 

Figure 8: Sensory modalities in flies  
Flies integrate and compare inputs from other sensory modalities as well. Ocelli 
modulate light sensitivity, the Johnston organ provides information about wind 
direction and velocity, halteres act as gyroscopes for flight maneuvers, and the 
campaniform sensilla provide proprioceptive information. 
Illustration created using BioRender 
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sensory modalities, halteres do not work in isolation, but rather receive continuous 

feedback from both the visual system and the wings (Dickerson et al., 2019).  

 

7.1.3 Campaniform sensilla 

Campaniform sensilla are mechanosensory organs, which detect external perturbation 

caused by a change in pressure (Dinges et al., 2021). They are located in the edges of the 

wings and report aerodynamic and inertial forces. The ones found at the base of the 

halteres are responsible for sensing rotation-induced Coriolis forces (Dickerson et al., 

2019). This information is integrated in fast feedback loops, terminals from the sensilla, 

directly synapsing onto the wing motor neurons (Dickinson and Muijres, 2016). 

 

7.1.4 Antennae 

Antennae are very complex organs which have several sensory roles, most importantly 

olfactory detection. Additionally, the Johnston’s organ in the antennae is considered the 

auditory organ of the fly.  A special class of mechanosensory receptors in the Johnston’s 

organ is used for wind direction detection (Yorozu et al., 2009). By comparing the 

displacement of the two units, the fly can ascertain the direction of the wind (Okubo et 

al., 2020).  Moreover, by actively moving the antennae in response to the optic flow 

stimulation, the fly can detect the air displacements caused by the movement of the 

wings and feeds that information back to the steering system (Mamiya et al., 2011). 

 

For a fly to stay airborne, information from all these sensory modalities is enough to 

maintain an appropriate flight position. However, in nature, damage to the sensory 

modalities is unavoidable and causes faulty proprioceptive information. In Manuscript 1, 

we analyzed the importance of the optic flow information for maintaining course control 

in case of wing damage. 

 

7.2 Path integration 

One of the things that a human, a honey bee, and an ant have in common is the ability to 

return home. The capability to return to one’s dwelling on the shortest route is virtue of 

path integration. Being able to keep track of the direction and distance traveled and using 

that information to calculate the shortest path to a significant location is a great 

advantage in the animal kingdom. Not only does it reduce the amount of energy used for 

the inbound journey, it also reduces the predatory risk. Therefore, it is a behavior found 

across all locomotion modalities, with diverse species such as rats (Whishaw, 1998), 

mantis shrimps (Patel and Cronin, 2020), and dogs (Séguinot et al., 1998) being known 

for their path integration capabilities. Path integration is also easily observed in nesting 

insects like honey bees. Not only are they able to return to their nest with the resources 
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collected during the foraging trip, they are also able to communicate the origin of those 

resources to other members of their colony. This behavior was extensively characterized 

by scientists more than 30 years ago and was attributed to path integration (Kirchner and 

Braun, 1994). However, evidence that Drosophila melanogaster, has the capacity for path 

integration has begun to emerge only recently.  

 

Fruit flies are nestless animals and lack the hierarchical social organization of nesting 

foragers like bees. To create a significant location to which they can return, one can 

employ a food source. Fruit flies display a local search behavior when encountering a 

droplet of food. The fly repeatedly strays from and returns to the food source location, 

even in the absence of olfactory, visual, and pheromonal cues, or even the food drop 

itself. This indicates that the fly is employing idiothetic cues to revisit this significant 

location, suggesting that flies are capable of path integration (Kim and Dickinson, 2017).  

 

Path integration is a navigational strategy that continuously registers and updates the 

position of an animal in relation to an origin (i.e. nest), enabling a straight-line journey 

back (Stone et al., 2017). Path integration can be imagined as an accumulator, which 

registers an initial set of coordinates at the start of the journey as a point of origin (Collett 

and Collett, 2000). Then, based on egocentric information (Hartmann and Wehner, 

1995), the accumulator stores the current location of the animal relative to the point of 

origin. Thus, a vector encoding distance and direction of the straight-line journey back to 

the nest is available at all times. It is hypothesized that the neural substrate for path 

integration is located in the central complex of the fly’s brain (Fisher, 2022).  

 

To monitor their traveling direction, flies combine proprioceptive inputs with other 

sensory information in a continuous manner (Heinze et al., 2018). This pooling happens 

in the compass neurons, which are organized in an ordered array and are located in the 

central complex of the brain (Seelig and Jayaraman, 2015). The result is an egocentric 

heading direction representation, which is then transformed into an allocentric 

representation (Lu et al., 2022).  

 

However, little is known about how the fly updates the distance from the point of origin. 

Other animals employ an odometer as a distance indicator. For example, experiments in 

desert ants Cataglyphis elegantly show that ants encode distance using a step counter 

(pedometer). By modifying step length, ants with shorter legs would trigger a local search 

behavior faster than necessary, while ants walking on stilts overestimate the distance to 

the nest (Wittlinger et al., 2006). In contrast, flying bees employ optic flow information 

to estimate traveled distance (Esch and Burns, 1996; Srinivasan et al., 2000; Kirchner     
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and Braun, 1994). The question of distance encoding in Drosophila is addressed in 

Manuscript 2. 

 

Chapter 8: CONCLUDING WORDS 

 

Both studies presented in this cumulative thesis address fundamental questions in the 

field. Firstly, they both present free behavior as an alternative method for discovering the 

functions of certain neural circuits. Manuscript 1 confirms a long-proposed hypothesis 

that course control is governed by the optic flow information available. Manuscript 2 

presents a new behavior which was for a long time attributed to only nesting animals. 

Such a complex behavior like path integration would have been impossible to discover in 

a tethered system, underscoring again the importance of moving away from hyper-

controlled experimental setups. Secondly, the experimental setups proposed in these 

studies are easily scalable and adjustable, enabling scientists to modify them according 

to the research question and paving the way to deciphering the complex neural circuits 

responsible for course control and navigation. By combining classical tethered 

preparations with monitoring freely behaving animals and adding the insights from the 

Drosophila connectome we increase our chances to fully understand the complex 

computational powers of the fruit fly’s brain.  
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Manuscripts 

Manuscript 1: Aerial course stabilization is impaired in motion-blind flies 

 

Abstract 

Visual motion detection is among the best understood neuronal computations. As 

extensively investigated in tethered flies, visual motion signals are assumed to be crucial 

to detect and counteract involuntary course deviations. During free flight, however, 

course changes are also signaled by other sensory systems. Therefore, it is as yet unclear 

to what extent motion vision contributes to course control. To address this question, we 

genetically rendered flies motion-blind by blocking their primary motion-sensitive 

neurons and quantified their free-flight performance. We found that such flies have 

difficulty maintaining a straight flight trajectory, much like unimpaired flies in the dark. 

By unilateral wing clipping, we generated an asymmetry in propulsive force and tested 

the ability of flies to compensate for this perturbation. While wild-type flies showed a 

remarkable level of compensation, motion-blind animals exhibited pronounced circling 

behavior. Our results therefore directly confirm that motion vision is necessary to fly 

straight under realistic conditions. 
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Manuscript 2: A new experimental approach to studying path integration in  

Drosophila Melanogaster 

 

Abstract 

 

Many species rely on path integration to compute and maintain a stable representation 

of the shortest route home. So far, the search for neural substrates of this type of vector-

based navigation has been restricted to species which use their nest as a stable point of 

reference, such as honeybees or desert ants. In the present study, we develop a 

behavioral paradigm in the genetically amenable, but a priori nest-less, fruit fly Drosophila 

melanogaster, which allows to study path integration in this species. By optogenetically 

activating sugar-sensing gustatory neurons whenever the fly occupies a defined place 

within a chamber, we train it to revisit this position. Flies keep returning to the reinforced 

location over a few minutes, even after the optogenetic reward is discontinued. When a 

second reward is introduced at another location, flies successfully oscillate between the 

two locations, even when reward is withheld at one of them. Future experiments will 

determine the influence of proprioceptive feedback on the homing behavior and the 

neural substrate of the path integrator. 

 

 

Authors 

Maria-Bianca Leonte1, 2 ,  Lukas N. Groschner1, Taylor Roehl1, Stefan Prech1, Alexander 

Borst1 

 

1 Max Planck Institute of Biological Intelligence, Martinsried, Germany. 

2 Graduate School of Systemic Neurosciences, LMU Munich, Martinsried, 

Germany. 
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Data curation: M.-B.L.; Writing - original draft: M.-B.L.; Writing - review & editing: M.-

B.L., L.N.G, A.B.; Visualization: M.-B.L.; Supervision: A.B., L.N.G; Funding acquisition: 
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Introduction 

 

Animals spend a great deal of time foraging for food. To find a viable food source, foraging 

insects have to explore the environment, which may occur in long convoluted trips. 

Rather than taking the same path on the way back to their home, many animals prefer 

the most direct route back, in spite of the unfamiliarity with the terrain. This is crucial for 

the survival of the individual, not only reducing the energy consumption on the return 

trip, but also minimizing the probability of encountering predators (Heinze et al., 2018).  

 

There are several strategies animals use to return to significant locations such as a nest 

or a food source. One example is following the gradient of chemical cues such as odors 

or pheromones coming from the desired location (Steck et al., 2010; Titova et al., 2023). 

A more suitable strategy for long-distance foraging is path integration, which is prevalent 

in nesting insects (Fisher, 2022). To keep track of the journey, these insects use a 

combination of idiothetic and allothetic cues. For example, the desert ant Cataglyphis 

uses celestial cues to determine the walking direction (Wehner and Lanfranconi, 1981) 

and a pedometer (step counter) as a method of assessing distance (Wittlinger et al., 2006, 

2007). Similar to the desert ants, honeybees Apis melifera use some celestial cues for 

navigation (Rossel and Wehner, 1984) but rely on information provided by optic flow to 

estimate distance (Esch and Burns, 1996; Srinivasan et al., 2000; Kirchner and              

Braun, 1994). 

 

Central to the path integration process is an accumulator which encodes the location of 

the nest as an initial state (Collett and Collett, 2000). As the insect is moving about the 

environment, the accumulator is storing the current position relative to the origin of the 

journey. This enables the insect to compute a so-called “homing vector” which represents 

the most direct path back to the nest. The homing vector defines two key attributes of 

the route back to the colony: the direction and the length of the path (Stone et al., 2017; 

Collett and Collett, 200; Fisher, 2022). 

 

In recent years, it was proposed that the central complex, a region, highly conserved 

throughout insects (Heinze et al., 2018), is the neural substrate for path integration 

(Stone et al., 2017). While clear path integration behaviors have only been observed in 

homing insects, new studies indicate the possibility that all insects with a central complex 

might have the capacity of calculating a “homing vector”, even in the absence of a nest 

(Heinze et al., 2018). A great model to study this hypothesis is Drosophila melanogaster: 

a nest-less insect with a well characterized central complex (Scheffer et al., 2020; Hulse 
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et al., 2020) and a plethora of genetic tools available to manipulate neuronal function 

(Franconville et al., 2018). 

 

There is already some evidence indicating that fruit flies are capable of path integration. 

However, most of the current studies focus on the neural encoding of heading direction. 

Flies combine proprioceptive inputs with other sensory information in a continuous 

manner (Heinze et al., 2018). This process takes place in the compass neurons of the 

central complex of the brain (Seelig and Jayaraman, 2015). The result is an egocentric 

heading direction representation which is then transformed into an allocentric 

representation (Lu et al., 2022). This representation is then used by the fly to navigate 

through the environment. When olfactory and visual cues are not available, flies use 

idiothetic cues to return to a previously discovered food source (Kim and Dickinson, 2017; 

Corfas et al., 2019). 

 

In this study, we address the ability of the fruit fly to determine the length component of 

the homing vector. By collapsing a walking chamber to a narrow linear track, we limit the 

directional component of the homing vector to only two viable options. We further 

restrict the information available to the fly by eliminating visual and olfactory cues, 

forcing it to rely on proprioceptive feedback to walk about the track. Using appetitive 

reinforcement as an incentive to revisit a certain specific location, we demonstrate that 

fruit flies are capable of path integration. We further test the ability of these insects to 

estimate distance in a cue-free environment, showing that flies correctly calculate the 

travelled length towards a secondary reward zone. Our work establishes a novel 

behavioral paradigm with high throughput that enables use of existing genetic tools to 

uncover the neural circuit mechanisms underlying path integration in Drosophila 

melanogaster. 

 

Materials and Methods 

 

Fly husbandry and genotypes 

The following genotypes of Drosophila melanogaster were used: w [1118]; LexAop-

CsChrimson; + (Bloomington Drosophila Stock Center BL#55138), w [1118]; +; + (stock 

curtesy of Gertrude Heimbeck), w [1118]; +; Gr43a-LexA (Bloomington Drosophila Stock 

Centre BL#93446).  

 

All flies were reared on standard cornmeal food in a controlled environment (12h 

light/12h dark cycle, 60% ambiental humidity).  
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All-trans retinal (ATR) preparation  

100 mg of ATR (R2500, P Code 1003530621, Source SLCJ4760, Sigma Aldrich Germany) 

was dissolved in EtOH 99.8% purity (32221-M, CAS: 64-17-5 Sigma Aldrich Germany) 

resulting in a solution with a concentration of 100mM. 

 

Fly treatment for experiments 

To improve the performance of optogenetically activated ion channels, flies were 

provided with an ATR-supplemented diet, which acts as a photosensitizer for the 

channels. One-day-old male and female flies were switched to a diet consisting of 

standard cornmeal mixed with 100 microliters ATR solution (100 mM). After 48 hours, 

the flies were transferred to containers with no food. To avoid dehydration, the 

containers had a piece of filter paper saturated with an ATR solution (100 microliters ATR 

in 5 ml distilled water). Flies were starved for a minimum of 48 hours before performing 

the experiments. The flies were kept in the dark for the entire duration of the treatment 

(approximately 4 days). To avoid CO2 exposure prior to experiment, the flies were 

transferred to the walking chamber using gentle sucking with a mouth pipette. After each 

experiment, the walking chamber was cleaned with a mild odor-free detergent solution.  

 

Behavioral setup 

The experimental setup consisted of a walking chamber made of transparent plexiglass 

(15.5cm x 0.5cm) (Figure 1A, B). The chamber is illuminated from the sides via infrared 

lights (850, VSMY1850ITX01, Vishay Semiconductors, USA). Optogenetic stimulation was 

delivered via an inhouse-built light guide mounted on a 6x6 grid of 590nm LED lights (997-

LXZ1-PL03, Lumileds Holding B.V.). Images were acquired at a rate of 10 frames per 

second via a Blackfly S USB3 camera (BFS-U3-51S5M, Teledyne FLIR USA) mounted with 

a Φ30.5 objective (Model 25FM50SP, Tamron Japan), covered with an infrared filter 

(UV/VIS Cut M34.0x0.5 Filter, Edmund Optics, USA). Images were sent to a Dell Precision 

5820 Tower computer.  

 

Live tracking and optogenetic stimulation 

Frames were acquired via a Python 3 script and were immediately processed using the 

opencv 4.5.5 package. After a background subtraction, the centroid coordinates of the 

mask were extracted and saved in a csv file. If the coordinates corresponded to a 

designated reward area, a trigger signal was sent to the optogenetic lamp via a Pico 

Robots Board (v 1.1, Kitronik UK).   
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Results 

 

Studying path integration in nest-less insects 

For nesting animals, the homing vector represents the direction and distance that an 

animal has to travel in order to arrive at a significant location, for example, the nest. To 

focus on the distance component of the homing vector, we limit the directional 

alternatives by placing individual flies in a linear walking track (Figure 1A). For nest-less 

insects such as Drosophila, a significant location is not readily available. To create such a 

location, we designed an experiment which uses appetitive reinforcement to build the 

association of an arbitrary-chosen point in space with the presence of food. The 

optogenetic stimulation enabled us to induce an appetitive reinforcement without 

dealing with the “messy” physical rewards. By offering a reward in the form of an illusion 

of tasting food to the fly each time it visits that point, we create the desired conditioning. 

We establish a reward zone at approximately 9.5 body lengths (2.27 cm) from the border 

of the walking chamber. The reward zone is approximately 2.7 body lengths in size (0.65 

cm x 0.5 cm).  

 

The experimental setup (Figure 1B) consists of a camera acquiring images at 10 frames 

per second, which are processed in real time, with the current position of the fly being 

compared to the location of the reward zone. If the fly is located within the boundaries 

of the reward zone, a lamp delivers 10 consecutive pulses of light at 590 nm of 20 ms 

each. This light opens the red-light drivable channelrhodopsin (Chrimson), so that the 

fructose gustatory receptors Gr43a are activated, thus offering the fly a fictive fructose 

reward. We observe that flies quickly recognize the requirement of vacating the reward 

zone to unlock a new reward (for an example see Figure 1 C and D). We train the flies 

using this paradigm for 30 minutes. Once the training period is over and the optogenetic 

activation is discontinued, flies continue revisiting the reward zone for a few minutes 

before changing back to an exploratory walk along the entire length of the arena.  

 

Path length is successfully encoded by fruit flies 

To determine whether flies are able to encode distance, we provide the flies with a 

second identical reward zone (4.22 cm from the border), with both zones being activated 

only if the fly has previously visited the opposite zone (Figure 2A). When calculating the 

occupancy rate in the chamber, we observe that flies whose Gr43a neurons are 

optogenetically activated are more likely to inhabit the reward zones rather than the rest 

of the arena, once the optogenetic stimulation is started (Figure 2 C, D and E, 

Supplemental Figure 2).  
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To test the premise that flies do not encode distance but rather walk until they receive a 

reward and then change direction, we first train the flies to oscillate between the two 

interest zones by rewarding them for every visit. Later on, we reward the second zone 

located at 4.22 cm from the edge in only 50% of the visits (Figure 3B). We observe similar 

results in occupancy rate as in the previous condition, even when the reward is withheld 

in half of the trials (Figure 3 C, D and E). 

 

Learning increases with exposure to reward stimulus  

There is a clear variability among individuals, with some flies perceiving the reward rule 

quickly, and others not (Supplemental Figure 1). To test the assumption that flies which 

visit reward zones more often perform better during testing, we compare the percentage 

of time flies spend between the exterior borders of the reward zones (marked as reward 

associated area in Figure 4A) during the training and testing periods. There is a clear 

correlation (r = 0.586), indicating that flies which spend more time oscillating between 

reward zones during the training period, perform better during the testing period    

(Figure 4B).  

 

Flies revisit previously rewarded locations 

To further challenge the flies, we doubled the distance between reward zones, and 

proceeded in repeating the experiments. No significant differences in performance were 

observed (Supplemental Figure 3). For the analysis in Figure 5, we selected only the fl ies 

with a minimum of 10 oscillations between zone 1 and zone 2 during the training period 

(n=12 flies). Firstly, we selected walking trajectories from the accommodation period, 

which pass first through zone 1 and then through zone 2. The walking segments displayed 

in Figure 5A contain data from 100 frames before the fly entered zone 2, traced until the 

fly changes direction of walking, which in most cases happens when the fly reaches the 

boundary of the walking chamber. We then plotted in Figure 5B the same type of walking 

segments produced during the training period (we limited the length of the segments to 

300 frames after entering zone 2).  

 

When it comes to the testing period, we split the data into two separate plots: one 

depicting walking segments when reward in zone 2 is withheld (Figure 5C) and one 

containing walking segments when the fly is rewarded in zone 2 (Figure 5D). We observe 

that walking segments are very similar in the case of reward for both training and testing 

condition. When examining the individual traces in the no reward condition (Figure 5C), 

we observe that, in most of these trials, flies favor returning to zone 1 when reward is not 

encountered, rather than continuing their path towards the opposite side of the arena. 
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The fact that a return to zone 1 is the more frequent behavior shows that flies keep a 

memory of the distance between the two zones. 

 

Discussion 

 

In this study, we confirm that appetitive reinforcement is a powerful conditional stimulus 

for memory formation of a reward location. This memory is created independent of visual 

or olfactory cues. Our setup explores the capacity of the fly to encode the distance 

between two reward zones. We prove that finding the rewards is not accidental, but 

rather is based on an idiothetic memory of the position of the rewards, relative to each 

other and relative to the current position of the fly. This indicates that flies are indeed 

relying on path integration to revisit previously-visited significant locations. 

 

Despite the lack of a nest as observed in ants and bees, fruit flies are a suitable model 

organism for studying path integration considering the anatomical similarities in brain 

organization (Strausfeld, 2009) and genetic tools available. There are several behavioral 

studies, including the results presented above, that demonstrate that fruit flies are 

indeed capable of path integration (Kim and Dickinson, 2017; Titova et al., 2023; Corfas 

et al., 2019). For example, in the absence of visual and olfactory cues, flies presented with 

a food source perform a local search behavior around it, periodically revisiting the 

location of the food source, even in its absence, to re-zero the accumulator (Kim and 

Dickinson, 2017). Even clearer indications of path integration are observed when 

switching from a 2-dimensional walking arena to a narrow circular walking track where 

flies are optogenetically rewarded every time they visit an arbitrary location (Behbahani 

et al., 2021, Lu et al., 2022). It was reported that flies walked back and forth around the 

reward location for a short time after reward was disabled (Behbahani et al., 2021), 

showing that flies remember the location of the reward.  

 

Our focus on the distance component of the homing vector is warranted by the extensive 

research on odometers in expert path integrators such as Cataglyphis and Apis melifera. 

Desert ants keep track of the distance travelled from the nest to the food source by 

counting their steps. In a famous experiment performed by Wittlinger and colleagues 

(2006), it is proven that the ants expect to walk a certain number of steps until finding 

the nest. By modifying the stride length via amputation or extension of the legs, ants 

misappraise the distance they travel on the way back to their nest. In comparison to 

walking ants, when flying, honey bees employ a different odometer for assessing traveled 

distance, namely, the optic flow generated by their self-motion. When forager bees 
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travelled through a tunnel (which caused increased optic flow) towards a food source, 

they reported overestimated distances towards that location to the other worker bees 

(Srinivasan et al., 2000).  

 

To focus only on the distance component of the homing vector, we transformed the 

circular walking track used by Behbahani and colleagues into a linear track, collapsing the 

directionality component to only two options. Both data from Behbahani et al. and the 

current study indicate that flies remember the location of the reward zone, performing a 

search around it. Moreover, we observe the same switch from a search to an exploratory 

behavior after a few minutes from discontinuation of the reward (Figure 1D). We show 

that fruit flies correctly encode distance, turning back to reward zone 1 when they fail to 

receive the expected reward in zone 2.  

 

Since there is limited sensory information inside the experimental arena, we theorize that 

flies use a pedometer similar to that of desert ants to estimate distance travelled. We 

propose a slight modification to the current walking track set up to test this hypothesis. 

By lowering the ceiling of the chamber, we could constrain the flies, determining a change 

in stride due to the modification of the leg geometry. We propose an experiment which 

starts by training the flies to encode distance using natural step length, then we lower 

the ceiling to modify stride in the testing period. We expect flies to underestimate the 

distance to the reward in the testing phase due to shorter step size. Experiments for 

testing this hypothesis are underway. Such a result would however not deny the 

possibility that, during flight, fruit flies use an optic flow-based odometer to gauge 

distances, potentially alternating between the two depending on the adopted locomotion 

method. 

 

The other component of the homing vector is direction. The neural mechanism for 

encoding travelling direction has been extensively studied and attributed to the central 

complex of the fly brain (Pfeiffer, 2022; Seelig and Jayaraman, 2015; Lu et al., 2022). We 

speculate that the neurons responsible for path integration encoding both the 

orientation and magnitude of the homing vector can be identified among the 

downstream post-synaptic partners of the h∆B neurons, which are responsible for the 

egocentric to allocentric position transformation. Our setup provides an opportunity to 

determine the identity of these neurons: a simple activity block of these neurons would 

cause the respective flies’ inability to locate the reward zone, once reward is 

discontinued. 
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There are however certain limitations to the current setup. Recent studies (Titova et al., 

2023) raise the concern of a pheromone-based behavior as a confounding variable during 

path integration assessment. They show that naïve flies concentrate their exploration 

around droplets of pheromones deposited by previous inhabitants which received 

optogenetic sugar rewards. While our walking chamber is cleaned after each individual, 

we cannot control for pheromone deposits excreted around the reward zone during the 

training period, to which the flies could return to during testing. Further experiments are 

required to address this concern: by genetically blocking the olfactory system of the fly, 

one could eliminate the pheromones as confounding variable.  

In conclusion, we present a reliable experimental paradigm to study path integration in 

Drosophila melanogaster. We demonstrate that fruit flies can store the path length 

travelled, being able to predict they are at the location of a food source previously 

encountered. In future studies, this experimental design can be used to investigate the 

neural underpinnings of path integration in general and the encoding of path length in 

particular.  
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Figure 1 

 

(A) Digital rendering of walking chamber. The track is 15.5 cm long and 0.5 cm wide. (B) 

Schematic representation of the experimental setup (light shield not included). (C) 

Example walking trajectory of a single control fly (LexAop-Chrmson Control). Dashed red 

lines indicate reward position, yellow area indicates the 30 minutes interval when 

optogenetic activation is enabled. Every time the fly passes through the reward area, it 

receives 10 consecutive light (590 nm) pulses of 20ms each. (D) Example walking 

trajectory of a single fly whose sugar-sensing neurons are optogenetically tagged. Every 

time the fly passes through the reward area, it receives a fictive sugar reward through 

activation of sugar sensing neurons via 10 consecutive light (590 nm) pulses of 20ms each. 

Fly has to vacate the reward area to unlock a new reward. During the reward period, the 

fly walks mainly in the reward area, and it continues to revisit reward area for a few 

minutes after the reward is no longer offered.  
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Figure 2 

 

 

(A) Schematic representation (not drawn to scale) of the experimental protocol. 

Rectangles labelled Z1 and Z2 represent the designated reward zones. (B) Example 

walking trajectory of a single fly whose sugar-sensing neurons are optogenetically 

activated (yellow) when crossing the arbitrary reward zones (2.27 and 4.22 cm from 

edge). The fly is motivated to alternate between reward zones by offering a fictive sugar 

reward when entering the zone only if the fly has previously visited the opposite zone. 

Thus, if fly exits and re-enters the same zone, the sugar sensing neurons will not be 

stimulated. (C) Pooled (n= 11 flies) probability distribution of walking chamber occupancy 

during the accommodation period, (D) training period and (E) testing period of flies 

whose sugar sensing neurons are optogenetically activated via the protocol explained 

above. In this case, training and testing periods have the same conditions.   
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Figure 3 

 

 
 

(A) Schematic representation (not drawn to scale) of the experimental protocol. 

Rectangles labelled Z1 and Z2 represent the designated reward zones. (B) Example 

walking trajectory of an experimental fly with the same genetic background as in Figure 

2. During training (30 min) the fly receives the same stimulation treatment as described 

before. During testing, however, the fly is only rewarded every second time it visits the 

second reward zone. (C) Pooled (n=24 flies) probability distribution of walking chamber 

occupancy during accommodation, (D) training and (E) testing period.  
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Schematic depiction of walking chamber (not drawn to scale). Rectangles labelled 

Z1 and Z2 represent the designated reward zones. The yellow shaded area represents 

the chamber interval where flies spend time when they oscillate between reward zones. 

We consider that when flies are in this area, they correctly remember the reward zones. 

When flies exit this area, we consider the fly as not correctly recalling the locations of 

the rewards. (B) Correlation between the time of Gr43_Chrimson flies (n=35) spent in 

the reward-associated zone during training period and the time spent in the same space 

of same flies during testing period. The Pearson correlation coefficient is 0.586.   

A 
 
B 
 R=0.586 
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Figure 5 

 
 

(A) Fragments of walking trajectories of Gr43_Chrmson flies (n=12 flies). The segments 

are aligned to the moment the flies enter second reward zone after visiting first reward 

zone (indicated by red vertical line). The trajectories displayed start 10 seconds before 

event and stop when fly starts turning around. Average walking segment displayed in 

orange. (B) Walking segments of same flies during training period. Segments are aligned 

by the same method, with 10 seconds before entering second reward zone, and 30 

seconds after reward is received. (C) During the testing period, the flies get rewarded 

when entering zone 2 only 50% of the time. Here we display the trials where flies do not 

get rewarded. (D) Rewarded trials of flies in (C).

A B 

C

 

D 
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Supplemental Figure 1 
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Individual fly walking trajectories of 35 out of the 39 flies of the genotype Gr43-

LexA/Chrmson-LexAop. 4 flies were eliminated due to the fact that they did not walk at 

all or walked very sparsely during the experiment. Flies were left to accommodate to the 

chamber for 10 minutes. They were then rewarded every time they oscillated between 

the 2 reward zones by receiving a fictive sugar reward via optogenetic stimulation. This 

training lasted 30 min. For the remainder of the experiment, they were offered a reward 

in zone 2 only every other time they visited it.   
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Supplemental Figure 2 

 

 
 

 
 

Probability distribution of the walking chamber occupancy of LexAop-Chrmson controls 

(n=7) during (A) accommodation, (B) training and (C) testing. Probability distribution of 

the walking chamber occupancy of Gr43a-LexA controls (n=9) during (D) accommodation, 

(E) training and (F) testing.  

A B

 

C 

D E
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Supplemental Figure 3 

         

  

 

Probability distribution of the walking chamber occupancy of Gr43_Chrmson controls 

(n=7) during (A) accommodation, (B) training, and (C) testing for double distance between 

reward zones (To be compared to Figure 3 C, D, E).  

A B

 

C 
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Discussion 

 

Chapter 1: RESTRAINED VS FREE BEHAVIOR 

 

At first glance, Drosophila melanogaster could be perceived as a simple organism with a 

relatively low number of neurons. However, the vast collection of visually-based 

behaviors disproves this view. Considering the significant amount of research and the 

current interest in the field, it is very likely that this will be the first multi-cellular 

organism, from which we can achieve a complete understanding of the neuronal 

substrates of visual behaviors (Zhu, 2013).  Thus, a plethora of methods to study the link 

between neuronal processing and behavior were developed. While in the past, most of 

these experiments were performed on tethered flies, current technological 

advancements allow studying visual behavior in freely moving flies. In the following,              

I will highlight some of the studies and contrast them with classic tethered                         

behavioral assays.  

 

The acrobatic abilities of the fly are far superior to any human-made aeronautic 

advancements (Fry et al., 2009). However, to measure certain aspects of flight control, 

scientists are forced to tether the animal to be able to perform the experiments necessary 

(Taylor et al., 2008). This is especially useful if behavioral experiments are coupled with 

2-photon calcium imaging or electrophysiological techniques (i.e. Kim et al., 2023; Fenk 

et al., 2021). However, by tethering the flies to a pin, we dramatically reduce the range 

of motions the fly can execute, breaking the natural dynamics of the mechanical system 

of flight (Taylor et al., 2008). Such complex in-flight maneuvers are only possible if all 

sensory organs provide continuous information about the position of the body in the air. 

The tethered state destabilizes the feedback loops normally available, causing significant 

behavioral artifacts (Fry et al., 2009). For example, one of the crucial inputs comes from 

the fly gyroscopes, the so-called halteres, where haltere-less flies being unable to take 

off into free flight. Surprisingly, such flies are capable of flying when tethered to a pin 

(Mureli and Fox, 2015). It has been found that haltere input has a significant influence on 

certain characteristics of flight trajectories, even in tethered flight: flies able to perform 

rotations in the yaw axis performed faster saccades compared to rigidly tethered flies 

(Frye and Dickinson, 2004).  

 

Another example of feedback destabilization can be observed in studies on behavioral 

responses to looming stimuli. Expanding stimuli are known to elicit avoidance responses 
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in fruit flies. However, during forward flight, the fly experiences visual expansion as well, 

indicating the existence of a complementary system that overrides the avoidance 

response (Budik et al., 2007). Sometimes, due to the overzealousness of the scientist to 

eliminate as many confounding variables as possible, flight experiments are performed in 

still air, depriving the flies of the usual air currents caused by their forward motion. In 

magnetically tethered flies, a dampening in the avoidance response is observed when the 

Johnston’s organ (which reports wind direction) is stimulated (Budik et al., 2007). Such 

stimulation is generally missing in rigidly tethered preparations, resulting in misleading 

data. 

 

An interesting dataset from Tuthill et al. (2013) shows the importance of comparing 

tethered with freely-behaving responses. When unilateral back-to-front motion is 

displayed, tethered flies show a significantly weaker optomotor response compared to 

freely-behaving animals. Additionally, comparing tethered flight saccadic escape 

responses to saccades in free flight shows significant differences, which are accounted 

for by the lack of haltere input (Tammero and Dickinson, 2002). 

 

Another great limitation of the tethering system is the low throughput: only one fly can 

be tethered in one setup at a time, forcing labs to either increase the number of setups 

available or spend many hours performing the same experiments. By contrast, with the 

help of newer tracking technologies, free behavior setups can house many individuals at 

once (even up to 100, see Zhu and Frye, 2009), significantly increasing the throughput of 

these experiments. However, the multifariousness of the behavioral outputs and the 

significant amount of data generated by such technologies makes this type of research 

non-trivial (Wang et al., 2022).  

 

Technological advancements such as computer-controllable displays, high-resolution and 

high-speed video-acquiring equipment expanded the development of experimental 

paradigms to discover novel behaviors (Zhu, 2013). In parallel, software developments 

including artificial intelligence video analysis allow the tracking of multiple individuals 

who are free to move in an experimental enclosure (Stowers et al., 2017). For example, 

Ctrax is an offline open-source software that provides the ability to track multiple subjects 

without loss of identity and is capable of detecting behavioral patterns (Branson et al., 

2009). Further progress is also made in the live-tracking software. For example, Grover 

et al. (2008) proposed a system that not only tracks a freely moving fly, but also 

reconstructs the visual field that the fly experiences. Manuscript 1 describes a free flight 

enclosure which is monitored via a system on 5 high-speed cameras, surrounded by high-

resolution displays that present a static random checkered pattern to the enclosed flies. 
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It proposes a simple offline tracking and 3D flight trajectory reconstruction software for 

multiple flies. While this software does not acquire fly identity, it is sufficient for the 

analysis and characterization of flight trajectories. 

 

Genetic tools have evolved into sophisticated and precise targeting methods for neuronal 

populations of cells with similar genetic backgrounds. Additionally, the field of 

optogenetics has brought a revolution to many scientific fields (AzimiHashemi et al., 

2014; Rein and Deussing, 2012). Optogenetic manipulations give scientists the ability to 

modulate neuronal activity and observe their causal effect on behavior (Fiala et al., 2010, 

Riemensperger et al., 2016). This state-of-the-art technique enables a high temporal 

resolution, while the binary expression systems enable precise spatial targeting (Fenno 

et al., 2011, Luan et al., 2006). By far, the greatest benefit of this technique is that light 

penetrates the cuticle housing the fly’s brain, making it ideal for free behavior 

experiments. Manuscript 2 takes advantage of these techniques, using highly selective 

LexA lines targeting the cells containing the gustatory receptor Gr43a to drive the 

expression of the optogenetic channel Chrimson (depolarizing the neurons). By activating 

the gustatory receptors repeatedly, we created an association between a sweet reward 

and a certain location in space, without having to deal with difficult-to-manage actual 

sugar rewards that leave odor traces behind. Moreover, optogenetic activation enables 

millisecond-resolution stimulus delivery and termination. 

 

No matter how sophisticated the tethering systems become, nothing will compare to 

monitoring free behavior and natural movements (Fry et al., 2009). As we have seen in 

the previous section, technological progress facilitates a more detailed analysis of free 

behavior, while genetic tools advancements enable cell-resolution network 

manipulation. Object preference (Maimon et al., 2008), multisensory integration (van 

Breguel and Dickinson, 2014), and course control are just a few of the topics best 

researched in freely behaving animals. The current studies (Manuscript 1 and    

Manuscript 2) are examples of observations that would have been missed in a tethered 

type of setup. For many decades, the importance of perceiving optic flow for course 

control has been theorized and hypothesized. However, nothing short of observing 

motion-blind flies in a free flight setup could provide irrefutable proof of the matter 

(Manuscript 1). Furthermore, to observe the behavioral readout of a complex behavior 

integrating a plethora of sensory inputs such as path integration is difficult to achieve in 

a virtual reality setup. Thus, Manuscript 2 finds a compromise between scientific rigor, 

which minimizes confounding variables, and observing animals performing unrestrained.   
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It should be noted, however, that once these strategies are discovered in controlled 

laboratory conditions, these behaviors must be validated in natural, visually complex, 

conditions to confirm robustness (Zeil, 2012). Manuscript 1 indeed provides the freedom 

for the fly to move completely unrestrained, but it still misses many sensory inputs 

generally found in a natural environment (i.e. olfactory gradients, natural light sources, 

wind, etc.). Manuscript 2 considerably reduces this freedom: flies are unable to fly, 

deprived of visual and olfactory inputs. However, only by doing so we can attribute the 

observed behavior to the path integration system. 

 

Restraining the animal is useful when trying to correlate neural activity with a certain 

behavior. Fundamental questions regarding neural processing of visual information have 

been answered by pairing electrophysiological recordings and 2-photon imaging 

techniques with synchronous observations of tethered behavior (e.g., Kim et al., 2023; 

Fenk et al., 2021). Moreover, by tethering an animal, scientists limit the confounding 

variables and are able to better control and manipulate the stimuli delivered, thus 

characterizing highly robust and reliable behaviors which can then be generalized to more 

complex environments. With this structured approach, one can quantify the amplitude 

of behavioral responses to finely controlled stimulation, thus gaining a better 

understanding of the system.  

  

Chapter 2: COURSE CONTROL 

 

A generic flight pattern of a fruit fly (and many other Dipterans) is characterized by long, 

relatively straight flight segments, separated by rapid changes in direction, commonly 

known as saccades (Tammero and Dickinson, 2002; Frye et al., 2003; Manuscript 1). The 

fixate-and-saccade strategy is very similar to the movement of human eyes (Cellini and 

Mongeau, 2020; Theobald, 2017), which alternate between smooth pursuits and rapid 

movements that change the point of fixation (which are also called saccades). The exact 

mechanism triggering saccades in flies is not yet known. Image expansion might prompt 

a fly’s decision to change course to avoid collision (Tammero and Dickinson, 2002). 

However, not all saccades are explained by this phenomenon, with some seeming 

completely random. It has been proposed that the non-visual induced saccades are a 

result of a searching strategy with “Levy-flight” characteristics. Such a searching pattern 

is optimal for finding food in an environment where no source is known a priori. This 

locomotor program maximizes the searcher’s perceptual range, which in turn maximizes 

the probability of encountering an attractive odor (Reynolds and Frye, 2007). The 

ecological efficiency of this search pattern is so useful, that the fly also uses this strategy 
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in walking (Reynolds and Frye, 2007; Tao et al., 2020). By blocking synapses in the ellipsoid 

body, this search behavior is abolished in walking (Martin et al., 2001). This indicates that 

the central complex might be an important brain area related to foraging. 

 

 
 

 

The flight saccade motor sequence is well understood. Body posture and wing stroke 

pattern change minutely and precisely to achieve the desired directional change. Once 

the saccade is initiated, no visual input can change its kinematics (Tammero and 

Dickinson, 2002). Comparing saccade properties of motion-blind flies and wild-type 

controls shows no significant differences (Manuscript 1).  

 

Optic flow provides information about the rotation and the translation of the fly in 

relation to the environment. What this information stream lacks is a distinction between 

the optic flow caused by self-movement and optic flow caused by external factors such 

as wind. Unintended changes of course caused by external determinants have to be 

immediately corrected. This is very challenging for the fly, given the complexity and 

ambiguity of the optic flow information. One approach to reduce the computational time 

needed for amending course is keeping inter-saccadic flight segments as straight as 

possible, thus minimizing the rotational component of the optic flow (Collet et al., 1993; 

Tammero and Dickinson, 2002; von Holst and Mittelstaedt, 1950). In Manuscript 1 we 

could demonstrate that this tactic is innate and independent of vision, as flies perform 

such flight patterns even in complete darkness. 

 

We further show that saccades are independent of visual input. Saccades of motion-blind 

flies have been compared to those performed by visually apt flies, and no significant 

differences were observed.  To perform a saccade, the optomotor response of a fly needs 

to be suppressed. It was indeed shown that HS cells are silenced using signals from motor 

Figure 9: Comparison of locomotion trajectories in Drosophila melanogaster  

(A) 2D projection of a free flight trajectory (Reproduced from Leonte et al., 

2020). (B) Walking trajectory of a free fruit fly (Reproduced from Cruz et al., 

2021). 
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efference copies when executing an intentional change of flight direction (Kim et al., 

2017).  

 

LPTCs play a crucial role in course control during locomotion. Already in the 1960s, 

electrophysiological recordings performed in Musca domestica and Caliphora phaenicia 

revealed that their receptive field resembled an optic flow as elicited by rotation around 

different body axes (Bishop et al., 1968). Two main classes of LPTCs have been identified: 

a group of cells (HS) tuned to wide-field motion in the horizontal plane, and a group of 

cells (VS) tuned to wide-field motion in the vertical plane (Krapp et al., 1998). Due to their 

functional properties, LPTCs were expected to control optomotor response turns in flies. 

This was proved by optogenetic activation of HS cells, which evoked turning behavior in 

flight (Haikala et al., 2013). Directionally-sensitive T4 and T5 cells (Maisak et al., 2013) 

provide retinotopic visual information to the HS and VS cells, which integrate this 

information to determine wide-field motion (Schnell et al., 2012). Blocking these inputs 

causes an absence of the optomotor response. It has long been theorized that the 

optomotor response plays a key role in course control. In Manuscript 1, we could confirm 

this hypothesis by introducing an asymmetry in wing surface area, which resulted in a loss 

of course control ability in motion-blind flies.  

 

Such a complex behavior like aerial maneuvering requires extensive multi-sensory 

computations and feedback loops from the visual system, the halteres, the ocelli, the 

antennae, the campaniform sensilla, and the muscles of the wings (Mronz and Lehmann, 

2008; Frye and Dickinson, 2004). It is not yet fully understood how the fly can integrate 

and prioritize such complex multi-sensory information (Gepner et al., 2015). 

 

Interestingly, the fly’s reaction time for responding to visual stimulation is about 30 

milliseconds (Maimon et al., 2008). By contrast, haltere information processing takes only 

half of that time (Dickinson and Mujires, 2016). Mechanosensory information from 

halteres and wings is sufficient to maintain straightness to a certain degree, as seen in 

the trajectories of flying flies in darkness. However, to keep the intersaccadic segments 

straight when physiological asymmetries arise, flies seem to rely on optic flow. In cases 

of dissimilar feedback from other sensory modalities compared to visual information 

(such as in the case of wing damage), flies favor motion vision information for altering 

wing stroke patterns, thus maintaining a straight course. Both motion-blind flies and flies 

which lack optic flow information (i.e. flying in the dark) are unable to maintain 

straightness during inter-saccadic flight when having asymmetric wing damage 

(Manuscript 1).   
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By observing both the predator and prey during free-flight maneuvers, we can learn a lot 

about the minute differences in flight dynamics, wing kinematics, and body stabilizing 

approaches of different species. Moreover, we can observe the interplay of different 

sensory modalities to alter course.  

 

When fruit flies encounter a predator (such as a dragonfly) while flying, they adopt certain 

changes in flight patterns to avoid danger. As a reaction to a looming visual input mid-

flight flies execute “directed banked turns” which consist of a rapid body rotation 

followed by a stabilization via a counter-rotation (Muijres et al., 2014). These changes 

must be performed very rapidly, thus requiring a dedicated circuit for escape maneuvers. 

Thus, rapid and precise detection of the looming stimulus, followed by immediate 

initiation of evasive motor programs can help a fly avoid perishing. The sudden change in 

flight heading is achieved via a subtle change in wing stroke amplitude and takes no 

longer than two complete wingbeats (Muijres et al., 2014). These evasive flight patterns 

require a multilevel analysis and pooling of input from the optic flow, halteres, and wings 

to ensure stabilization after the sudden change in direction.  

 

If we look at the predator flight pattern, taking dragonflies as examples, we observe a 

wonderful capability to use sensorimotor processing to follow prey in visually cluttered 

environments (Huston and Jayaraman, 2011). Interestingly, dragonflies aim their flight 

trajectory towards a predicted point of interception. This point is continuously updated 

based on the movements of the prey (Olberg et al., 2020). Similar to Drosophila, they 

present key changes in wing kinematics, which result in a subtle asymmetry in beating 

pattern, thus determining course changes (Fry et al., 2003; Wang et al., 2022). Visual and 

ocellar information is used to control their course and body posture mid-flight. Compared 

to the fruit fly, ocellar input is essential, especially during prey pursuit flights, to alter in-

flight body posture (Krapp, 2009). 

 

Chapter 3: PATH INTEGRATION 

 

We have seen in the previous chapter that flies employ an innate meandering flight 

pattern when foraging to maximize the probability of finding nourishment. A similar 

search behavior is observed in walking flies (Reynolds and Frye, 2007). However, this is 

not the only locomotor program observed in flies, when it comes to food. Fruit flies 

display a local search behavior when encountering a droplet of food (Corfas et al., 2019). 

A similar search pattern is observed in desert ants that have been displaced from their 

homebound path. When the ant cannot locate the nest at the expected destination, it 
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executes a search behavior around the expected location, which is similar to that of flies. 

Both behaviors seem to belong to the “Devonian toolkit” and probably stem from an 

ancient form of path integration that has evolved to serve different purposes in different 

species. (Kim and Dickinson, 2017; Corfas et al., 2019; Müller and Wehner 1994). 

Compared to random searches, these behaviors have in common a search point of origin: 

for the fly, the droplet of food, and for the ant, the expected location of the nest. Such 

locations are not available for a random search behavior. 

 

An animal can update an estimate of its position in reference to a point of origin in real-

time. While the return journey to the origin is not encoded by the path integrator, it is 

often the best behavioral readout of the path integration process, reporting both the 

direction and the distance from the point of origin in the form of a vector (Heinze et al, 

2018). Nesting animals are known for their exquisite ability to return to their colony. 

However, evidence that non-nesting animals are also able to integrate their path has 

emerged recently. For example, fruit flies can return to a location associated with food 

that was previously encountered without relying on external cues (Kim and Dickinson, 

2017; Corfas et al., 2019; Manuscript 2). Path integration is especially helpful when an 

animal is faced with an unknown environment or deprived of any visual landmarks (Collet 

et al., 2013). 

 

When it comes to determining the length of the homing vector, different strategies are 

employed, depending on the animal and locomotion mode. While flying insects (e.g. 

honey bees) rely exclusively upon optic flow information, walking ants require access to 

light polarization patterns to extract distance information (Sommer and Wehner, 2005). 

They combine this information with the pedometer input to reliably asses the traveled 

distance. Previous literature in the field of Drosophila path integration failed to address 

this question directly. Manuscript 2 offers a behavioral experimental setup perfect for 

such an undertaking. By linearizing the track, we limit the available number of directions, 

thus observing exclusively the distance encoding process. We show that flies deprived of 

any visual input are able to predict the location of a reward and, in the case of 

discontinued optogenetic stimulation, they perform a search around the area that was 

previously rewarded. Furthermore, in the double reward zone task during trials where 

the reward is withheld, flies immediately turned around to the opposite reward zone. 

This shows that flies can encode the distance between the two. It is hypothesized that 

flies update their odometer either by using proprioceptive information or efferent copies 

of motor commands (Corfas et al., 2019). Manuscript 2 proposes a variation of the setup 

that can modify step size to determine whether walking flies also encode distance using 

a pedometer.  
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Chapter 4: INSECT NAVIGATION – COMBINING NAVIGATIONAL 

STRATEGIES 

 

Behavioral strategies like path integration are prone to internal noise, especially for 

longer journeys (Fisher, 2022). Noise comes from many sources, such as quantum 

uncertainty, stochastic neural spikes, and storing and updating the internal accumulator. 

(Heinze et al., 2018). Therefore, to navigate, animals are forced to use a combination of 

external (e.g. sun position) and internal cues (e.g. leg proprioceptive signals) to reliably 

reach the desired destination (Kim and Dickinson, 2017). 

 

To find their nest, animals use path integration as a general indication of the nest location, 

relying on visual memory of the scene around the nest to correctly arrive at the 

destination (Australian desert ant: Narendra, 2007).  Other modalities include 

approaching a nest from downwind to rely on the odor plume coming from the nest 

(desert ants: Steck et al., 2010; beetle: Dacke et al., 2019; fruit flies: Okubo et al., 2020), 

learning the color and texture of the nest (honey bees: Cheng et al, 1986; Dittmar et al., 

2011) and even analyzing the skylight panorama (ants: Graham and Cheng, 2009). 

 

Celestial cues are extremely useful reference points for determining traveling direction 

due to the (almost) infinite distance from the animal, which minimizes azimuth variation 

during translation changes. The dung beetle Scarabaeus viettei uses a combination of 

celestial cues including the sun and the milky way (Dacke et al., 2021), the monarch 

butterfly Danaus plexippus uses a sun compass for establishing the migration pattern 

(Heinze and Reppert, 2011), and the fruit fly combines the sky polarization patterns with 

the sun position information (Warren et al., 2018; Giraldo et al., 2018) to keep a straight 

course on long journeys.  

 

Drosophila can integrate all these distinct cues into a space map that guides navigation. 

In theory, the neuroarchitecture of the central complex is opportune for the center of 

path integration (Stone et al, 2017). Of great interest is the ellipsoid body, a torus-shaped 

brain structure organized in vertical columns. Several neuron types are notable: ellipsoid 

body-protocerebral bridge-gall neurons (E-PG), the ring neurons which generally provide 

visual information, and the protocerebral bridge-ellipsoid body- noduli (PEN). These 

neurons relay inputs from the following different sensory modalities onto the ellipsoid 

body: 
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(1) Self-motion information is relayed to the ellipsoid body via PEN neurons (Fisher, 

2022). 

 

(2) Flies detect the light polarization direction via the photoreceptors R7 and R8 in the 

ommatidia facing the sky in the dorsal rim area (DRA). The information is then transmitted 

via interneurons in the distal medulla to the anterior optic tubercle, passes through the 

bulb, and eventually arrives in the ellipsoid body of the central complex (Hardcastle et al., 

2021). 

 

(3) For longer journeys, it was found that Drosophila melanogaster uses the Sun as a 

landmark for orientation and course control. When E-PG compass neurons are silenced, 

flies orient directly to the Sun’s position (object fixation) rather than adopting an arbitrary 

heading relative to it (Giraldo et al., 2018). 

 

(4) In the case of wind, the magnitude of displacement of the Johnston’s organ in the 

antennae is relayed to the antennal mechanosensory and motor center (AMMC). The 

information is then sent to the lateral accessory lobe and then to E-PG neurons in the 

central complex (Okubo et al., 2020). 

 

(5) Flies use visual cues (place learning) to remember the position of a reward (Ofstad et 

al., 2011). Ring neurons in the central complex encode these visual memories as 

demonstrated in silencing experiments (Stern et al., 2019; Kim and Dickinson, 2017).  

 

Information from these modalities is combined in the ellipsoid body torus, which 

represents an organized map of the visual environment of the fly (El Jundi and Dacke, 

2021). It acts as a compass, conveying a bump of Ca2+ activity representing the heading 

direction of the fly. This direction information is collected by the ∆7 neurons and passed 

on to all columnar cell types in the protocerebral bridge (PB). PfNd neurons (tuned to 

forward ipsilateral movements) and PfNv neurons (preferring backward contralateral 

movement) synapse onto h∆B neurons, transforming the direction of movement 

representation from an egocentric coordinate system to an allocentric set of coordinates 

(Pfeiffer, 2022). It is believed that distance and direction information conveyed by the 

path integration system is not used independently, but rather synthesized in an 

accumulator along with all other navigational cues (Heinze et al., 2018). Therefore, we 

believe that the homing vector representation is located in this brain region as well. The 

experimental approach described in Manuscript 2 is ideal for the genetic screening of all 

candidates for path integration in the central complex.  
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Figure 10: Multisensory path integration in the central complex 

The ellipsoid body in the central complex receives information about the fly’s 
position in space from various sources (proprioception, Sun position, 
polarization patterns, wind direction, etc). It then consolidates this 
information into a map representation of the position of the fly relative to 
an egocentric set of coordinates. This position is relayed to the protocerebral 
bridge, where PfNd and PfNv neurons transform this representation into an 
allocentric set of coordinates and pass it on to h∆B neurons in the fan-shaped 
body. Manuscript 2 hypothesizes that cells directly downstream are 
responsible for representing the homing vector. Illustration created using 
BioRender 
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We theorize that cells downstream of the h∆B neurons are responsible for the path 

integration process. We moreover speculate that blocking these neurons would hinder 

the path integration process of the fly.  

 

Chapter 5: MULTIMODAL INTEGRATION 

 

Generally, to study the causal relationship between genes, neuronal circuits and 

behaviors, scientists prefer well-controlled experiments involving stimulation of one 

single sensory modality (Sanchez-Alcãniz and Benton, 2017). However, focusing on one 

sense limits our understanding of the integration of inputs from different modalities. Both 

Manuscript 1 and Manuscript 2 deal (to some degree) with multisensory inputs and give 

us an insight into how the fly combines and consolidates different categories of neuronal 

inputs. 

 

Two approaches can be employed in studying multimodal integration: complete silencing 

of a sensory modality or distorting the sensory information available to the fly. 

Manuscript 1 provides examples for both modalities. By clipping part of the wing, we 

distort the normally expected propulsive symmetry, forcing the fly to adapt the wing beat 

frequency to compensate for the imbalance. By depriving flies of visual stimulation (in 

the dark) or blocking the motion vision pathway, we directly reduce the number of 

available inputs. These approaches enable us to get a better understanding of how the 

brain integrates information from different circuits, by observing how these 

modifications affect the behavioral output. 

 

Manuscript 1 proves the importance of motion-vision information for course control. The 

study shows that flies rely on visual information to compensate for the bias produced by 

wing surface asymmetry. However, another important point highlighted in this study is 

that when the bias is not present, flies are able to fly normally, even in complete darkness. 

This indicates that completely missing visual input is not consequential to the fly in 

laboratory conditions. The other inputs are sufficient to maintain normal course if 

correctly integrated. Similarly, by ablating the wing and leaving the visual system intact, 

the fly compensates for the asymmetry.  

 

No sensory modality is perfect, and all systems are prone to noise. Therefore, by 

integrating multiple sensory inputs, the noise is reduced to a statistical minimum. When 

an input is missing, the animal is forced to recalibrate the weights of every other input to 

achieve a new noise minimum. By completely silencing a sensory modality, we can 
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observe how the relative weights of the other inputs are modified to compensate for the 

missing input. This also implies that the animal is expecting a certain level of congruency 

between the information streams. When an inconsistency is detected (e.g. when one of 

the sensory streams is disrupted), the weight of the input is severely reduced. Therefore, 

both silencing and disturbing the sensory modalities are valuable experimental 

approaches to understanding the multisensory integration process. 

 

Chapter 6: CONCLUSION AND OUTLOOK 

 

The availability of genetic tools with precise targeting, the advancements of technology 

and software enabling observation of freely-moving animals, and the full connectome 

data available for the fruit fly have resulted in an unprecedented understanding of the 

neural computations underlying behavioral programs in Drosophila melanogaster         

(Ryu et al., 2022).  

 

There is clear evidence that flies rely on multiple sensory information for performing 

certain behaviors. A visual stimulus translating or approaching the fly can induce various 

responses depending on the speed of translation, the position in relation to the fly, and 

the behavioral context at that moment (Fisher, 2022; Ryu et al., 2022). As an example, 

object expansion detected in the context of landing will be given a different value than if 

detected as a possible danger during a foraging flight. For landing, the fly will employ one 

motor command (extension of legs and change in body orientation to gracefully land), 

while in the case of predator avoidance, the fly would execute a banked turn to avoid 

being caught.  

 

The question remaining is how this weight is distributed across sensory modalities in the 

case of conflicting information. We briefly address this in Manuscript 1, where optic flow 

information is given a higher importance when aerodynamic imbalances are detected. It 

would be interesting to further study the multisensory integration in the central complex 

to understand the neural mechanisms that filter and establish a hierarchy of the different 

sensory inputs. 
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