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Summary 

In this thesis, my focus will be on the mechanistic relationships between action, valence and 

dopamine in adult fruit fly, Drosophila melanogaster, and the biomedical implications that the 

uncovered relationships might have.  Here I investigated two main aspects:   

1) How action confers valence? - as my main PhD project (Chapter 1) 

2) How timing affects valence? (Chapter 2) 

In Chapter 1, my work was inspired by William Jamesôs theory of emotion: 

Common sense says, we lose our fortune, are sorry and weep; we meet a bear, are frightened 

and run; we are insulted by a rival, are angry and strike. The hypothesis here to be defended says 

that this order of sequence is incorrect.     (James, 1890, p. 449) 

                                                                                     

This theory, strikingly, questioned the conventional way of thinking that emotions cause action. 

Rather, he proposed it can be the other way around-namely animals take action, and it is the 

action that causes the emotion!  

Therefore, I developed an unconventional experimental twist for action-to-perceived emotional 

experience (valence) causation by asking a simple question namely can moving backward make 

flies ófeel badô about odours experienced during this action?  

Hereby, I established a neurobiologically yielding study case to understand how action, valence 

and dopamine processing are related and its biological significance in solving the long-standing 

so-called avoidance paradox for a simple animal model- Drosophila melanogaster-as an example. 

In Chapter 2, I investigated a fundamental aspect of valence processing as such, namely its 

dependence on the timing of its occurrence and its termination. Here the focus will be on 

dissociating dopaminergic from non-dopaminergic mechanisms in timing-dependent valence 

processing. 

Regarding both chapters, I will discuss plausible biomedical implications. 
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Zusammenfassung 

In dieser Arbeit konzentriere ich mich auf die mechanistischen Beziehungen zwischen Handlung, 

Valenz und Dopamin in der erwachsenen Fruchtfliege Drosophila melanogaster und auf die 

biomedizinischen Auswirkungen, die aufgedeckten Beziehungen haben kºnnten.  Ich habe zwei 

Hauptaspekte untersucht:   

1) Wie wird Valenz durch Handlung vermittelt? - als mein Haupt-Doktorandenprojekt (Kapitel 1) 

2) Wie beeinflusst das Timing die Valenz? (Kapitel 2) 

In Kapitel 1 wurde meine Arbeit von William James' Theorie der Emotionen inspiriert: 

Common sense says, we lose our fortune, are sorry and weep; we meet a bear, are frightened 

and run; we are insulted by a rival, are angry and strike. The hypothesis here to be defended says 

that this order of sequence is incorrect.      (James, 1890, p. 449) 

Diese Theorie stellte die herkºmmliche Denkweise in Frage, dass Emotionen Handlungen 

verursachen. Stattdessen schlug er vor, dass es auch andersherum sein kºnnte - nªmlich dass 

Tiere handeln und die Handlung die Emotion verursacht! 

Daher habe ich eine unkonventionelle experimentelle Methode entwickelt, um die Beziehung 

zwischen Handlung und wahrgenommener emotionaler Erfahrung (Valenz) zu untersuchen, 

indem ich eine einfache Frage stellte: Kann eine R¿ckwªrtsbewegung dazu f¿hren, dass Fliegen 

die Ger¿che, die sie wªhrend dieser Aktion wahrnehmen, als schlecht empfinden? 

Damit habe ich einen neurobiologisch ergiebigen Studienfall geschaffen, um am Beispiel eines 

einfachen Tiermodells - Drosophila melanogaster - zu verstehen, wie Handlung, Valenz und 

Dopaminverarbeitung zusammenhªngen und welche biologische Bedeutung sie f¿r die Lºsung 

des langjªhrigen sogenannten Vermeidungsparadoxons haben. 

In Kapitel 2 habe ich einen grundlegenden Aspekt der Valenzverarbeitung als solche untersucht, 

nªmlich ihre Abhªngigkeit vom Zeitpunkt ihres Auftretens und ihrer Beendigung. Hier liegt der 

Schwerpunkt auf der Unterscheidung von dopaminergen und nicht-dopaminergen Mechanismen  

In beiden Kapiteln werde ich plausible biomedizinische Implikationen diskutieren. 
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General Introduction 

Background 

Over 120 years ago, William James (Mind, 1884), proposed the idea of subjective experience of 

emotions marked by ñdistinct bodily expressionò (Friedman, 2010).  Jamesôs theory was greatly 

influenced by Darwinôs (1872) The expression of emotion in man animals (Dunlap, 1922/1967). A 

similar model at the similar era was also independently proposed by Carl Lange (1885/1912), 

which hence was often called as óJames-Lange theory of emotionô.  

This theory faced a lot of challenges from the field of psychophysiology, namely from Cannon-

Bard (1939) and Schachter-Singer (1962) study. The major challenge, till today, has been to test 

it experimentally! In fact, James explicitly stated in Mind that his theory applied to emotions that 

have a distinct bodily expression- otherwise afferent sensory feedback would not be providing the 

differentiating information of certain emotions (Friedman, 2010). Overall, this confined the theory 

to more hurdles to be tested. Nevertheless, it inspired a number of subsequent emotion research 

with mixed results. For example, the facial feedback hypothesis (Strack et al., 1988) which studied 

whether and how subjective facial expressions can influence their affective experience. According 

to Darwinôs (1872) - an emotion that is freely expressed by outward signs will be intensified, 

whereas an emotion whose expression is repressed will be softened. In simpler words, smiling 

(e.g. pen in mouth task, stark 1988) makes one feel good, or frowning makes one feel bad. 

Despite some disagreements, this hypothesis has been supported by several experimental 

paradigms and recently by a large adversarial team conducting a multi lab test to test the 

hypothesis (Coles et al., 2022). Very recently in mice supportive evidence has been observed 

where increasing heart rate and inducing specific breathing patterns can result in fearful emotion 

(Hsueh et al., 2023; Jhang et al., 2024). 

However, even after more than a century, it remains an open question how action and valence 

are mutually related, what is the physiology behind this relationship and finally what is the 

biological significance?  

As per Darwinôs ñThe expression of the Emotions in Man and Animals, 1872ò- 

We may conclude that our subject (theory of expression) has well deserved the attention which it 

has already received from several excellent observers, and that it deserves still further attention, 

especially from any able physiologist.       (Darwin, 1872) 

And with this inspiration from Darwin, all the above-mentioned questions I addressed in this thesis 

with a simple but elegant study model- Drosophila melanogaster.  
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Why Drosophila? 

Understanding the complexity of the nervous system has always been the central goal of 

neuroscience. To track down the neural circuits underlying learning and memory, adaptive 

behaviour, locomotion, sensory adaptation and so on, itôs then prudent to use a relatively simple 

model. Along that line, Drosophila in research is quite successful (Kohler, 1994) pioneered by the 

Nobel Prize winning work of Thomas Hunt Morgan to prove the chromosomal theory of 

inheritance. Since then, Drosophila has been widely used. Not only for the easy breeding, short 

life cycle, continuously developing genetic tools, cost effectiveness but also for combining genetic 

perturbations with spatio-temporally precise cell-labelling methods (Clark et al., 2022), we have 

now profound (albeit incomplete) understanding of molecular, anatomical and physiological 

properties of Drosophila melanogaster. Together, it offers a versatile possibility for combined and 

comprehensive behavioural and neurogenetic analyse of associative memory systems 

(Heisenberg, 2003; Gerber and Aso, 2017; Cognigni et al., 2018; Boto et al., 2020; Li et al., 2020; 

Modi et al., 2020; Davis, 2023). 

In the following sections, I will give an overview of some of the key genetic tools as they have 

been used towards this end in this study.  

The GAL4-UAS system 

Among the various genetic tools, the famous one is a two-part (binary) system namely the GAL4-

UAS system (Brand and Perrimon, 1993). This system allows cell or tissue specific targeted gene 

expressions in embryos, larvae and adult Drosophila. With this method, any gene of interest, even 

a lethal one, can be expressed. This binary system has two parts: 1) the GAL4, a yeast 

transcription factor, composed of DNA-binding domain (DBD) and activation domain (AD) which 

can be artificially expressed under the control of a cell-specific promoter, 2) the upstream 

activating sequence (UAS) transgene construct. The GAL4 protein decides ówhereô to target and 

binds to the UAS combined with a ówhatô gene of interest downstream to it. These two parts are 

maintained in two separate parental strains: the driver and the effector strain respectively. By a 

simple crossing of a GAL4 driver fly with a UAS effector fly one can thus manipulate exclusively 

the gene of interest in those targeted cells in the offsprings. By this method, GAL4-DBD 

recognizes the UAS and AD recruitsô the transcriptional machinery to activate the transcription 

process to express the gene of interest in cell specific manner (Figure 0.1a).  
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Figure 0.1ƅ The GAL-UAS system. (a) Parental (P) GAL4 driver fly contains GAL4 transcription factor 

composed of DBD-AD (orange) under the control of a specific genomic enhancer (yellow).  It is crossed 

with effector fly (P) with UAS (purple) ï upstream to a target gene of interest (pink). In the offspring (F1), 

GAL4 protein (DBD-AD) binds to the UAS and enables the transcription at UAS of the target gene. 

(b) Split-GAL4 driver line (P) consists of two functional domains DBD and AD of the GAL4 protein under 
two enhancers 1 (lavender) and 2 (cyan) respectively. It is crossed with another fly (P) with UAS ï 
upstream to a target gene of interest. In the offspring (F1), only when both domains DBD-AD binds with 
the UAS, enables the transcription process at tissue specific manner (inspired from Luan et al., 2020, 
Wikipedia).    

 

a 

b 
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A step further cell specificity expression has been achieved with the development of the Split-

GAL4/UAS method (Luan et al., 2006; Pfeiffer et al., 2010). In this method, the GAL4 gene is split 

into its two domains: activation domain (AD) under one enhancer and DNA binding domain under 

another enhancer. These domains are not able to promote gene expression alone. Only in the 

intersection of cells, where both domains are expressed, a functional GAL4 protein is produced 

and upon binding with UAS leads to transgene expression (Figure 0.1b). Thus, the development 

of the GAL4/split-GAL4-UAS system has given us the opportunity to work with a well-defined 

population of neurons or even single neurons by expressing a variety of genes of interest (e.g. 

ChR: light gated cation channel to depolarize neurons, GCaMP: calcium sensitive reporter to 

monitor neuronal activity, see the upcoming sections for further details) to manipulate or monitor 

these single neurons or groups of neurons. The collection of GAL4 and split-GAL4 drivers and 

UAS effector lines is still developing, and many of these are available in Bloomington Drosophila 

Stock Center (BDSC) and Vienna Drosophila Resource Center (VDRC).  

Similarly, there is another binary system namely the lexA-lexAop system (Lai and Lee, 2006). The 

major advantage of having an independent system is that it allows stimulation of one set of 

neurons by for example the GAL4/UAS system and recording the other set of neuronal activity at 

the same time using the lexA-lexAop system, or vice versa (Owald et al., 2015; Barnstedt et al., 

2016; Felsenberg et al., 2017,2018).  

Optogenetics: tool to manipulate neuronal activity 

Among the effector transgenes, optogenetics has gained immense popularity to manipulate 

neuronal activity with light. Optogenetics is a tool to genetically express light sensitive microbial 

opsins e.g. ion channels, ion pumps, or enzymes into target specific neurons to either activate or 

inhibit their physiological state by using light pulses in a millisecond resolution (Deisseroth, 2011; 

Klapoetke et al., 2014; Riemensperger et al., 2016). Such interference allows us to understand 

the relationship between induced neuronal activity and the subsequent behavioural changes. The 

field of optogenetics soared in late 2005 with the introduction of the algae protein 

Channelrhodopsin 2 (ChR2). ChR2 is a blue light gated cation channel (Nagel et al., 2002, 2003; 

Boyden et al., 2005; Klapoetke et al., 2014) taken from green algae Chlamydomonas reinhardtii 

which has a seven transmembrane cation channel with light isomerisable chromophore all trans 

retinal (ATR). This ATR undergoes a conformational change upon blue light absorption leading to 

opening of Na+ ion channel within millisecond time range (Harz and Hegemann, 1991; Nagel et 

al., 2002, 2003). In Drosophila, ChR2 has been successfully used with additional supplementation 

of ATR feeding. Recently, an advanced version of ChR2, termed ChR2-XXL has been developed 
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with high expression, increased photocurrent amplitude and without any complementing food with 

ATR (Dawydow et al., 2014). However, ChR2-XXL has some limitations such as the visibility of 

blue light to flies, incompatibility during imaging due to the fluorophore in the green spectrum 

leading to intrinsic blue absorption and inadequate tissue penetration capacity (Salcedo et al., 

1999).  

But these obstacles were circumvented with the development of red-shifted ChR namely 

Chrimson (Klapoetke et al., 2014) having faster kinetics yet effective light sensitivity, deeper tissue 

penetration, minimum visual interference. Along the minimal interference with the blue-green 

excitation/emission spectrum of GCaMP, these features make Chrimson the preferred choice for 

combining neuronal activation with calcium imaging which I will discuss in detail in the next 

segment.  

Another extensive use of optogenetics is to inhibit neuronal firing with light. It is an anion 

channelrhodopsin variant discovered first in Guillardia theta algae, namely GtACR1 and GtACR2. 

This provides a green light gated large anion (Cl-) conductance leading to efficient membrane 

hyperpolarization and thus potent neuronal silencing (Govorunova et al., 2015, 2017). It has faster 

kinetics with high conductivity and precise anion selectivity (Figure 0.2).  

 

Figure 0.2ƅ Optogenetics allows to manipulate neuronal activity.  (Left) ChR is a light gated cation 

channel. Blue light (465 nm) induces a conformational change and opens the cation (Na+) channel. This 
depolarizes the cell and activates the neuron by causing an action potential. Another variant of ChR 
(Chrimson) performs a similar function with red light (630 nm). (Right) The green light (532 nm) gated 
anion (Cl-) channel hyperpolarizes the cell and inhibit neuronal activity (figure is inspired from Wikipedia). 
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Calcium imaging: tool to observe neuronal activity 

The central goal of neuroscience revolves around understanding the process of how, why and 

which neurons communicate with each other to generate either action, emotions or memory. 

Continuous development of genetic tools has made it possible to record neuronal activity at the 

milliseconds range for a duration of minutes to weeks range, often in largely intact, behaving 

animals. One of the popular and reliable optical neural activity recording technique is calcium 

imaging. Calcium imaging relies on the flux of calcium ions which is the indispensable determinant 

in intracellular signalling to exert major functions in all types of neurons (Grienberger and 

Konnerth, 2012). Therefore, visualizing and quantifying the calcium trace on neurons of interest 

allows us to investigate biologically meaningful neuronal activity even in behaving animals. 

Calcium imaging is basically an experimental technique to detect the change of intracellular 

calcium concentration (Ca2+) by using fluorescent calcium indicators (Grienberger et al., 2022). 

So, the idea would be the moment neurons fire action potentials there is an increase in 

intracellular calcium level. And this change of calcium level will then be detected by the 

fluorophore binding to calcium. The revolution in calcium imaging happened with the discovery of 

green fluorescent protein (GFP) (Tsien, 1998). The combination of this fluorescence protein and 

calcium binding protein then led to the development of the single-fluorophore genetically encoded 

calcium indicators (GECIs) (Mank and Griesbeck, 2008; Tian et al., 2009; L¿tcke, 2010). The 

exemplary member of this GECIs is the GCaMP family (Wang et al., 2003; Chalasani et al., 2007; 

Fletcher et al., 2009; Dombeck et al., 2010). From Grienberger and Konnerth, 2012, GCaMPs 

consist of a circularly permuted enhanced green fluorescent protein (EGFP) bound to calcium 

binding protein calmodulin (CaM) and calmodulin binding peptide M13 (Nakai et al., 2001). This 

CaM-M13 complex undergoes a calcium-dependent conformational change and exerts changes 

in the fluorescent emission intensity (Figure 0.3) (Nakai et al., 2001; Tian et al., 2009). Since its 

original development, GCaMP family has been continually developed with regards to its signal to 

noise ratio, dynamic range and response kinetics. For instance, GCaMP6s has better Ca2+ affinity 

and fluorescence intensity but it has slower kinetics in comparison to GCaMP6f with rapid kinetics 

allowing the detection of single action potentials (Chen et al., 2013). Recently, even improved 

GCaMP sensors have been developed e.g. jGCaMP8s, m, f with improved kinetics and without 

compromising brightness (Zhang et al., 2023). During in-vivo calcium imaging experiments, 

GCaMP6f was used in this study.  
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Figure 0.3ƅ Calcium indicator to monitor neuronal activity . GCaMP consists of a circularly permuted 

EGFP (light green) linked to calcium binding complex, CaM-M13 (cyan). Upon increased intracellular 

calcium (Ca
2+

) level, CaM-M13 complex obtains a conformational change and its proximity to EGFP 
induces increased fluorescence emission (adapted from Grienberger et al., 2022). 

 

Other than GCaMPs, there are also other calcium indicators: 1) chemical calcium indicators (e.g. 

Indo-1, Fura-2, Fluo-4), 2) FRET-based GECI (e.g. TN- XXL). To observe neural activity, another 

way, albeit having a very low signal to noise ratio, would be to measure the voltage changes 

through patch-clamp electrophysiology or by genetically encoded voltage indicators (GEVIs) 

(Perron et al., 2009; Akemann et al., 2012).  

Connectome: resources to understand brainŸbehaviour  

A connectome is a list of neurons and the chemical synapse between them. Although it sounds 

easy, in practical this is a challenging task to accomplish considering not only the numbers of 

neurons but also the problem of identifying the types and transmitters of neurons and how and to 

what extend they are connected to their upstream and downstream neurons! To date, only three 

organisms of having only several hundred brain neurons had the full connectome data set 

available: Caenorhabditis elegans; larva of Ciona intestinalis and Platynereis dumerilii (Winding 

et al., 2023). A very recent addition on that is the full connectome of the 1st instar larva of 

Drosophila. For the adult fly brain, connectome analysis started in 1991 by analysis a series of 

electron microscopic (EM) cross sections (Meinertzhagen and OôNeil, 1991). These efforts 

continued and massively expanded since then and recent advances in molecular genetics, digital 
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resources and collaborative tools to involve a large community of researchers is making it possible 

to produce different complete connectome datasets for adult fly brain and ventral nerve cord in 

male and female flies. Major remaining challenges include stitching together brain and ventral 

nerve cord datasets, relating their analyses to behaviour, and underlying mechanism. Regardless, 

already at this stage the available connectomics information provides a highly versatile resource 

to contextualize current studies into the neurogenetic bases of behaviour. Below is an overview 

of the available Drosophila connectome datasets in Table 0.1. 

Table 0.1: Overview of Drosophila connectome 

Connectome dataset Source 

Whole brain connectome of adult female 

(CODEX, FlyWire, Neuprint) 
Dorkenwald et al., 2024; Schlegel et al., 2024 

Male adult ventral nerve cord connectome (MANC) Cheong et al., 2024; Takemura et al., 2024 

Female adult ventral nerve cord connectome (FANC) Azevedo et al., 2024 

1st instar larva Winding et al., 2023 

 

After this general overview about tools and resources to study Drosophila, in the successive parts 

I will discuss, as the general backdrop of the current thesis, learning processes more generally 

and with a focus on olfactory associative learning in flies, the organization of the memory centre 

of fly brain, its dopaminergic system, and the output pathways to descending neurons and 

behavioural control. 

Learning and memory: in Drosophila 

ñPresent is the memory of the past; present is the perception of the presence and present is the 

expectation of the futureò 

          Augustine, Confessions, Book 11, Chapter 20 

Learning and memory are inextricably intertwined as itôs almost impossible to study one without 

the other. They are like two sides of a same medal as such the psychochemical changes happens 

during learning last as memory traces. When these traces are addressed again, the learned 

behaviour is recalled again as memory. And during the course of life, animals need to organize 

their behaviour/keep updating their learning based on memory, according to necessity. However, 

memories are not an old recorder to replay by pressing the past button again and again (Gerber 

et al., 2004) rather memory is a process of coding, storing and retrieving information about our 

experience/learning to adjust future behaviour (Lieberman, 2020).  
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So continuous updates are going on by various known and unknown mechanisms. These kinds 

of processes include non-associative as well as associative learning (Gluck, 2016). Non-

associative learning commonly includes sensitization and habituation. While associative learning 

is learning about the causal relationship between two events. It includes classical conditioning 

and operant conditioning. In classical conditioning, animals learn the relationship of two stimuli 

while operant conditioning is learning between a response and the consequence that follows it. 

Such associative learning has been observed across the animal kingdom, not only on higher 

complex organisms but also simple organisms like Drosophila melanogaster.  

In this thesis, I conducted olfactory classical/ Pavlovian conditioning with adult Drosophila 

melanogaster as a tool to answer the aim of my project which I will discuss in the following parts.  

Classical conditioning 

Ivan Petrovich Pavlov (1927) with his classical conditioning experiment created worldwide 

excitement. In his experiment dogs were trained to associate the ringing of a bell (conditioned 

stimulus, CS) with the presentation of food (unconditioned stimulus, US). The salivation 

(unconditioned response, UR) could also occur upon naµve presentation of food (US) and no 

response upon isolated ringing of bell. He discovered that after a conditioning procedure in which 

CS was repeatedly followed by the US, dogs would also salivate (conditioned response, CR) after 

only ringing the bell. The fundamental principles of such association were thought to be the 

following: 

i) contiguity: the association can be formed between events that occur together, 

ii) frequency: how many times those events occurred 

iii) intensity: determined the strength of that association 

Until 1966, the picture of classical conditioning was coherent and satisfying with its above-

mentioned foundation stones. Then Robert Rescorla came with the concept of contingency. He 

showed that contiguity is not sufficient for conditioning. Rather he suggested that itôs the precise 

contingency between the stimuli that matters most. As per his theory, contingency is a simple 

mathematical summary of a relationship between two events, at which degree they occur relative 

to another- the greater the linkage of occurrence together, the greater contingency. This 

contingency refers to the probability that a US will occur in the presence of a CS or in the absence 

of a CS (Lieberman, 2020). Both contiguity and contingencies describe the strength of conditioned 

responses (Schultz, 2006, 2015).  
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Olfactory conditioning in Drosophila 

Quinn et al., (1974) showed that olfactory and visual associative learning can be formed in 

Drosophila melanogaster. While visual learning was less extensive, olfactory associative learning 

was sophisticated with characteristic features e.g. sustainable but yet rapidly extinguishable or 

reversed by retraining. However, there were some shortcomings such as the willingness of fly to 

enter the training tubes with their first behavioural setup (McGuire, 1984; Tully, 1984). This led 

Tully and Quinn (1985) to introduce a new behavioural paradigm in a T-maze apparatus to test 

classical conditioning in Drosophila more stringently. In this setup, there are electrifiable training 

tubes where flies experience one odour with electric shock as punishment and another odour 

without shock. Then there is an elevator compartment to fly transfer and two test tubes that is 

approached from a choice point (Tully and Quinn, 1985) which reduces the handling of flies. Since 

then, it has been widely used to test aversive olfactory learning (Tully et al., 1994a, 1994b; 

Pascual and Pr®at, 2001; Aso et al., 2014a; Aso et al., 2014b). For olfactory appetitive learning, 

instead of electric shock, one odour is associated with 1M sucrose painted tube. A similar modified 

T-maze apparatus has also been used in our lab which allows us to run 4 experiments in parallel, 

as all the behavioural experiments in this thesis. Also, in this set up, optogenetic manipulation of 

neurons can also take place by shining light around the tubes (below is an example picture of the 

used T-maze apparatus, see Figure 0.4). 

  

Figure 0.4ƅ (a) Training apparatus containing (1) one training tube surrounded by LEDs allowing to use 
optogenetics, (2) odour container, (3) sliding wheel to move flies from training to test position within the apparatus, 
(4) attached tubing to vacuum pump for air flow. (b) (1,2) represents the test tubes while (3,4) represents the CS+ 
and CS- Oduors. The whole set up is surrounded by a box to keep the temperature and humidity constant. Tubes 
for presenting electric shock and additional three training and test tubes were omitted here for clarity.   

 

a b 
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How does memory formation take place? 

The existing knowledge of CS-US pathways involved in olfactory associative learning in 

Drosophila has made it an excellent model organism to study not only at specific neuronal level 

but also synapse level (Aso et al., 2014a, 2014b; Aso and Rubin, 2016; Gerber and Aso, 2017; 

Menzel, 2022). And the harmony of precise neuronal activation via synaptic contacts are the pre-

requisite of memory storing and implementation to act as a learning. Two brain regions particularly 

play the key role in the olfactory associative learning- the antennal lobe (AL)- the functional 

analogue of the olfactory bulb in mammals for the odour perception to proper processing and the 

mushroom body (MB)- the higher brain area to integrate the CS-US stimulus for olfactory memory 

formation in insect brain. In the subsequent segments of this thesis, these two pathways will be 

described in detail. 

The olfactory CS pathway in the fly brain 

Proper recognition and processing of olfactory information create an internal representation of the 

external world to most animals (Vosshall et al., 2000; Vosshall and Stocker, 2007). This 

representation is essential in simpler animals like Drosophila to detect food, predators and mating. 

The relatively simple brain made the olfactory processing in Drosophila quite tractable, and it 

begins with the perception of odour.  

Flies primarily sense odour via olfactory sensory neurons (OSNs) located on the 3rd segment of 

antenna and the maxillary palp on the head (Stocker, 1994; Strausfeld et al., 1998; de Bruyne et 

al., 1999, 2001; Vosshall et al., 2000; Heisenberg, 2003; Keene and Waddell, 2007). These 

olfactory organs consist of a large number of sensory hairs, called sensilla (approx. 410 in antenna 

and 60 in maxillary palp) to house the OSNs. The sensory epithelium of the OSNs exhibit one of 

the 61 olfactory receptors (ORs) and an odorant co-receptor OR83b (Vosshall et al., 2000; 

Larsson et al., 2004) which are under the assumption belonging to classic G-protein coupled 

receptors (GPCRs). The axonal projections from thousands of OSNs expressing the same ORs 

bilaterally goes to the ~50 glomeruli in the antennal lobe (AL) and sorted according to 

chemosensitivity. The glomeruli consist of at least 3 classes of neurons- among which OSNs 

synapse with the excitatory projection neurons (PNs). The other two types are GABAergic local 

neurons (iLNs) and cholinergic local neurons (eLNs). Together they óshapeô complex antennal 

lobe firing pattern by inhibiting generalized óspreadô activity and thus modulate PNs response 

(Kenne and Waddel, 2007). 
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Figure 0.5ƅ Olfactory CS pathway. (a) Showing the main neuropils of olfactory pathways in adult 
Drosophila (adapted from Heisenberg 2003, Keene and Waddel 2007). (b) Simplified schematic of odour 
sensing pathways starting from olfactory sensory organs in antenna or maxillary palp and carried by 
olfactory sensory neurons (OSNs) (focusing only red and green) to antennal lobe (AL) glomeruli (light 
pink). From there projection neurons (PNs) (red, green) convey the information into calyx (CA) to dendritic 
claws of mushroom body intrinsic neuron Kenyon cells (KCs) (blue). KCs then project their axons to 
mushroom body lobes: Ŭ/ɓ, Ŭô/ɓô and ɔ (see a). PNs also carry olfactory information to lateral horn (LH) 
(yellow). Mushroom body (MB) and lateral horn (LH) plays role in learned and innate behavioural 
response respectively. In all figures, open triangle indicates the dendritic input and closed triangle the 
axonal output region. (//) depicts non-mentioned topics in this study. 

     

There are about 150 PNs in adult flies and 3-5 innervate each glomerulus. A possible notion is 

that PNs respond selectively to the same odour likewise their afferent OSNs (Vosshall 2003; 

2007). After that PNs carry the olfactory information in the inner and medial antennocerebral tract 

(iACT and mACT) to the mushroom body (MB) and to the lateral horn (LH). The current notion is 

that the experience-independent odour responses are carried by PNs to LH which is comparable 

a b 
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to the piriform cortex and the cortical amygdala in mammals (Sosulski et al., 2011; Seki et al., 

2017). But this needs further investigation as recent studies showed an independent context-

dependent memory formation in LH (Zhao et al., 2019). On the other hand, the mushroom body 

(MB) is considered as the memory centre of the insect brain and often compared to the 

mammalian hippocampus, cerebellum or the piriform cortex (Farris, 2011; Honegger et al., 2011). 

In recent decades, there have been extensive research on the insect MB, pioneered by honeybee 

and Drosophila (Menzel 1974; Heisenberg, 1980; Heisenberg, 2003; Heisenberg and Gerber 

2008) showing that the MB are essential higher brain centre to integrate the CS-US stimulus to 

associative learning and memory formation (Heisenberg, 2003; (McGuire et al., 2001)бШKenne and 

Waddel 2007) (see Figure 0.5). Classic genetic blocking and lesion experiments proved the 

necessity of the MB in learning and memory in Drosophila too (ERBER et al., 1980; Heisenberg 

et al., 1985; Dubnau et al., 2001; McGuire et al., 2001; Krashes et al., 2007). They also play a 

role in sleep, locomotion, decision making or social behaviour (Davis, 1993; Martin et al., 1998; 

Tang and Guo, 2001; Heisenberg, 2003; Joiner et al., 2006; Fiala, 2007; Zhang et al., 2007; Sun 

et al., 2020). 

To the mushroom body: 

Kenyon cells (KCs): mushroom body intrinsic neuron and CS processing 

The mushroom bodies are two mirrored symmetrical pedunculus central structures in the insect 

midbrain (Heisenberg, 2003). They are covered by glial sheath and extend from dorsocaudal to 

rostroventrally. The MBs are formed by densely packed, cholinergic intrinsic neurons called the 

Kenyon cells (KCs) (Technau, 1984; Aso et al., 2009; Barnstedt et al., 2016) and are divided into 

three parts: the calyx, the pedunculus and the lobes (Li et al., 2020). The main calyx (CA) is the 

primary sensory input region where the KCs have their dendrites to receive maximum olfactory 

input from PNs. On the other hand, the accessory calyx receives the non-olfactory input such as 

temperature, humidity, visual and likely gustatory as well  (Stocker et al., 1997; Brembs, 2009; 

Masek and Scott, 2010; Aso et al., 2014a, 2014b; Frank et al., 2015; Kirkhart and Scott, 2015; 

Vogt et al., 2016; Eichler et al., 2017; Marin et al., 2020).  

The KCs are sensory information conveyors and are representative of 3rd order neuron-pyramidal 

neuron in mammalian brain (Stettler and Axel, 2009). There are ~2000 KCs in each adult fly brain 

hemisphere and from the CA the axonal fibers of the KCs run in parallel to form a glial sheath 

covered dense bundle namely pedunculus (Crittenden et al., 1998). The proximal part of the 

pedunculus is likely to be the action potential initiation point of KCs. The pedunculus further splits 

into vertical lobe extending to the dorsal top of the brain and a horizontal lobe extending to the 
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midline. Based on the developmental neuroblasts, there are 3 major KC classes: Ŭ/ɓ, Ŭô/ɓô and ɔ. 

Among them the ɔ KCs are early born contributing exclusively to the medial lobe where theШŬ/ɓ, 

Ŭô/ɓô equally contribute to the medial and vertical lobes (Heisenberg, 2003).  They are named after 

their distinct projections to the MB lobesШŬ/ɓ, Ŭô/ɓô and ɔ (first described by Heisenberg, 1980; Lin 

et al., 2007; Tanaka et al., 2008; Aso et al., 2014; Aso et al., 2014b) and in line with the MB role 

in appetitive and aversive memory formation and read out (Figure 0.6).  

 

 

Figure 0.6ƅ Mushroom body compartments. (a) A 3D anterior view fly brain showing the mushroom 

body (MB) and other olfactory neuropils (adapted from Gerber and Aso, 2017). (b) MB lobes and 
compartments in one hemisphere.Ш3 major KC classes: Ŭ/ɓ (cyan blue), Ŭô/ɓô (bottle green) and ɔ (brown) 
with their axonal projections form respective lobes which are divided into 15 compartments namely Ŭ1-
3, ɓ1-2; Ŭô1-3, ɓô1-2 and ɔ1-5 (Figure is inspired from Aso et al., 2014a and Li et al., 2020). 
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Like all sensory systems, olfactory networks face complexity of generation to appropriate 

detection, storing and recall of a signal. In fly brain, the KCs are well characterized (Turner et al., 

2008; Honegger et al., 2011) for their sparse sensory representation. Here, the olfactory 

information is carried away in an odour-specific manner from ORNs to glomeruli innervated by 

PNs of same type. KCs receive olfactory signals from ~10 PNs from ~2-5 per glomerulus of 

multiple glomerulus (Turner et al., 2008). Although KCs are enabled to respond to a wide variety 

of odour, but KC population maintain a sparse activity pattern to represent odour identity by two 

mechanisms. Firstly, individual KCs start spiking only upon simultaneously receiving signals from 

~2-5 PNs of multiple glomerulus (Gruntman and Turner, 2013). This means only ~5-10% of KCs 

response upon any given odour (Perez-Orive et al., 2002; Ito et al., 2008; Turner et al., 2008; 

Honegger et al., 2011). Secondly, an overall KC excitability is checked and balanced by feedback 

inhibition from GABAergic neuron APL (Tanaka et al., 2008; Liu and Davis, 2009; Papadopoulou 

et al., 2011; Aso et al., 2014b; Lin et al., 2014). Thus, the very odour-specific responses, 

sparseness, non-overlapping sets of KCs serve the role of CS conveyor (Perez-Orive et al., 2002; 

Ito et al., 2008; Turner et al., 2008; Honegger et al., 2011; Hige et al., 2015) (see Figure 0.5). 

Mushroom body compartments 

The parallel axonal fibres of KCs travel to the MB output regions, the MB lobes.ШThe lobes are 

devoid of external innervation and are divided into 15 compartments which are formed by the 

axonal fibers ofШŬ/ɓ, Ŭô/ɓô and ɔ KCs, the axon terminals of 21 types of dopaminergic neurons 

(DANs) and the dendrites of the 34 types mushroom body output neurons (MBONs) (S®journ® et 

al., 2011; Cassenaer and Laurent, 2012; Pai et al., 2013; Aso et al., 2014b; Bouzaiane et al., 

2015a; Hige et al., 2015; Owald et al., 2015; Perisse et al., 2016; Li et al., 2020; Davis, 2023). 

Based on the discrete innervation pattern of DANs and MBONs (for further details, see the 

subsequent paragraphs), MB lobes form several compartments. The ɔ lobe consists of 5 

compartments ɔ 1-5 extending from the MB heel/peduncle towards the midline/horizontally. On 

the other hand, Ŭ and Ŭôlobes have 3 compartments each namely Ŭ1-3 and Ŭô1-3 and extend 

upwards/vertically from the heel while ɓ and ɓôlobes have 2 compartments each extending 

horizontally from the heel namely ɓ1-2 and ɓô1-2 respectively (Aso et al., 2014a). These 

anatomical compartments are shown as the convergent unit of associative learning formation 

where the sensory stimuli (CS) are represented by the sparse activity of KC and the reinforcement 

signal carried by dopaminergic neurons (DANs) and read out by the mushroom body output 

neurons (MBONs) (Aso et al., 2014; Hige et al., 2015;Takemura et al., 2017; Li et al., 2020). 
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Dopaminergic neurons (DANs): reinforcement signal, US processing 

Dopamine is one of the widely distributed biogenic amines in the central nervous system of both 

vertebrates and invertebrates. It serves versatile functions such as novelty, locomotion, sleep 

regulation, motivation, learning, memory formation, reward, punishment so as omission 

(extinction), forgetting and safety (Tanimoto et al., 2004; Gerber et al., 2014; Cohn et al., 2015; 

Sitaraman et al., 2015; Aso and Rubin, 2016; Felsenberg et al., 2017, 2018; Hattori et al., 2017; 

Dag et al., 2019; Handler et al., 2019; Jacob and Waddell, 2020). Most significantly its role for 

conveying reinforcement signals allows animals, including fruit fly, to adjust the causal structure 

of the world (Dickinson, 2001; Yamamoto and Vernier, 2011; Waddell, 2013; Schultz, 2015; Gerber 

and Aso, 2017). As human and other vertebrates, dopamine is synthesized from amino acid 

tyrosine with the help of two rate limiting steps: one via the enzymatic action of tyrosine 

hydroxylase (TH) and the other by the aromatic amino acid decarboxylase (AADC). Dopamine 

cannot cross the blood-brain barrier, thus synthesized within the dopaminergic neurons and 

packed into vesicles to release by exocytosis into the synaptic cleft. From here binds to the 

dopamine receptors on post synaptic membrane, in fruit fly dopamine receptors in KCs. In 

Drosophila, the dopaminergic neurons (DANs) are the most predominant neuromodulator in the 

MB and known to convey the reinforcement signal e.g. electric shock, sugar etc at a target specific 

MB compartment and modulate the KC Ÿ MBON synapse for expressing learned behaviour (Kim 

et al., 2007; Aso et al., 2010a, 2012a, 2014b; Burke et al., 2012; Waddell, 2013; Cohn et al., 2015; 

Huetteroth et al., 2015; Owald et al., 2015). In principle, the valence of the memory depends on 

DAN specific compartment activation and odour specific KC activation during the time of 

dopamine release (see in detail in the following sections) (Heisenberg, 2003;Burke et al., 2012; 

Lieu et al., 2012; Hige et al., 2015). It has been heavily investigated showing the activation of 

DANs subpopulation serving as US conveyor in associative learning paradigm (Schroll et al., 

2006; Claridge-Chang et al., 2009; Aso et al., 2010a, 2012a, 2014b, 2014a; Burke et al., 2012; 

Liu et al., 2012).  

DAN anatomy 

Traditionally, there are 21 types of DANs innervating 15 MB compartments (Aso et al., 2014; see 

details in Table 0.2). Based on the anatomical location of the cell body, they are clustered into two 

populations: paired posterior lateral 1 (PPL1) DANs and paired anterior medial (PAM) DANs. 

There are 6 types of PPL1 DANs (PPL101-PPL106, see Table 0.2) and each type has 1-2 cell 

bodies. PPL1 DANs innervate mostly the vertical lobe, the junction area, the heel, distal peduncle 

and lateral part of the horizontal lobe. In contrast, PAM DANs are 15 types, and each have 3-26 

cell bodies, targeting mostly the medial portion of the horizontal MB lobes (Riemensperger et al., 
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2005; Mao and Davis, 2009;ШBurke et al., 2012; Aso et al., 2014a; Huetteroth et al., 2015;ШLi et al., 

2020). In classical conditioning, upon different US, different DAN types respond and convey the 

information of US to specific MBON types. Strict MB compartmentalization leads to dopamine 

release in specific compartments and thus modifies KC-MBON synapse to modulate behavioural 

output (see the subsequent paragraphs for more details). There is also calyx (CA) innervating 

DANs, namely PPL2ab cluster and PPL201 cluster, shown role in salience signalling (Boto et al., 

2019). Still, DANs are full of surprises and a lot is yet to explore and understand the input and 

outputs of them. Their wide range of heterogeneity is also consistent with mammalian midbrain 

dopaminergic heterogeneity (Lammel et al., 2014; Otto et al., 2020) (see Figure 0.7).  

 

 

Figure 0.7ƅ Dopaminergic neurons (DANs).  Two clusters of DANs: paired posterior lateral 1 (PPL1) 

and paired anterior medial (PAM) DANs innervate 15 compartments of the MB. PPL1 DANs (red) convey 
the punishment reinforcement in compartments drawn in red and PAM DANs (green) convey the reward 
reinforcement to the compartments in green. Despite all shown 6 types of PPL1 and 15 types of PAM 
DANs cell bodies, only one cluster of PPL1 (PPL1-01, 1 cell body) innervating the punishment processing 
ɔ1 compartment (red filled) and one cluster of PAM (PAM-15, 3 cell body) innervating the reward 
processing ɔ5 compartment (green filled) have been shown (Figure is inspired from Felsenberg et al., 
2017). 
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PPL1- DANs for aversive US processing 

The observation of Heisenberg and colleagues (reviewed by Heisenberg et al., 1985) made MB 

a model for aversive olfactory classical conditioning. This establishes MB as the convergence site 

of CS (odour) and US (electric shock). However, the question remained that how brains organize 

the association at all? How come the same CS be associated with different US and form different 

sorts of memory namely aversive or appetitive? 

The necessity of DANs in Drosophila olfactory aversive conditioning was first described in 

(Schwaerzel et al., 2003). It was shown that blocking aversive reinforcement signal conveying by 

PPL1 DANs impaired aversive learning. In this study, they targeted all the PPL1 DANs by using 

TH-Gal4 (FriggiȤGrelin et al., 2003). This observation has been further supported by functional 

imaging and immunohistochemistry (Riemesperger et al., 2005бШMao and Davis, 2009).  

Eventually continuous rapid development of DANs specific driver lines and optogenetics provided 

more evidence of aversive reinforcement by PPL1 DANs, especially in ɔ1, ɔ2 compartments along 

the horizontal lobe and Ŭô1, Ŭô2, Ŭ3 of vertical lobe compartments by PPL1рɔ1pedc; ɔ1, PPL1-ɔ2Ш

Ŭô1, PPL1-ШŬô1, PPL1-ШŬô2 and PPL1-ШŬ3 respectively (Aso et al.,2010, 2012; Aso and Rubin, 2016). 

Besides PPL1, there is another controversial PAM DANs namely MB-M3 and PAM-ɔ3 innervating 

ɓ and ɔ3 compartment (covered by TH-Gal4) which also convey aversive reinforcement (Aso et 

al., 2010; Waddel, 2013; Yamagata et al., 2016). Furthermore, blocking these DANs by 

optogenetics and thermogenetic and thus impaired aversive memory formation strengthen the 

role of the PPL1 and few controversial PAM- DANs as aversive reinforcement provider (Claridge-

Chang et al., 2009; Aso et al., 2010; 2012). 

PAM- DANs for appetitive US processing  

Seminal studies in honeybee and Drosophila indicated that octopaminergic neurons (OAN), the 

invertebrate analogue of norepinephrine is the insect appetitive reinforcement conveyor (Hammer 

and Menzel, 1998; Schwaerzel et al., 2003; Schroll et al., 2006). However, studies showed that 

appetitive signal is not so disingenuous! It turns out that OAN only works transiently and provide 

the taste ñsweetnessò property of sugar while PAM - DANs signalling is more downstream of OA 

and provide an additional reinforcing effect- nutritional value in appetitive memory formation 

(Burke et al., 2012). Also, it is not only the sugar that can serve as rewarding reinforcer but 

depending on the state of the fly or the concentration of the reinforcer, other stimuli also serve the 

purpose. For example, salt (Niewalda et al., 2008); amino acids (Toshima and Tanimura, 2012; 

Schleyer et al., 2015). A yet to discover full aspect is formation of relief learning upon termination 

of a painful stimulus e.g. shock or optogenetically activating PPL1-DANs (PPL1-01) (Tanimoto et 
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al., 2004; Yarali et al., 2008; Aso et al., 2016; Kºnig et al., 2018; Amin et al., 2025). Although, for 

termination of a painful stimulus (relief memory) is not yet so clear if or which PAM- DANs convey 

the signal, my recent study (see Chapter 2) uncovered a complex role of dopamine for such relief 

together with punishment and trace conditioning (Amin et al., 2025). So far, PAM- ɔ4, PAM- ɔ5, 

PAM- ɓô2 innervating ɔ4, ɔ5 and ɓô2 compartments along the medial portion of the horizontal lobe 

have evidence of providing appetitive reinforcement signal (Burke et al., 2012; Huetteroth et al., 

2015; Cohn et al., 2015; Tomchik and Davis 2009).  

Mushroom body output neurons (MBONs): the MB transit for learned behaviour 

The KCs convey the odour information (CS) to the MB lobe compartments and the reinforcement 

signal (US) is conveyed by DANs. In these convergent sites, there is another key class of neurons 

that receives synapses from all KCs and this synaptic strength is modulated by the DANs. These 

are called mushroom-body output neurons (MBONs) (Heisenberg, 2003) and they read out CS-

US association and guide the learned behaviour to either approach or avoid a stimulus and thus 

sheds light on the complex MB functions (Aso et al., 2014b; Hige et al., 2015; Owald et al., 2015).  

Typical MBONs  

Until 2020, it was known that MBONs are a network of 34 cells of 21 types of neurons per brain 

hemisphere (Aso et al., 2014a; Takemura et al., 2017) to serve as the core MB output pathway. 

All these 21 types of MBON except one have 1 or 2 cells per hemisphere. They have dendritic 

arborization in the MB lobe compartments as per neurotransmitter- GABA, glutamate or 

acetylcholine and they are also classified according to the assigned neurotransmitter. Their 

dendritic clustering strikingly resembles the DANs innervation pattern in MB compartments but 

with reverse polarity (Aso et al., 2014; Felsenberg et al., 2017). Morphologically, the KC, DAN 

axon terminals and MBON dendritic terminals remain in proximity in the MB compartments 

(Takemura et al., 2017). However, DAN>KC synapses are far fewer than the KC>MBON 

synapses. In fact, only ~6% of KC>MBON synapses have DAN terminal in a proximity of 300 nm 

which implies volumetric dopaminergic modulation of KC>MBON synapse (Hige et al., 2015). 

Withing MB lobes, MBONs also receive APL and DPM input (Liu and Davis, 2009; Waddell et al., 

2000). And a breakthrough was achieved by identifying that dendritic arborization of MBONs 

receive excitatory cholinergic synapses from KCs (Barnstedt et al., 2016). 

Almost all MBONs then target their axons outside of the MB lobes except three MBONs which 

send their axonal projections in a feedforward manner to the MB lobes and several others have 

also seen to target specific DANs dendrites (Aso et al., 2014a; Li et al., 2020). MBONs mostly 

send their axonal projection to the dorsal brain regions and innervates the CRE, SIP, SMP and 
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make direct connection to the fan-shaped body of the central complex (a brain area, which is 

known for goal directed locomotion in insect brain) intending to converge on common targets. 

In general, vertical lobe and part of horizontal lobe MBONs read out the aversive learning, in line 

with the MB compartments which are innervated by the PPL1 DANs. While the media part of the 

horizontal lobe MBONs read out the appetitive learning in line with the compartments innervated 

by the PAM DANs (see Table 0.2 for detail). 

Atypical MBONs 

Recent study from Li et al., 2020, identified 14 additional types of MBON, referred as ñatypical 

MBONsò due to their additional dendritic arborization other than KCs input within the MB lobes, 

spreading proximity brain areas predominantly in LAL, CRE, SIP, SMP, ɔ lobe. 9 out of 14 atypical 

neurons receive input from at least 2 other typical or atypical MBONs. Some also receive direct 

sensory input e.g. MBON24 (ɓ2ɔ5) has important inputs from SEZONs conveying 

mechanosensory or gustatory information (Otto et al., 2020; Zheng et al., 2018). There is only 

one MBON (MBON30) which receives direct central complex input and thus plays a role in linking 

these two major regions of flybrain. Looking at the innervation partners, 12 out of 14 innervate the 

horizontal lobe. Interestingly and exclusively, 6 atypical MBONs have significant innervation in 

ventral neuropils LAL which put them bridging position to directly connect MB to the motor network 

(which is critical for my thesis, see Chapter 1 and General Discussion). There is also an extensive 

network of MBON-MBON connections outside of MB lobes which can be in between typical-

atypical MBONs or two atypical MBONs by axo-dendritic or axo-axonal connection respectively. 

Mostly atypical MBONs form a multilayered feedforward network to perform complex input 

integration. To sum up, atypical MBONs reveal to perform complex input integration with the 

numerous sensory inputs, modality selective input that is intended to dopamine-modulated 

learning in combination with both by other MBONs conveying learned information and non-MB 

input (see Table 0.2 for overview of mushroom body compartments-DANs-MBONs-

neurotransmitters).  
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Table 0.2: Overview of mushroom body compartments-DANs-MBONs-neurotransmitter 

 

Compartments DANs 
MBONs MBONs 

NT Typical Atypical 

ɔ1 
 

PPL1-01 (PPL1-ɔ1pedc), 
PPL1-02 (PPL1-ɔ1) 

 
MBON-11 (MBON- ɔ1pedc), 
MBON-11 (MBON- ɔ1pedc) 

 
MBON-20 (MBON-ɔ1Шɔ2) *, 
MBON-25 (MBON-Шɔ1 ɔ2) *, 

GABA 
Glut 

*predicted 

ɔ2 PPL1-03 (PPL1-ɔ2Ŭô1) MBON-12 (MBON-ɔ2Ŭô1) 

 
MBON-30 (MBON-Шɔ1ɔ2ɔ3) *, 
MBON-32 (MBON-Шɔ2) *, 
MBON-33 (MBON-Шɔ2ɔ3) *, 
MBON-34 (MBON- ɔ2) *, 
MBON-35 (MBON- ɔ2*) 

 

 
GABA 
Glut 
Ach 

*predicted 

ɔ3 PAM-12 (PAM- ɔ3) MBON-09 (MBON-ɔ3ɓô1) 

 
MBON-30 (MBON-Шɔ1ɔ2ɔ3) * 
MBON-33 (MBON-Шɔ2ɔ3) * 

 

GABA 
Glut 
Ach 

*predicted 

ɔ4 
PAM-07 (PAM-ɔ4>ɔ1ɔ2), 
PAM-08 (PAM-ɔ4) 

MBON05 (MBON-ɔ4>ɔ1ɔ2) 
MBON21ШыMBON-ɔ4ɔ5)* 

MBON-29 (MBON-Шɔ4ɔ5) * 
Glut 
Ach 

*predicted 

ɔ5 PAM-15 (PAM- ɔ5ɓô2a) MBON-01 (MBON- ɔ5ɓô2a) 
MBON-24 (MBON-Шɓ2Шɔ5) *, 
MBON-27 (MBON-Шɔ5d) *, 
MBON-29 (MBON-Шɔ4 ɔ5) * 

Glut 
Ach 

*predicted 

 

Ŭ1 PAM-11 (PAM- Ŭ1) MBON-07 (MBON- Ŭ1)  
 
Glut 

 

Ŭ2 PPL1-05 (PPL1-Ŭô2Ŭ2) 
MBON-13 (MBON- Ŭô2), 
MBON-18 (MBON-Ŭ2), 
MBON-19 (MBON-Ŭ2p3p) 

 
 
Ach 

 

Ŭ3 PPL1-06 (PPL1-Ŭ3) MBON-14 (MBON-Ŭ3)  
 
Ach 

 

ɓ1 
PAM-09 (PAM-ɓ1ped), 
PAM-10 (PAM-ɓ1) 

MBON-06 (MBON- ɓ1>Ŭ)  
 
Glut 

 

ɓ2 
PAM-03 (PAM-ɓ2ɓô2Ŭ), 
PAM-04 (PAM-ɓ2) 

MBON-02 (MBON- ɓ2ɓô2Ŭ) 
 

MBON-24 (MBON-Шɓ2Шɔ5) *, 
 

Glut 
Ach 

*predicted 

 

Ŭô1 PPL1-03 (PPL1-ɔ2Ŭô1) MBON-12 (MBON-ɔ2Ŭô1) MBON-31 (MBON-ШŬô1a) * 
GABA 
Ach 

*predicted 

Ŭô2 PPL1-05 (PPL1-Ŭô2Ŭ2) 
 

MBON-13 (MBON- Ŭô2), 
 

 
 
Ach 

 

Ŭô3 PPL1-04 (PPL1-Ŭô3) 
MBON-16 (MBON-Ŭô3ap), 
MBON-17 (MBON-Ŭô3m) 

MBON-28 (MBON-ШŬô3a) * 
 
Ach 

*predicted 

ɓô1 
PAM-13 (PAM- ɓô1ap), 
PAM-14 (PAM- ɓô1m) 

 
MBON-09 (MBON-ɔ3ɓô1) 

 
MBON-10 (MBON-Шɓô1) 

 
GABA 

 

ɓô2 

PAM-02 (PAM-ɓô2Ŭ), 
PAM-03 (PAM-ɓ2ɓô2Ŭ), 
PAM-05 (PAM-ɓô2p), 
PAM-06 (PAM-ɓô2m) 

 

 
MBON-01 (MBON- ɔ5ɓô2a), 
MBON-02 (MBON- ɓ2ɓô2Ŭ), 
MBON-03 (MBON-Шɓô2mp), 
MBON-03 (MBON-Ш
ɓô2mp_bilateral) 

 
 

MBON-26 (MBON-Шɓô2d) * 
Glut 
Ach 

*predicted 
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Molecular underpinning of CS-US association for olfactory associative learning 

The MB has a three-layered expand-convergence architecture, which is the fundamental basis of 

the most influential learning network algorithm- the Marr-Albus model (Marr, 1969; Albus, 1971) . 

Here the expansion-convergence very nicely fits with the ~2000 KCs converging onto 35 different 

types of MBONs. This is also the site where reinforcement signals enter by DANs to drive the 

synaptic plasticity which is the prominent feature of this three-layered circuit. Now the question 

would be how come from this straightforward anatomical neural circuit, olfactory associative 

learning takes place at all?  

Associative learning first and foremost needs a precise relationship between the CS and US. As 

described in previous sections, by the sparse activity pattern of KCs, sensory stimuli, here odour 

(CS) is represented and the reinforcement signal (either positive or negative valence, US) is 

conveyed by DANs in a compartment specific manner (Figure 0.8). 

 Figure 0.8ƅ Simplified diagram 
of CS-US association for 

olfactory associative learning. 

OSN: olfactory sensory neurons; 

AL: antennal lobe; PN: projection 

neurons; CA: calyx; KC: Kenyon 

cell; DAN: dopaminergic neuron; 

MBON: mushroom body output 

neuron. An odour (grey cloud) 

information carried by OSNs (grey) 

to AL activates a specific pattern of 

PNs (grey). PNs convey that 

information to the KCs (light blue) of 

a specific mushroom body 

compartment. KC has a 

compartment synaptic connection 

with MBON. Shock (thunderbolt) or 

reward (sugar cubes) 

reinforcement carried by punishing 

or reward DAN respectively to 

specific MB compartment and 

lateral horn (not shown). 

Convergence of odour-shock (red) 

or odour-sugar (green) occurs at 

given compartments (yellow star 

symbols) and long-term depression 

of corresponding KC-MBON 

synapse occurs. Thus, it leads to 

either avoiding or approaching the 

odour respectively until the memory 

fades away. 
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What happens inside the KCs in response to DANs input and how does the KC-MBON synaptic 

strength get affected by conditioning?  

Monoaminergic neurotransmitter, dopamine cannot cross the blood brain barrier and thus is 

synthesized and packaged within the DANs and released via exocytosis with the help of vesicular 

monoamine transporter (Vmat) and binds to the dopamine receptors (DA) on the post-synaptic 

neurons, KCs. There are two types of dopamine receptors: D1-like or D2-like. In mammals D1-

like receptors consist of D1, D5 receptors. While D2-like receptors include: D2, D3, D4. The effect 

of dopamine mostly depends on the type of receptors expressed in the post-synaptic neuron. 

In Drosophila, D1-like receptors are known as: Dop1R1 (aka dD1 or DUMB) and Dop1R2 (aka 

DAMB), while D2-like receptors are Dop2R (aka DD2R). Dopamine receptors belong to G-protein-

coupled receptors (GPCRs) forming a superfamily of seven-transmembrane proteins. Upon 

binding of a variety of ligands, they undergo confirmational changes and thus relay the information 

by initiating intracellular signaling cascades- heterotrimeric G-protein complexes. While D1-like 

receptors, Dop1R1 and Dop1R2 are coupled to Gs and Gq protein respectively, D2-like receptor, 

Dop2R is coupled to Gi/o  (Sugamori et al., 1995; Hearn et al., 2002; Himmelreich et al., 2017). For 

G-protein mediated signaling, a downstream second messenger is crucial for synaptic plasticity 

and memory formation, 3ô-5ô- cyclic adenosine monophosphate (cAMP) (Byrne and Kandel, 1996; 

Lechner and Byrne, 1998; Heisenberg, 2003; Schwaerzel et al., 2003). This cAMP is activated by 

adenylyl cyclase and degraded by phosphodiesterase (PDE). In flies, the homologous gene of 

adenylyl cyclase gene and PDE genes are called rutabaga (rut) and dunce respectively (Levin et 

al., 1992). This rutabaga encodes mammalian type 1 adenylyl cyclase (AC) is well-studied and 

considered as the molecular site of convergence of the US and CS pathway is associative learning 

(Levin et al., 1992; Davis, 1993, 2005; Keene and Waddell, 2007; Tomchik and Davis, 2009).  

This rut is exclusively expressed in the KCs at synapses to the MBONs. During associative 

conditioning, olfactory stimulus (CS) evoked presynaptic calcium (Ca2+) influx through voltage-

sensitive calcium channels which in turn activates the Ca/CaM dependent adenylyl cyclase. At 

the same time, dopaminergic reinforcement signal (US) is conveyed via GPCRs (dissociated by 

sub-units) activate rut encoded adenylyl cyclase (Livingstone et al., 1984; Levin et al., 1992; 

Riemensperger et al., 2005). For an effective stimulation of cAMP synthesis, coincident activation 

of both pathways is indispensable. This in turn, leads to an increase in cAMP production and 

increased cAMP initiates protein kinase A (PKA) dependent cascade of protein phosphorylation 

which mediate the short-term molecular changes underlying synaptic plasticity and memory 

formation (Taylor et al., 1990; Schwaerzel et al., 2002; Tomchik and Davis, 2009; Gervasi et al., 
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2010; Boto et al., 2014). Functional imaging from Tomchik and Davis, 2009 showed supportive 

evidence that rut provides a synergistic increase in cAMP of simultaneous dopamine and 

acetylcholine stimulated neuronal depolarization are paired, proving the rut is a molecular 

coincidence detector. Now if this coincident activation occurs within a given compartment of the 

MB, the synaptic strength of the KCs to the respective MBONs gets altered (Owald and Waddell, 

2015; Hige et al., 2015; Hancock et al., 2019; larvae: Eschbach et al., 2020, 2021) (Figure 0.8).  

From Hige, (2018) under typical differential olfactory associative learning regime, flies experience 

an odour together with electric shock (aversive learning) or sugar (reward learning), while another 

odour without any reinforcement. After that flies are forced to decide in between these two odours. 

As we saw, distinct DANs convey distinct reinforcement signal, and the type of memory (aversive 

or reward) are determined by type of activated DAN during conditioning in spatially segregated 

MB compartments. Upon coincident activation happens in a given compartment, KC-MBON 

synapses undergoes long term depression (LTD) (Hige et al., 2015). There are two important 

factors two keep in mind: 1) this odour-evoked synaptic input is strictly temporal contingency 

dependent, so when the order is odour stimulation and then DAN activation (a delay of 15s, 

Tomchik and Davis, 2009), leads to a robust induced plasticity. But when the sequence is, 

otherwise, there is no LTD. 2) The observed plasticity is also spatially specific and happens only 

in DAN and corresponding MBON specific MB compartments, not the neighbouring ones. 

Therefore, each MB compartment is represented as a functionally independent unit of plasticity. 

Next question would be, how is a valence read out by MBONs? In principle, upon direct activation 

of each MBON showed their own property of either driving avoidance or approach behaviour 

rather stereotyped motor pattern (Aso et al., 2014b; Owald et al., 2015). As mentioned before, 

each independent MB compartment receives olfactory information via sparse activity of KCs and 

innervated by DANs and equipped with dendrites of MBONs. Along the vertical lobe and proximal 

part of the horizontal lobe compartments (see Table 0.2), the aversive reinforcement signals are 

conveyed by PPL1-DANs. For example, PPL1-01 DANs convey aversive signal to ɔ1pedc 

compartment. Strikingly, the MBONs innervating the same compartment is oppositely signed. So, 

the MBONs belonging to the aversive memory compartments, signed to positive valence. 

Therefore, dopamine induced KC-reward promoting MBON-11 synapse goes to LTD and thus 

after associative learning decreases the attractive/rewarding output of MBON and form aversive 

memory (see Figure 0.9) (Dubnau et al., 2001; McGuire et al., 2001; Isabel et al., 2004; 

Cervantes-Sandoval et al., 2013; Bouzaiane et al., 2015b). Also see Chapter 2 for my detailed 

work with PPL1-01 DAN. 
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Figure 0.9ƅ Schematic of PPL1 -01 (left) and MBON -11 (right) with outline of mushroom body 

compartment ɔ1. Pairing of an odour with activation of PPL1-01 (either optogenetic or electric shock) 
causes KC-approach promoting MBON-11 synaptic depression. This results in reduced MBON-11 activity 
when flies experience the odour again and leads to avoidance of that odour (also see Figure 0.8). 

 
 

Similarly, along the medial part of the horizontal lobe compartments, the positive valence is 

conveyed by PAM- DANs. For example, PAM-15 (PAM-ɔ5ɓô2) innervates the horizontal lobe tip 

and carries reward/appetitive signal to ɔ5ɓô2 compartment and modifies the KC-MBON-01 

(MBON-Шɔ5ɓô2) synapse where MBON-01 arborizes their dendritic innervation at the same 

compartment. Owald et al., 2015, showed that, after olfactory conditioning for reward learning, 

this MBON-01 gets depressed and decreases the aversive output and thus form appetitive or 

reward memory. Another intriguing feature of their bidirectional change, meaning potentiation after 

aversive conditioning can also happen by inter-compartment lateral connection (Perisse et al., 

2016), which needs further study. Altogether, punishment or reward signalling modulatory neurons 

(DANs) changes the synaptic weight in between the sensory cue representing neurons (KCs) and 

output neurons (MBONs) and thus made MBON as the critical element of memory formation. 
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Timing does matter 

In the previous section, I described in detail how the CS-US association occurs for olfactory 

associative learning in Drosophila. So, fly learns the valence of an odour as punishing/rewarding 

when previously it was associated with electric shock/sugar. Therefore, next time when it 

encounters the same odour, it will avoid/approach the odour. Interestingly, the fundamental 

property of reinforcers is that their effects are ñdouble-facedò or ñJanus-facedò (Konorski et 

al.,1948;  Solomon and Corbit, 1974; Solomon, 1980; Wagner et al., 1981). Thus, the occurrence 

of punishment can cause pain, but termination of that punishment will give relief from that pain. 

Similarly, the occurrence of reward causes pleasant feelings and termination of reward causes 

frustration (Solomon and Corbit, 1973). So, animals not only learn the association of cues (CS) 

which predict the onset of punishment/reward (US) but also the cues related with the termination 

of that US. And the precise timing between the CS-US can form memories of opposite valence, a 

phenomenon called timing dependent valence reversal (Figure 0.10).  

  
 
 
 
 
 

Figure 0.10ƅ Principle of timing 

dependent valence reversal . The 
occurrence of electric shock (yellow) 
causes pain (red), while its termination 
gives relief (green) affect (Modified 
from Solomon and Corbit, 1974). 
Stimuli associated with pain and relief 
acquire aversive and appetitive 
memory, respectively.   
 

 

This is an across species principle and a rich number of investigation took place across species 

on punishment and reward learning but much less is known about the underlying mechanism of 

relief and frustration learning (relief in Drosophila: Tanimoto et al., 2004; Yarali et al., 2008; Gerber 

et al., 2014; Vogt et al., 2015; Aso & Rubin et al., 2016; Handler et al., 2019; in rats: Mohammadi 

et al., 2015; and in humans: Andreatta et al., 2010 and 2012; frustration in Drosophila larvae: 

Saumweber et al., 2018; and in bees: Hellstern et al., 1998; Felsenberg et al., 2014). Therefore, 

in Chapter 2, I investigated this fundamental aspect of timing dependent valence reversal focusing 

on dissociating dopaminergic from non-dopaminergic mechanisms.  
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Extinction learning 

Once the relationship between CS-US is learnt, experiencing CS+ without any reinforcer leads to 

a drastic impairment of memory performance (Schwaerzel et al., 2002). This was another 

discovery of Pavlovôs termed as the ñinternal inhibition of conditioned reflexesò (Pavlov, 1927; 

review: Dunsmoor et al., 2015). 

The process by which this learned avoidance or approach is affected by experiencing only CS 

without reinforcement is called memory extinction. In the past decade, the neuroscience of 

learning, memory and emotion have seen extensive extinction study. This research interest has 

not been confined only in the basic mechanism of extinction learning, rather itôs clinical 

significance as the basis of exposure therapy for the treatment of psychiatric disorders e.g. anxiety 

disorder, addiction, trauma and stress related disorders brought extra attention to study extinction 

(Milad and Quirk, 2012; Vervliet et al., 2013).  According to Pavlov, this extinction process happens 

by some inhibitory cells in the cortex and by extinction CR is only disrupted but not totally 

destroyed and can return over time, what he termed as ñspontaneous recoveryò. This notion 

suggests that original memory trace from CS-US association and extinction memory for CS+ 

without reinforcer can exist in-parallel. Two consecutive major studies from Felsenberg et al., 

(2017, 2018) showed light on the underlying neural mechanism for olfactory aversive and reward 

extinction learning in Drosophila. It explained that when flies re-experience an odour alone which 

was previously associated with punishment reinforcement then aversive memory extinction 

triggers. This aversive extinction learning engages reward encoding dopaminergic neurons 

downstream of avoidance promoting MBONs which indicates omission of punishment and form a 

new positive memory. For example, upon olfactory aversive conditioning, PPL1-Шɔ1pedc conveys 

negative valence and depresses the CS+ odour>approach promoting MBON-Шɔ1pedc>Ŭ/ɓ 

synapse and skew the behaviour to avoid the odour. However, during aversive extinction learning, 

they re-evaluate the existing memory and engage PAM neurons innervating ɔ5 compartments 

which are functionally connected to the avoidance promoting MBONs and thus form a new 

positive memory. Consequently, newly formed positive memory competes with the previous 

aversive memory. This results in the extinction of avoidance behaviour. Thus, two different types 

of memories are formed and stored in two different compartments in parallel which is supported 

by functional imaging.  

Despite surging extinction research, there are yet a lot to discover. What are the contributing 

factors to determine when and to what extent extinction should take place, when it relapses, why 
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it is so difficult to extinguish a memory during fear exposure/ anxiety disorders? Are there any 

other components e.g. sensory/perceptual, emotional, temporal, conceptual contributing to the 

memory extinction (Brandon et al., 2000; Delamater, 2012)? An intriguing study (Lattal and Wood, 

2013; Delamater and Westbrook, 2014) suggested that fear extinction may only impair the 

emotional component (fear) while leaving the other components of the CS-US association e.g. 

sensory input intact. This is a fascinating notion to think about considering that extinction might 

be a matter of choice also for the animal kingdom! 

As the story of my thesis goes on, I will also address this question experimentally in Chapter 1. 

Beyond the mushroom body: descending neurons (DNs) 

In most bilaterian animals, the central nervous system consists of two major components: an 

anterior brain and a more posterior nerve cord. To generate complex movement, for example, 

going towards or away from an odour to execute the innate or learned behaviour, flies need to 

control the body movement in a coordinated manner. For this the brain needs to communicate 

with the motor centres as they can follow the command coming from the brain. The evolution of 

the nervous system is dominated by the ñcephalizationò process where anterior ganglia fuse to 

form an information integrating centre- the brain. This cephalic structure then communicates with 

the motor centres through a versatile population of neurons, called descending neurons (DNs). 

DNs project their axons as tracts to posterior ganglia within the nerve cord and bring command-

like information from brain (Bullock and Horridge, 1965; Namiki et al., 2018). In Drosophila, the 

nerve cord is known as ventral nerve cord (VNC) due to its anatomical ventral position and is born 

post-embryonically. The adult VNC are organized into major neuropils: 3 thoracic segments: 1) 

prothoracic, 2) mesothoracic, 3) metathoracic, 4) accessory mesothoracic neuropil (AMNp), and 

5) abdominal neuropil (ANp) (Court et al., 2020). In these different segments, DN axons influence 

local circuits including central pattern generators (CPGs) leading to specific limb or body segment 

movement (Bouvier et al., 2015; Capelli et al., 2017; Caggiano et al., 2018). 

The number of DNs are several orders of magnitude smaller than the brain or posterior ganglia 

neurons and thus serve as a crucial bottleneck merging the sensory and contextual information 

to motor system. For example, in the case of insects itôs in the range of 200-500 bilateral pairs 

(Gronenberg and Strausfeld, 1991; Staudacher and Schildberger, 1998; Gal and Libersat, 2006; 

Cardona et al., 2009) ~100,000 cells from brain to spinal cord in case of mice (Liang et al., 2011). 

For Drosophila, recent review from Simpson (2024) mentioned that DNs that connect flyôs brain 

to its ventral nerve cord (VNC) are ~1300 while brain has 130,000 neurons (~1% only) and VNC 

has 22,000 neurons (see Figure 0.11).   
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Figure 0.11ƅ Diagrammatic representation of descending neurons (DNs) organization in adult 

Drosophila . DNs (slinged area, ascending neurons are not shown) extend from brain to ventral nerve cord 
in highly distributed as well as localized manner (long and short black projection respectively) in three 
thoracic segments (T1-3). The approximate numbers and proportion of brain neurons, DNs and ventral 
nerve cord neurons have been depicted in green, yellow and blue respectively (see text for detail). 

 

 

The DNs convey higher level command e.g. walking, grooming, escape etc rather than precise 

instructions to execute specific action. There is always an on-going discussion that what type of 

neurons DNs are. Considering their morphology, many are single and bilaterally presented, while 

others are divided into small groups. This stereotypically represents the DNs as command-like 

and population-coding respectively. While the command like is instinctually anticipated as 

performing high-level, centralized control on motor circuits, population-type might exert low-level, 

limited range of motor outputs. However, recent advances in DNs research manifest the co-

existence of these two modes. For example, some groups of DNs might be fine tuning their actions 

under the control of command-like DNs as shown in crickets and locusts (Bºhm and Schildberger, 

1992; Zoroviĺ and Hedwig, 2011). In Drosophila, there is a single command-like neuron- 

moonwalker descending neuron (MDNs), which acts both as highly distributed as well as localized 

manner to coordinate changes in many musclesô movement (Feng et al., 2020). Another possibility 

could be that different DNs get engaged depending on the sensory context e.g. different DNs are 

engaged during different odour-evoked vs spontaneous walking or halting behaviour (Israel et al., 

2022; Sapkal et al., 2024). The recent advances in anatomical, physiological and behavioural 

approaches with the ongoing large-scale EM and connectome analysis of adult fly brain (Zheng 

et al., 2018; Scheffer et al., 2020; Phelps et al., 2021; Schlegel et al., 2024; Dorkenwald et al., 

2024) female and male ventral nerve cord analysis (Cheong et al., 2024; Takemura et al., 2024; 
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Azevedo et al., 2024) have made descending neurons as excellent research field to study the 

complexity of complete central and peripheral nervous system both in circuit level and behavioural 

execution level. 

Anatomical and functional characterization of fly descending neurons (DNs) 

Fly neck connective cross section by electron microscopy revealed that there are ~3000 neurons 

including ascending and descending neurons. Considering the cell body locations in the brain and 

dye-filling neurons in the neck together with neurotransmitter identity ~1300 DNs have been 

classified as cholinergic, GABAergic, glutamatergic and aminergic types (Hsu and Bhandawat et 

al., 2016). There are some anatomically distinctive DNs due to their huge axon diameter e.g. the 

pairs of giant fibers implementing the jump escape response in fly. However, most of the 

experimentally identified command-like DNs are morphologically specialized, bilaterally 

symmetric pairs consisting of complex neurites. As the name suggests, DNs receive synaptic 

input in the brain and provide synaptic output in the VNC to motor output transmitted by motor 

neurons (MNs) (Simpson, 2024). Besides, many DNs also have synaptic output site in a brain 

region called suboesophageal region (SEZ) which is by origin affiliated with VNC (Hartenstein et 

al., 2018).  

Several DNs input brain regions are: 1) the lateral accessory lobes (LAL) and posterior slope (PS) 

for navigation and visual motion processing, 2) posterior lateral and ventrolateral protocerebra 

(PLP, PVLP) for escape and other fast visual response and 3) the gnathal ganglion (GNG) 

involved in mechanosensory, gustatory and locomotor response (Hsu and Bhandawat, 2016; 

Namiki 2018). Many DNs also receive input from the local VNC neurons. Meanwhile, the axons 

of the DNs innervate distinct regions of VNC serving distinguished functions, e.g. ventral leg 

neuropils targeting DNs coordinate walking and grooming while dorsal tectulum innervating DNs 

are involved with flight. Most DNs possibly indirectly influence movement via interneurons onto 

the premotor neurons and implement rhythmic patterns of inter-joint, inter-leg coordination. 

However, further investigation is needed to obtain more comprehensive knowledge into the DNs 

anatomical and functional organization. Currently the separate EM connectome datasets of brain 

and VNC need to be stitched together, which is still quite challenging but will be achieved in near 

future. Nevertheless, DNs are elegantly critical and experimentally yielding research areas to 

investigate the underlying mechanism of how animals coordinate their behaviour and in what 

contexts. For the current instances, in Chapter 1, my focus will be on the backward walking 

inducing moonwalker descending neurons (MDNs) and I will summarize some other DNs in the 

general discussion chapter later. 
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Chapter 1 

Avoidance engages dopaminergic punishment in Drosophila 

 

Text and figures are part of a manuscript planned for publication with the following author list: 

Fatima Amin* , Jasmine T. Stone*, Christian König*, Nino Mancini, Kazuma Murakami, Salil S. 
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Introduction 

In his treatise on the relationship between emotions and behaviour, Darwin suggested that not 

only can a particular emotional state engage a corresponding behaviour, but, conversely, we can 

adopt the emotional state corresponding to the behaviour we engage in (Darwin 1872; also see 

James 1884). This hypothesis sparked intense and ongoing debate, a prominent example of 

which is the question whether smiling can make us feel happier. After decades of controversy a 

large-scale collaboration recently settled in favour of such facial feedback (Coles et al., 2022). 

Likewise, in rodents induced increases in heart rate and changes in breathing pattern thought to 

be indicative of fear can in turn induce it (Hsueh et al., 2023; Jhang et al., 2024). The function of 

such positive feedback to emotional state is unclear, however, as it seems poised to produce 

pathological runaway dynamics. Here I discovered that inducing backward movement engages 

negative valence signals in the fly Drosophila melanogaster and investigated the circuit 

mechanism and function of this effect. 

Drosophila lends itself to such analyses as it permits the convenient experimental expression of 

transgenes to induce, prevent, or measure neuronal activity in the neurons of interest. Combined 
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with the numerical simplicity of the fly brain and the near complete mapping of its synaptic 

connectome, behavioural analyses have revealed the basic logic of how these animals learn to 

seek what is good and to avoid what is bad for them (Heisenberg, 2003; Gerber and Aso, 2017; 

Cognigni et al., 2018; Boto et al., 2020; Li et al., 2020; Modi et al., 2020; Davis, 2023). Such 

learning takes place in the mushroom body, a higher brain centre that is evolutionarily conserved 

across the insects. Its intrinsic neurons, called Kenyon cells (KCs), represent the sensory 

environment in a sparse and combinatorial manner, and are intersected by predominantly 

dopaminergic modulatory neurons. A subset of these mediate either negative or positive valence 

signals, evoked by electric shock punishment or sugar reward, for example, which are conveyed 

to segregated compartments along the long, parallel axonal fibres of the KCs. Punishment and 

reward compartments feature output neurons that promote approach and avoidance, respectively. 

Upon coincidence of KC activity and a dopaminergic punishment signal, for example, the synapse 

from the KC onto the approach promoting output neuron is depressed, shifting the balance across 

the output neurons to avoidance when the odour is encountered again (see General Introduction 

for further details). Despite the elegant simplicity of this logic, the connectome has revealed 

unexpected circuit complexity (Zheng et al., 2018; Li et al., 2020; Scheffer et al., 2020; Schlegel 

et al., 2023; Dorkenwald et al., 2024) suggesting a corresponding behavioural and experiential 

complexity. Here I reasoned that this system should allow for a neurobiologically grounded 

understanding of the action-valence relationship, and asked whether avoidance can engage 

negative valence as reflected in the activity of dopaminergic punishment neurons. 

The Drosophila brain-descending ñmoonwalkerò neurons elicit backward walking when 

experimentally activated (Figure 1.1, Extended Data Figure 1.1) (Bidaye et al., 2014). I reasoned 

that such backward locomotion, an element of DrosophilaËs natural avoidance manoeuvres, might 

promote negative valence. I tested this idea in a modified Pavlovian conditioning paradigm using 

odours as conditioned stimuli and, unconventionally, the optogenetic induction of backward 

locomotion instead of a punishing unconditioned stimulus. These experiments were combined 

with a collaborative approach with behavioural pharmacology, high-resolution video tracking, 

functional imaging, connectomics analyses and a normative computational model.  

Together, my results suggest that avoidance engages dopaminergic punishment signals, 

functionally counterbalancing the extinction of aversive memories and minimizing the likely hood 

of receiving further, potentially life-threatening, punishment. Such a mechanism can resolve the 

long-standing puzzle of why animals and humans alike often show little sign of extinction but 
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rather continue to avoid a cue predictive of punishment even when that avoidance is successful 

and no punishment is received (the ñavoidance paradoxò: Bolles 1972, (LeDoux et al., 2017). 

  

Materials and methods 

Fly strains 

Drosophila melanogaster were raised under standard conditions, in constant darkness to avoid 

any intended optogenetic effects. For behavioural experiments, mixed-sex cohorts of 2-5 day old 

flies were used. In vivo calcium imaging and immunohistochemistry used female flies only due to 

genetic constraints. Strains to establish experimental genotypes and their driver and effector 

controls (Dri Ctrl and Eff Ctrl) have been described previously, unless otherwise mentioned. For 

further genotype details, see Supplemental Table S1. 

Conditioning and choice experiments  

Male flies of the driver strains were crossed to females of the effector strains and cohorts of ~60-

100 flies of their F1 progeny used in a T-maze setup described previously (Schwaerzel et al., 

2002, 2003) (CON-ELEKTRONIK, Greussenheim, Germany) allowing for electric shock, 

optogenetic manipulation and odour delivery, operated at 23-25 °C, 60-80 % relative humidity, 

and red light invisible to flies, unless mentioned otherwise. As odorants, undiluted 50 ɛl 

benzaldehyde (BA) and 250 ɛl 3-octanol (OCT) (CAS 100-52-7, 589-98-0; Fluka, Steinheim, 

Germany) were applied to Teflon containers of 5 mm and 14 mm diameter, respectively. 

Conditioning with optogenetic activation as reinforcement 

Olfactory conditioning with optogenetic activation as reinforcement was conducted as described 

previously (König et al., 2018) (Figure 1.1-1.5, Figure 1.12, Extended Data Figure 1.4c-d). Flies 

were loaded to the training tubes and 2 min later one odour (CS+) was presented for 1 min. Unless 

mentioned otherwise, 15 s later (inter-stimulus-interval (ISI) of -15 s) pulsed light for optogenetic 

activation was turned on for 1 min (training tubes featured 24 LEDs, either blue: 465±10 nm or 

red: 627±10 nm, 69.25µW/mm2 and 53.04 µW/mm2ЯШas measured with an STS-VIS Spectrometer, 

Ocean Optics) at 4.99 s / 0.01 s ON / OFF pulses. Another 4 min later the control odour (CS-) 

was presented. In total, flies underwent three such training trials until given a choice test between 

the two odours loaded to the arms of the T-maze. After 2 min, the arms of the maze were closed 

and relative odour preference calculated from the number of flies (#) in each arm: 

 

BA Preference = ([#BA - #OCT] / #Total) x 100    [Equation 1] 
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Across repetitions of the experiment, cohorts of flies were trained with contingencies of odour and 

light (*) swapped to calculate the memory score: 

 

Memory score = (BA Preference BA* - BA Preference OCT*) / 2  [Equation 2] 

 

Positive memory scores thus indicate appetitive and negative memory scores aversive 

associative memory. In Figure 1.2c and Figure 1.3, the CS+ was presented for backward pairing 

(ISIs: +120s; +60, +120s, +240s and +120s respectively). The experiment in Extended Data 

Figure 1.9b was performed the same, except that green light (530±10 nm, 37.71 µW/mm2) was 

used for optogenetic silencing. 

Behavioural pharmacology 

Pharmacological manipulations were performed as described previously (Amin et al., 2025). For 

36-40 h before behavioural experiments flies were offered as their sole food a tissue paper (Fripa, 

Düren, Germany) soaked with 1.8 ml of either (i) a plain 5 % sucrose solution (CAS: 57-50-1, 

Hartenstein, Würzburg, Germany), or that solution added with either (ii) 5 mg/ml 3-iodo-L-tyrosine 

(3IY), an inhibitor of dopamine synthesis (CAS: 70-78-0, Sigma, Steinheim, Germany), or (iii) 

5mg/ml 3IY plus the dopamine precursor 10 mg/ml 3,4-dihydroxy-L-phenylalanine (L-DOPA) 

(CAS: 59-92-7, Sigma, Steinheim, Germany). In all cases, flies were trained and tested as 

described above for optogenetic activation as reinforcement, at ISIs of either -15 s or 120 s (Figure 

1.4a, Supplement Figure 9). 

Conditioning with shock or sugar reinforcement and optogenetic silencing during 

the test 

Olfactory conditioning with electric shock or sugar as reinforcement was conducted as described 

above for optogenetic activation as reinforcement with the following differences. Flies went 

through only one training trial either with electric shock (12 pulses of 100 V, 1.2 s / 3.8 s ON / 

OFF) or 2 M sucrose solution presented on filter paper. During the 2 min of choice test, green 

light was turned on for optogenetic silencing (Figure 1.7, Supplement Figure 5-6). Innate olfactory 

choice behaviour was assessed the same, save the training (Extended Data Figure 1.3). 

Restraining movement (trapping) during training 

For the Control case, olfactory training and testing was performed with optogenetic activation as 

reinforcement as described above. For the Trapped case, flies were gently pushed down to the 

bottom of the training tubes using a piece of cotton wool and released from this restraint before 
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the choice test (Figure 1.12a). The experiment in Figure 1.12c used only one training trial to avoid 

overtraining (König et al 2018). The experiment in Extended Data Figure 1.9a used one training 

trial of olfactory conditioning with trapping as reinforcer. 

Extinction learning 

Extinction learning experiments were modified from a previously published procedure 

(Schwaerzel et al., 2002; Felsenberg et al., 2018) (Figure 1.15a). Training with odour and electric 

shock was conducted as described above. Subsequently flies were removed from the T-maze 

setup and kept on a standard food vial for 30 min until returned to the setup and released at the 

choice point. For the flies of the baseline condition, only air was presented on both sides of the 

T-maze for 1 min, while independent sets of flies received extinction protocols such that the CS+ 

was presented either in one arm or in both arms of the T-maze. These extinction protocols were 

run without green light or with pulsed green light for optogenetic silencing as mentioned before 

(MDN feedback, and No MDN feedback, respectively). After collecting the flies from both arms of 

the maze, there followed a 2-min choice test between CS+ and CS- as described above. 

In vivo two-photon calcium imaging 

A custom-made two-photon microscope with a modified protocol from Barnstedt et al., 2016 was 

used throughout. 2-7 days old female flies of the indicated genotypes were transferred on freshly 

prepared standard food mixed with 1mM all trans retinal for 2-3 days in darkness. They were 

briefly (~20 s) anaesthetized on ice and tethered in a custom chamber (chamber design courtesy: 

Clifford Talbot, CNCB Oxford, kindly provided by Oliver Barnstedt, manufactured at Sculpteo, 

France) to open the head capsule under room temperature in carbogenated (95% O2, 5% CO2) 

buffer solution (103 mM NaCl, 3 mM KCl, 5 mM N-Tris,10 mM trehalose, 10 mM glucose, 7 mM 

sucrose, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2, 4 mM MgCl2, osmolarity 275 mOsm, 

pH 7.3-4). Flies were fixated to the chamber using wax attached to eyes, wings and parts of the 

thoracic body wall, but were able to move their legs. After confirming genetic markers and 

expression under a tabletop fluorescence microscope of both GCaMP and tdtomato in 

experimental genotype and only GCaMP expression in control flies, they were transferred to a 

two-photon microscope (see Extended Data Figure 1.5a). 

For optogenetic activation, a high-power LED (LEDD1B T-Cube LED Driver, 1200 mA Max Drive 

Current) was relayed through the imaging objective onto the specimen, triggered manually. The 

power at the specimen was measured to be 10.5 mW/mm2. After preparation and transfer to the 

two-photon microscope, flies were left to rest for 3-5 min. 10 s after recording baseline 

fluorescence, five 200 ms (Figure 1.9, Figure 1.10, Extended Data Figure 1.6c, Figure 1.11) or 20 
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ms (Extended data Figure 1.5, Extended Data Figure 1.6d) light pulses were delivered at 40 Hz 

while recording calcium transients for a total of 60 s. Fluorescence was excited using 75 fs pulses, 

80 MHz repetition rate, centred on 920 nm generated by a Ti-Sapphire laser (Chameleon Vision 

S, Coherent) and images of 550 X 550 pixels were acquired at 40 Hz, controlled by custom-written 

software in LabView (National Instruments). Dopaminergic neurons were imaged at the level of 

the horizontal mushroom body lobe focusing on ɔ1-5, ɓô2 compartments. Regions of interest (ROI) 

were manually drawn in the relevant areas using ImageJ and further analysed using Microsoft 

Excel, Statistica and custom-written Python scripts. Baseline fluorescence F0 was defined as the 

mean F from the first 2 s of recording. Calcium responses were quantified by comparing the 

average æF/F0 from 2 s before until light onset (pre) and the average æF/F0 from the light offset to 

2 s thereafter (post). ææF/F0 was defined as the post-stimulus average fluorescence minus the 

pre-stimulus average fluorescence.  

In Fig.1.11a-e, the experiments were performed as mentioned above, in addition with a leg 

movement restraining protocol, similar to the one used in behavioural experiments before. Leg 

movements were monitored using a monochrome CCD camera (Basler acA 780-75gm) 

positioned approximately 5-10 cm from the fly. Camera position was aligned for each fly before 

the start of recordings and images acquired at 100 Hz with 1040 x 1040 pixels using pylon Camera 

Software Suite (Basler). Videos were synchronised to two-photon imaging recordings by the two-

photon laserôs visible on- and offset. Files were saved in compressed MP4 format before further 

processing. 

Explant two-photon calcium imaging 

For Extended data Figure 1.7, flies of the indicated genotypes were anesthetized on ice for 5 mins 

and dissected with forceps in carbogenated saline (103 mM NaCl, 3 mM KCl, 5 mM N-Tris, 10 

mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2, 

4 mM MgCl2, 295 mOsm, pH 7.3). Either the brain was isolated without the ventral nerve cord, or 

the brain was extracted with the ventral nerve cord attached (Extended Data Figure 1.7a, 

Extended Data Figure 1.7b). Samples were put into a transparent imaging chamber and kept in 

place by a nylon grid. The chamber was then filled with carbogenated saline. After 5 min 

recordings started under a Femtonics two photon microscope using 920 nm pulsed laser light with 

a 30 Hz imaging rate. Optogenetic activation was performed with a Thorlabs red light LED of 625 

nm (1.41 mW/cm2) controlled by a HEKA patch master EPC9 v12x9.  Due to the orientation of 

the samples, the ɔ1, ɓ2, and ɓô2 compartments are located in a different focal plane than the other 

ɔ compartments. Therefore, using 200-ms pulses of red light for optogenetic activation, two z-

planes were recorded starting either with ɔ1, ɓ2, andШɓô2, or the ɔ2, ɔ3, ɔ4, and ɔ5 plane. Starting 



ΠΠ 
 

with the respectively second plane, we repeated this for 1000 ms of red light. Raw imaging files 

were downsampled to 15 Hz and converted into TIFF files using a custom-written Python script. 

Using NOSA (Oltmanns et al., 2020), changes in the fluorescence signal of the respective 

compartments were determined and exported as Excel files. Data were further analysed and 

visualised using custom-written Python scripts. Baseline fluorescence F0 was defined as the mean 

F from the first 2 s of recording. Calcium responses were quantified by comparing the average 

æF/F0 from 2 s before until light onset (pre) to the average æF/F0 from light offset to 2 s (æ long) 

or 0.5 s thereafter (æ short) (post). ææF/F0 was defined as the æ short, æ long post-stimulus 

average fluorescence minus the pre-stimulus average fluorescence. 

Immunohistochemistry 

MoonwalkerA, MDN1A (Figure 1.1a, Figure 1.5, Extended Data Figure 1.1a, Extended data Figure 

1.1c), were crossed to ChrimsonA, whereas MoonwalkerB and MDN1B was crossed ChrimsonD 

(Extended Data Figure 1.4a, b). Brains and ventral nerve cords from adult progeny (5-7 days old) 

were dissected and immunostained as described (Wu et al., 2016) 

(https://www.janelia.org/project-team/flylight/protocols). Tissues were dissected in PBS on ice, 

fixed in 4 % PFA (20-30 min at room temperature), and washed in 0.5 % PBST (3 x 10-15 min at 

room temperature). After being left overnight in blocking solution (10 % NGS in PBST) at 4 °C, 

tissues were incubated with the primary antibody for 24 h at 4 °C and washed in 0.5 % PBST (3 

x 10-15 min, at room temperature, and overnight at 4 °C). Tissues were incubated with the 

secondary antibody for 24 h at 4 °C and washed in 0.5 % PBST (3 x 10-15 min at room 

temperature, and overnight at 4 °C). After a final washing step (1x 5-10 min in PBS), tissues were 

mounted on a slide using the DPX mounting protocol (https://www.janelia.org/project-

team/flylight/protocols) before imaging. Image z stacks were acquired with a LSM780 confocal 

microscope (Zeiss, NY, USA) at 1024 × 1024-pixel resolution. Image processing was performed 

using ImageJ (Fiji ImageJ).  

For MoonwalkerA and MDN1A crossed to ChrimsonA, polyclonal chicken anti-GFP was used as 

primary antibody (Thermo Fisher Scientific, AB_2534023) diluted 1:1000 in 0.5 % PBST for 

neuronal labelling and a monoclonal mouse anti-Bruchpilot (nc82) antibody (Developmental 

Studies Hybridoma Bank, AB_2314866) diluted 1:500 in 0.5 % PBST to label neuropil. A 

polyclonal goat anti-chicken Alexa488 (Thermo Fisher Scientific, AB_2576217) and a polyclonal 

goat anti-mouse Alex568 (Thermo Fisher Scientific, AB_2534072) were used as secondary 

antibodies, both diluted 1:500 in 0.5 % PBST. 

For MoonwalkerB, MDN1B crossed to ChrimsonD, a polyclonal rabbit anti-dsRed was used as 

primary antibody (CloneTech, AB_10013483) diluted 1:500 in 0.5 % PBST for neuronal labelling 
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and a monoclonal mouse anti-Bruchpilot (nc82) antibody (Developmental Studies Hybridoma 

Bank, AB_2314866) diluted 1:500 in 0.5 % PBST for neuropil labelling. A polyclonal goat anti-

rabbit Alex568 (Thermo Fisher Scientific, AB_10563566) and a polyclonal goat anti-mouse 

Alex647 (Thermo Fisher Scientific, AB_141725) were used as secondary antibody diluted 1:500 

in 0.5% PBST. 

EM reconstruction 

Renderings of the MDN neurons in the brain and all their pre- and postsynaptic sites (Figure 1.5 

(EM), Figure 1.6a, Extended Data Figure 1.1b) were displayed using Codex.ai from FAFB/FlyWire 

(v783) (Zheng et al., 2018; Buhmann et al., 2021; Dorkenwald et al., 2024; Eckstein et al., 2024; 

Schlegel et al., 2024). LAL-MDN synapses (Figure 1.6e) and MBON-LAL synapses were 

displayed using a custom Python script to interact with the FlyWire dataset through the 

CAVEclient Python package (Dorkenwald et al., 2024). 

Rendering of MDN descending arbours in the ventral nerve cord and all their pre- and post-

synaptic sites (Figure 1.6a) were displayed using a custom Python script to interact with the FANC 

dataset through the FANC Python package (Phelps et al., 2021; Azevedo et al., 2024). Code will 

be made available upon request. 

Video recording of fly locomotion 

Experimental procedures followed (Bidaye et al., 2020). Newly hatched 1ï3-day-old flies of the 

indicated genotypes and drug treatment (following Behavioural pharmacology protocol as 

mentioned earlier) were individually placed on a circular arena and given five 10-s light 

stimulations for optogenetic activation, each pulsed at 50 Hz and 5 ms pulse width, at 50 s 

intervals. A single trial was considered as 10 s periods with stimulation-light off followed by the 10 

s light stimulation (Extended Data Figure 1.2a, Extended Data Figure 1.2c). For the experiments 

shown in Figure 1.4b and Extended Data Figure 1.2a, light of 530 nm and 0.65 mW/mm2 was 

used for optogenetic stimulation, whereas for the experiments shown in Extended Data Figure 

1.2b and Extended Data Figure 1.2c light of 630 nm and 0.80 mW/mm2 was used. Continuous 

low-intensity light at 530 nm and 0.1 mW/mm2, in itself insufficient for optogenetic activation, was 

used throughout to avoid jumping responses upon stimulation-light onset; in addition, low-intensity 

infrared light of 850 nm and 0.05 mW/mm2 was used for video recording at 1280 x 1024 pixel 

resolution and 30 fps. Stimulation-light was controlled and synchronized to the camera (FLIR 

BlackFly-S Camera, FL3-U3-13Y3M-C, Richmond, BC, Canada) using a customized Arduino 

board. Individual fly locomotion was tracked using FlyTracker software (Eyjolfsdottir et al., 2014) 
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and data was analysed and plotted in Matlab for translational velocity (mms/s). Code will be made 

available upon request. 

Connectome analyses  

Analysis of the connectivity from MBONs to MDNs in Figure 1.6 b-d were produced using FlyWire 

v783 (Dorkenwald et al., 2024; Schlegel et al. 2024). Let ὃ  be the number of synapses onto 

postsynaptic neuron Ὥ from presynaptic neuron Ὦ, thresholded at 10 synapses per entry. Define 

the normalised weight matrix W
ij
=A

ij
/ɆkAik , so that each row of ὡ sums to 1 and the 2-step 

influence from neuron Ὦ to neuron Ὥ  as \(W
2
\)
ij
. Figure 1.6c shows as a percentage for the 6 MBON 

types with the most influence on the MDNs, averaged across MDNs and within MBON type. Figure 

1.6d shows the percent input from an MBON to MDN via the indicated LAL type which is 

calculated as the ratio between the 2-step influence from MBON to MDN without that LAL and the 

2-step influence with all intermediaries. The same MBONs, LALs and averaging as in Figure 1.6c 

are used. Connections via the intermediaries that have a large MBON to MDN influence are 

shown.  Code will be made available upon request. 

Modelling  

In the model, ыFigure 1.14a-d, Figure 1.15b, c) KCs synapse onto MBONs with activities map  and 

mav that promote approach and avoidance, respectively. In the following, we suppress time 

indices unless they are required for clarity. MBON activities are determined by map=Ɇiwi
ap
kiȟ and 

similarly for  mav, where ki is the activity of KC iȟ  and wi
ap and ύ  are its weights onto MBONs. 

Odours activate random non-overlapping subsets of Nodour KCs. The firing rate of active KCs is 

1/Nodour, and the firing rate of inactive KCs is 0. 

 

The activities of punishment- and reward-responsive DANs  d 
p
 and d 

r
 on time step ὸ are given 

by: 

d t
p
=cp

t
-1-crt+

1

2 t́
av-́t

ap
+2MDNt 

d t
r
=crt-1-cpt+

1

2 t́
ap
-́t
av+MDNt, 

where c=0.8, and pÓ0 and rÓ0 represent external punishment and reward. The -$. terms model 

MDN feedback and influence both DANs, but with a larger magnitude for the punishment-

responsive DAN, as in experiments (Figure 1.10). The prediction components ˊap and ˊav are 

calculated as t́
ap
=Ɇiɔwi,t

ap
ki,t+1-Ɇiwi,t

ap
ki,t, and similarly for ˊav, where ɔ=0.99 (Figure 1.14c, Figure 

1.14d) or ɔ=0.8 (Figure 1.15b, Figure 1.15c) is the temporal discount factor.  
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KC-to-MBON weights are updated as wi,t+1
ap
=wi,t
ap
-ɖd
t
p
ki,t and wi,t+1

av=wi,t
av-ɖd

t
r
ki,t, where ɖ=0.1 is the 

learning rate. After this update, on each time step the weights are also normalised such that 

wi
ap
+wi
avŸ2 asymptotically: wi

ap
Ŷwi

ap
+0.0252-wi

ap
-wi
av and wi

avŶ wi
av+0.0252-wi

ap
-wi
av (not 

shown). The difference V=map-mav represents the modelôs estimate of the current odourôs value 

and controls its approach and avoidance behaviour. At each timepoint, the model fly approaches 

the odour source, stays in place, or avoids the odour source with probabilities 

p
approach

,p
stay
,p
avoid

. When V>0.01, these probabilities are 0.8,0.1,0.1. When V<-0.01, they are 

0.1,0.1,0.8. Otherwise, they are 0.4,0.2,0.4.  

For models with MDN feedback, MDNt=0.1 if, on the previous timestep, the ñavoidò action was 

selected and V<-0.001. The latter condition improves model performance by not reinforcing 

random ñavoidò actions (not shown), although our qualitative results do not depend on this choice. 

For models without MDN feedback, MDN=0 and the model is equivalent to temporal difference 

learning (Sutton and Barto, 2018). 

Extinction experiments (Figure 1.15a-c) consist of three phases ï one training phase and one 

extinction phases ï each with 35 timesteps, followed by a test phase. During the training phase, 

an odour is presented and an external punishment of magnitude -0.4 is delivered every three 

timesteps, starting on the second timestep. During the extinction phase, odour is either present 

or absent on each side of the arena according to each protocol (Figure 1.15a), with no external 

reinforcement. During the test phase, each modelôs probability of choosing the punishment-

predicting odour is given by a softmax function P= 
exp(V/0.3)

1+exp(V/0.3)
,   where V is the final estimated 

value of the punished odour following timestep 108. In between phases, a timestep in which no 

odour is present occurs.ШCode will be made available upon request. 

Statistical analyses  

Non-parametric statistical tests were used throughout (Statistica 11.0; StatSoft Hamburg, 

Germany, and R 2.15.1, www.r-project.org). To analyse the behavioural experiments, the Kruskal-

Wallis test (KW) was applied for comparisons between more than two groups. For subsequent 

pairwise comparisons between groups, Mann-Whitney U-tests (MW-U) were performed. To test 

whether the values of a given group differed from chance levels, i.e., from zero, one-sample sign 

tests (OSS) were used. Within-animal comparisons used the Wilcoxon signed-rank test. 

Significance levels of multiple tests were adjusted by a Bonferroni-Holm correction to keep the 

experiment-wide type 1 error limited to 0.05 (Holm, 1979). Data are presented as box plots with 

the median shown as the middle line and the 25% / 75% and 10% / 90% quantiles as box 

http://www.r-project.org/
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boundaries and whiskers, respectively. In cases of within-animal comparisons, data of individual 

flies are also displayed and connected across repeated measurements. For conditioning and 

choice experiments, a sample size of N= 1 included ~60-100 flies; video recordings of fly 

locomotion were done on the indicated number of individual flies. For model fly extinction 

experiments, a sample size of N= 1 included 20 individual model flies. 

For two-photon calcium imaging data, the ææF/F0 values were used for all statistical analyses on 

the indicated number of individual flies. The ææF/F0 were compared between experimental and 

control groups across compartments by using Mann-Whitney U-test and significance levels were 

adjusted by a Bonferroni-Holm correction (Figure 1.9, Figure 1.10, Extended Data Figure 1.5, 

Extended Data Figure 1.7). In Figure 1.11, ææF/F0 were compared within animal among before, 

during and after trapping by Wilcoxon signed-rank tests with Bonferroni-Holm correction. 

Throughout, boxplots show the 25th-75th or 10th-90th percentiles (box), the median (line) and 

the minimum and maximum (whiskers). In Extended Data Figure 1.6côô, dôô, Friedman test was 

used. Additional information and sample sizes are mentioned in corresponding figure legends.Ш 
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Results 

Moonwalker neuron activation engages a dopaminergic punishment signal 

To investigate action-valence relationships, I first tested whether backward locomotion induced 

by moonwalker neuron activation can confer negative valence. Flies were trained in a differential 

conditioning task such that one odour was followed by pulsed optogenetic activation of the 

moonwalker neurons (Figure 1.1a), triggering backward locomotion (Bidaye et al., 2014). A 

second, control odour was presented alone, followed by a choice test between both odours 

(Figure 1.1b). This revealed an aversive memory for the odour that had been associated with 

moonwalker neuron activation in the experimental genotype, but not in genetic controls treated 

the same (Figure 1.1c).  

 

 

 
 
Figure 1.1ƅ Moonwalker neuron activation con fers negative valence . 
 
a, Proposed action-valence relationship and expression of the transgenic driver to induce backward 

locomotion. Moonwalker
A
>ChrimsonA; magenta: neuropil labelling (anti-Bruchpilot), green: moonwalker 

neuron labelling (anti-GFP). VNC: ventral nerve cord. Higher resolution version is in Extended Data Figure 
1.1a.  
b, Rational of learning experiments. Clouds: odours. Light bulb: optogenetic activation of all moonwalker 

neurons (Moonwalker
A
)  

c, Aversive memory by pairing odour with moonwalker neuron activation (blue: Moonwalker
A
>ChR2XXL

A
, 

grey: Driver control: Moonwalker
A
>+, Effector control: +>ChR2XXL

A
, +: absence of driver or effector 

construct) (N= 20,18,18). Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed 
by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). 
Scale bars in (a): 50ɛm and stippled lines in (a) indicate stitching of images of brain and VNC from the 
same animal, processed separately. 
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Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying 
BA preference score and memory scores separated by sex are shown in Extended Data Figure 1.11. 
Additional genotype information is in Supplemental Table S1 and statistical results in Supplemental Data 
Table S1. 

 
 

Next, I tested the stability of this aversive memory by using different training-test intervals and it 

was subsided over 4-8 hours (Figure 1.2a). I also confirmed this aversive moonwalker memory 

by using another optogenetic effector (Figure 1.2b, also see Supplement Figure 1-4 for further 

parametric analysis). 

 

 

 
 
Figure 1.2ƅ Parametric analysis of moonwalker neuro n reinforcement.  
 
a, Stability of moonwalker neuron activation conveying negative valence. As in Figure 1.1, for the 

indicated training-test intervals (blue: Moonwalker
A
>ChR2XXL

A
) (N= 19,20,20,20,20,19).  

 

b, As in (Figure 1.1), using Chrimson
A
 as effector (orange: Moonwalker

A
> Chrimson

A
, grey: Driver control: 

Moonwalker
A
>+, Effector control: +>Chrimson

A
) (N= 17,17,18).  

 
c, As in (Figure 1.1), for a training procedure in which the odour followed moonwalker neuron activation 

(blue: Moonwalker
A
>ChR2XXL

A
, grey: Driver control: Moonwalker

A
>+, Effector control: +>ChR2XXL

A
, +: 

absence of driver or effector construct) (N= 18,15,15).  
Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons 
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). Box-whisker plots show 
median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying BA preference and 
memory scores separated by sex are shown in Extended Data Figure 1.12. Supplementary information 
for parametric analysis is shown in Supplement Figure 1-4. Additional genotype information is in 
Supplemental Table S1 and statistical results in Supplemental Data Table S1. 
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Interestingly, the punishing effect of moonwalker neuron activation has the same temporal 

ófingerprintô as electric shock punishment. That is, while the presentation of an odour before an 

electric shock induces strong aversive memory for the odour, presenting an odour after the shock, 

at the moment of relief, induces a characteristically weaker appetitive memory (Gerber et al., 

2019). Such timing-dependent valence reversal reflects an across-species principle (Gerber et 

al., 2019) that also applies to moonwalker neuron activation (Figure 1.2c, Figure 1.3).  

 

 Figure 1.3ƅ Mapping out the 
temporal profile of moonwalker 
neuron  reinforcement . 
Results for the experimental 
genotypes arranged according to 
the indicated intervals between 
odour and optogenetic activation 
(N= 23,23,23,18; 24; 24; 24,24; 24) 
(includes data re-plotted from 
Figure 1.1-1.4; for the -15 s and 
120s intervals). Also see Extended 
Data Figure 1.12d for underlying 
BA preference and memory scores 
separated by sex for 60s, 120s, 
240s intervals).  
Light bulb: optogenetic activation 
of all moonwalker neurons 
(MoonwalkerA). Box-whisker plots 
show median, interquartile range 
(box) and 10th/90th percentiles 
(whiskers). Additional genotype 
information is in Supplemental 
Table S1 and statistical results in 
Supplemental Data Table S1. 

 
 

 

As punishment is conveyed to the mushroom body KCs by dopaminergic neurons 

(Riemensperger et al., 2005; Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012), next 

I hypothesized that learning from moonwalker activation is dopamine dependent. After acutely 

supplementing fly food with the drug 3IY, an inhibitor of the TH enzyme required for dopamine 

biosynthesis (but without effect on odour preference (Thoener et al., 2021), impaired punishment 

and abolished relief learning by moonwalker neurons (Figure 1.4a). Both these effects were fully 

rescued by additional supply of L-DOPA (Figure 1.4a). Critically, high-resolution video recording 

showed that moonwalker-induced backward locomotion itself was unaffected by 3IY (Figure 1.4b, 
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Extended Data Figure 1.2). These results show that moonwalker neuron activation both elicits 

backward locomotion and engages a dopaminergic punishment signal for associative learning.  

 

 
Figure 1.4ƅ Moonwalker neuron activation engages a dopaminergic punishment signal . 
 
a, Inhibition of dopamine biosynthesis by 3-iodo-L-tyrosine (3IY), and effects of 3IY on learning from 

moonwalker activation (Moonwalker
A
>ChR2XXL

A
, intervals -15s or 120s; blue: control, brown: 3IY, light 

brown: additional supply of 3,4-dihydroxy-L-phenylalanine (L-DOPA)) (N= 23,24,23; 20,19,20). DDC: 
dopamine decarboxylase. TH: tyrosine hydroxylase. Clouds and light bulbs represent odours and 
optogenetic activation in all experiments. Data were analysed across groups by Kruskal-Wallis tests (P< 
0.05), followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm 
correction) (ns: P> 0.05). Box-whisker plots show median, interquartile range (box) and 10th/90th 
percentiles (whiskers). Underlying BA preference and memory scores separated by sex are shown in 
Extended Data Figure 1.13. Additional genotype information is in Supplemental Table S1 and statistical 
results in Supplemental Data Table S1. 

 
b, Analysis of locomotion upon the treatments in (a). Shown is translational velocity (mm/s), colour coded 
from magenta/backward to green/forward walking in relation to moonwalker activation (blue bars). Rows 
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correspond to individual flies; the top three sets of rows show Moonwalker
A
>ChR2XXL

A
 flies, genetic 

controls, as in (Figure 1.1c), are shown below (N= 12,8,12,16,12,12,12,12,12). Corresponding average 
translational velocity is shown in Extended data figure 1.2a. Analysis of locomotion upon treatments as 
translational velocity (mm/s) and average translational velocity by using other effector ChrimsonA are 
shown in Extended data Figure 1.2b, c. Data will be made available upon request. 

 

The fly strain used for moonwalker neuron activation drives expression in a relatively large 

number of neuronal subpopulations (Bidaye et al., 2014) (Figure 1.1a, Extended Data Figure 

1.1a). These neurons can be assigned to seven cell types, of which moonwalker descending 

neurons (MDNs) have been previously demonstrated as sufficient to induce backward locomotion 

(Bidaye et al., 2014). I found that activation of the only four MDNs also produced a punishment 

memory when paired with odour (Figure 1.5, Extended Data Figure 1.1b, Extended Data Figure 

1.1c), thus allows to focus on the subsequent analysis on these neurons. These analyses will 

uncover a reciprocal interaction between the MDNs and the flies´ olfactory memory centre, the 

mushroom body. 

 

 
Figure 1.5ƅ Selective MDNs activation co nfer  negative valence . 
(Left top) EM reconstruction of the moonwalker descending neurons (MDNs, magenta) (grey mesh: brain 
and VNC; higher resolution versions are in Extended Data Figure 1.1b, c). and (Left bottom) expression 

of the transgenic driver covering them (MDN1
A
>ChrimsonA, details as in Figure 1.1a-b). Learning 

experiments as in (Figure 1.1), showing aversive memory through MDNs activation (blue: 

MDN1
A
>ChR2XXL

A
, grey: Driver control: MDN1

A
>+, Effector control: +>ChR2XXL

A
) (N= 21,17,17). Data 



ΡΠ 
 

were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons 
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). 
Scale bars in (left bottom): 50ɛm and stippled lines in (b) indicate stitching of images of brain and VNC 
from the same animal, processed separately. 
Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Memory 
scores separated by sex and odour choices are shown in Extended Data Figure 1.14. Additional 
genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1. 
See also Supplement Figure 8 and Supplement Figure 9 for parametric analysis of MDN1A. Also 
Supplement Figure 12-14 shows additional work with other moonwalker drivers.  

 

 

To understand this reciprocal interaction, I decided to first focus on how the mushroom body is 

connected to the MDNs (Figure 1.6 and Figure 1.7) and then investigate how the MDNs in turn 

affect mushroom body processing (Figure 1.9, Figure 1.10, Figure 1.11, Figure 1.12, Figure 1.14 

and Figure 1.15). 

 

MDNs are part of aversive memory output pathways 

What is the behavioural relevance of associating backward locomotion with a punishment signal? 

Here the hypothesis was that aversive memory expression pathways may engage backward 

locomotor control to avoid negatively associated odours. To understand if and how the flyôs 

memory centre, the MB, may engage MDNs, we turned to the recently published Drosophila 

whole-brain connectome (Li et al., 2020). These data show that MDN dendrites innervate the 

lateral accessory lobe (LAL), where most of their inputs are received, whereas most of their axonal 

output terminals are in the ventral nerve cord (VNC) (Figure 1.6a). The analysis of the fly 

connectome suggests that the MDNs are mainly influenced by only 6 of the 35 types of MB output 

neurons (MBONs) (Figure 1.6b), all of which are of the atypical kind (Li et al., 2020) (see General 

Introduction for more details). For the most part, their influence is exerted by MBON26 and 

MBON35 and is mediated via 8 types of local neuron of the LAL, of which LAL160,161 as well as 

LAL171,172 and LAL051 are the main hubs (Figure 1.6c-e). A substantial share of the synaptic 

pathways from the MB to the MDNs involve MBONs of the punishment memory compartments 

ɔ1, ɔ2 and ɔ3 (MBON30, MBON35, MBON32) (also see Table 0.2). Moreover, 4-5 of these 6 

MBONs, as well as LAL171,172 and LAL051 were previously suggested as circuit elements by 

which associative memories are behaviourally expressed (MBON26, MBON27, MBON31, 

MBON32 and likely MBON35: Li et al., 2020).  
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Figure 1.6ƅTwo-step top-down circuits from MBONs-LALs-MDNs. 
 
a, EM reconstruction of a moonwalker descending neuron (MDN, magenta). VNC: ventral nerve cord. 
Yellow and black circles: post- and pre-synaptic sites.  

 
b, Heatmap of percent input for 2-step pathways reaching each MDN (rows) from each mushroom body 
output neuron type (MBONs, columns), determined from FlyWire-v783 after removing connections <10 
synapses. Bracketed numbers refer to the number of neurons summed across hemispheres. 

 
c, Pathways from MBONs via neurons of the lateral accessory lobe (LALs) to the MDNs, combined for 
both hemispheres (omitting connections with <20 synapses total). Arrows are proportional to the total 
number of synapses (thinnest: 43 synapses, thickest: 2002 synapses). Horizontal bars show percent of 
input to the downstream partner, calculated as an average over the downstream neuron type, summed 
over the upstream neuron type.  ACh: acetylcholine, orange. GABA: gamma-aminobutyric acid, blue. 
Glu: glutamate, green. 

 
d, Percent of 2-step input to MDNs from each MBON type that passes through the indicated LAL. 
Percentages are calculated after averaging across MDNs. ñOtherò represents all other 2-step MBON to 
MDN pathways.  

 
e, Locations of synapses (dots) from the indicated LAL to the MDNs, colour coded for LAL transmitter as 
in (c). Neuron IDs will be provided upon request. 
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Therefore, I next tested whether the MDNs are part of memory-efferent pathways. 

For this, flies underwent differential conditioning with odours as conditioned stimuli and 

electric shock as unconditioned stimulus ï an established Pavlovian association paradigm to 

induce aversive olfactory short-term memory local to the punishment compartments of the MB 

(Heisenberg, 2003; Gerber and Aso, 2017; Cognigni et al., 2018; Boto et al., 2020; Modi et al., 

2020; Davis, 2023). When MDNs were optogenetically silenced during the choice test, the 

behavioural expression of odour-shock memory was impaired, whereas no such effect was seen 

in genetic controls (Figure 1.7a). Likewise, the behavioural expression of appetitive odour-sugar 

memory was unaffected (Figure 1.7b), as was innate olfactory choice behaviour (Extended Data 

Figure 1.3). These results show that MDNs contribute to the behavioural expression of aversive 

odour-shock memory (Figure 1.7). 

 

 
 
Figure 1.7ƅ MDNs are part of memory -efferent circuits for learned avoidance memory expression.   
 
a, Rationale and outcome of odour-shock learning experiments. Clouds: odours. Lightning bolt: electric 
shock. Light bulb: optogenetic silencing of MDNs. Relative to the Control condition (black), silencing 

MDNs during the test reduced odour-shock memory scores (MDN1
A
 silenced, green) (genotype in both 

cases: MDN1
A
>GtACR1) to levels less than in genetic controls (grey: Driver control: MDN1

A
>+, Effector 

control: +>GtACR1) (N= 13,22,21,21). 

 
b, As in (a), but for pairings of odours with sugar reward (orange cubes), showing that appetitive memory 
scores remained unaffected (N= 8,9,8,10). 
Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons 
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). Box-whisker plots show 
median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying preference and 
memory scores separated by sex are shown in Extended Data Figure 1.15. Additional genotype 
information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1. 
Also see Supplement Figure 5,6 for additional work with MoonwalkerA. 
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Next, I focused on how, in turn, MDNs affect MB processing. Given that activation of MDNs in the 

presence of an odour produces an aversive memory for that odour (Figure 1.5), I asked whether 

activating MDNs drives feedback to punishing dopaminergic neurons (DANs) (Figure 1.8).  

 

Figure 1.8ƅ Activating MDNs  drives feedback to DANs ? 

 
 

Activating MDNs favours activity in punishing DANs 

To test for MDN-to-DAN feedback, I combined optogenetic activation of MDNs with in vivo two-

photon calcium imaging of DANs in the mushroom bodyôs ɔ1 and ɔ2 compartments, known to 

mediate punishing effects (Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012. 

Therefore, I generated transgenic flies that allowed me to both optogenetically activate MDNs via 

the red light-activated channelrhodopsin Chrimson and simultaneously image specific DANs via 

the calcium indicator GCaMP6f through a small window cut into the dorsal head capsule. After 

mounting the flies underneath a two-photon microscope with their heads, thorax and wings fixed 

but their legs free to move (Figure 1.9a-b), I observed that activating MDNs resulted in strong 

calcium responses in both ɔ1 (PPL1-01: Figure 1.9c) and ɔ2 DAN (PPL1-03: Figure 1.9d). Neither 

in these nor in any of the following experiments did I observe calcium responses in control flies 

without the optogenetic effector. 
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Figure 1.9ƅ Activating MDNs increases calcium response in punishing DANs. 

 

a-b, Combined optogenetics and in vivo imaging setup (a). Red light pulses of 200 ms were used to 
activate Chrimson-expressing MDNs, while calcium signals were measured in GCaMP6f-expressing 
mushroom body DANs (b; compartments colour coded) using continuous two-photon excitation 
scanning. 
c-d, Average intensity projections of sample recordings 2 s before (Pre) and 2 s after the first MDN 
activation (Post) in flies expressing Chrimson in ɔ1 (c) or ɔ2 (d) DANs, and in Control flies not expressing 
Chrimson (grey); dashed lines indicate compartment boundaries (top panels). Calcium transients (æF/F0) 
upon optogenetic MDN activation (red vertical bars) in flies expressing Chrimson (colored traces) and in 
Controls (grey traces) (middle panels). Activation of MDNs results in significant calcium responses 
(ææF/F0) in DANs of the ɔ1 (c; N= 6 flies each) and ɔ2 compartments (d; N= 8,7 in Chrimson and Control 

flies) compared to those in Controls (bottom panels). Experimental genotypes: MDN1
B
>Chrimson

C
; 

ɔ1>GCaMP(c) and MDN1
B
>Chrimson

C
; ɔ2>GCaMP (d). Control genotypes: MDN1

B
>+; ɔ1 >GCaMP (c) 

and MDN1
B
>+; ɔ2 >GCaMP (d). 

 
Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Calcium 

transients are plotted as mean +/- SEM. Data were analysed by Mann-Whitney U-tests (*P< 0.05) (c-d). 

Quantification at bottom panels in (c-d) is based on the first optogenetic activation trials. Additional 

genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1. 

 
  
 

To confirm these observations regarding the ɔ1 and the ɔ2 DAN, and to extend the focus beyond 

these two DANs, next I used a fly strain that expresses the GCaMP6f calcium reporter more 

broadly across the DANs and thus permits signals to be monitored in all five compartments of the 

ɔ lobe and the ɓô2 compartment (Figure 1.10b). Upon activation of MDNs, I observed the 

strongest responses in the DANs of the ɔ1, ɔ2 and lateral regions of the ɔ3 compartment, all of 

which were previously shown to mediate punishing effects (Claridge-Chang et al., 2009; Aso et 

al., 2010; Aso et al., 2012; Li et al., 2020), whereas signals in rewarding DANs (medial ɔ3, ɔ4, 

ɔ5, and ɓô2 compartments: (Burke et al., 2012; Liu et al., 2012; Li et al., 2020) were considerably 

weaker (Figure 1.10, Extended Data Figure 1.5, Extended Data Figure 1.6). 
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Figure 1.10ƅ Activating MDNs favours  activity in punishing DANs . 
 
a-b, Combined optogenetics and in vivo imaging setup. Red light pulses of 200 ms were used to activate 
Chrimson-expressing MDNs, while calcium signals were measured in GCaMP6f-expressing mushroom 
body DANs (b); compartments highlighted in colour) using continuous two-photon excitation scanning. 

 
c, Average intensity projections of sample recordings 2 s before (Pre) and 2 s after the first MDN 
activation (Post) in flies expressing Chrimson in DANs, and in Control flies not expressing Chrimson 
(grey); dashed white lines indicate compartment boundaries.  

 
d, Sample traces of raw calcium transients (æF/F0) across the DANs of the compartments colour coded 
as in (b) upon five times MDN activation (red bars). 

 
e, Calcium transients (æF/F0) upon optogenetic MDN activation (red vertical bars) in flies expressing 
Chrimson (colored traces) and in Controls (grey traces).  

 
f, Activation of MDNs revealing strong calcium responses (ææF/F0) in DANs of the ɔ1, ɔ2 and ɔ3 (N= 

10,8 in Chrimson and Control flies). Experimental genotype: MDN1
B
>Chrimson

C
; DANs>GCaMP. 

Control genotype: MDN1
B
>+; DANs>GCaMP.  

 
Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Calcium 
transients are plotted as mean +/- SEM (except d). Data were analysed by Kruskal-Wallis tests (P< 0.05), 
followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction). 
Quantification is based on the first optogenetic activation trials.  
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Additional information is in Extended Data Figure 1.4, Extended Data Figure 1.5, Extended Data Figure 
1.6, Extended Data Figure 1.8. Additional genotype information is in Supplemental Table S1 and 
statistical results in Supplemental Data Table S1. 

 

Here I found that activating MDNs favours activity in punishing over rewarding DANs, suggesting 

a mechanism for how MDN activation produces aversive memories for concomitantly presented 

odours.  

Next, I asked whether such DAN activation is mediated by internal, recurrent feedback from MDNs 

to DANs, or whether the execution of MDN-evoked movement generates external sensory 

feedback that, in turn, activates DANs. 

No evidence for internal, recurrent feedback from MDNs to DANs 

The initial hypothesis was that there is internal, recurrent feedback from MDNs to DANs, but 

systematic queries of the brain connectome of the fly (Scheffer et al., 2020; Dorkenwald et al., 

2024; Schlegel 2024) did not reveal any credible connection to support such a notion (see 

Methods section for inclusion criteria). Current knowledge (See General Introduction and General 

Discussion) of ascending input from the ventral nerve cord (VNC) to the brain also does not offer 

evidence for a connection from the MDNs to the DANs; however, a systematic assessment of 

VNC-to-brain connectivity remains out of reach. We therefore tested whether any yet to be 

identified internal MDN-to-DAN connection might be functionally relevant. When we 

optogenetically activated MDNs and imaged from DANs in an explant isolated brain preparation 

or in an explant isolated brain-plus-VNC preparation, no significant calcium responses were 

observed in any DAN, however (Extended Data Figure 1.7). Therefore, next consideration was 

external, reafferent feedback from the execution of MDN-evoked movement.  

MDN-evoked movement is required for DAN activation  

As a next step, I returned to combined optogenetic activation of MDNs with in vivo calcium imaging 

of DANs while transiently restraining leg movements (Figure 1.11). Under conditions of 

unrestrained leg movements, I confirmed reliable and strong activation of DANs in the ɔ1, ɔ2, and 

ɔ3 compartments (Before trapping: Figure 1.11a, Figure 1.11d, Figure 1.11e). These responses 

were abolished when leg movements were transiently restrained by a piece of cotton wool gently 

applied to the flies (Trapped: Figure 1.11b, Figure 1.11d, Figure 1.11e) and largely recovered 

after removing the restraint (After trapping: Figure 1.11c, Figure 1.11d, Figure 1.11e). These 

results show that the execution of MDN-evoked leg movements is required for activating the DANs 

of the ɔ1, ɔ2, and ɔ3 compartments. Indeed, the onset of leg movements precedes the rise in 
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calcium responses of these DANs by as much as 500 ms (Extended Data Figure 1.8), consistent 

with reafferent, sensory feedback from executed leg movements as the cause of these signals, 

but longer than plausible for an internal, recurrent MDN-to-DAN feedback (Figure 1.11). 

 

 

 
 
Figure 1.11ƅ MDN-evoked movement is required for DAN activation. 
 
a-c, Two-photon in vivo imaging before (a), during (b), and after (c) leg movement was restrained 
(Trapped) using a piece of cotton wool (top panels). 200 ms of red light stimulation was used to activate 
MDNs via Chrimson, while calcium signals were measured in the DANs of the indicated mushroom body 
compartments with GCaMP6f. Leg movements were calculated as the legsô motion energy of videos 
captured by an infrared camera. Average intensity projections of the same field of view are shown across 
conditions, from 2 s before (Pre) and 2 s after MDN activation (Post); dashed white lines indicate 
compartment boundaries (middle panels). Sample traces of raw calcium transients (æF/F0) in the DANs 
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of the indicated compartments and leg motion energy (bottom panels) with MDN activation indicated by 
red vertical bars. 
d, Calcium transients (mean +/- SEM) in DANs of the indicated compartments upon the first MDN 
activation (red vertical bars) before (coloured lines), during (black lines, Trapped), and after (dotted lines) 
restraining leg movement. 

 
e, MDN-evoked calcium responses (ææF/F0) in DANs of the indicated compartments recorded across 
trapping conditions. Data points from individual flies are connected by lines (N= 10 flies).  

Genotype (a-e): MDN1
B
>Chrimson

C
; DANs>GCaMP.   

 
Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers) and each 
dot represents each sample fly. Data were analysed by Wilcoxon signed-rank tests with Bonferroni-Holm 
correction (*P< 0.05) (ns: P> 0.05). 
Additional information in Extended Data Figure 1.4, Extended Data Figure 1.7, Extended Data Figure 
1.8. Additional genotype information is in Supplemental Table S1 and statistical results in Supplemental 
Data Table S1. 
 

 

Movement is required for punishment by MDNs 

Next, I asked whether the execution of MDN-induced movement is also required for the punishing 

effect of MDN activation, using a procedure to transiently restrain movement during training 

(Figure 1.12a-b). Flies were trained such that one but not the other odour was paired with 

optogenetic activation of MDNs, followed by a choice test between both odours. This confirmed 

the previously observed punishing effect of activating the MDNs (Figure 1.5, Extended Data 

Figure 1.4c-d) ï but only when training took place under control conditions such that flies could 

freely move in the training apparatus (Control; Figure 1.12b). In contrast, no memories were 

formed when fliesô movement was gently restrained during the training period (Trapped@training; 

Figure 1.12b). No adverse effects of restraint were observed when activating known punishment 

DANs directly (Figure 1.12c), suggesting that, in principle, aversive olfactory memory formation 

is still possible under these conditions. To our initial surprise (but consistent with the lack of 

spontaneous DAN activity under restraint (Figure 1.11b)), restraint is not punishing in itself 

(Extended Data Figure 1.9a).  
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Figure 1.12ƅ Movement is required for punishment by MDNs . 
 
a, Procedure to transiently restrain movement in the behavioural setup (top, Trapped) and rational of 
learning experiments (bottom). Clouds: odours. Light bulb: optogenetic activation of neurons indicated in 
(b, c) . 
b-c, Pairing odour with optogenetic activation of MDNs establishes aversive memory under Control 
conditions but not when movement was restrained during the training period (b). No effect of such 
restraint was observed for activating the DANs of the ɔ1 compartment (c). Genotypes: 

MDN1
A
>ChR2XXL

A 
(N= 29,29) (b) and ɔ1>ChR2XXL

A
 (N= 24,24) (c).  

Data were analysed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm 
correction) (ns: P> 0.05). Box-whisker plots show median, interquartile range (box) and 10th/90th 
percentiles (whiskers). Underlying preference and memory scores separated by sex are shown in 
Extended Data Figure 1.16. Additional genotype information is in Supplemental Table S1 and statistical 
results in Supplemental Data Table S1. 

 
 

These results show that the execution of MDN-evoked movements is required both for MDN 

activation to engage punishing ɔ1-3 DANs, and for MDN activation to have a punishing effect. 

Together with my earlier findings, this uncovers a reafferent positive feedback from learned 

avoidance to the teaching signals inducing aversive memory (Figure 1.13) ï raising the question 

of the adaptive significance of such feedback.  
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Figure 1.13ƅ Re-afferent feedback from learned avoidance to dopaminergic teaching signals.  

 

 

MDN-mediated feedback maintains learned avoidance 

We hypothesized that positive feedback from learned avoidance to aversive teaching signals may 

counterbalance extinction learning. That is; after pairing a conditioned stimulus (CS) and a 

punishing unconditioned stimulus (US), animals typically retreat from the CS in order to avoid the 

US. Such avoidance breaks the initially learned CS-US contingency and should initiate extinction 

learning. However, despite a broken CS-US contingency, learned avoidance of the CS is often 

maintained across multiple encounters, referred to as the ñavoidance paradoxò (Bolles 1972; Le 

Doux et al., 2017). We hypothesized that MDN feedback facilitates maintained avoidance and 

developed a reinforcement learning model to probe its performance with or without such 

feedback, as well as an experimental test of this notion. 

In the model, connections from odour-responsive KCs onto two representative MBONs that 

promote approach or avoidance are modulated by two representative DANs (Figure 1.14a). DANs 

receive signals encoding external reinforcement as well as predicted reinforcement calculated 

from MBON activity. One DAN is activated by punishment, whereas the other is activated by 

reward. Collectively, these DANs represent the prediction error of standard reinforcement learning 

models. In addition, in our model the DANs receive reafferent positive feedback from MDN-
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mediated learned avoidance, that is, when the learned value of the odour is negative, and 

avoidance behaviour is executed. 

We tested this model in a one-dimensional virtual environment with two odours (Figure 1.14b, 

Figure 1.14c). Reward or punishment was paired with either of these odours and was received 

only when the model fly reached the edge of the environment. At each time point, the model fly 

chooses to either stay in its current location, approach, or avoid the odour it senses. For the case 

of odour-reward pairings, the behaviour of model flies is not altered when MDN feedback is 

disabled (Figure 1.14d, left). Disabling MDN feedback has drastic consequences in the aversive 

domain, however. Without MDN feedback and thus with extinction learning operating in isolation, 

updates to KC-MBON connection weights, odour value and learned avoidance quickly return to 

pretraining level (Figure 1.14d, right). As a result, the model fly lacking MDN feedback much 

sooner receives additional punishment.ШIn model flies with MDN feedback, maintained avoidance 

is driven by dopamine transients reinforcing the negative value of the punished odour each time 

an avoidance action is taken (Figure 1.14d, right). 
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Figure 1.14ƅ MDN-mediated feedback facilitates maintained avoidance.  

a, Model schematic. Punishment and reward activate DANs with firing rates ὨÐ and ὨÒ, respectively. 

MBONs with firing rates άÁÐ and άÁÖ promote approach and avoidance, respectively. KC-to-MBON 

weights (ύÁÐ, ύÁÖ) are depressed by co-activation of DANS and odour-responsive KCs. Approach or 

avoidance behaviour is determined probabilistically by the value (ὠ) derived from MBON activity. Dice by 
Steaphan Greene, CC-BY-SA-3.0. 

 
b, Schematic of one-dimensional model environment. Reinforcement (punishment -1, reward 1) is 
received at either end. Different odours (green, magenta) activate different KCs. Arrowheads show 
possible action choices. 

 
c, Example trials of single model flies navigating the arena. Trials end upon first reinforcement (left and 
right: reward, middle: punishment). Left and middle are before learning, right is after learning. 

 
d, Evolution of model parameters over multiple trials of the paradigm shown in (b). Circles denote ends 
of trials when the model fly received reward (top, odour 1) or punishment (bottom, odour 2). The value 

(ὠ) of the rewarded odour 1 is learned through changes in KC-to-MBON weights (ύÁÐ and ύÁÖ  , averaged 

across odour-responsive KCs) regardless of MDN feedback. Without MDN feedback, avoidance of the 
punished odour 2 is less persistent and the model fly receives a second punishment earlier (~time step 
200). Code will be made available upon request. 
 

 

The above results thus suggest that MDN feedback counterbalances extinction learning. 

Therefore, next we tested this by modelling approach and behavioural experiments. 

MDN-mediated feedback counterbalances extinction learning 

Here, we simulated model flies undergoing aversive conditioning followed by extinction protocols, 

either with MDN feedback intact or without it (Figure 1.15a). After an extinction protocol with MDN 

feedback intact, intermediate memory scores were observed. Without such feedback, memory 

scores were further reduced, uncovering the full effects of extinction learning (Figure 1.15b, Figure 

1.15c).ШThese results hold both in situations when, during the extinction protocol, an opportunity 

is given to avoid the punishment-predicting odour, and when the model flies are forced to choose 

between two equally punishment-predicting options (the latter protocol eliminates differences in 

odour exposure with or without MDN feedback). 

I next proceeded with behavioural experiments following the same protocol (Figure 1.15a). The 

outcomes of corresponding behavioural experiments with MDNs intact or with optogenetic 

silencing of the MDNs during the extinction protocol matched these model predictions (Figure 

1.15d). Of note, silencing the MDNs does not in itself confer valence (Extended Data Figure 1.9b). 

Together, this concludes that the adaptive significance of reafferent, positive feedback 

from learned avoidance to punishing teaching signals is to counterbalance extinction learning and 

to maintain successful learned avoidance.  

https://creativecommons.org/licenses/by-sa/3.0/deed.en
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Figure 1.15ƅ MDN-mediated reafferent feedback counterbalances extinction learning. 

 

a, Schematic of training, extinction protocols and test. Clouds: odours. Grey circle: choice option without 

odour. Black and green light bulbs: conditions with or without MDN feedback. 

 
b, Results of simulations of protocols in (a). MDN feedback maintains memory scores at intermediate 

levels; without it, the full extent of extinction learning is uncovered. Results averaged over 20 experiments 

per protocol, with 20 model flies per experiment. 

 
c, Mean learned odour value (V) during the protocols in (a, b). During acquisition (time steps 1-36), 12 

pulses of punishment (red bars) are delivered in the presence of odour. During the extinction protocol 

(after time step 36), MDN feedback counterbalances the return of odour value to pre-training levels.  

Line thickness exceeds Ñ2 s.e. Code will be made available upon request. 

 

d, Behavioural experiment as in (a,b), using optogenetic silencing of the MDNs, using optogenetic 

silencing of the MDNs. Genotype: MDN1
A
>GtACR1 (N= 34,34,31,18,16). Box-whisker plots show 

median, Interquartile range (box) and 10th/90th percentiles (whiskers). Data were analysed   by Kruskal-

Wallis tests (P< 0.05), followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with 

Bonferroni-Holm correction). Additional information in Extended Data Figure 1.9, additional genotype 

information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1. 

Underlying BA preference and memory scores separated by sex and odour choices are shown in 

Extended Data Figure 1.17.  
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Discussion 

Error types and avoidance paradox 

Inspired by the hypothesis of mutual causation between action and valence (Darwin 1872, James 

1884), in this study, I discovered that backward locomotion and avoidance engages punishing 

dopaminergic teaching signals (Figures 1.9, Figure 1.10, Figure 1.11, Extended Data Figure 1.5, 

Extended Data Figure 1.6). These teaching signals can support aversive memories even if no 

external punishment is received (Figures 1.1-1.5, Figure 1.11, Figure 1.12, Extended Data Figure 

1.4) and can support continued avoidance to save the animal from receiving another, potentially 

lethal, punishment (Figure 1.14-1.15). However, continued avoidance in a situation that is in fact 

benign would be maladaptive. The types of errors from these policies, i.e. not avoiding although 

it is warranted or avoiding unnecessarily, cannot both be simultaneously minimized, a notion 

reflected in the ñavoidance paradoxò (Bolles 1972). We suggest that two separate systems reduce 

these errors. In the ɔ1-3 compartments, avoidance engages aversive teaching signals to maintain 

aversive odour memory and promote future avoidance (this study), thus reducing the former error. 

In the ɔ5 compartment, extinction memories that oppose further avoidance of the odour are 

established (Felsenberg et al., 2018), reducing the latter error. This allows these policies to be 

selected according to situational, motivational, and mnemonic variables. 

This study reveals that, during extinction, aversive memories are not unaffected or left to 

decay but instead are actively maintained: Enacted avoidance engages punishing teaching 

signals that support memory for the cues that had triggered the avoidance. This is compatible but 

qualitatively extends notions of the parallel neuronal organization of aversive memory and 

extinction learning (Tovote et al., 2015; Felsenberg et al., 2018). It is likewise compatible with the 

proposal that successful avoidance establishes a state of relief/ safety that reinforces avoidance 

as the action that brought about the relief/ safety state (LeDoux et al., 2017; Bouton et al., 2021; 

(Laing et al., 2024) in flies avoidance-promoting MBONs of the reward compartments seem 

poised to receive such reinforcement): In concert, these processes ensure that when the cue is 

encountered again, avoidance is repeated. 

 

Memory-efferent pathways 

A selective set of MBONs and LALs with acetylcholine, GABA or glutamate as predicted 

transmitters establishes 2-step connections from the MBONs to the MDNs (Figure 1.6). With the 

assumption that acetylcholine has the excitatory and GABA the inhibitory effects typical of insect 

central brain synapses; for glutamate, inhibitory effects are assumed (Liu and Wilson, 2013; Shiu 
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et al., 2024). Accordingly, all but one of the pathways originating in MBONs of the punishment 

compartments ɔ1-3 feature either an excitatory MBON upstream of an inhibitory LAL, or vice versa 

(Figure 1.6c). Through such sign-inversion, a learning-induced depression of KC-MBON 

synapses will promote MDN activity and backward locomotion as an early component of 

avoidance before turning around and assuming a new forward walking direction (Extended Data 

Figure 1.10). 

Silencing MDNs during the choice test impaired but did not abolish the behavioural 

expression of odour-shock memory (Figure 1.7a). This suggests that learned avoidance can be 

expressed by pathways parallel to the MBON-LAL-MDN pathways (Figure 1.6b-c). This has 

indeed been shown for the typical MBON of the ɔ1 compartment (MBON-11) (Aso et al., 2014) 

and its target MBONs of the ɔ5 and ɓô2 compartments (MBON-01, MBON-03) (Owald et al., 2015; 

Perisse et al., 2016). Such a parallel organization highlights the complexity and importance of the 

decision of whether to avoid. 

 

Reafferent pathways and DAN signalling 

In this study, I demonstrated reafferent, positive feedback from MDN-induced movement to 

aversive dopaminergic teaching signals (Figure 1.11, Figure 1.12). Which sensory pathways 

register these movements? Visual input from movement-over-ground is likely irrelevant because 

functional imaging experiments did not allow for such movement. Of the leg proprioceptive organs 

(Büschges and Ache, 2024), the campaniform sensilla are also unlikely to be involved, as they 

sense load that likewise was absent during imaging. Rather, leg hair plates and chordotonal 

organs seem likely candidates because they monitor joint and leg movements, respectively. 

Indeed, optogenetic activation of the chordotonal organs selectively activates punishing DANs in 

larval Drosophila (Eschbach et al., 2020). 

The feedback from MDN-induced movement to punishing DANs (Figures 1.11, Figure 

1.12, Figure 1.14, Figure 1.15) adds complexity to the picture of mushroom body DAN function 

(Riemensperger et al., 2005; Cohn et al., 2015; Felsenberg et al., 2017; Hattori et al., 2017; Li et 

al., 2020; Otto et al., 2020; Driscoll et al., 2021; Jiang and Litwin-Kumar, 2021; Siju et al., 2021; 

Zolin et al., 2021; Meschi et al., 2024). As a heterogeneous population, the mushroom body DANs 

establish a nuanced, combinatorial coding space for salient features of the animal´s present and 

predicted environment, its current state and needs, as well as its situationally relevant past 

experiences. Collectively, these influences shape present and future action selection. Similar 

heterogeneity is observed in dopamine neurons in the ventral tegmental area of mammals 

(Stuber, 2023). Given this complexity, and the circuit position of the mushroom body DANs far 
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removed from the sensory and motor periphery, the relationship between movement and DAN 

activity can be expected to be heavily modulated by situational, behavioural and motivational 

variables (Siju et al., 2021; Zolin et al., 2021). 

 

Implications 

Extinction is a central component of exposure therapies, effective first-line treatments of anxiety 

disorders. However, resilience to post-therapy adverse experiences and the generalization 

beyond the therapeutic context are not yet satisfactory (Craske and Mystkowski, 2006; Vervliet et 

al., 2013; Carpenter et al., 2018; Craske et al., 2018; Levy et al., 2022). Correspondingly, in 

rodents, extinguished aversive behaviours often return upon re-exposure to punishment 

(reinstatement) or upon contextual change (renewal) (Bouton et al., 2021; Laing et al., 2024). The 

engagement of punishment signals through avoidance behaviour as reported in the present study 

seems poised to maintain aversive memories in a state susceptible to such reinstatement and 

renewal. Extrapolated to the human condition, the clinical implication is that preventing avoidance 

during exposure therapy can reduce relapse rates because it prevents the engagement of 

avoidance-induced punishment signalling. Conceptually, my findings call for an integrated view 

of behaviour organization, memory function and emotion regulation. 
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Extended Data Figure 1.1ƅ Expression patterns of Gal4 drivers and EM reconstruction of MDNs. 
a-c, Higher-resolution images of the anatomy panels of Figure 1.1a (a) and Figure 1.5 (b-c). Anti-GFP 
expression (green) driven by MoonwalkerA (a) and MDN1A (c) is shown along with neuropil labelled with 
anti-Bruchpilot (magenta). Shown in (b) is the EM reconstruction of the MDN neurons (magenta) in the 
context of the neuropil (grey mesh). Other details as in the legend of Figure 1.1a and Figure 1.5. 
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Extended Data Figure 1.2ƅ Moonwalker -induced  locomotion  is unaffected by 3IY.  
 
a, Averaged translational velocity (mm/s) (solid lines) 10 s before and during 10-s optogenetic activation 
(blue bar). For the experimental genotype (MoonwalkerA>ChR2XXLA, coloured traces) optogenetic 
activation leads to negative translational velocity, i.e. backward walking, regardless of the indicated drug 
treatment (brown: 3IY, light brown: additional supply of L-DOPA). In genetic controls (MoonwalkerA/+, 
+/>ChR2XXLA) no backward walking is observed, likewise regardless of drug treatment (black traces) 
(N= 12,8,12,16,12,12,12,12,12). For each fly, data are averaged across the 5 trials shown in Figure 1.4b 
and plotted as mean +/- SEM.  
 
b, Translational velocity (mm/s), colour coded from magenta/backward to green/forward walking in 
relation to optogenetic activation (orange bars). Rows correspond to individual flies. The top three sets 
of rows show the experimental genotype (MoonwalkerA>ChrimsonA) upon the drug treatment colour 
coded as in (a); bottom rows likewise show genetic controls (Dri Ctrl: MoonwalkerA/+, Eff Ctrl: 
+/>ChrimsonA) (N= 16,16,12,16,16,12,16,16,12). 
 
c, as in (a), but for the data shown in (b). 
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Extended  Data Figure 1.3ƅ Innate olfactory choice behaviour is unaffected by MDN s silencing . 
 
a-b, Rationale (a) and outcome (b) of innate odour choice preference assay. Clouds: odours. Light bulb: 
optogenetic silencing of MDNs. Relative odour preferences in experimentally naïve flies do not differ for 
the experimental genotype (MDN1A>GtACR1) under Control conditions without light stimulation (black) 
versus the MDN1A silenced condition (green), or from genetic controls under light stimulation (grey) (Dri 
Ctrl: MDN1A/+, Eff Ctrl: +/>GtACR1) (N= 18,19,23,22). Box-whisker plots show median, interquartile 
range (box) and 10th/90th percentiles (whiskers). Data were analysed across groups by a Kruskal-Wallis 
test (ns: P> 0.05). 
 
c, Odour choice are separated by sex. Box plots represent the median as the middle line, 25%/75% 
quantiles as box boundaries, and 10%/90% quantiles as whiskers. Red fill of the box plots shows data 
from females; blue fill indicates data from male. Additional genotype information is in Supplemental Table 
S1 and statistical results in Supplemental Data Table S1. 
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Extended    Data Figure 1.4ƅ Characterization of lexA drivers for moonwalker neuron activation 
and MDN activation . 
a-b, Anti-GFP expression driven by MDN1B (a) and MoonwalkerB (b) (green) along with neuropil labelled 
with anti-Bruchpilot (magenta). Other details as for Figure 1.1a, Figure 1.5. 
 
c-d, Outcome of pairing odour with MDN1B activation using either ChR2XXL (blue: MDN1B>ChR2XXLB) 
(c), or Chrimson (orange: MDN1B>ChrimsonB) (d) and resulting in aversive memory in the experimental 
genotype but not in genetic controls (Dri Ctrl: MDN1B/+, Eff Ctrl: +/>ChR2XXLB (c) or ChrimsonB (d)) (N= 
12,12,10; 12,10,11). Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles 
(whiskers). Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise 
comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction). Other details as for 
Figure 1.5. 
BA preference and memory scores from Extended Data Figure 1.4c and Extended Data Figure 1.4d, 
respectively, separated by sex. Box plots represent the median as the middle line, 25%/75% quantiles 
as box boundaries, and 10%/90% quantiles as whiskers. Black fill of the box plots shows BA preference 
when BA (Benzaldehyde) was associated with optogenetic, and white fill of the box indicates BA 
preference when OCT (3-octanol) was associated with optogenetic. Red fill of the box plots shows data 
from females; blue fill indicates data from males. The blue/orange glow fly indicates when blue/red light 
was used for moonwalker activation. Additional genotype information is in Supplemental Table S1 and 
statistical results in Supplemental Data Table S1. 

 






































































































































































































































