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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 | 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 James’s 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, | developed an unconventional experimental twist for action-to-perceived emotional
experience (valence) causation by asking a simple question namely can moving backward make

flies ‘feel bad’ about odours experienced during this action?

Hereby, | 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, | 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, | will discuss plausible biomedical implications.



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 kdnnten. 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 herkdbmmliche Denkweise in Frage, dass Emotionen Handlungen
verursachen. Stattdessen schlug er vor, dass es auch andersherum sein kénnte - ndmlich 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 Rickwartsbewegung dazu flhren, dass Fliegen

die Gerliche, 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 fir 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 “distinct bodily expression” (Friedman, 2010). James'’s theory was greatly
influenced by Darwin’s (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 ‘James-Lange theory of emotion’.

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 Darwin’s (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 Darwin’s “The expression of the Emotions in Man and Animals, 1872"-

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 | addressed in this thesis

with a simple but elegant study model- Drosophila melanogaster.



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, it's 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, | 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 ‘where’ to target and
binds to the UAS combined with a ‘what’ 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 recruits’ 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 0.1 | 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) — upstream to a target gene of interest (pink). In the offspring (F1),
GALA4 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 —
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).

10



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-shiffed 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 | 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).

ChR GtACR1
Outer membrane . / \ A °
NANAA NANAA NANAA NAAA N
Innermembrane\/\/VVVJ | YYVYY VVVYY | VVVYY
.\I/. Na+ | .\l/. Cl-

Figure 0.2| 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 (CI-) 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 (Ca?*) 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; Lutcke, 2010). The
exemplary member of this GECls 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 Ca?* 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. [GCaMP8s, 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 0.3 | 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 (Ca2+) 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 brain—behaviour

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 O’Neil, 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
| 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
“Present is the memory of the past; present is the perception of the presence and present is the

expectation of the future”
Augustine, Confessions, Book 11, Chapter 20

Learning and memory are inextricably intertwined as it's 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, | conducted olfactory classical/ Pavlovian conditioning with adult Drosophila

melanogaster as a tool to answer the aim of my project which | 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 naive 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 it’s 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 Préat, 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 0.4| (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.
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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 3™ 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 ‘shape’ complex antennal
lobe firing pattern by inhibiting generalized ‘spread’ activity and thus modulate PNs response
(Kenne and Waddel, 2007).
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Figure 0.5| 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: a/B, a’/f’ and y (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

19



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); Kenne 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 3 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: a/f3, o'/’ and y.
Among them the y KCs are early born contributing exclusively to the medial lobe where the a/p,
o’/B’ equally contribute to the medial and vertical lobes (Heisenberg, 2003). They are named after
their distinct projections to the MB lobes o/, o'/’ and y (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).

Mushroom body
lobes and compartments
(one hemisphere)

y lobe

Figure 0.6| 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. 3 major KC classes: a/p (cyan blue), a’/p’ (bottle green) and y (brown)
with their axonal projections form respective lobes which are divided into 15 compartments namely a1-
3, B1-2; a’1-3, B'1-2 and y1-5 (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. The lobes are
devoid of external innervation and are divided into 15 compartments which are formed by the
axonal fibers of o/, a’/B’ and y KCs, the axon terminals of 21 types of dopaminergic neurons
(DANSs) and the dendrites of the 34 types mushroom body output neurons (MBONS) (Séjourné 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 MBONSs (for further details, see the
subsequent paragraphs), MB lobes form several compartments. The y lobe consists of 5
compartments y 1-5 extending from the MB heel/peduncle towards the midline/horizontally. On
the other hand, a and a’lobes have 3 compartments each namely a1-3 and a’1-3 and extend
upwards/vertically from the heel while B and B’lobes have 2 compartments each extending
horizontally from the heel namely B1-2 and ('1-2 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 (MBONSs) (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 — MBON synapse for expressing learned behaviour (Kim
etal., 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) DANSs.
There are 6 types of PPL1 DANs (PPL101-PPL106, see Table 0.2) and each type has 1-2 cell
bodies. PPL1 DANSs 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; Burke et al., 2012; Aso et al., 2014a; Huetteroth et al., 2015; Li 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).

PAM DANs

PPL1 DANs

Figure 0.7| 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 DANSs (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
DANSs cell bodies, only one cluster of PPL1 (PPL1-01, 1 cell body) innervating the punishment processing
y1 compartment (red filled) and one cluster of PAM (PAM-15, 3 cell body) innervating the reward
processing y5 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 (Friggi-Grelin et al., 2003). This observation has been further supported by functional
imaging and immunohistochemistry (Riemesperger et al., 2005; Mao and Davis, 2009).
Eventually continuous rapid development of DANs specific driver lines and optogenetics provided
more evidence of aversive reinforcement by PPL1 DANSs, especially in y1, y2 compartments along
the horizontal lobe and a’1, a’2, a3 of vertical lobe compartments by PPL1-y1pedc; y1, PPL1-y2
a’1, PPL1-a’1, PPL1-a’2 and PPL1- a3 respectively (Aso et al., 2010, 2012; Aso and Rubin, 2016).
Besides PPL1, there is another controversial PAM DANs namely MB-M3 and PAM-y3 innervating
B and y3 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- DANSs 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 “sweetness” property of sugar while PAM - DANSs 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- y4, PAM- y5,
PAM- B’2 innervating y4, y5 and 3’2 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 (MBONSs): 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 DANSs. 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 (MBONSs) (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 MBONSs 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, MBONSs 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 MBONSs 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 MBONSs 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 MBONSs read out the appetitive learning in line with the compartments innervated
by the PAM DANSs (see Table 0.2 for detail).

Atypical MBONs

Recent study from Li et al., 2020, identified 14 additional types of MBON, referred as “atypical
MBONSs” due to their additional dendritic arborization other than KCs input within the MB lobes,
spreading proximity brain areas predominantly in LAL, CRE, SIP, SMP, y 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 (B2y5) 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-MBONSs-

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

MBONSs MBONSs
Compartments DANs - :
Typical Atypical NT
GABA
v1 PPL1-01 (PPL1-y1pedc), | MBON-11 (MBON- y1pedc), MBON-20 (MBON-y1y2) *, Glut
PPL1-02 (PPL1-y1) MBON-11 (MBON- y1pedc) MBON-25 (MBON-y1 y2) *, *predicted
MBON-30 (MBON- y1y2y3) *,
MBON-32 (MBON-y2) *, GABA
y2 PPL1-03 (PPL1-y2a'1) MBON-12 (MBON-y2a’1) MBON-33 (MBON- y2y3) *, Glut
MBON-34 (MBON- y2) *, Ach
MBON-35 (MBON- y2*) *predicted
GABA
i i i . MBON-30 (MBON- y1y2y3) * Glut
y3 PAM-12 (PAM- y3) MBON-09 (MBON-y3p’1) MBON-33 (MBON- y2y3) Ach
*predicted
Glut
PAM-07 (PAM-y4>y1y2), | MBONO5 (MBON-y4>y1y2) ) ) )
v4 PAM-08 (PAM-y4) MBON21 (MBON-y4y5)* MBON-29 (MBON-y4y5) . Adh
predicted
MBON-24 (MBON-B2y5) *, Glut
Y5 PAM-15 (PAM- y5['2a) MBON-01 (MBON- y53'2a) MBON-27 (MBON- y5d) *, Ach
MBON-29 (MBON-vy4 y5) * *predicted
al PAM-11 (PAM- a1) MBON-07 (MBON- a1) Glut
MBON-13 (MBON- a'2),
a2 PPL1-05 (PPL1-0"202) MBON-18 (MBON-02), Ach
MBON-19 (MBON-a2p3p)
a3 PPL1-06 (PPL1-a3) MBON-14 (MBON-a3) Ach
B1 PAM-09 (PAM-B1ped), MBON-06 (MBON- B1>a) Glut
PAM-10 (PAM-B1)
PAM-03 (PAM-B28'2a) Gl
B2 ' MBON-02 (MBON- B2p'20) MBON-24 (MBON-B2y5) *, Ach
PAM-04 (PAM-B2) . e
predicted
GABA
a’1 PPL1-03 (PPL1-y2a’1) MBON-12 (MBON-y2a’1) MBON-31 (MBON-a’1a) * Ach
*predicted
a’2 PPL1-05 (PPL1-a’202) MBON-13 (MBON- a'2), Ach
) . > MBON-16 (MBON-a’'3ap), i IS
a’3 PPL1-04 (PPL1-a’3) MBON-17 (MBON-a'3m) MBON-28 (MBON- a’3a) *préé;ir;ted
) PAM-13 (PAM- B'1ap), , ,
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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 MBONSs. 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 0.8| Simplified diagram
. )ﬁ% of CS-US association for
olfactory associative learning.
OSN: olfactory sensory neurons;
AL: antennal lobe; PN: projection
osn ¢fsle neurons; CA: calyx; KC: Kenyon
cell; DAN: dopaminergic neuron;
MBON: mushroom body output
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reward (sugar cubes)
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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 G, protein respectively, D2-like receptor,
Dop2R is coupled to Gi, (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, 3’-5’- 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 MBONSs. During associative
conditioning, olfactory stimulus (CS) evoked presynaptic calcium (Ca?*) 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 cCAMP 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 MBONSs? 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 MBONSs. 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 y1pedc
compartment. Strikingly, the MBONSs innervating the same compartment is oppositely signed. So,
the MBONSs 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 0.9| Schematic of PPL1-01 (left) and MBON-11 (right) with outline of mushroom body
compartment y1. 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-y503’2) innervates the horizontal lobe tip
and carries reward/appetitive signal to y5p’2 compartment and modifies the KC-MBON-01
(MBON- y5@’2) 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 (MBONSs) and thus made MBON as the critical element of memory formation.
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Timing does matter

In the previous section, | 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 “double-faced” or “Janus-faced” (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).

Relief

Figure 0.10| 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.

Affect

Electric shock

Time

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, | 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 Pavlov’s termed as the “internal inhibition of conditioned reflexes” (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 it's 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 Pavloy, 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 “spontaneous recovery”. 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-y1pedc conveys
negative valence and depresses the CS+ odour>approach promoting MBON- y1pedc>a/(3
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 y5 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, | 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 “cephalization” 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 it's 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 fly’s 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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~130,000

T1

T2 Ventral nerve cord

T3

Figure 0.11| 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 (B6hm and Schildberger,
1992; Zorovi¢ and Hedwig, 2011). In Drosophila, there is a single command-like neuron-
moonwalker descending neuron (MDNSs), which acts both as highly distributed as well as localized
manner to coordinate changes in many muscles’ 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 | 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 Kénig*, Nino Mancini, Kazuma Murakami, Salil S.
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Author contributions as follows: Conceptualization and design: F.A., C.K., and B.G.; Methodology:
behavioural experiments and in-vivo calcium imaging experiments: F.A., C.K., O.B.; connectome
analyses and modelling: J.T.S., A.L.K.; immunohistochemistry, EM reconstruction, locomotion
tracking: N.M., S.S.B., K.M.; explant calcium imaging: M.-M.H., D.O.; Data analysis and
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editing, F.A., J.T.S., C.K, N.M., M.-M.H; UM,, .C.G.K., AP., ALK, O.B.,, and B.G.

Supervision, B.G. *Authors contributed equally

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 | 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 | 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 “moonwalker” neurons elicit backward walking when

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

that such backward locomotion, an element of Drosophila’s natural avoidance manoeuvres, might
promote negative valence. | 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 “avoidance paradox”: 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 ul
benzaldehyde (BA) and 250 ul 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 (Kénig 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, 69.25uW/mm? and 53.04 yW/mm?, as 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 - #0CT] / #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
(ISls: +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 pW/mm?) 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,
Duren, Germany) soaked with 1.8 ml of either (i) a plain 5 % sucrose solution (CAS: 57-50-1,
Hartenstein, Wirzburg, Germany), or that solution added with either (ii) 5 mg/ml 3-iodo-L-tyrosine
(31Y), 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 (Konig 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% 02, 5% CO2)
buffer solution (103 mM NaCl, 3 mM KCI, 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 MgCI2, 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/mm?. 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 1.6¢c, 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 y1-5, f’2 compartments. Regions of interest (ROI)
were manually drawn in the relevant areas using Imaged and further analysed using Microsoft
Excel, Statistica and custom-written Python scripts. Baseline fluorescence Fo was defined as the
mean F from the first 2 s of recording. Calcium responses were quantified by comparing the
average AF/Fo from 2 s before until light onset (pre) and the average AF/Fofrom the light offset to
2 s thereafter (post). AAF/Fo 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 laser’s 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 KCI, 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 y1, B2, and ’2 compartments are located in a different focal plane than the other
y compartments. Therefore, using 200-ms pulses of red light for optogenetic activation, two z-

planes were recorded starting either with y1, B2, and ’2, or the y2, y3, v4, and y5 plane. Starting
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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 Fo was defined as the mean
F from the first 2 s of recording. Calcium responses were quantified by comparing the average
AF/Fo from 2 s before until light onset (pre) to the average AF/Fo from light offset to 2 s (A long)
or 0.5 s thereafter (A short) (post). AAF/Fy was defined as the A short, A long post-stimulus

average fluorescence minus the pre-stimulus average fluorescence.

Immunohistochemistry
Moonwalker®, MDN1# (Figure 1.1a, Figure 1.5, Extended Data Figure 1.1a, Extended data Figure

1.1c), were crossed to Chrimson”®, whereas Moonwalker® and MDN18 was crossed Chrimson®

(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://lwww.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 x 1024-pixel resolution. Image processing was performed
using ImageJ (Fiji ImageJ).

For Moonwalker® and MDN1# crossed to Chrimson”, 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 Moonwalker®, MDN18 crossed to Chrimson®, 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 1-3-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/mm? 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/mm? was used. Continuous

low-intensity light at 530 nm and 0.1 mW/mm?, 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/mm? 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 MBONSs to MDNs in Figure 1.6 b-d were produced using FlyWire
v783 (Dorkenwald et al., 2024; Schlegel et al. 2024). Let A;; be the number of synapses onto
postsynaptic neuron i from presynaptic neuron j, thresholded at 10 synapses per entry. Define

the normalised weight matrix W =A /%Ay , so that each row of W sums to 1 and the 2-step
influence from neuron j to neuroni as \(Wz\)ij. Figure 1.6¢ shows as a percentage for the 6 MBON

types with the most influence on the MDNSs, 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 MBONSs, LALs and averaging as in Figure 1.6¢
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, (Figure 1.14a-d, Figure 1.15b, c) KCs synapse onto MBONSs with activities m?° and

m?@” 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:Z,-wf'pk,-, and
similarly for m?", where k; is the activity of KC i, and w;?° and w;" are its weights onto MBONSs.
Odours activate random non-overlapping subsets of Ny, KCs. The firing rate of active KCs is

1/Nogour» @nd the firing rate of inactive KCs is 0.

The activities of punishment- and reward-responsive DANs d” and d on time step t are given
by:
1
df:cpt-(1-c)rt+§(n?V-nfp)+2MDNt
d f=cr-(1-0)p+ (P-m3) +MDN,,
where ¢=0.8, and p=0 and r=0 represent external punishment and reward. The MDN 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 m° and m@" are

calculated as 1m;" =Z;yw;} K; 1+1-Z;W;¢ ki1, and similarly for ", where y=0.99 (Figure 1.14c, Figure

1.14d) or y=0.8 (Figure 1.15b, Figure 1.15c) is the temporal discount factor.

46



KC-to-MBON weights are updated as wit, ,=w;t -nd/k;; and wif,;=w; #'-ndk;,, where n=0.1 is the
learning rate. After this update, on each time step the weights are also normalised such that
wP+w?’—2 asymptotically: w’—wi’+0.025(2-w*-w?") and wi'— w?'+0.025(2-w"-w") (not
shown). The difference V=m?-m?" represents the model’s estimate of the current odour’s 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

[pappmach,pstay,pavoid]. When V>0.01, these probabilities are [0.8,0.1,0.7]. 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, MDN;=0.1 if, on the previous timestep, the “avoid” action was
selected and V<-0.001. The latter condition improves model performance by not reinforcing
random “avoid” 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 — one training phase and one

extinction phases — 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 model's probability of choosing the punishment-

exp(V/0.3)

Teexp(V/0.3) where V is the final estimated

predicting odour is given by a softmax function P=

value of the punished odour following timestep 108. In between phases, a timestep in which no

odour is present occurs. Code 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
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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 AAF/F values were used for all statistical analyses on
the indicated number of individual flies. The AAF/F, 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, AAF/Fo, 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 1.6¢”, d”, Friedman test was

used. Additional information and sample sizes are mentioned in corresponding figure legends.
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Results

Moonwalker neuron activation engages a dopaminergic punishment signal
To investigate action-valence relationships, | 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).

i 5 9
o
o)
*
2 x
< ——
b
~——— Training \( Test —
o
@ 3
5 S / (2]
OF O g
Moonwalker®  Control ;
activation odour Q § Dri  Eff
N L y Ctrl Ctrl

Figure 1.1 | Moonwalker neuron activation confers negative valence.

a, Proposed action-valence relationship and expression of the transgenic driver to induce backward

locomotion. MoonwalkerA>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 (MoonwalkerA)

¢, Aversive memory by pairing odour with moonwalker neuron activation (blue: MoonwalkerA>ChR2XXLA,
grey: Driver control: MoonwalkerA>+, Effector control: +>ChR2XXLA, +: 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): 50um 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, | tested the stability of this aversive memory by using different training-test intervals and it
was subsided over 4-8 hours (Figure 1.2a). | also confirmed this aversive moonwalker memory

by using another optogenetic effector (Eigure 1.2b, also see Supplement Figure 1-4 for further

parametric analysis).
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Figure 1.2| Parametric analysis of moonwalker neuron reinforcement.

a, Stability of moonwalker neuron activation conveying negative valence. As in Figure 1.1, for the
indicated training-test intervals (blue: MoonwalkerA>ChR2XXLA) (N=19,20,20,20,20,19).

b, As in (Figure 1.1), using Chrimson” as effector (orange: Moonwalker”> ChrimsonA, grey: Driver control:
MoonwalkerA>+, Effector control: +>ChrimsonA) (N=17,17,18).

¢, As in (Figure 1.1), for a training procedure in which the odour followed moonwalker neuron activation

(blue: MoonwalkerA>ChR2XXLA, grey: Driver control: MoonwalkerA>+, Effector control: +>ChR2XXLA, +:
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
fingerprint’ 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 1.3| Mapping out the

100; temporal profile of moonwalker
neuron reinforcement.

751 Results for the experimental

genotypes arranged according to

50+ ‘ the indicated intervals between

odour and optogenetic activation

251 [ (N=23,23,23,18; 24; 24; 24,24, 24)
l (includes data re-plotted from

0 1 — Figure 1.1-1.4; for the -15 s and

120s intervals). Also see Extended

-25; Data Figure 1.12d for underlying

BA preference and memory scores

-50- separated by sex for 60s, 120s,
240s intervals).

-75 l Light bulb: optogenetic activation

of all  moonwalker neurons

-100- (Moonwalker?). Box-whisker plots

N, o’ e show median, interquartile range
box) and 10th/90th percentiles
-15 60,120 240 (box) P

2 (whiskers). Additional genotype
Odour'_/!\_ interval [s] 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
| hypothesized that learning from moonwalker activation is dopamine dependent. After acutely
supplementing fly food with the drug 3lY, 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 31Y (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.
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Figure 1.4| Moonwalker neuron activation engages a dopaminergic punishment signal.

a, Inhibition of dopamine biosynthesis by 3-iodo-L-tyrosine (31Y), and effects of 3lY on learning from

moonwalker activation (MoonwalkerA>ChR2XXLA, intervals -15s or 120s; blue: control, brown: 31Y, 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”>ChR2XXL" 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 Chrimson” 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 (MDNSs) have been previously demonstrated as sufficient to induce backward locomotion
(Bidaye et al., 2014). | 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

1.1¢), 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.
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Figure 1.5| Selective MDNs activation confer 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 (MDN1A>ChrimsonA, details as in Figure 1.1a-b). Learning
experiments as in (Figure 1.1), showing aversive memory through MDNs activation (blue:
MDN1">ChR2XXL", grey: Driver control: MDN1">+, Effector control: +>ChR2XXL") (N= 21,17,17). Data
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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): 50um 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, | 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 fly’s
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 (MBONSs)_(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 LALO51 are the main hubs (Figure 1.6c-€). A substantial share of the synaptic
pathways from the MB to the MDNs involve MBONSs of the punishment memory compartments
v1, y2 and y3 (MBON30, MBON35, MBON32) (also see Table 0.2). Moreover, 4-5 of these 6
MBONSs, as well as LAL171,172 and LALO51 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 1.6| Two-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 (MBONSs, columns), determined from FlyWire-v783 after removing connections <10
synapses. Bracketed numbers refer to the number of neurons summed across hemispheres.

¢, Pathways from MBONSs 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. “Other” 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, | 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 — 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).
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Figure 1.7| 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 (MDN1A silenced, green) (genotype in both

cases: MDN1A>GtACR1) to levels less than in genetic controls (grey: Driver control: MDN1A>+, 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 Moonwalker”.

56



Next, | focused on how, in turn, MDNs affect MB processing. Given that activation of MDNSs in the
presence of an odour produces an aversive memory for that odour (Figure 1.5), | asked whether
activating MDNs drives feedback to punishing dopaminergic neurons (DANs) (Figure 1.8).
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Figure 1.8| Activating MDNs drives feedback to DANs?

Activating MDNs favours activity in punishing DANs

To test for MDN-to-DAN feedback, | combined optogenetic activation of MDNs with in vivo two-
photon calcium imaging of DANs in the mushroom body’s y1 and y2 compartments, known to
mediate punishing effects (Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012.
Therefore, | 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), | observed that activating MDNs resulted in strong
calcium responses in both y1 (PPL1-01: Figure 1.9¢) and y2 DAN (PPL1-03: Figure 1.9d). Neither

in these nor in any of the following experiments did | observe calcium responses in control flies

without the optogenetic effector.
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Figure 1.9| 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 y1 (c) or y2 (d) DANs, and in Control flies not expressing
Chrimson (grey); dashed lines indicate compartment boundaries (top panels). Calcium transients (AF/Fo)
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
(AAF/Fo) in DANSs of the y1 (c; N= 6 flies each) and y2 compartments (d; N= 8,7 in Chrimson and Control

flies) compared to those in Controls (bottom panels). Experimental genotypes: MDN1B>ChrimsonC;
y1>GCaMP(c) and MDN1B>ChrimsonC; y2>GCaMP (d). Control genotypes: MDN1B>+; y1>GCaMP (c)
and MDN1°>+; y2 >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 y1 and the y2 DAN, and to extend the focus beyond
these two DANSs, next | 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
y lobe and the B’2 compartment (Figure 1.10b). Upon activation of MDNs, | observed the
strongest responses in the DANs of the y1, y2 and lateral regions of the y3 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 y3, y4,
v5, and B’2 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 1.10| 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.

¢, 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 (AF/Fo) across the DANs of the compartments colour coded
as in (b) upon five times MDN activation (red bars).

e, Calcium transients (AF/Fo) 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 (AAF/Fo) in DANs of the y1, y2 and y3 (N=
10,8 in Chrimson and Control flies). Experimental genotype: MDN1B>ChrimsonC; DANs>GCaMP.
Control genotype: MDN1%>+; 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 | 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, | 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 DANSs.

No evidence for internal, recurrent feedback from MDNs to DANs

The initial hypothesis was that there is internal, recurrent feedback from MDNs to DANSs, 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, | 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, | confirmed reliable and strong activation of DANs in the y1, y2, and

y3 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 y1, y2, and y3 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).
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Figure 1.11| 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 legs’ 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 (AF/Fo) in the DANs

62



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 (AAF/Fo) 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): MDN1B>ChrimsonC; 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, | 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) — 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 flies’ movement was gently restrained during the training period (Trapped@training;

Figure 1.12b). No adverse effects of restraint were observed when activating known punishment
DANSs 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 1.12| 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 y1 compartment (c). Genotypes:
MDN1A>ChR2XXLA(N= 29,29) (b) and \(1>ChR2XXLA (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 y1-3 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) — raising the question

of the adaptive significance of such feedback.
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Figure 1.13| 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 “avoidance paradox” (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 MBONSs 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. In 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 1.14| MDN-mediated feedback facilitates maintained avoidance.
a, Model schematic. Punishment and reward activate DANs with firing rates d® and d', respectively.
MBONSs with firing rates m* and m® promote approach and avoidance, respectively. KC-to-MBON

weights (w®?, w®) are depressed by co-activation of DANS and odour-responsive KCs. Approach or
avoidance behaviour is determined probabilistically by the value (V) 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.

¢, 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
(V) of the rewarded odour 1 is learned through changes in KC-to-MBON weights (w*® and w®" , 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

1.15¢). These 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).

| 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.
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Figure 1.15| 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.

¢, 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 2 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*>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, | 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 “avoidance paradox” (Bolles 1972). We suggest that two separate systems reduce
these errors. In the y1-3 compartments, avoidance engages aversive teaching signals to maintain
aversive odour memory and promote future avoidance (this study), thus reducing the former error.
In the y5 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 MBONSs 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 y1-3 feature either an excitatory MBON upstream of an inhibitory LAL, or vice versa
(Figure 1.6¢). 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 y1 compartment (MBON-11) (Aso et al., 2014)
and its target MBON s of the y5 and 3’2 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, | 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
(Buschges 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 DANSs 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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Chapter 1 Extended Data Figures
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Extended Data Figure 1.1 | 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 Moonwalker? (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 1.2| 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: 3lY, light brown: additional supply of L-DOPA). In genetic controls (Moonwalker?/+,
+/>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 (Moonwalker”>Chrimson”) upon the drug treatment colour
coded as in (a); bottom rows likewise show genetic controls (Dri Ctrl: Moonwalker?/+, Eff Ctrl:
+/>Chrimson”) (N= 16,16,12,16,16,12,16,16,12).

¢, as in (a), but for the data shown in (b).
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Extended Data Figure 1.3| Innate olfactory choice behaviour is unaffected by MDNs 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 naive 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: MDN14/+, 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).

¢, 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 1.4| Characterization of lexA drivers for moonwalker neuron activation
and MDN activation.

a-b, Anti-GFP expression driven by MDN18 (a) and Moonwalker® (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 MDN18 activation using either ChR2XXL (blue: MDN1B>ChR2XXLEB)
(c), or Chrimson (orange: MDN18>Chrimson®) (d) and resulting in aversive memory in the experimental
genotype but not in genetic controls (Dri Ctrl: MDN18/+, Eff Ctrl: +/>ChR2XXLE (c) or Chrimson® (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.
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Extended Data Figure 1.5| DANs calcium response upon full set of moonwalker neuron activation

a, In vivo imaging preparation. Dorsal cuticle above the Drosophila brain was removed to allow optical
access, white light image (left). Fluorescent channels show the expression of Chrimson in Moonwalker8
neurons (middle) and GCaMP in DANs (right). For the compartments covered at the chosen imaging
plane (b) sample traces of raw calcium transients are shown for 5 trials of 20ms optogenetic activation

(red vertical lines) of Chrimson-expressing the full set of moonwalker neurons (MoonwalkerB) (c).

d, Average intensity projections of sample recordings 2 s before (Pre) and 2 s after the first Moonwalker”
activation in flies expressing Chrimson across DANs and in Control flies not expressing Chrimson;
dashed white lines indicate compartment boundaries. Experimental genotype: Moonwalker®>Chrimson€;
DANs>GCaMP (top). Control genotype: Moonwalker®/+; DANs>GCaMP (bottom).

e, Calcium transients (AF/Fo) from the indicated compartments upon activation in the experimental
genotype (coloured traces, N= 7) and in Controls (grey traces, N= 6). Calcium transients are plotted as
mean +/- SEM (except c).

f, Activation of Moonwalker® neurons result in significant calcium responses (AAF/Fo) of DANs of only
the y2 compartment. (e, f) are based on first optogenetic activation trial.

Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Calcium
transients are plotted as mean +/- SEM. 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
genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.
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Extended Data Figure 1.6| Compartmental topology of DAN engagement by MDNs and
moonwalker neuron activation.

a-b, Imaging plane and topology of the y3 compartment (a) and its internal organization according to (Li
et al., 2020) (b). Other KCs connect to only either PAM12-dd or -md (not shown).

c-¢”’, In vivo calcium imaging of flies expressing GCaMP6f across the DANs and optogenetic activation
of MDNs, re-analysed from Figure 1.10 (genotype: MDN18>Chrimson®; DANs>GCaMP). Average
intensity projections of sample recording 2 s before/ after activation (Pre/ Post) (¢). For the y3
compartment region of interest (stippled rectangle in ¢), calcium transients (AF/Fo) for spatial bins from
lateral (top) to medial (bottom) are displayed for consecutive activation trials (red vertical bars) (c’).

Z-scored average calcium responses show stronger DAN engagement in lateral than medial bins (N=8)

(c”).

d-d”, As in (c-c”), for activation of the full set of moonwalker neurons (Moonwalker®>Chrimson€;
DANs>GCaMP) showing uniform DAN activation throughout y3, re-analysed from Extended Data Figure
1.5. (N=6%). #one missing data point, where y3 was not discernible.

Data were analysed by Friedman tests (*P< 0.05) (¢”, d”). Additional genotype information is in
Supplemental Table S1 and statistical results in Supplemental Data Table S1.
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Extended Data Figure 1.7 | Activating MDNs in explant preparations does not engage DANs.

a-b, Overview of imaging setup of explant brain (a) and explant brain with VNC (b) preparation. MDN1®
was activated using Chrimson with 200 ms or 1000 ms red light stimulation while calcium transients were
monitored across the DANs by GCaMP6f. Images shown are captured under brightfield illumination.

¢, Average intensity projections of representative brain preparations of the experimental genotype
(MDN18>Chrimson¢; DANs>GCaMP) under two-photon illumination, with a focus on y2, y3, y4 and y5
DANSs (top) and y1 and p’2 DANs (bottom). Dashed lines indicate compartment boundaries.

d-e, Calcium transients (AF/Fo) from 2 s before to 2 s after activation of MDN18 with 200 ms of red light
(red vertical bar) in brains of the experimental genotype (traces colour-coded by compartment; N= 10) or
control brains (gray traces, N= 10) (MDN18/+; DANs>GCaMP) (d). Calcium responses (AAF/Fo) in these
brains comparing 2 s before activation to 2 s after activation (A long, left) or 0.5 s after activation (A short,
right). No significant differences between Chrimson-expressing and control brains were found.

f-g, As in (d-e), for brain-plus-VNC preparations (N= 10,10).

h-k, As in (d-g), for 1000-ms red light, revealing a significant decrease in calcium responses in y3 DANs
of brain-plus-VNC preparations after 1000 ms stimulation, and when considering A short (bottom right
panel).

Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Calcium
transients are plotted as mean +/- SEM. 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
genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.
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Extended Data Figure 1.8| MDN- evoked leg movements engage DANs response.

a, Graphical representation of in vivo two photon imaging setup. Same as Figure 1.10 and Figure 1.11

(a-e) genotypes, MDN1? was activated using Chrimson with a 200 ms red light activation while calcium
transients were simultaneously monitored in horizontal lobe DANs. Animals were free to move their legs.

Genotype in (b-f): MDN18>Chrimson®¢; DANs>GCaMP.
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b, Average calcium (colour) and leg motion (black) traces around time of first light activation (red vertical
line) of MDN1®. Shown are z-scored values, leg motion refers to motion energy calculated from the legs.

c,d, Reliability (c) and latency (d) to induce significant responses upon LED stimulation. Significant
responses are defined as those reaching at least 2 standard deviations above the pre-2 s average within
a 2 s time window after stimulation. Reliability refers to the probability for each stimulation trial within a
recording and latency refers to the time the threshold is first crossed after stimulation.

e,f, Pearson’s correlation of DAN calcium traces with leg motion (e) and with each other (f). N = 11 flies.
Data were analysed from Figure 1.10 (N=3#) and Figure 1.11 (a-e) (N=8*) before trapping.

#9 missing data point out of 20, where leg motion was not recorded. Additional genotype information is
in Supplemental Table S1.
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Extended Data Figure 1.9| Trapping itself and silencing MDN1” do not convey punishing signal.

a, Rationale and outcome of CS+ specific trapping (genotype: Canton S, N= 13). Box-whisker plots show
median, interquartile range (box) and 10th/90th percentiles (whiskers). “ns” indicates non-significance in
one sample sign test (OSS).

b, Rationale and outcome of silencing MDN1" in comparison to genetic controls. Clouds: odours. Light

bulb: optogenetic silencing of MDNs. green: MDN1A>GtACR1, grey: Driver control: MDN‘IA/+, Effector
control: +/>GtACR1) (N= 12,12,12). 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) (ns:
P> 0.05).

Underlying BA preference and memory scores of (a,b) separated by sex are shown, respectively, where
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. Additional genotype information is in Supplemental Table S1 and statistical results in
Supplemental Data Table S1.
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Extended Data Figure 1.10 | Scenarios of how KC-MBON plasticity affects MDNs.

Schematic summary of Figure 1.6¢ under the assumption that acetylcholine (ACh) has excitatory while
GABA and glutamate (Glu) have inhibitory effects. Shown are scenarios of depressed (left) or potentiated
(right) synapses between the KCs and the MBONs upstream of MDNs (KC-MBONAL-MDN) - Through
pathways with sign-inversion (inhibitory MBON to excitatory LAL or vice versa) depressed/ potentiated
KC-MBON synapses promote/ prevent MDN activity and avoidance. For MBONSs that give rise to parallel
pathways with excitatory and inhibitory effects on MDNs the scenario is different: Using synapse number
as a proxy for connection strength, these have nearly equal influences on the MDNs (Figure 1.6d).
Through these MBONSs, the MDNs receive both, more excitation and more inhibition (originating in
inhibitory MBONs when the KC-MBON synapses are depressed, and in excitatory MBONs when they
are potentiated). Terminals from LAL171,172 and LALO51 as the main conduits in these pathways are
located in close proximity to one another on the MDN dendrites (Figure 1.6e). Nonlinear dendritic
interactions based on this proximity may render the MDNs particularly sensitive to modulation.
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Extended Data Figure 1.11| BA preference and
memory scores from Figure 1.1 separated by
sex

BA preference and memory scores from Figure
1.1, 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 glow fly
indicates when blue light was used for moonwalker
activation. Other details as in the legend of Figure
1.1. Additional information in Supplemental Table
S1 and Supplemental Data Table S1.
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Extended Data Figure 1.12| BA preference and memory scores from Figure 1.2 and Figure 1.3
(60s, 120s, 240s intervals) separated by sex

(a-c) BA preference and memory scores from Figure 1.2a-c, respectively, separated by sex.

d, BA preference and memory scores from Figure 1.3 (60s, 120s, 240s intervals), 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 show 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. Other details as in the legend of Figure 1.2 and Figure 1.3. Additional information in
Supplemental Table S1 and Supplemental Data Table S1.
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Extended Data Figure 1.13| BA preference and memory scores from Figure 1.4a separated by
sex.

BA preference and memory scores from Figure 1.4a, 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 show 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 glowing fly indicates when blue light was used for moonwalker activation. No circles below the
panels refer to the control conditions, brown fill refers to feeding with 31Y, and yellow fill to feeding with
L-DOPA in addition. Other details as in the legend of Figure 1.4a. Additional information in Supplemental
Table S1 and Supplemental Data Table S1.
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Extended Data Figure 1.14| BA
MDN1A activation preference and memory scores from
Figure 1.5 separated by sex
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Extended Data Figure 1.15| BA preference and memory scores from Figure 1.7 separated by sex.
(a,b) BA preference and memory scores from Figure 1.7a and 1.7b 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 show BA preference when BA (Benzaldehyde) was
associated with electric shock, and white fill of the box indicates BA preference when OCT (3-octanol)
was associated with electric shock. Red fill of the box plots shows data from females; blue fill indicates
data from males. The red thunderbolt depicts electric shock, brown cubes indicates sugar and cloud as
odour. Other details as in the legend of Figure 1.7. Additional information in Supplemental Table S1 and
Supplemental Data Table S1.
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Extended Data Figure 1.16| BA preference and memory scores from Figure 1.12 separated by
sex

(a,b) BA preference and memory scores from Figure 1.12b-c, 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 show 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. Brown boundary and dot below indicate when fly’s movement was restrained. Other
details as in the legend of Figure 1.12. Additional information in Supplemental Table S1 and
Supplemental Data Table S1.
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Chapter 2

Temporal profile of reinforcement in Drosophila
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Introduction

It is adaptive to consider both evidence for and evidence against causality for a proper
representation of the causal structure of the world. Acting in conformity with the causal structure
of the world is important for survival in animals and humans alike. Indeed, distortions in the
assignment of causes to effects can have consequences ranging from the comical to the lethal.
Following early insight into the importance of ‘constantly conjoined events’ (Hume, 1739-40/
1978), causal learning is often studied in paradigms that vary the temporal relationship between
cues and motivationally salient events (Shanks et al., 1989; Dickinson, 2001). This may concern
evidence in favour of a causal relationship with a punishment, for example, or evidence against
such causality. That is, a cue X that has preceded a punishment is evidence for punishment,
whereas it is evidence against such causation if the punishment came first and cue X followed it.
Accordingly, at the behavioural level and in associative learning experiments, aversive memory
for cue X is the result when X occurs before punishment, whereas a characteristically weaker and
opposing, appetitive memory is the result when cue X is presented only upon the termination of
punishment, at the moment of ‘relief’ (Solomon and Corbit, 1974). Such timing-dependent valence

reversal reflects a cross-species principle of reinforcement processing with broad implications in
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biomedicine and computational science (Malaka, 1999; Gerber et al., 2014, Silver et al., 2016;
Konig et al., 2019).

In the fruit fly Drosophila melanogaster, timing-dependent valence reversal is mostly studied for
the association between odour cues and electric shock punishment. After odour— shock training
the flies show learned avoidance of the odour, whereas learned approach is observed after
shock— odour training (Tanimoto et al., 2004). These memories are called punishment and relief
memory, respectively (Gerber et al., 2014; Gerber et al., 2019). Punishment learning in Drosophila
involves the coincidence of olfactory processing and shock-evoked dopaminergic reinforcement
in the mushroom body, the highest brain centre of insects (Heisenberg, 2003; Cognigni et al.,
2018; Boto et al., 2020; Li et al., 2020; Modi et al., 2020; Menzel, 2022; Davis, 2023). Pairings of
odour presentation with the activation of the mushroom body input neuron PPL1-01 can establish
aversive associative memory for the odour in a process that involves dopamine signalling from
PPL1-01 to the mushroom body neurons (Tanaka et al., 2008; Aso et al., 2010b, 2019; Hige et
al., 2015; Konig et al., 2018) (synonyms for PPL1-01 are PPL1-y1pedc and MB-MP1) (Eigure
2.1a). However, although relief memory is observed for odours presented upon the termination of
PPL1-01 activation (Aso and Rubin, 2016; Konig et al., 2018), it is controversial whether this is
mediated by dopamine, too, or involves cotransmitters of dopaminergic neurons such as nitric
oxide (Aso et al., 2019). On the one hand, relief memory remained intact when in PPL1-01 both
the optogenetic effector for activating it and an RNAI construct were co-expressed to knock-down
the transcript for the tyrosine hydroxylase enzyme (TH) required for dopamine biosynthesis (Kdnig
et al., 2018, loc. cit. figure 5). On the other hand, relief memory through PPL1-01 termination was
abolished in loss-of-function mutants for TH (Aso et al., 2019, loc. cit. figure 5, supplementary
figure 3C) (also see Handler et al., 2019). It is therefore imperative to clarify the contribution of
dopamine in timing-dependent valence reversal by PPL1-01. A distinguishing feature of the
present study is that | map out the full ‘fingerprint’ of PPL1-01 reinforcement across multiple
temporal intervals (Figure 2.1b). Yet the findings in this study not only reconcile what appeared
to be contradictory conclusions in Konig et al. (2018) and Aso et al. (2019). They further reveal a
dissociation between two forms of punishment learning, namely for procedures with versus
procedures without a time gap between odour presentation and PPL1-01 activation (‘trace’ versus
‘delay’ conditioning, respectively), moderated by both dopamine and serotonin. This unexpectedly
complex modulation of reinforcement processing, | discussed in this chapter with respect to

psychiatric implications that may pertain if related modulations were to occur in humans.
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Materials and methods

Fly strains
In a mass culture on standard food, Drosophila melanogaster were reared at 60-70% relative

humidity and 25°C, and under a 12h:12h light: dark cycle, unless mentioned otherwise. In the
behavioural assays, 1-to-3-day-old adult flies were collected, regardless of sex, and handled in
mixed-sex cohorts of approximately 60-100 flies with approximately equal numbers of females
and males. Transgenic fly strains were used to express either the blue-light-gated cation channel
ChR2-XXL, or both ChR2-XXL and an RNAI construct against the TH enzyme in the dopaminergic
mushroom body input neuron PPL1-01. Specifically, males of the driver strain MB320C-split-
GALA4 (covering the PPL1-01 neuron) (Bloomington stock centre no. 68253; Aso et al., 2014) were
crossed to females of the effector strains, which were either UAS-ChR2-XXL (Bloomington stock
centre no. 58374, Dawydow et al., 2014) or featured UAS-TH-RNA.i in addition (Bloomington stock
centre no. 25796; Riemensperger et al., 2013). The flies from these crosses (henceforth PPL1-
01>ChR2-XXL and PPL1-01>ChR2-XXL/TH-RNAI) were used for experiments and kept in light-
shielded vials to avoid optogenetic activation by room light. Genetic controls carrying only the
PPL1-01 driver or only the ChR2-XXL effector had previously been tested (Kdnig et al., 2018) and

did not show memory upon pairing odour with blue light.

Pharmacological manipulations

In this study, unless mentioned otherwise, | used 3-iodo-L-tyrosine (31Y), an inhibitor of the TH
enzyme which is rate-limiting for the synthesis of dopamine (Eigure 2.1c), in a procedure that
followed Thoener et al. (2021). Specifically, in different sets of newly hatched flies, either a plain
5% sucrose solution (CAS: 57-50-1, Hartenstein, Wirzburg, Germany; in EVIAN water) was
offered to the flies as their sole food, or it was offered in mixture with 5mg/ml 31Y (CAS: 70-78-0,
Sigma, Steinheim, Germany; stored at -20°C) or in mixture with 5mg/ml 3IY plus 10mg/ml 3,4-
dihydroxy-L-phenylalanine (L-DOPA), a precursor of dopamine (CAS: 59-92-7, Sigma, Steinheim,
Germany). Mixtures were prepared by a shaker at high speed for approximately 60min.
Specifically, flies were transferred to small plastic vials (diameter: 25mm; height: 60mm; volume:
30ml; K-TK, Retzstadt, Germany) with tissue paper (Fripa, Duren, Germany) soaked with 1.8ml
of the solutions mentioned above, kept at 25°C and used for experiments after 36-40h. This
procedure is henceforth called the tissue paper method.

As an inhibitor of the enzyme tryptophan hydroxylase (TPH), which is rate-limiting for serotonin
synthesis, | used para-chlorophenylalanine (PCPA, a.k.a. DL-4 Chlorophenylalanine, fenclonine)
(CAS: 7424-00-2, ThermoFischer, Acros Organics, Geel, Belgium; stored at 4°C), in a procedure
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that followed Pooryasin and Fiala, (2015). Specifically, newly hatched flies were transferred to
large plastic vials (diameter: 46mm; height: 102mm; volume: 170ml; K-TK, Retzstadt, Germany)
with wet tissue paper and starved for 48h at 18°C. After starvation, separate sets of flies were
either transferred to small vials containing 1ml of freshly prepared standard food medium mixed
with 200ul of 5% sucrose solution and 200ul of water (EVIAN) and left with this as their sole food,
or they were kept with this mixture plus in addition either 1.25mg/ml of 3IY, or 1.25mg/ml of 31Y
plus 60mg/ml of PCPA, or 60mg/ml of PCPA. In all cases, the flies were kept at 25°C room
temperature and used for experiment 4 days later. Mixtures were prepared by a shaker at high
speed for approximately 30min. This procedure is henceforth called the food method.

The methods used can be expected to compromise TH function and thus to reduce dopamine
levels, systemically or in the PPL1-01 neuron, but they are not expected to result in a total
absence of dopamine. It is also likely that they leave intact the function of cotransmitters of
dopamine neurons, such as nitric oxide (Aso et al., 2019). Thus, the present experiments make it
possible to ascertain a role of TH and of dopamine in timing-dependent valence reversal but do
not allow any remaining reinforcing effects to be assigned to residual dopamine or to any

unaffected cotransmitter.

Behavioural experiments

Behavioural experiments were performed following Konig et al. (2018), for the association of
odour with the optogenetic activation of PPL1-01 unless mentioned otherwise. In brief, these
experiments took place in a custom-made set-up (CON-ELEKTRONIK, Greussenheim, Germany)
(modified from Tully and Quinn, 1985) that allowed the simultaneous handling of four cohorts of
flies, each with approximately 60-100 flies. During training, dim red light was used to allow minimal
vision for the experimenter while the ChR2-XXL channels remained mostly closed. Blue light for
opening the ChR2-XXL channels and thus for neuronal activation was turned on only briefly and
in the temporal relationship to odour presentation as described below and in the Results section.
In all cases, blue light was presented in a pulsatile manner as 12 pulses, each 1.2s long and
followed by the next pulse with a 5s onset-to-onset interval. Once the training had concluded, the
testing was carried out in darkness.

As odorants, 50ul benzaldehyde (BA) and 250pul 3-octanol (OCT) (CAS 100-52-7, 589-98-0;
Fluka, Steinheim, Germany) were applied to 1cm-deep Teflon containers of 5mm or 14mm
diameter, respectively.

The crucial variable for the behavioural experiments is the relative timing (or inter-stimulus-
interval, I1SI) of the pairing between an odour and the optogenetic activation of PPL1-01 by blue

light (Eigure 2.1b, Extended Data Figure 2.1). The ISI is defined as the time interval between the
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onset of the blue light and the onset of the paired odour presentation. In principle, either the paired
odour was presented first followed by blue light stimulation (forward conditioning, defined as
negative ISlIs), or the blue light was presented first followed by presentation of the paired odour
(backward conditioning, positive I1SIs). Specifically, separate groups of flies were trained with one
of seven ISIs (-155s, -100s, -15s, 80s, 120s, 240s, 300s). Given the 60s-duration of blue light
stimulation and the 60s-duration of the paired odour presentation, this resulted in gaps between
the two events of -95s and -40s for the two longest forward conditioning ISls (-155s, -100s) (‘trace’
conditioning), in a partial overlap for the -15s ISI (‘delay’ conditioning), and in gaps of 20s to 240s
for the backward conditioning ISIs (‘relief’ conditioning). In all cases, a second odour was
presented as a reference, unpaired from blue light during training. The use of BA and OCT as the
paired and the reference odour was balanced across repetitions of the experiment.

After one cycle of training, which lasted for a total of 15min, the flies were given a 4min
accommodation period and were then shifted to the choice point of a T-maze apparatus, with the
paired and the reference odour on either side. After 2min, the arms of the T-maze were closed
and the numbers of flies (#, as the sum of male and female flies) in each arm was counted by an

assistant blind to the experimental conditions to calculate the preference for BA as:

PREF = ((#BA- #OCT) / #Total) x 100 (1)

Positive PREF scores thus indicate preference for BA over OCT, and negative scores indicate
preference for OCT over BA. From these scores, taken after either BA or OCT had been paired
with PPL1-01 activation in separate cohorts of flies (BA+, or OCT+, respectively), an associative

memory score was calculated to average out odour-specific and non-associative effects as:

Memory score= (PREFga+ - PREFocT+) / 2 (2)

Negative memory scores thus indicate conditioned avoidance of the paired odour, and positive
scores indicate conditioned approach to it.

The difference between the memory scores of the TH-compromised condition and the memory
scores of the control condition was determined to quantify the effect of compromising TH function

on memory scores.
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Measurement of biogenic amine levels

A high-performance liquid chromatography (HPLC) analysis of brain-wide biogenic amine levels
was performed after drug feeding using the tissue paper method. For each of the respective
treatments, 6 male and 6 female brains were dissected in Ca?*-free saline and separated by sex,
immediately frozen in -80°C liquid nitrogen. The samples were analyzed using HPLC with
electrochemical detection to measure dopamine and serotonin levels. The column was an ET
125/2, Nucleosil 120-5, C-18 reversed phase column (Macherey & Nagel, Duren, Germany). The
mobile phase consisted of 75mM NaH2PO4, 4mM KCI, 20uM EDTA, 1.5mM sodium dodecyl
sulfate, 100pl/I diethylamine, 12% alcohol and 12% acetonitrile, adjusted to pH 6.0 using
phosphoric acid (Carl Roth GmbH, Karlsruhe, Germany). The electrochemical detector (Intro)
(Antec, Alphen, The Netherlands) was set at 500 mV versus an ISAAC reference electrode
(Antec, Alphen, The Netherlands) at 30°C. This setup allows the simultaneous measurement of

dopamine and serotonin (Amato et al., 2020; Kalinichenko et al., 2021).

Experimental design and statistical analysis

Throughout the study, non-parametric statistical tests were used (Statistica 11.0; StatSoft
Hamburg, Germany, and R 2.15.1, www.r-project.org). For comparisons across more than two
groups, the Kruskal-Wallis test (KW) was applied. For subsequent pair-wise comparisons
between groups, Mann-Whitney U-tests (MW-U) were performed. To test whether values of a
given group differed from chance levels, i.e., from zero, one-sample sign tests (OSS) were used.
When multiple tests of the same kind were performed within one experiment, significance levels
were adjusted by a Bonferroni-Holm correction to keep the experiment-wide type 1 error limited
to 0.05 (Holm, 1979). In no case were data compared within-subjects. Data are presented as box-
dot plots which represent the median as the middle line and the 25%/75% and 10%/90% quantiles
as box boundaries and whiskers, respectively; single data points are displayed as dots. For the
behavioural experiments, each such sample N= 1 is based on cohorts of approximately n= 120-
200 individual flies, with approximately equal numbers of females and males. For the HPLC
measurements each N= 1 is based on 6 female and 6 male flies. Sample sizes of the respective
experiments are stated in the Figure legends. Per-experiment details of experimental design and

statistical results can be found in Tables 2.1-5.
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Results

The temporal profile of PPL1-01 reinforcement extends and blunts upon
pharmacological inhibition of TH

Blue-light-gated ion channel ChR2-XXL expressed flies for optogenetic activation of the PPL1-01
neuron showed punishment memory after odour—PPL1-01 training (Figure 2.1d; ISI -15s). Acute
feeding of 3lY, an inhibitor of the TH enzyme required for dopamine synthesis, impaired such

punishment memory (Figure 2.1d; ISI -15s) (for a repetition see Extended Data Figure 2.2). Of

note is that 31Y feeding leaves task-relevant sensory-motor faculties intact (Thoener et al., 2021).
In a further repetition of the experiment, an additional feeding of L-DOPA could rescue the effect
of 3lY feeding on punishment memory (Figure 2.1e; ISI -15s). In contrast, relief memory after
PPL1-01—odour training was unaffected by feeding of 31Y (Eigure 2.1d, Figure 2.1e; ISI 120s).

Next, | mapped out the effect of 31Y feeding on the temporal profile of PPL1-01 reinforcement

more systematically. This was achieved, based on the association of odour and PPL1-01
activation across multiple intervals between these events. This revealed that this temporal profile
is both, extended and blunted by 3IY feeding. The intervals that | used before, this once more
replicated the finding that 31Y feeding leads to a decrease in punishment memory, and that there
is no such detrimental effect on relief memory (Figure 2.1f; ISIs of -15s and 120s, respectively).
Strikingly, however, 31Y feeding increased punishment memory when there was a -40s gap
between the offset of the odour and the start of PPL1-01 activation (Figure 2.1f; ISI -100s), and
decreased relief memory for relatively long intervals between PPL1-01 activation and odour
presentation (Figure 2.1f; ISI 240s, corresponding to a 180s gap).

In a follow-up experiment, I, confirmed these three kinds of effect exerted by 3lY feeding and
showed that they can be rescued by additionally feeding L-DOPA (Figure 2.1g) (see Extended

Data Figure 2.3 and Extended Data Figure 2.4 for the underlying preference score and memory

scores separated by sex, respectively). HPLC measurements of whole-brain homogenates upon
3lY feeding reveal a selective decrease in dopamine but not in serotonin levels, which was

likewise rescued by additionally feeding L-DOPA (Figure 2.2) (see Extended Data Figure 2.5 for

data separated by sex).

These results suggest that optogenetic activation of PPL1-01 establishes both punishment
memory and relief memory through a 3lY-sensitive, TH-dependent, dopaminergic process. To our
surprise, | found that the compromising of TH function had opposite effects upon training with a -
40s gap between odour and PPL1-01 activation (ISI -100s, punishment memory after trace
conditioning) as compared to training without such a gap (ISl -15s, punishment memory after

delay conditioning) (Figure 2.1f, Figure 2.19).
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Figure 2.1 The temporal profile of reinforcement by PPL1-01 extends and blunts upon
pharmacologically inhibiting the TH enzyme.

a, Schematics of a fly, its brain, and the mushroom bodies (top) and a highly simplified working hypothesis
of association formation during punishment learning (bottom) (for references see body text). The intrinsic
neurons of the mushroom bodies represent odours in a sparse and combinatorial manner (mushroom body
neurons in black). The dopaminergic PPL1-01 neuron (blue), which can be activated by e.g. electric shock
punishment, intersects the axons of the mushroom body neurons in what is called the y1pedc compartment.
Associative coincidence of odour activation and signalling from PPL1-01 (red shade within the
compartment) induces associative presynaptic depression (stars) at the synapses from the odour-activated
mushroom body neurons towards an approach-promoting output neuron of the compartment (purple). As
no such depression takes place in a neighbouring compartment in relation to its avoidance-promoting output
neuron, this shifts the balance across the mushroom body output neurons to net avoidance as the learned
behaviour. In total, the mushroom body has 15 compartments, only two of which are sketched. The
compartment depicted at the top represents the two compartments known to receive input from punishing
stimuli (y1pedc and y2); the compartment depicted at the bottom represents compartments known to
receive reward input (y4, y5).

b, Procedure for presenting the reference odour (open clouds), the paired odour (grey clouds), and
optogenetic activation of PPL1-01 (blue light bulb). The interval between the onset of the paired odour and
the onset of PPL1-01 activation is called the inter-stimulus-interval (ISI). For more details see Extended

Data Figure 2.1.

¢, Schematic of dopamine biosynthesis and of the inhibition of tyrosine hydroxylase (TH) by 3-iodo-L-
tyrosine (31Y). The dopamine precursor 3,4-dihydroxy-L-phenylalanine (L-DOPA) should compensate for
the effects of 3IY on dopamine levels. DDC: dopamine decarboxylase. Drug feeding was performed by the
tissue paper method.

d, Relative to controls, punishment memory after odor—PPL1-01 training (ISI -15s) is decreased upon
feeding of 3IY (N= 25, 25). Relief memory after PPL1-01—odor training (ISI 120s) is unaffected (N= 25,
23).

e, The decrease in punishment memory by 31Y can be rescued by additionally feeding L-DOPA (ISl -15s)
(N= 16, 16, 16). Relief memory is unaffected by 3IY, and by combining 3IY and L-DOPA (ISl 120s) (N= 16,
16, 15).

f, Mapping out the effect of 31Y on the temporal profile of PPL1-01 reinforcement (N= 20, 20; 20, 20; 19,
20; 20, 20; 20, 20; 20, 20; 20, 20). 3lY decreases punishment memory (ISI -15s, delay conditioning) and
leaves relief memory with an ISI of 120s unaffected. For a longer relief ISI of 240s a decrease in relief
memory is revealed. For a training procedure with a -40s time gap between odour and PPL1-01 (ISI -100s,
trace conditioning), an increase in memory scores by 3lY is observed.

g, The effects of 3IY on memory scores after trace, delay, and relief conditioning (ISls of -100s, -15s, and
240s, respectively) can be largely rescued, or even overcompensated, by L-DOPA (N= 30, 31, 31; 30, 31,
31; 30, 31, 30).

Plotted in (d-g) are the memory scores according to equation 2, reflecting associative memory for the odour
paired with optogenetic activation of PPL1-01; positive and negative memory scores reflect appetitive and
aversive memory, respectively. Box plots represent the median as the middle line, 25%/75% quantiles as
box boundaries, and 10%/90% quantiles as whiskers. Open box plots and circles refer to the control
condition, brown and light brown fill to groups fed with 3IY or with 3IY plus L-DOPA, respectively. Flies were
of the genotype PPL1-01>ChR-2XXL.

* and “ns” indicate significance and non-significance, respectively, in MW-U tests at an error rate of 5%,
adjusted according to Bonferroni-Holm, except for (e, ISl 120s) where “ns” indicates non-significance in a
KW test. In (e, I1SI -15s), the exact p-value is presented, which after Bonferroni-Holm correction is just about
non-significant. Given that in all five other cases of comparison between these treatment groups statistical
significance is reached (Figure 2.1d, Figure 2.1f, Figure 2.1, Extended Data Figure 2.2, Figure 2.5b), our
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interpretation is that the narrow “miss” of significance in this case is a false negative. Statistical results are
documented in Table 2.1, respectively. The underlying preference scores and memory scores separated by
sex are shown in Extended Data Figure 2.3 and Extended Data Figure 2.4, respectively. The anatomical
image of the mushroom body in (a) is modified from Heisenberg and Gerber (2008).
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Table 2.1: Summary experimental design and statistics Figure 2.1

Figure 1SI KKW test MWU test OSS test
Groups u p Group p
2.1d -15  H(3, N=98) Control vs 3lY 132.5 0.05/2 Control <0.05/4
=39.658;
p<0.05 3lY 0.152
120 Control vs 3lIY 132.5 0.409 Control <0.05/3
3lY 0.035
ExtFig  -15 Control vs 3lY 4 <0.05/1 Control 0.0625
2.2
3lY 1
2.1e -15  H(2, N=48) Control vs 3IY 69 0.027 Control <0.05/3
=7.839;
p<0.05/2 31Y vs 3IY+L-DOPA 59 <0.05/3 3lY 0.21
Control vs 3IY+L-DOPA 121 0.806 3IY+L- <0.05/5
DOPA
120 H(2, N=47) Control <0.05//12
=0.579;
0=0.749 3lY <0.05/6
3IY+L- <0.05/4
DOPA
2.1f -155 H(13, Control vs 3IY 112 0.018 Control 0.824
N=279)
=110.221: 3lY <0.05/11
-100 p<0.05 Control vs 3IY 74  <0.05/7 Control 0.647
3lY <0.05/14
-15 Control vs 3lY 91 <0.05/5 Control <0.05/10
3lY 0.012
80 Control vs 3lY 161 0.298 Control 0.824
3lY 1
120 Control vs 3IY 180 0.598 Control 0.041
3lY 0.263
240 Control vs 3lIY 79 <0.05/6 Control <0.05/13
3lY 0.041
300 Control vs 3IY 124 0.04 Control <0.05/12
3lY 0.167
2.1g -100  H(2, N=92) Control vs 3lY 154  <0.05/3 Control 0.585
=20.261;
p<0.05/3 31Y vs 3lY+L-DOPA 315  <0.05/2 3lY <0.05/6
Control vs 3IY+L-DOPA 314  <0.05/1 3IY+L- <0.05/3
DOPA
-15  H(2, N=92) Control vs 3IY 190 <0.05/3 Control <0.05/8
=16.874;
p<0.05/1 31Y vs 3IY+L-DOPA 287  <0.05/2 3lY <0.05/5
Control vs 3IY+L-DOPA 366 0.155 3IY+L- <0.05/9
DOPA
240  H(2, N=91) Control vs 3lY 277  <0.05/2 Control <0.05/4
=17.914;
p<0.05/2 31Y vs 3IY+L-DOPA 192  <0.05/3 3lY 0.720
Control vs 3IY+L-DOPA 315  <0.05/1 3IY+L- <0.05/7

DOPA
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Figure 2.2| Whole-brain levels of dopamine get reduced by pharmacologically inhibiting the
TH enzyme.

Whole-brain levels of dopamine and serotonin after feeding 3-iodo-L-tyrosine (31Y), an inhibitor of the
tyrosine hydroxylase (TH) enzyme required for dopamine biosynthesis. Feeding of 3IY reduced
dopamine levels, an effect that was restored by feeding the dopamine precursor 3,4-dihydroxy-L-
phenylalanine (L-DOPA) in addition (N= 20, 20, 20). Drug feeding, performed by the tissue paper
method, was without effect on serotonin levels (N= 20, 20, 20). Box plots represent the median as
the middle line, 25%/75% quantiles as box boundaries, and 10%/90% quantiles as whiskers. Open
box plots and circles refer to the control condition, brown and light brown fill to groups fed with 3IY or
with 31Y plus L-DOPA, respectively. Flies were of the genotype PPL1-01>ChR-2XXL.

* indicates significance in MW-U tests at an error rate of 5%, adjusted according to Bonferroni-Holm.
“ns” indicates non-significance in such a MW-U test (dopamine) or in a KW test (serotonin). Data and
statistical results are documented in Table 2.2, respectively. Data separated by sex are shown in
Extended Data Figure 2.5.
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Table 2.2: Summary experimental design and statistics Figure 2.2

Figure KKW test MWU test

Groups U p
2.2_DA H(2, N=60)=11.853; p<0.05 Control vs 3lY 100 <0.05/2
3lY vs 3IY+L-DOPA 85 <0.05/3
Control vs 3IY+L- 169 0.409

DOPA
2.2_5-HT H(2, N=60)=3.211; p=0.201
ExtFig2.5_DA_Female H(2, N=30)=5.499; p=0.064
ExtFig2.5_DA_Male H(2, N=30)=8.41; p<0.05/2 Control vs 3lIY 14  <0.05/3
3IY vs 3lY+L-DOPA 21 0.031
Control vs 3IY+L- 44 0.678

DOPA

ExtFig2.5_5-HT H(2, N=60)=0.901; p=0.637
Female

ExtFig2.5_5-HT Male H(2, N=60)=2.392; p=0.302

The temporal profile of PPL1-01 reinforcement extends and blunts likewise upon
local knock-down of TH

Next, | asked whether the three observed effects of compromising TH function on memory scores,
namely on punishment memory after i) trace and ii) delay conditioning, as well as on iii) relief
memory, require dopaminergic signalling from PPL1-01 itself. Therefore, both the optogenetic
effector and an RNAI construct for the knock-down of the TH enzyme (Riemensperger et al., 2013)
were co-expressed in PPL1-01 and thus, | mapped out the temporal profile of PPL1-01
reinforcement. This again revealed an increase in punishment memory after trace conditioning
(ISI -100s), a decrease in punishment memory after delay conditioning (ISl -15s), as well as a

decrease in relief memory (ISI 300s) (Figure 2.3a, Figure 2.3b) (see Extended Data Figure 2.6

and Extended Data Figure 2.7 for the underlying preference scores and memory scores separated

by sex, respectively).

Tother, these results show that compromising TH function extends and blunts the temporal profile
of reinforcement by PPL1-01 (see Figure 2.4a): trace conditioning (ISI -100s) is improved, delay
conditioning is impaired, and relief conditioning is abolished for longer intervals (ISIs 240s and
300s).
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Figure 2.3| The temporal profile of PPL1-01 reinforcement extends and blunts likewise
upon local knock-down of TH.

a, Schematic of dopamine biosynthesis and of the inhibition of tyrosine hydroxylase (TH) by RNA
interference (RNAI).

b, Mapping out the effect of TH-RNAI in the PPL1-01 neuron on the temporal profile of PPL1-01
reinforcement (N= 32, 32; 34, 34; 40, 40; 33, 34; 42, 42). Relative to controls, TH-RNAi promotes
punishment memory upon trace conditioning (ISl -100s) and decreases punishment memory upon delay
conditioning (ISI -15s). Relief memory is decreased (ISI 300s). Control flies were of the genotype PPL1-
01>ChR2-XXL (open box plots and circles); flies for TH knock-down in the PPL1-01 neuron additionally
carried the TH-RNAI construct (PPL1-01>ChR2-XXL/TH-RNAI) (box plots and circles with brown fill). Other
details are as in the legend of Figure 2.1.

* indicates significance in MW-U tests at an error rate of 5%, adjusted according to Bonferroni-Holm, “ns”
indicates non-significance in such tests. Statistical results are documented in Table 2.3, respectively.
Underlying preference scores and memory scores separated by sex are shown in Extended Data Figure
2.6 and Extended Data Figure 2.7, respectively.
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Table 2.3: Summary experimental design and statistics Figure 2.3

ISI KKW test MWU test OSS test
Groups u p Group p

-100 H(9, N=363) Control vs TH-RNAi 325 <0.05/3 Control 0.860
Jorres TH-RNAI  <0.05/3
-15 Control vs TH-RNAI 350 <0.05/5 Control <0.05/10
TH-RNAI <0.05/9
120 Control vs TH-RNAI 748 0.62 Control <0.05/4
TH-RNAI <0.05/8
240 Control vs TH-RNAI 482 0.32 Control <0.05/7
TH-RNAI <0.05/5
300 Control vs TH-RNAI 594 <0.05/4 Control <0.05/6

TH-RNAI 0.164

Sex based data separation
Separating behavioural data by sex is a major focus of our lab. But in aversive short-term memory

so far never observed reliable differences between female and male flies. Indeed, for the control
conditions summarized throughout the present study, memory scores do not differ between the
sexes for trace, delay, or relief conditioning (Figure 2.4b). On examining the difference in memory
scores of the TH-compromised cases minus the controls, however, it was surprising to find that
specifically for trace conditioning (ISl -100s) the effect of compromising the TH function, which
was significant in both sexes, was less pronounced in females than in males (Figure 2.4c). Two
observations suggest that this sex difference is not a statistical artifact. Firstly, this sex difference

can be discerned for both 3IY feeding as an acute, systemic (Extended Data Figure 2.4c,

Extended Data Figure 2.4d) and for TH-RNAi as a constitutive, cell-specific intervention

(Extended Data Figure 2.7). Secondly, when the brain-wide HPLC measurements of biogenic

amines after 31Y feeding were separated by sex, this revealed only a non-significant tendency
toward a decrease in dopamine levels in the females, whereas a significant decrease in dopamine

levels was observed in the males (Extended Data Figure 2.5). This suggests that decreases in

dopamine levels that in females remain below the significance threshold in brain-wide HPLC

measurements (Extended Data Figure 2.5) can nevertheless have behavioural effects (Figure

2.4c¢), and that these behavioural effects are weaker in females than those produced by the more

pronounced decreases in dopamine levels in males (Extended Data Figure 2.5, Figure 2.4c).
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Figure 2.4| Compromising TH function extends and blunts the temporal profile of PPL1-01
reinforcement.

a, Summary of the effects of compromising TH function on the temporal profile of PPL1-01
reinforcement, combined for 31Y and TH-RNAI, and across the present study. Shown are the memory
scores of the respective control (open box plots) and TH-compromised cases (box plots with brown
fill) (N= 20, 20, 120, 122, 159, 165, 20, 20, 101, 99, 108, 113, 62, 62).
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b, Data for only the control cases shown in (a), separated by sex. Neither for trace conditioning (ISl
-100s), nor for delay conditioning (ISI -15s), nor for relief conditioning (ISIs 240s and 300s) were sex-
dependent differences observed (for a justification of why relief conditioning with ISIs of 80s and 120s
is not included in this grouping see below) (N= 120, 120, 159, 157, 169, 169).

¢, For the data in (a) the difference in memory scores of the TH-compromised cases minus the scores
in the controls is plotted, separately for female and male flies, to quantify how strongly compromising
TH function affects memory scores, in either sex. For trace conditioning (ISl -100s), the effect of
compromising TH function was less pronounced in females than in males, whereas no such
difference was observed for delay (ISl -15s) and relief conditioning (N= 118, 119, 159, 157, 168, 167).
For relief conditioning, data were considered only for those ISIs for which compromising TH function
had an effect to begin with (a: 240s and 300s).

Other details are as in the legend of Figure 2.1. * indicates significance in MW-U tests at an error rate
of 5%, adjusted according to Bonferroni-Holm, “ns” indicates non-significance in such tests. “#
indicates significance in OSS-tests at an error rate of 5%, adjusted according to Bonferroni-Holm.
Statistical results are documented in Table 2.4, respectively.
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Table 2.4: Summary experimental design and statistics Figure 2.4

Figure ISI KKW test MWU test OSS test
Groups U P Group P
2.4a -155 H(13, N=1191) Control vs 3IY 112 0.018 Control 0.824
ﬁi%%%‘“ 3y <0.05/7
-100 Control vs 3lIY 3442 <0.05/7 Control 0.582
3lY <0.05/13
-15 Control vs 3IY 6128 <0.05/5 Control <0.05/14
3lY <0.05/9
80 Control vs 3lIY 161 0.298 Control 0.824
3lY 1
120 Control vs 3lY 4995 0.992 Control <0.05/10
3lY <0.05/11
240 Control vs 3IY 3687.5 <0.05/6 Control <0.05/12
3lY <0.05/6
300 Control vs 3lY 1267.5 <0.05/4 Control <0.05/8
3lY 0.04
2.4b Trace H(5, N=894) Female vs Male 6195 0.062 Female 0.399
=‘:)3;10'.%252; Male 0.259
Delay Female vs Male 11158.5 0.103 Female <0.05/6
Male <0.05/5
Relief Female vs Male 28199.5 0.62 Female <0.05/4
Male <0.05/3
2.4c Trace H(5, N=888) Female vs Male 5291 <0.05/3 Female <0.05/1
=:)210'_B153; Male  <0.05/6
Delay Female vs Male 11164.5 0.105 Female <0.05/5
Male <0.05/4
Relief Female vs Male 27708.5 0.695 Female <0.05/3
Male <0.05/2
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TPH enzyme inhibitor can reverse the effects of 31Y on trace conditioning

PPL1-01 is one of a total of 12-15 dopaminergic neurons in the PPL1 cluster, and specifically in
the subset of six of these that innervate the mushroom body (Mao and Davis, 2009; Aso et al.,
2014c, 20143; Li et al., 2020). It has been reported that within the PPL1 cluster there is at least
one neuron that is not only immunoreactive against TH but also against serotonin, and that
constitutively compromising TH function by genetic means can both increase the number of anti-
serotonin immunoreactive neurons in the PPL1 cluster and alter the pattern of anti-serotonin
immunoreactivity in the mushroom body, specifically at the tips of the a and a’ lobes, which receive
both dopaminergic and serotonergic input (Niens et al., 2017). Preliminary results suggested that
the used method for acutely lowering dopamine levels by 3IY left the number of anti-serotonin
immunoreactive neurons in the PPL1 cluster unchanged but altered patterns of serotonin-
immunoreactivity in a way similar to what was previously reported (Niens et al., 2017). This
encouraged me to test whether downregulating serotonin synthesis would alter the effects we
observed by feeding 3lY. To test for this possibility, | used para-chlorophenylalanine (PCPA), an
inhibitor of the tryptophan hydroxylase enzyme (TPH) (Eigure 2.5a).

For trace conditioning (ISI -100s), the increase in punishment memory caused by 31Y was fully
reversed by an additional feeding of PCPA (Figure 2.5b). For delay conditioning (ISI -15s), the
3lY-induced decrease in punishment memory was only partially reversed by PCPA. For relief
conditioning (ISI 240s), however, the decrease in relief memory through 3IY was not moderated
by PCPA. Under low-dopamine conditions, the additional feeding of PCPA thus had a graded
effect on memory scores, in the sense that it was strong for trace conditioning (ISI -100s) and
tapered off as the ISIs were increased to -15s and 240s. Of note is that feeding PCPA alone, that
is feeding PCPA under conditions of normal dopamine levels, had no effect on either form of

conditioning (Figure 2.5¢) (see Extended Data Figure 2.8 and Extended Data Figure 2.9 for the

underlying preference scores and memory scores separated by sex, respectively).
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Figure 2.5| Temporal profile of PPL1-01 reinforcement upon pharmacologically inhibiting the

TPH and the TH enzyme.

a, Schematic of serotonin and dopamine biosynthesis, of the inhibition of tryptophan hydroxylase (TPH)
by para-chlorophenylalanine (PCPA), and of the inhibition of tyrosine hydroxylase (TH) by 3-iodo-L-
tyrosine (3lY), respectively. 5-HTP: 5-hydroxytryptophan; L-DOPA: 3,4-dihydroxy-L-phenylalanine;
DDC: dopamine decarboxylase. Drug feeding was performed by the food method.

b, Relative to controls, punishment memory after odor—PPL1-01 trace conditioning (ISI -100s) is
increased upon feeding of 31Y, an effect that is partially reversed by an additional feeding of PCPA (N=
38, 39, 45). For delay conditioning (ISI -15s), punishment memory is reduced by 3lY, an effect that is
partially reversed by PCPA (N= 29, 33, 32). The reduction of relief memory (ISI 240s) by 3lIY was not
reversed by PCPA (N=25, 28, 29).

¢, PCPA alone has no effect on punishment memory after trace conditioning (ISI -100s) (N= 39, 39) or
delay conditioning (ISI -15s) (N= 45, 48) and leaves relief memory intact, too (ISI 240s) (N= 44, 41).
Open box plots and circles refer to the control condition, brown and green fill to groups fed with 31Y or
with 3IY plus PCPA, respectively. Flies were of the genotype PPL1-01>ChR-2XXL. Other details are as
in the legend of Figure 2.1.

indicates significance and “ns” non-significance in MW-U tests at an error rate of 5%, adjusted according
to Bonferroni-Holm. Statistical results are documented in Table 2.5, respectively. Underlying preference
scores and memory scores separated by sex are shown in Extended Data Figure 2.8 and Extended

Data Figure 2.9, respectively.
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Table 2.5: Summary experimental design and statistics Figure 2.5

Figure 1SI KKW test MWU test OSS test
Groups U p Group p
2.5b -100 H(2, N=122) Control vs 3lIY 358 <0.05/3 Control 0.871
=17.433;
p<0.05/2 31Y vs 3IY+PCPA 556  <0.05/2 3lY <0.05/3
Control vs 3IY+PCPA 663 0.08 3IY+PCPA  <0.05/2
-15 H(2, N=94) Control vs 3IY 163  <0.05/3 Control <0.05/3
=21.727;
p<0.05/3 3lY vs 3IY+PCPA 340 <0.05/1 3lY 0.296
Control vs 3IlY+PCPA 283  <0.05/2 3IY+PCPA  <0.05/2
240 H(2, N=82) Control vs 3IY 156  <0.05/2 Control <0.05/3
=15.749;
p<0.05/1 3lY vs 3IY+PCPA 389 0.792 3lY 1
Control vs 3IY+PCPA 163  <0.05/3 3lY+PCPA  0.851
2.5¢ -100  H(5, N=255) Control vs PCPA 656 0.389 Control 1
=17.433;
p<0.05 PCPA 0.296
-15 Control vs PCPA 956 0.342 Control <0.05/5
PCPA <0.05/6
240 Control vs PCPA 8925 0.937 Control <0.05/4
PCPA <0.05/3
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Discussion

In this study, my results report that compromising TH function, either acutely by pharmacological

means (Figure 2.1, Extended Data Figure 2.2, Figure 2.5) or by cell-specific RNAi (Figure 2.3),

extends and blunts the temporal profile of PPL1-01 reinforcement. Specifically, it improves trace
conditioning (ISI -100s), impairs delay conditioning (ISI -15s), and abolishes relief conditioning for

longer intervals (ISls 240s and 300s) (Figure 2.4a).

Relief conditioning in short versus long ISIs, and the relation to ‘frustration’
conditioning

The obtained results of the present study on relief conditioning with PPL1-01 reinforcement can
reconcile earlier reports by Kénig et al. (2018, loc. cit. figure 5) and Aso et al. (2019, loc. cit. figure
5, supplementary figure 3C). Those two studies differ in a number of ways, making it difficult to
quantitatively relate the ISIs that were used. Differences include the use of a two-arm T-maze
versus a horizontal, 4-field arena setup, and the use of ChR2XXL versus CsChrimson-Venus as
the optogenetic effector, respectively. Nonetheless, by mapping out multiple ISls, the present
results confirm the TH-independence reported by Konig et al. (2018) for short relief ISls, whereas
for longer relief ISIs they are consistent with the TH-dependence reported by Aso et al. (2019).

The PPL1-01 neuron innervates the elongated axons of the mushroom body neurons as they
pass through the y1pedc compartment (Tanaka et al., 2008) (Figure 2.1a), one of the two known
punishment compartments in the mushroom body. Upon delay conditioning with PPL1-01, a
memory trace is established as a compartmentally local presynaptic depression of output
synapses of those mushroom body neurons that are activated by odour, reducing drive to the
approach-promoting compartmental output neuron (Hige et al., 2015). However, it is not clear
whether upon relief conditioning with PPL1-01 the memory trace is likewise localized, and whether
it would manifest, conversely, as synaptic potentiation. Using a single, short ISI, indeed, the
results of Hige et al. (2015) did not suggest so. This prompted speculation that signalling from
PPL1-01 to dopaminergic neurons outside the y1pedc compartment may be involved in relief
conditioning (Konig et al., 2018), possibly via multiple synaptic steps including the PAM-07 DANs
(Aso et al., 2014; Li et al., 2020). Such heterotopy would contrast with the homotopy suggested
by the results of Handler et al. (2019) for the other known punishment compartment (y2) as well
as for the two known reward compartments (y4 and y5) (the y1pedc and y3 compartments were
not studied). That is, in these cases Handler et al. (2019) found that timing-dependent valence

reversal manifests as depression/ potentiation within the same compartment.
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A dissociation between trace versus delay conditioning

In this study, | showed a dissociation between trace and delay conditioning with PPL1-01
reinforcement. Trace conditioning, surprisingly, is improved by compromising TH function,
whereas as expected (Konig et al., 2018; Aso et al., 2019) delay conditioning is impaired (Figure
2.4a, ISIs -100s versus -15s). This adds to earlier evidence that trace and delay procedures
engage patrtially distinct downstream mechanisms in odour-shock associative learning. Mutants
in the rutabaga gene, coding for the type | adenylate cyclase which acts as a molecular
coincidence detector for this association, are unaffected in trace conditioning but are impaired in
delay conditioning (Shuai et al., 2011). In turn, expression of a dominant-negative form of the Rac
protein improves trace conditioning but leaves delay conditioning unaffected (Shuai et al., 2011).
In addition, with a visual learning paradigm, (Grover et al., 2022) showed a selective role for the
dopamine receptor Dop2R (CG33517) for trace but not delay conditioning.

Trace and delay conditioning certainly also share common features. For odour-shock associations
these commonalities include impairment in mutants lacking Synapsin (Niewalda et al., 2015), the
asymptotic memory strength upon repeated training trials (albeit reached at a slower rate for trace
conditioning), the rate of memory decay, the profile of generalization (Galili et al., 2011), the likely
site of the memory trace in the mushroom body, and their requirement of the dopamine receptor
Dop1R1 (CG9652) (Shuai et al., 2011) (also see Grover et al., 2022).

Serotonin in trace conditioning — under low-dopamine conditions
Here | showed a decrease in brain-wide levels of dopamine rather than serotonin obtained by
pharmacologically compromising TH function (Figure 2.2). Further, both this decrease in

dopamine levels and the abovementioned effects on reinforcement learning were rescued by L-

DOPA (Eigure 2.1q, Figure 2.2). Interestingly, under low-dopamine conditions our results uncover
a role for serotonin that is particularly strong for trace conditioning (ISl -100s), and that tapers off
with increasing ISls (Figure 2.5b). Under conditions of normal dopamine levels, however, these
data do not provide evidence for a role of serotonin (Figure 2.5c); it is unclear whether this is at
variance with the experiments reported by (Zeng et al., 2023), as these lacked critical genetic and

procedural controls.
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Implications

One may view, at a cognitive level, long-gap trace-conditioned cues as providing no evidence,
and delay- and relief-conditioned cues as providing respectively evidence for and evidence
against the causation of punishment. In a human subject at least, the temporal profile of
reinforcement upon compromising TH function as found in the present study on flies (Figure 2.4a)
would thus imply a state in which causality is attributed to cues that do not merit it, whereas
credible evidence in favour of as well as credible evidence against the causation of punishment
is not properly appreciated. Such a state may promote delusional beliefs about causal event
structure, which are a hallmark symptom of schizophrenia (Garety et al., 2005; Moritz and
Woodward, 2005; Moritz et al., 2005; Uhlhaas and Silverstein, 2005; Dudley et al., 2016;
McCutcheon et al., 2019). Regarding flies, this study remains expressly agnostic as to whether
their behaviour might be based on causal beliefs and whether schizophrenia-like states might be
the result when the temporal profile of reinforcement is distorted as reported here.

In practical terms, the present study shows that mapping out the full ‘fingerprint’ of reinforcement
across multiple temporal intervals may be required to understand how a given manipulation
affects reinforcement learning. Indeed, my results (Figure 2.4a) provide a case of an experimental
manipulation where focusing solely on any one single interval between odour and reinforcement
will lead to drastically different conclusions, namely that memory is improved, impaired, or
unaffected, depending on which interval is chosen. It therefore seems possible that apparent
discrepancies in the literature can be resolved through mapping the full temporal profile of

reinforcement.
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Chapter 2 Extended Data Figures
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Extended Data Figure 2.1| Timing of odour presentation and PPL1-01 activation by blue light.

At 0:00 min, the flies were gently loaded into the experimental setup. From 3:00 min on, the reference
odour (white box) was presented for 1 min. For the optogenetic activation of the PPL1-01 neuron, blue
light (blue box) was applied at 8:35 min for 1min with the help of 24 LEDs of 465 nm peak wavelength
mounted on the inner surface of 2.5 cm-diameter and 4.5 cm-length hollow cylinders. These cylinders
were fitted around transparent training tubes harbouring the flies. Blue light was applied as 12 pulses,
each 1.2-sec long and followed by the next pulse with a 5 sec onset-to-onset interval. The absolute

irradiance in the middle of the training tube during blue light pulses was 200 pW/cm2 as measured with
an STS-VIS Spectrometer (Ocean Optics). The paired odour (grey box) was presented for 1 min, too,
at the onset-to-onset inter-stimulus-intervals (1Sls) from the blue light as indicated by the numbers within
the grey boxes (s). Negative I1S| values indicate that the presentation of the paired odour started before
the blue light (ISls -155s, -100s and -15s); positive ISIs indicate the reverse order of events (ISls 80s,
120s, 240s and 300s). The onset times for all ISIs are indicated above. At 17:00 min the flies were
shifted to the choice point between the odours. At 21:00 min the test started, and the flies were released
into the T-maze. After 2 min the arms of the maze were closed, and the flies on each side were counted,
separated by sex.
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Extended Data Figure 2.2 | Repetition of the experiment in Figure 2.1d (ISI -15s).

(a-c) Repetition of the experiment shown in Figure 2.1d, for the ISI of -15s. Box plots represent the
median as the middle line, 25%/75% quantiles as box boundaries, and 10%/90% quantiles as
whiskers. The grey clouds depict the paired odor, and the blue light bulb PPL1-01 activation,
presented with the indicated temporal relationship. (a) Memory scores, determined according to
equation 2, for the control condition (open box plot, N= 6) and the 3IY-fed case (brown fill, N= 6). *
Indicates significance in a MW-U test. (b) Preference scores, calculated according to equation 1,
underlying the data from (a). Open box plots show benzaldehyde preference after BA was paired with
PPL1-01 activation and OCT served as a reference odour (BA+); black fill indicates BA preference
after OCT was paired with PPL1-01 activation and BA served as a reference odour (OCT+). (c) Data
from (a), separated by sex. Red fill of the box plots refers to data from females, blue fill to data from
males. Open circles below the panels refer to the control conditions, brown fill to the 31Y-fed cases.
Other details as in the legend of Figure 2.1.
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Extended Data Figure 2.3 | Underlying preference scores in Figure 2.1.

(a-d) Preference scores calculated from the choice between the odours benzaldehyde and octanol (BA,
OCT) according to equation 1, and as underlying the memory scores in Figure 2.1d-qg, respectively. Box
plots represent the median as the middle line, 25%/75% quantiles as box boundaries, and 10%/90%
quantiles as whiskers. Open box plots show benzaldehyde preference after BA was paired with PPL1-
01 activation and OCT served as a reference odour (BA+); black fill indicates BA preference after OCT
was paired with PPL1-01 activation and BA served as a reference odour (OCT+). The grey clouds depict
the paired odour, and the blue light bulb PPL1-01 activation, presented with the indicated temporal
relationship. Open circles below the panels refer to the control conditions, brown fill to the 31Y-fed cases,
light brown fill to those additionally fed with L-DOPA. Other details as in the legend of Figure 2.1.
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Extended Data Figure 2.4 | Memory scores from Figure 2.1 separated by sex.

(a-d) Memory scores from Figure 2.1d-g, 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. Red fill
of the box plots shows data from females; blue fill indicates data from males. The grey clouds depict the
paired odour, and the blue light bulb PPL1-01 activation, presented with the indicated temporal
relationship. Open circles below the panels refer to the control conditions, brown fill to the 31Y-fed cases,
light brown fill to those additionally fed with L-DOPA. Other details as in the legend of Figure 2.1.
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Extended Data Figure 2.5 | Levels of biogenic amines from Figure 2.2 separated by sex.

Brain-wide levels of dopamine (left) and serotonin (right) from Figure 2.2, separated for females and
males as indicated. Box plots represent the median as the middle line, 25%/75% quantiles as box
boundaries, and 10%/90% quantiles as whiskers. Open box plots and circles refer to the control
condition, brown and light brown fill to groups fed with 3IY or with 3IY plus L-DOPA, respectively.

“ns” indicates non-significance in KW-tests, except for the case of dopamine measurements in males,
where * and “ns” refer to significance and non-significance, respectively, in MW-U tests at an error rate
of 5%, adjusted according to Bonferroni-Holm. Other details as in the legend of Figure 2.2.
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Extended Data Figure 2.6| Underlying preference scores in Figure 2.3.

Preference scores calculated from the choice between the odours benzaldehyde and octanol (BA, OCT)
according to equation 1, and as underlying the memory scores in Figure 2.3. Box plots represent the
median as the middle line, 25%/75% quantiles as box boundaries, and 10%/90% quantiles as whiskers.
Open box plots show benzaldehyde preference after BA was paired with PPL1-01 activation and OCT
served as a reference odour (BA+); black fill indicates BA preference after OCT was paired with PPL1-
01 activation and BA served as a reference odour (OCT+). The grey clouds depict the paired odour, and
the blue light bulb PPL1-01 activation, presented with the indicated temporal relationship. Open circles
below the panels refer to the control conditions, brown fill to the cases with RNAi against TH. Other
details as in the legend of Figure 2.1.
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Extended Data Figure 2.7| Memory scores from Figure 2.3 separated by sex.

Memory scores from Figure 2.3b, separated by sex. Box plots represent the median as the middle line,
25%/75% quantiles as box boundaries, and 10%/90% quantiles as whiskers. Box plots with red fill show
data from females; blue fill indicates data from males. The grey cloud depicts the paired odour, and the
blue light bulb PPL1-01 activation, presented with the indicated temporal relationship. Open circles below
the panels refer to the control conditions, magenta fill to the cases with RNAi against TH. Other details
as in the legend of Figure 2.1.
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Extended Data Figure 2.8| Preference scores underlying the memory scores in Figure 2.5.

(a-b) Preference scores calculated from the choice between the odours benzaldehyde and octanol (BA,
OCT) according to equation 1, and as underlying the memory scores in Figure 2.5b and c, respectively.
Box plots represent the median as the middle line, 25%/75% quantiles as box boundaries, and 10%/90%
quantiles as whiskers. Open box plots show benzaldehyde preference after BA was paired with PPL1-
01 activation and OCT served as a reference odour (BA+); black fill indicates BA preference after OCT
was paired with PPL1-01 activation and BA served as a reference odour (OCT+). The grey clouds depict
the paired odour, and the blue light bulb PPL1-01 activation, presented with the indicated temporal
relationship. Open circles below the panels refer to the control conditions, brown fill refers to feeding with
3lY, and green fill to feeding with PCPA in addition. Other details as in the legend of Figure 2.1.
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Extended Data Figure 2.9: Memory scores from Figure 2.5 separated by sex.

(a-b) Memory scores from Figure 2.5b and c, 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.
Red fill of the box plots shows data from females; blue fill indicates data from males. The grey clouds
depict the paired odour, and the blue light bulb PPL1-01 activation, presented with the indicated temporal
relationship. Open circles below the panels refer to the control conditions, brown fill refers to feeding with
3lY, and green fill to feeding with PCPA in addition (a) or PCPA alone (b). Other details as in the legend

of Figure 2.1.
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General discussion

In this thesis, my focus was to investigate the relationships between action, valence and
dopamine in adult fruit flies, Drosophila melanogaster and to investigate the biomedical

implications of this relationship.

In Chapter 1, | performed behavioural experiments, including novel paradigms developed in the
course of this study, optogenetic and pharmacological manipulations and two photon in vivo
calcium imaging and discovered how avoidance and in particular backward locomotion can confer
negative valence by engaging punishing dopaminergic neurons. | further showed that re-afferent
feedback is necessary for such dopamine neuron activation. With collaborators | further found by
connectome analysis, computational modelling and behavioural optogenetics that the
“‘moonwalker descending neurons” are a part of the memory efferent pathways for learned
avoidance and that the uncovered processes can maintain successful learned avoidance as a
counterforce of extinction learning. These findings, as | argue, can shed new light on the much-
debated “avoidance paradox” as known in experimental psychology and, should similar processes

be at work in humans, can have implications for exposure therapy in fear and anxiety disorder.

In Chapter 2, | investigated event timing as a fundamental aspect of valence processing.
Specifically, | studied the role of dopamine by systemic pharmacological and neuron specific
genetic manipulation in the punishing dopaminergic neuron PPL1-01. This revealed a complex
profile of dopaminergic and non-dopaminergic mechanisms across the profile of event timings
(i.e. trace, delay and relief conditioning), which prompted me to discuss a disturbed dopamine-
serotonin balance as an endophenotype for both positive and cognitive symptoms in

schizophrenia.

Both chapters were written in the intention to submit them for publication in space-restricted
journals and hence include the kind contributions of my collaborators as acknowledged in both
chapters. For the present General Discussion, | would like to take the opportunity to widen the
discussion to provide a more comprehensive summary and outlook than is typically possible given

the mentioned space restrictions.
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Valence from action

Walking back to the moonwalker descending neurons (MDNSs)

Animals usually move forwards. But when they fear or face any impediment or predator on their
way, they typically slow down and switch to a situationally adaptive behaviour. Such adaptive
behaviour can range from taking the risk and resuming the initial direction, removing the obstacle
or fighting the threat, hiding, avoiding or escape. In Drosophila, such an escape consists of
jumping and flight, if possible. However, when they encounter an unpassable obstacle e.g. dead
end of a path, flies initiate backward walking to avoid the hindrance, turn and resume a novel
walking direction. Backward walking is initiated by descending command neurons called the
moonwalker descending neurons (MDNSs) projecting from the brain to local motor circuits in the
ventral nerve cord (Bidaye et al.,, 2014; Feng et al.,, 2020). Also activating MDNs by
thermogenetics induces backward walking while silencing them abolished walking backward
(Bidaye et al., 2014).

The MDNs comprise two pairs of DNs per hemisphere, having their soma in the medial posterior
protocerebrum, with their bilateral dendritic arborization in the lateral accessory lobes (LALs) and
projecting their axons until thoracic ganglia contralaterally (Bidaye et al., 2014; Namiki and
Kanzaki, 2016). Pre and post synaptic sites of MDNs are observed in LALs as well as in leg

neuropils, with postsynaptic sites mostly in the LAL and presynaptic sites mostly in the leg

neuropils (Bidaye et al., 2014; Figure 1.1a, Extended Data Figure 1.1). Previously it was shown
that the MDNs receive visual input and trigger backward walking. It has been demonstrated that
visual projection neurons, the lobula columnar cells (LC16) induce backward walking by acting
via MDNs (Sen et al.,, 2017) and silencing MDNs eliminates the LC16 triggered retreat in

Drosophila (see Supplement Figure 15). Another interesting observation was that activating

MDNs of one side causes contralateral backward turn. Hypothetically, visual threat from one side
preferentially activates LC16 ipsilaterally, so as ipsilateral MDNs and thus causes contralateral

turning. Accordingly bilateral activation of MDNs induces backward walking.

Similarly, mechanosensory cues can also initiate backward walking (Sen et al., 2019). The
neurons conveying this mechanosensory input are still under investigation. However, a pair of
ascending neurons named Two Lumps Ascending neurons (TLA) was identified as conveying
feedforward mechanosensory stimuli to MDNs. Thus, TLAs can activate backward walking via the
MDNs to mediate touch-evoked retreat. Accordingly, in darkness, activation of neurons

expressing the mechanosensory channel NOMPC (No mechanoreceptor potential C) leads to
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increased calcium response in TLAs and triggers backward walking (Walker et al., 2000; Ramdya
et al., 2015; Sen et al., 2019).

The transition of forward to backward walking happens with a leg kinematics shift- from swing to
stance phase in forward moving legs and stance to swing phase in backward moving legs. This
kinematics is applicable in all 3 pairs of legs with the strongest impact on the hind legs T3
segment. The most prominent feature during the stance phase of backward walking is tibial flexion
and femoral elevation in synchrony, leading to folding up the leg and pulling the body backwards.
Anatomical and functional approaches have identified several dozens of candidates MDN target
cells in the VNC. However, two of them have been identified as the most critical MDN-effector
neurons for hindleg movements in backward walking: LBL40 mediating power stroke of the stance
phase and LUL130 to mediate elevation at the beginning of the swing phase (Feng et al., 2020).
Moreover, despite the differences in bodily organization and despite having different modes of
locomotion in larval and adult Drosophila, these MDNSs are present in both life stages (in the larval
stage, they are known as mooncrawler neurons (Carreira-Rosario et al., 2018) and indeed persist

through metamorphosis to conduct backward crawling or backward locomotion, respectively.

The trinity: Action, Valence, Dopamine

A central question of behavioural neuroscience is how perception, responsiveness and action
selection are neuronally organized. Till today, our thinking is guided by the two philosophical
approaches: 1) ethology — emphasizing the importance of evolutionarily inherited information, and
2) behaviourism- focusing on information collection through perception and action (Byrne, 2017).
While ethology benefited from Darwin’s theory of evolution providing a conceptual framework of
information flow, behaviourism on the other hand, gained strength from laboratory-based
experimentation. Yet, we are aware both of these approaches have their genuine merits, and
limitations. Inspired in addition by research with a clinical background, the ‘emergent new science
of mind’ (Kandel, 2007) employs mechanistic approaches to dealing with behaviour, theory and
systematic functions of the brain. It also endeavours to understand psychological occurrences in
neurobiological terms. In this context, | moved with a mechanistic approach to investigate the
mutual causation between ‘feeling bad’ from avoidance by backward locomotion and track down

the role of dopamine in this process, which in this segment | would like to put into perspective.

The initial step was to get into whether inducing backward locomotion can convey negative
reinforcement. To do so, backward locomotion was induced by optogenetically activating (either
ChR2XXLA or Chrimson”) a broader set of moonwalker descending neurons driven by VT050660-

Gal4 (Moonwalker*) (Bidaye et al., 2014) (see Supplemental Table S1 for detail genotypes) and
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found that odours presented during such backward locomotion can acquire negative valence

(Figure 1.1, Figure 1.2a-b, Figure 1.4a, left). | also probed that the stability of this punishment

memory was almost 2-4 hours (Figure 1.2a) and thus remained within the range of short term to
intermediate term memory (review: Davis, 2023; early studies review: Tomchik and Davis, 2013).
As the fundamental properties of reinforcer is that it has effects of opposite valence depending on
timing (please see General Introduction and Chapter 2), | investigated the temporal reinforcement
profile of moonwalker descending neurons by using different interstimulus intervals (Figure 1.3)
and established a qualitatively similar temporal fingerprint of timing dependent valence reversal
as shown previously for punishing dopaminergic neuron- PPL1-01(Aso and Rubin, 2016; Konig
et al., 2018; Aso et al., 2019; Amin et al., 2025) and electric shock (Tanimoto et al., 2004; Yarali
et al., 2008). Given that dopaminergic neurons are known to convey reinforcement signals across
the animal kingdom and in flies (Schultz et al., 1997; Dickinson, 2001; Waddell, 2013; Schultz,
2015), next | investigated the role of dopamine for moonwalker reinforcement. With acute
systemic pharmacological manipulation by 31Y, | found that moonwalker punishment- and relief-
memory was dopamine biosynthesis dependent, and the reduction of both memories was
reversible by additional L-Dopa feeding (Figure 1.4a). Odour choice was unaffected, and with our
collaborators we could show that these treatments did not affect the backward locomotion of flies

itself (Figure 1.4b, Extended Data Figure 1.2, performed in Bidaye lab).

Altogether, this showed that activation of the moonwalker neurons and thus inducing backward
locomotion during odour presentation can establish aversive associative memory which is
dopamine dependent. Together, these led me to address the question: why and how is activating

MDNs that induce backward walking punishing and engaging the dopamine system?
To do so, | proceed with two working hypotheses:

1) MDNs are part of the output pathway from the mushroom body to learned avoidance behaviour,

that is of memory — efferent circuits (see next section)
2) There is some form of feedback from MDNs to punishing DANs (see subsequent section).

A component of memory - efferent circuit: MBONs—LALs—MDNs

The mushroom bodies play a role as convergence site for associative learning. How this
association takes place and gets implemented into learned behaviour, | have discussed in detail
in the general introduction section. In short, the formation of associative memories in the
mushroom body is that the coincidence of activation by odour and DAN signals is detected in the

KCs, and this coincidence then is turned into a modification in the strength of the KC - MBON
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synapses for those KCs that are part of the odour representation (see detail in General
Introduction). As a general rule, punishing DANs entangle with approach promoting MBONSs and
rewarding DANs with avoidance promoting MBONs (Aso et al., 2014b; Owald et al., 2015).
Fittingly, as a result of odour-shock coincidence, for example, the strength of the synapses
between odour - coding KCs and approach - promoting MBONs get reduced, such that the
unabated connection of the KCs with the avoidance - promoting MBONSs leads to net learned

avoidance behaviour (Hige et al., 2015).

So far, the only known efferent pathways of the mushroom body are MBONs (Tanaka et al., 2008;
Aso et al., 2014a; Aso et al., 2014b). Although MBON efferent pathways are actively researched,
the exact organization of the conditioned response pathways remains clouded. Let alone any

evidence had found yet asking:
i) Are the MBONSs connected to MDNs? and ii) Are MDNs part of the memory-efferent circuit?

In that regard, the prerequisite was to find a highly selective driver covering MDNSs. Thus, | did a

thorough systemic screening of highly selective MDNSs driver (see supplement information section

for additional parametric experiments, Supplement Figure 1-9, 12-14), and found activating a

highly selective MDNs driver covering only 2 neurons per hemisphere convey punishing valence
(Figure 1.5, Extended Data Figure 1.4c-d).

My finding paved the way for a collaborative connectome analysis (with the Ashok Litwin-Kumar
and Salil Bidaye labs). Through that, we found, exclusively, 6 atypical MBON types: MBON30
coming out from (>) y1y2y3, MBON35>y2, MBON32>y2, MBON27>y5, MBONZ26>f32d,
MBON31>a’1a. These MBONs have significant innervation in 3 hubs of ventral neuropil LALs:
LAL160,161; LAL171,172; LALO51 which put them in a bridging position to connect the MB to the
MDNs (Figure 1.6b-e) (also see Chapter 1 result section and General Introduction for details).
Importantly, a substantial share of these MBONs (MBON30, MBON35, MBON32) involve
straightforwardly the three punishment processing compartments: y1, y2, y3. Although, due to the
unavailability of specific driver lines, the thorough systemic analyses of neurotransmitter effect
could not be done, based on computational prediction (NeuPrint record), MBONs are classified
as predicted cholinergic, glutamatergic and GABAergic. Acetylcholine has excitatory while GABA
and likely also glutamate have inhibitory effects in insect central brain synapses (Liu and Wilson,
2013; Shiu et al., 2024). Under this assumption at least, after odour-shock association, KC-MBON
synapses in these three punishment processing compartments: y1, y2, y3 get depressed (Hige

et al., 2015). In such situation, for example, the inhibitory MBON3O0 is less active, releasing the
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excitatory LAL160,161 from inhibition, leading to an activation of MDNs, backward locomotion

and avoidance (see Extended Data Figure 1.10, General Introduction and upcoming section).

While for the other MBONs coming out from reward processing compartments (MBON27>y5,
MBON26>p’2d, MBON31>a’'1a), have both excitatory and inhibitory input to the downstream
LALs. Interestingly, among all the MBONs, MBON26 (3°2) receives both excitatory and inhibitory
input and together with MBON31 (a’1), MBON32 (y2) and MBON27 innervate contralateral LAL
(Li et al., 2020) and provide potential convergent push-pull input to downstream targets (see
Chapter 1 discussion for further detail). Also, MBON3O receives direct central complex input and
thus also suggests a potential linking role in these two maijor regions of fly brain (Li et al., 2020)

during navigation.

After finding how the mushroom body is connected to MDNs, | tested whether MDNs are part of
memory-efferent pathway. To achieve this after classical olfactory conditioning with odour-electric
shock, during retrieval MDNs were silenced optogenetically by GtACR1. This revealed that
punishment memory retrieval was significantly reduced. This shows that MDNs are part of
memory-efferent pathways, exclusively for learned aversive memory expression but neither for
the behavioural expression of learned appetitive memory nor for naive odour choice behaviour

(Figure 1.7, Extended Data Figure 1.3, also see supplement information for the broader

moonwalker driver, Supplement Figure 5-6).

A case of feedback: MDNs— DANs

I next proceed to find out the mechanistic process of how MDNs engage dopaminergic
punishment (Figure 1.8). In previous anatomical and functional studies, direct and indirect
feedback loops from the MBONs towards the DANs have been observed, suggesting a
modification of DAN activity by mushroom body efferent pathways (Aso et al., 2014a; Eichler et
al., 2017; Konig et al., 2019; Li et al., 2020), which is particularly important for extinction learning

(see General Introduction and Chapter 1).

In my thesis, | asked whether activation of MDNs indeed activates the punishing DANs by using
in vivo two photon calcium imaging. | took advantage of genetic tools that allowed me to
simultaneously activate the MDNs and image the DANs (see Chapter 1 for more details) and
found that activation of MDNs strongly increased calcium responses in DANs of the known
punishment processing compartments y1 and y2 in comparison to respective genetic controls
(Figure 1.9a-d) (Claridge-Chang et al., 2009; Mao and Davis, 2009; Aso et al., 2010a, 20123;
Cohn et al., 2015; Hige et al., 2015).
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As a next step, | searched for all the horizontal lobe compartments y1-5 and 3’2 by expressing

GCaMP in all the dopaminergic neurons (DANSs) (Figure 1.10a-f, see Supplemental Table S1 for

detail genotypes). Now | observed strongest calcium response once again in punishment
processing compartments: y1, y2 and the more lateral region of the y3 compartment (Figure 1.10

and Extended data Figure 1.6a-c”) and weak calcium response in the medial aspect of y3 as well

asiny4,5 and B’2, the reward processing compartments (Figure 1.10, Extended Data Figure 1.6a-

c’). The observed weak calcium responses and the slow ramping dynamics in the rewarding
compartments (y4, 5 and p’2) suggest an indirect relay coming from the punishing compartments
(Figure 1.10d-f). Possibly, the sub-segmental increased calcium response in y3 (lateral to medial)
is likely based on the shared input from punishing PPL1-DANSs of y1, y2 or rewarding PAM-DANs
of y4 compartments (Extended data Figure 1.5; Extended Data Figure 1.6; Li et al., 2020, Figure

39). Also, previously shown observation was DANs of opposite valence participate in an indirect
relay from the y2a'1 to the f'2a compartment to encode omission of a negative outcome and
MBON-y2a'1 is an excitatory upstream element of PAM-B'2a (McCurdy et al., 2021). In addition,
learned avoidance was shown to involve depressed activity in the MBON-y1pedc (MBON-11) and
subsequent release from inhibition in the downstream avoidance-promoting MBONSs of the y5 and
B’'2 compartments (MBON-01, MBON-03) (Owald et al., 2015; Perisse et al., 2016).

In sum, | found a functional feedback pathway from MDNs to DANs, with preferentially strong
engagement of the punishing DANs, suggesting a mechanism of how MDNs induced backward

locomotion feeds back to negative valence (Figure 1.9, Figure 1.10).

This prompted me to ask for- how does that feedback come about?
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An attribution of re-afference principle

My initial hypothesis was that this feedback is a case of recurrent - internal feedback from MDNs
to DANs, and so we proceeded with systemic connectome analysis within the brain but found no
credible evidence (Scheffer et al., 2020; Dorkenwald et al., 2024; Schlegel 2024). Also, our current
knowledge of ascending input from the VNC did not suggest any such connection from MDNs to
DANs (Takemura et al., 2024; Azevedo et al., 2024; Cheong et al., 2024). Furthermore, our
collaborative investigation in explant brain and brain together with VNC preparation, where we
optogenetically activated MDNs and imaged the DANs (performed in David Owald’s lab), did not

show any increased calcium response (Extended Data Figure 1.7). A full fly brain together with

VNC connectome may shed some new light in future which is yet not accessible (Simpson, 2024).

Next, inspired from - Das Reafferenzprinzip - | considered external sensory feedback or re-
afference (The Reafference Principle, 1950, von Holst and Mittelstaedt; (Fukutomi and Carlson,

2020; Jékely et al., 2021). Therefore, | proceeded to test for a role of re-afferent feedback.

To do so, | used a piece of cotton wool to restrict leg movement (‘trapping’). The experiment was
a combined optogenetic activation of MDNs with two photon in vivo calcium imaging of DANs, as
| performed before (Figure 1.10) but under three conditions with-without-with allowing the leg

movement of fly (Figure 1.11a-e). This experiment confirmed that, before trapping, once again,

strong activation of DANs in y1, y2, y3 which went down during trapping and was significantly

recovered after removal of cotton wool.

This result shows evidence that it is the ‘action’- the execution of MDN evoked leg movement,

that is required for activating the y1, y2, y3 DANs (Figure 1.11a-e). This result has been further

strengthened by an analysis of the leg motion onset and calcium rise dynamics analysis

(Extended Data Figure 1.8). The analysis showed that leg motion was initiated instantaneously

(Extended Data Figure 1.8b-d) with optogenetic stimulation while calcium signals in DANs were

gradual and took almost 500 ms (Extended Data Figure 1.8b). Generally, the presynaptic calcium

influx for a single action potential is estimated to have a fast rise time of ~1 ms and a decay time
of ~60 ms (Ali and Kwan, 2019). Such gradual calcium response in DANs thus, was consistent
with sensory 'reafferent' feedback from the executed leg movement by MDN activation as the
cause of these signals. While this leg movement onset and calcium signal dynamics was not
fittingly plausible for an internal, recurrent, relatively faster MDN-to-DAN feedback. In addition, an
interesting observation was increased calcium signals in the 3’2 DANs after releasing from
trapping which is fitting to the ‘dopamine - ramps’ in vertebrate when animals get closer to the

reward (Lerner et al., 2021). Together, it was prudent to ask whether the MDN-induced actuated
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movement is necessary for the observed punishing effect of MDN activation as | observed before
(Figure 1.5). To test this, flies were mechanically trapped by cotton wool with the same principle
as before and went through the differential conditioning following a choice test. This confirmed
that it is ‘action’ by MDN induction, which is needed for punishment memory formation, too (Figure
1.12a-b). While punishment memory formation was unimpaired for activating known punishment
DANs (PPL1-01) under such restricted situations showing the principle of olfactory aversive

memory formation is possible under such conditions (Figure 1.12a, c).

In conjunction, my findings attributed a crucial aspect of central nervous system operation that
the execution of MDN-evoked movement is essential for engaging the punishing y1, y2, y3 DANs
as well as for the MDN activation to have a punishing effect. In other words, action feedback to
DANSs is mostly and possibly exclusively, re-afferent (Figure 1.13). This prompted the question for

the pathways mediating this reafference.

Generally, during running, hunting, flying, courting, fighting, foraging, building and grooming
(Tuthill and Wilson, 2016) important sensory modalities for reafferent signalling are optic flow (Kim
et al., 2015) and mechanosensation (Russell and Roberts, 1972). Previous studies showed that
MDNs receive visual input (Sen et al., 2017) and mechanosensory input (Sen et al., 2019), thus
can trigger backward locomotion. However, in the used experimental set-up (two photon in vivo
and T-maze), experiments were conducted in darkness and therefore it is apparently far-fetched
that optical flow is involved (indeed, during two photon imaging the flies did not actually move-
over-ground such that even if vision were intact there was no optical flow for them to detect).
Among the two types of mechanoreceptors, exteroceptors detect mechanical change in
environment while position or body part movement is detected by proprioceptors. The defined
insect proprioceptors are: chordotonal organs, campaniform sensilla and hair plate. A brief
overview of the mechanoreceptors in Drosophila is provided below in Table 3.1 (Tuthill and
Wilson, 2016; Tuthill and Azim, 2018; Medeiros et al., 2024).
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Table 3.1: An overview of mechanoreceptors in Drosophila

Mechanoreceptors Name Location i’:g;:':f :-:lo\r’l;cr)tlgggiz
Direction and
Every joint, between velocity of
Ch%I;dc;trc]:nal joints within limbs and movement, Muscle spindle
9 body segments resistant reflexes
i Campaniform Detect
Proprioceptors par - mechanical load Golgi tendon
sensilla Close to joints of the limbs
Most leg joints Threshold of joint Joint receptors
Hair plate (but not in antenna) movement
Johnston’s
c();?:g Distal segment of Detects sound,
Exteroceptors . wind, gravity Tympanal organs
p proprioceptor) antenna
Detecting Merkel cells, Ruffini
Tactile hair mechanical cues: endings,
(Bristles) Leg, thorax, head dust particles, Meissner’s
parasites, wind corpuscles

Based on the above-mentioned overview, the most plausible candidate for re-afferent feedback

could be chordotonal organs and hair plates for monitoring the joint and leg movements. Although

it has not yet been tested whether activating these proprioceptors itself would increase activity in

punishing DANs in adult flies, a previous study in Drosophila larvae (Eschbach et al., 2020)

showed that optogenetic activation of chordotonal organs selectively increase calcium signal in

punishing DANs. Noticeably, larval connectome suggests 4-6 synaptic steps in between the

chordotonal sensory neurons and these DANs. Considering the complexity of adult connectome

and yet remaining full brain together with ventral nerve cord connectome stitching may make the

investigation even more complex and need additional time.
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What is it all about: A counterforce to extinction learning

Inspired by the theory of emotion (Darwin, 1872; James, 1884), | established a neurobiologically
grounded study case in Drosophila for how avoidance can engage negative valence signalling.
Specifically, | discovered that this aversive dopaminergic teaching signal possibly and exclusively
coneys via a re-afferent feedback pathway. As a next step, it was prudent to ask for the biological
significance of such positive feedback. At the conceptual level, my working hypothesis was that
the punishing effect of avoidance may counteract extinction learning to rather maintain learned

avoidance.

In olfactory classical conditioning, flies receive an odour associated with a punishing shock
stimulus during training. Then encountering this odour during test will predict shock and will lead
to learned avoidance behaviour (Quinn et al., 1974). If flies are repeatedly exposed to the
previously punished odour without shock, extinction learning “should” occur because the odour is
experienced, but the predicted shock is not (Myers and Davis, 2002, 2007). From comprehensive
across species studies on extinction learning, there is ample evidence that much of the original
memory survives extinction procedures (Rescorla 1972; McClelland and Rumelhart, 1985;
McCloskey and Cohen, 1989; Bouton, 2002, 2004; Myers and Davis, 2002; Delamater, 2004;
Todd et al., 2014). While so far, the notion was that these original memories in the extreme case
remain untouched by extinction procedures, we wondered whether avoidance-to-punishment
feedback may provide a mechanism for an active, memory-maintaining signal. This | believe is
essential to investigate further as the basis of exposure therapy treatment to effectually annihilate
maladaptive behaviours, thoughts or emotions (Bouton, 1988; Conklin and Tiffany, 2002; Craske
et al., 2014). We specifically hypothesized that after olfactory classical conditioning with odour-
electric shock, each time the fly shows successful learned avoidance of an odour, the moonwalker
neurons are activated, and a punishing signal is generated. This signal would act on the
representation of the just-avoided odour in the punishment compartments, effectively
counteracting extinction learning as it takes place in the reward compartments. And indeed, what
we observed both by behavioural experiments and by computational modelling supports such a

scenario (Figure 1.14, Figure 1.15, Extended Data Fiqure 1.17). The obtained data showed that

flies form a strong olfactory punishment memory because of CS-US association, but once they
experience only CS without any US, they trigger extinction learning and thus learned avoidance
is reduced. But only once the MDNs are also silenced while experiencing the CS alone, and thus
feedback to punishing DANSs is interrupted, the full potential of extinction learning is uncovered

and learned avoidance is fully abolished (see Chapter 1 result section for more detail).
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According to Pavlov (Pavlov, 1927), extinction learning disrupts the conditioned response but
does not destroy it — which suggest a partial erasure of the original learning and thus a tendency
to maintain the original learning and subsequent ‘spontaneous recovery’ or restoration.
Maintaining the previous trace of learning is often referred to as ‘adaptive conservatism’ or ‘anxiety
conservation’ in fear learning and is described as “better-safe-than-sorry approach” (Solomon and
Wynne, 1954). That is, despite experiencing repeated presence of CS without US, animals often
maintain avoidance even if there is hardly any recent reason to do so (Dunsmoor et al., 2015).
Another important aspect to consider in CS-US association is the involvement of multiple
independent components: sensory/perceptual, emotional, temporal, conceptual etc (Brandon et
al., 2000; Delamater, 2012) Therefore, it is possible that conventional extinction learning only
erasures the conditioned fear response but leaves the other element intact. This suggests a
simultaneous erasure, maintenance or no effect on the separate aspect of the same memory
(Lattal and Wood, 2013; Delamater and Westbrook, 2014). In avoidance-conditioning, this refers
to a behavioural response that prevents the occurrence of CS associated with fear (Krypotos et
al., 2018; Pittig et al., 2020). Clinical evidence showed that individuals suffering from anxiety-
related disorders actively avoid the fear/anxiety related cue and hesitate to abolish the anxious
memory (Nowakowski et al., 2013). This phenomenon of continued avoidance despite dis-
continued punishment is notorious in experimental psychology as the “avoidance paradox” (Bolles
1972; Le Doux et al., 2017).

Although several psychological factors have been previously suggested as a contributing factor
for such maintenance of avoidance memory, there is only little laboratory and clinical evidence
available (Lovibond, 2004). One of the very intriguing factor, fitting with our findings, is that - in
extinction learning, if during the moment of experiencing the CS, a novel action is enabled that
prevents the occurrence of the US, this novel action can prevent acquiring inhibitory properties
for the original CS and thus will provide ‘protection from extinction’ (Dickinson and Burke, 1996;
Rescorla, 2003; Dunsmoor et al., 2015). In our findings, it is suggestive that, at the moment of
experiencing the CS without the US, the avoidance taken by MDN-driven backward locomotion
by engaging punishing dopaminergic signal is thus providing the maintenance signal and
protecting from full extinction. Therefore, once MDNs induced maintenance signals was taken
away by silencing them, strengthening of the effects of extinction procedures “deepened

extinction”, (Rescorla, 2006) was achieved.

A variety of manipulations have been used to optimize extinction learning (counterconditioning:

Wolpe, 1958; Scavio, 1974; Bouton, 1993; Pavlovian conditioning: Delamater, 1996; Rescorla,
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1996; Instrumental conditioning: Rescorla, 1991, and indeed extinction learning is a highly
complex phenomenon. As already mentioned briefly, prior work showed that extinction learning
does not involve destruction of the original learning, rather parallel memories co-exist and
compete to direct behaviour (Tovote et al., 2015; Felsenberg et al., 2017, 2018;). For example,
olfactory aversive memory extinction requires activation of rewarding dopaminergic neurons (y5
DANSs) while olfactory appetitive memory extinction needs activation in punishing dopaminergic
neurons (PPL1 DANs: MB-MP1(PPL1-y1), perhaps MB-MV1 (PPL1-y2a’1), PPL1-a 3). Here, the
shown data demonstrates that, after odour-shock association, while acquisition of aversive
extinction memory was taking place in rewarding compartment (y5), in parallel, a counterforce of
extinction learning by avoidance engaging maintenance signal was taking place in the punishment
processing compartments (y1, y2, y3). Strikingly, ylpedc and y2a'1-f'2a microcircuits are
analogous to the roles of the amygdala and ventromedial prefrontal cortex (vmPFC) of mammals
where amygdala encodes originally acquired fear memory and vmPFC encodes omission of the
aversive outcome during reversal as reward. Interestingly, inhibiting vmPFC-VTA projection
impairs shock omission extinction (McCurdy et al., 2021).Together, this suggests that during an
extinction protocol, two parallel processes are going on in different places of the MB. Thus action-
to-valence causation is a part of a system that maintains learned avoidance even if avoidance is
successful. That is even when an expected punishment, because of avoidance behaviour, is
precisely not received. Thus, my identification of avoidance-to-punishment feedback have
significant impact because it identifies a hitherto elusive “counterforce” to extinction learning and

as such may offer clinical perspectives that | will discuss next.

Implication in the field of clinical research

My findings put a new perspective on why the effects of exposure therapy of human anxiety
disorders have such a relatively high rate of relapse (Craske and Mystkowski, 2006). An excellent
example of successful translational research is fear extinction. Both laboratory studies and
exposure based clinical trials for anxiety disorders have shown that conditioned fear behaviour is
possible to extinguish but not fully, hence relapses easily (Vervliet et al., 2013). Prevention of
relapses is thus the main motto. Effective pharmacological, cognitive behavioural therapy (CBT)
and psychotherapeutic approaches have been used towards that end in the context of anxiety
disorders, phobias, obsessive compulsive disorders, post-traumatic stress disorder (PTSD) and
panic disorders for a while (Eddy et al., 2004; Mitte, 2005; Hoffman and Smits, 2008; Craske et
al., 2014; Levy et al., 2022). Still, fear reduction is short-lived, incomplete and followed by relapse
in a range from 19% to 62% (Eddy et al. 2004; Craske and Mystkowski 2006). This demands a

developed treatment and a refined effort to re-think the overlooked mechanism that can maintain
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aversive memories to return upon re-exposure to punishment (reinstatement), or contextual
change (renewal) (Dunsmoor et al., 2015, Bouton et al., 2020). Below is provided an overview of

therapeutic attempts of mixed outcomes in humans and rodents to prevent relapses in Table 3.2.

Table 3.2: An overview of therapeutic attempts to prevent relapses

Road to prevent relapse

Methods used

Findings

Source

memory

Immediate extinction

Prevents relapse in rats but
not reliable in human

By  strengthening  the Augmenting the number of
_ 9 g . Prevents relapse in rats Denniston et al. 2003
extinction memory extinction trials
Prevents relapses in rats but
Compound extinction no reliable trials on human till | Rescorla 2006
date
Brooks and Bouton,
May prevent relapses in 1994; Dibbets et al.
_— . o 2008; Dibbets and
Extinction retrieval cues human, but exact conditions .
Maes 2011;
are unclear
Vansteenwegen et al.
2006
Mental reinstatement Prevents relapse in human Mystkowski et al. 2006
. I Conditionally works in rats | Bandarian Balooch et
Multiple contexts extinction
and human al. 2012
Verveliet et al. 2004,
Multiple stimulus extinction | Prevents relapse in human 2005; Rowe and
Craske, 1998
Reduces fear and prevents
. - Storvse et al. 2010;
US devaluation !'eturn only in humans but not Dibbets et al. 2012
in rats
L. Walker et al. 2002;
Boosts fear extinction, .
. . . Richardson et al.
Cognitive enhancer: prevents reinstatement but .
. 2004; Ledgerwood et
d-cycloserine leaves renewal and ;
reacquisition intact al. 2005; Woods and
q Bouton 2006
By weakening the fear Pavlov, 1927; Myers et

al. 2006; Norrholm et
al. 2008; Schiller et al.
2008

Reconsolidation treatment

Unreliable results in rats and
human

Nader et al. 2000

The overview shows that relapse is a fundamental hindrance to exposure-based therapy of
anxiety disorders and very less is known about the prevention. Therefore, these finding of an
action-based counterforce which hindrance the full potential of extinction learning to take effect
should inspire a fresh start in neurobiological research to prevent the relapse after exposure

therapies of anxiety disorders.
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Backward locomotion across species

Backward locomotion is an important faculty for manoeuvrability across species. However, in
comparison to forward locomotion or turning, it is not so well investigated yet in terms of the
underlying neurons. Neurons resembling MDNs have been identified in crickets namely DBNc1-2
or DBNc2-2 (Schoneich et al., 2011) and DMla-1or DMIb-1 in cockroaches (Burdohan and Comer,
1996). All of them seem to respond exclusively to mechanical stimuli in antennae, cephalic hairs
and mouthparts with no apparent effect of visual stimuli. The function of these neurons is in
general for short-latency evasive behaviour (Ye and Comer, 1996) and possibly separate from
escape behaviour. In Caenorhabditis elegans (C.elegans), there are analogous command
interneurons, AVA, AVD and AVE, controlling the reverse movement (Chalfie et al., 1985; Gray et
al.,, 2005; Piggott et al., 2011). Among them, AVA is cholinergic (as MDNs) and is receiving
mechanosensory input from head proprioceptors as well as upstream interneurons. As mentioned
earlier, larval Drosophila also consist of mooncrawler neurons for backward crawling (Carreira-

Rosario et al., 2018) as a part of the “dig and dive” behaviour in food (Kim et al., 2017).

In contexts other than evasion or escape, desert ants of the genus Cataglyphis and Myrmecia,
they steer themselves backwards while carrying disproportionately large food items back home
(Ardin et al., 2016; Pfeffer et al., 2016; Schwarz et al., 2017). That is, foraging ants usually walk
forward while carrying large food items in a backward walking manner, time to time they let go of
their food item, have a surrounding inspection period, followed by picking up the food again and
resuming backward walking towards nest (Pfeffer et al., 2016). Another terrestrial animal, the
dung beetle Scarabaeus galenus, forms an oversized dung ball and pushes it with their hind legs
and head-down in a backward manner towards home to protect it from the other hungry beetles
(Dacke and el Jundi, 2018). In this process, they also quite often let go of the ball to re-grip
steadfastly. An example of using a similar manoeuvre namely ‘cast and surge’ has been described
in flying insects e.g. hoverflies or wasps to locate odour source (van Breugel and Dickinson,
2014). In all these cases, it would be interesting to investigate whether there is an emotional

experience in these animals while performing these actions.

Beyond the “moonwalk”: descending neurons in other actions

Various transgenic drivers, combined with optogenetic and thermogenic effectors, have been
used to characterize the behavioural changes resulting from descending neuron activity.
According to behavioural changes the DNs are clustered into different groups (Figure 3.1), such

as:
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Forward walking: Forward walking is that one behaviour which animals need under diverse
contexts and state. e.g. food search, mating, exploration, navigation or running away from a
predator. Therefore, the command of DNs may convey a similar message under different
circumstances with different motivation. DNp09 (Bidaye et al., 2020) for example mediates
forward walking and turning to pursue courtship while BPN brain via other DNs (0DN1) elicit bolt,
forward walking possibly to reach a food source or running away from a threat behind. | also
performed a preliminary investigation with BPN-S1 (Bolt) neuron (Bidaye et al., 2020) for forward
locomotion and Stop-1 neuron for halting locomotion in the supplementary section of my thesis

(Supplement Figure 10, Supplement Figure 11, and Supplemental Table S2).

Backward walking: activation of moonwalker descending neurons (MDNs) makes flies walk

backward (Bidaye et al., 2014) and MDNs are the central player of my thesis.
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Figure 3.1 | Descending neurons in “fly’s action”.

Moonwalker descending neurons (MDNs) are responsible for backward walking; DNp09, oDN1 for
forward walking and turning; the giant fiber (GF) initiates jump and escape of adult Drosophila
melanogaster (modified figure from Simpson, 2024 and Ache et al., 2019).
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Another classic example of commanded behaviour by descending neurons is jump take-off into
flight (Bacon and Strausfeld, 1986). This type of rapid-adrift escape behaviour is elicited by giant
fiber (GF) neurons (DNp01) (Simpson, 2024).

In contrast, a sequence of combinatorial motor programs is needed for grooming either for
antennal cleaning (Hampel et al., 2015), wing cleaning (Zhang and Simpson, 2022), head
cleaning or front leg rubbing (Guo et al., 2022). For example, activation of DNg12 can evoke

alternative head sweeping or front leg rubbing to perform anterior grooming.

Altogether these give us food for thought about the ability of DNs to induce complex sequences
of motor actions for diverse purposes. It would seem interesting to investigate not only the
mechanistic process of how behaviours such as walking forward, turning, stopping, jumping or
self-grooming are instructed by the brain, how they are actuated by the body but also how these
actions feed back to the brain. Of particular interest would be to see how these processes are
modulated by environmental, social and behavioural context — and whether they might have a

valence component.

Valence to action

Timing-dependent valence reversal

Learning about life-threatening as well as life-saving situations are essential faculties across
animal species. For that a proper representation of the causal structure of the world is mandatory.
Hence, in a potentially changing environment, animals need the capacity to update these
representations to predict such key events. In this respect, the temporal relationships between
cues and events have been studied thoroughly (Shanks et al., 1989; Dickinson, 2001). For
instance, this may comprise evidence in favour of a causal relationship with a punishment or
evidence against it, and a proper judgement of this relationship is crucial for survival of animals
and humans. In the General Introduction section, | discussed the importance of ‘contiguity’ and
‘contingency’. However, as discussed in Chapter 2, depending on the relative timing of contiguous
events as defined by the inter-stimulus-interval (ISI), memories of opponent valence can be
formed (Gerber et al., 2014, 2019). For example, aversive memories are formed when a cue
comes before the punishment, whereas memories of appetitive valence are formed when a cue
is presented upon the relieving termination of punishment (Tanimoto et al., 2004; Yarali et al.,
2008; Konig et al., 2018; Aso and Rubin, 2016; Handler et al., 2019). Conversely, appetitive

memories are formed when cue is presented with the occurrence of reward but when the cue is
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presented upon the termination of reward presentation, a ‘frustration memory’ is formed. Such
processe have been studied not only in Drosophila but also across species. A rich number of
investigations have already been carried on “punishment” and “reward” learning in animals
(punishment in Drosophila: Dubnau et al., 2001; Heisenberg, 2003; Gerber et al., 2004; Davis,
2005, 2023; Keene and Waddell, 2007; Aso et al., 2012; Aso and Rubin, 2016 in Aplysia: Lechner
and Byrne, 1998; Baxter and Byrne, 2006 ; in rodents: Muller and Fendt, 2023 ; Review: Fendt
and Fanselow, 1999; Maren, 2001; in monkeys: Davis et al., 2008; Monosov et al., 2015 ; and in
humans: (Rosen and Schulkin, 1998; Ohman and Mineka, 2001); reward in flies: Tempel et al.,
1983; Placais et al., 2013; Boto et al., 2020; Lin et al., 2024; rats: Schmid et al., 1995; and in
humans: (Gottfried et al., 2003) . 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 and Rubin, 2016; Konig et al., 2018; Handler et al.,
2019; Thoener et al., 2021 ; in rats: Mohammadi and Fendt, 2015 and in humans: Andreatta et
al., 2010, 2012; frustration in Drosophila larvae: Saumweber et al., 2018; Thoener et al., 2022
and in bees: Hellstern et al., 1998; Plath et al., 2012.

In addition, another form of associative learning can be achieved when there is a temporal gap
between CS-US, known as trace conditioning (Galili et al., 2011) to discriminate it from the

learning that takes place when there is no such gap, known as delay conditioning.

Given the potentially distinct mechanisms of all these mentioned forms of learning, a full
characterization of ISl is an apt move to characterize learning, and the effects of any treatment

might have on it.

Dopamine does it after all?

Previous studies showed the involvement of select sets of dopaminergic neurons in aversive
associative memory formation, with the strongest evidence from PPL1-01 (Tanaka et al., 2008;
Aso et al., 2010; Hige et al., 2015; Kdnig et al., 2018; Aso et al., 2016, 2019) (synonyms for PPL1-
01 are PPL1-y1pedc and MB-MP1). Nevertheless, the involvement of dopamine for relief memory
upon termination PPL1-01 activation remained controversial and inconclusive (Aso and Rubin,
2016; Konig et al., 2018). Therefore, further investigations into the role of dopamine in timing
dependent valence reversal seemed warranted. In Chapter 2 of the thesis, | investigated timing
dependent valence reversal with optogenetic activation of PPL1-01 as US in adult Drosophila
combined with acute pharmacological and neuron-specific genetic manipulation to compromise
TH function. This revealed a complex temporal reinforcement profile of PPL1-01 dopaminergic

neuron when TH function is compromised i) enhanced learning with a time gap between stimulus
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and PPL1-01 punishment (trace conditioning), ii) impairs learning when the stimulus immediately
precedes and overlaps PPL1-01 punishment (delay conditioning), and iii) prevents learning about
a stimulus presented after PPL1-01 punishment has ceased (relief conditioning) (Figure 2.1f,
Figure 2.3). Further, | found that all the compromised TH function effects were rescuable by
additional by L-Dopa treatment (Figure 2.19).

In addition, under conditions of low-dopamine (Eigure 2.2) | uncovered a role of serotonin that is
particularly strong for trace conditioning (ISI -100s), and that tapers off with increasing ISls (Eigure
2.5), my findings in Chapter 2 not only mapped out the full fingerprint’ of reinforcement by the
dopamine neuron PPL1-01 and resolve the apparent disparity among previous studies but also
showed the plausible role of the dopamine-serotonin balance to shape the temporal profile of
reinforcement learning. The possible clinical implications of these findings will be discussed

below.

More generally the emerging across species picture is that the cellular and molecular mechanisms
for trace versus delay conditioning only partially overlap (Drosophila: Duerr and Quinn, 1982;
Dudai et al., 1983; Shuai et al., 2011; Grover et al., 2022; vertebrates: Bissonette and Roesch,
2016; Garritsen et al., 2023; Kong et al., 2023; Hou et al., 2024 and the same seems to be true
for delay versus relief conditioning (Drosophila: Tanimoto et al., 2004; Yarali et al., 2008; Vogt et
al., 2015; Gerber et al., 2014; Aso & Rubin et al. 2016; Konig et al., 2018; Handler et al., 2019;
Grover et al., 2022; vertebrates: Andreatta et al., 2010, 2012; Mohammadi and Fendt, 2015;
Bergado Acosta et al., 2017; Laing et al., 2024. Without discussing these findings in detail, | would
like to stress that for the case of Drosophila it is as yet not clear whether relief learning with PPL1-
01 or shock indeed takes place within the y1 compartment (as would be suggested by the findings
of Handler et al 2019 with respect to the appetitive domain and the y4/5 compartments) or whether
it involves some across-compartment signalling (Perisse et al., 2013, 2016; Hige et al., 2015;
Hige, 2018; Kdnig et al., 2018).

A disturbed dopamine-serotonin balance: an endophenotype of Schizophrenia?

Although in flies we cannot speak of causality judgements in any strict sense, | find it tempting to
consider the distortions in timing-dependent valence reversal that | observed under low-dopamine
conditions in terms of causality. If, for the sake of the argument, we are doing so this suggests
that they showed strong causal belief for a cue in the absence of evidence (better trace
conditioning), impaired causal belief for cues as providing evidence for (impaired delay
conditioning) and evidence against (impaired relief conditioning) the causation punishment,

promoting systematically delusional beliefs about causal structure. In a human subject, such
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delusional beliefs about causal event structure would be providing a hallmark symptom of
schizophrenia (McCutcheon et al., 2019). Indeed, human schizophrenia patients tend to perceive
cause-effect relationships where they do not exist and ‘jump to conclusions’ without sufficient
evidence (Garety et al., 2005; Moritz and Woodward, 2005; Uhlhaas and Silverstein, 2005; Dudley
et al.,, 2016). Behaviour that is based on causal belief structures that are thus insufficiently
grounded in experience would also lead to poor performance in various memory tasks. The
implication is that a dysfunction in dopaminergic reinforcement processing, or possibly a distorted
dopamine-serotonin balance, is a common endophenotype of both positive symptoms (delusional

causal beliefs) and cognitive symptoms (impaired memory performance) in schizophrenia.

Although our knowledge of the neurobiology of schizophrenia is yet rudimentary, it is continuously
advancing. Clinical studies have provided evidence for dopaminergic abnormalities in
schizophrenia (Laruelle et al., 1999; Howes and Kapur, 2009; Kegeles et al., 2010; Jones and
Jahanshahi, 2011). On the other hand, it was shown that the serotonin system inhibits
dopaminergic function in midbrain as well as in the forebrain and thus may alleviate the psychotic
symptoms and enhance therapeutics in schizophrenia (albeit unclear properly) (American Journal
of Psychiatry, Volume 153, Number 4, 1996). Interestingly, the male predominancy of the effect
of compromising TH function in trace conditioning as | observed would seem to match the onset

of incidence of schizophrenia is higher among male than woman with a ratio of 1.4:1 (Li et al.,

2022; also see Figure 2.4¢).
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Conclusions
In this thesis, | investigated the mechanistic relationships between action, valence and dopamine

in adult fruit fly, Drosophila melanogaster and the corresponding biomedical implications.

In Chapter 1, | discovered a process of acquiring negative valence from backward locomotion by
using MDNs. Taking the lead in a collaborative enterprise, | found that MDNs are part of memory-
efferent pathways from the mushroom body and required for learned aversive memory

expression.

| developed novel experimental paradigms and by using them in functional imaging and
behavioural experiments, | investigated how and why moving backward induces negative valence
in the fly Drosophila melanogaster. In this process, | identified a novel re-afferent feedback

pathway from this aversion which engages the punishing y1,2,3 dopaminergic neurons.

Lastly, | showed the significance of this identified aversion engaging punishing DANs signals as
a hitherto elusive “counterforce” to extinction learning that maintains avoidance, reducing the risk
of further, possibly lethal, punishment. This offers a new perspective on re-evaluating the clinical
implications on exposure therapy of human anxiety disorders to reduce the high rate of relapse.
Together, this study provides a neurobiologically grounded argument for an integrated view of

action, valence and memory organization.

Graphical summary of Chapter 1
Avoidance engages dopaminergic punishment in Drosophila
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In Chapter 2, my findings demonstrated the full ‘fingerprint’ of reinforcement profile of PPL1-01
dopamine neuron, the complexity of the changes in reinforcement profile by a given manipulation
and established a case for a delusion-like distortion of timing-dependent valence reversal.
Specifically, | showed, under TH compromised condition, i) better trace conditioning, ii) impaired

delay conditioning and iii) impaired relief conditioning.

| also found a compensatory role of serotonin in those states. For the practitioner this shows that
for the interpretation of treatment effects a full characterization of the ISI function of memory
scores can be critical. This also warrants considering possibly related psychiatric symptoms, in
particular in schizophrenia. Given the role of dopamine across species, including humans, this
may provide inspiration for experimentation and a better understanding of animal and human

cognition under ‘normal’ and diseased conditions.

Graphical summary of Chapter 2
Temporal profile of reinforcement in Drosophila
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Appendix

List of abbreviations

DBD
AD
ChR
GtACR

ATR
GFP
GECI
LED
CS
us
CR
UR
OSN
OR
AL
PN
MB
LH
KC
CA
DAN
MBON
PPL
PAM
OAN
APL
DPM
CRE

DNA binding domain
Activation domain
Channelrhodopsin

Guillardia theta algae
channelrhodopsin
All trans retinal

Green fluorescent protein
Genetically encoded calcium indicator
Light-emitting diode
Conditioned stimulus
Unconditioned stimulus
Conditioned response
Unconditioned response
Olfactory sensory neuron
Olfactory receptor
Antennal lobe

Projection neuron
Mushroom body

Lateral horn

Kenyon cell

Calyx

Dopaminergic neuron
Mushroom body output neuron
Paired posterior lateral
Paired anterior medial
Octopaminergic neuron
Anterior paired lateral
Dorsal paired medial

Crepine

SMP
SIP

LAL
SEZ

LTD
DN
VNC
PS
GNG
MDN
ROI
RNAi
suc
3y
PCPA
L-Dopa
KKW
MwU
0SS
DA
5-HT
NT
GPCR

Superior medial protocerebrum
Superior intermediate protocerebrum
Lateral accessory lobe

Sub esophageal zone

Long term depression
Descending neuron

Ventral nerve cord

Posterior slope

Gnathal ganglion

Moonwalker descending neuron
Region of interest

Ribonucleic acid interference
Sucrose

3-iodo-L-tyrosine
Para-chlorophenylalanine
3,4-dihydroxy-L-phenylalanine
Kruskal-Wallis

Mann-Whitney U

One sample sign

Dopamine

Serotonin

Neurotransmitter

G protein coupled receptor
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Supplemental Table S$1

AATTDTEE Genotype Source Used in
genotype
Moonwalker? Figure 1.1 -1.4.

VT050660-Gal4 (attp2)

Bidaye et al. 2014

Ext Data Figure 1.1a,1.2, 1.11-1.13

Moonwalker®

VT044845-lexA (attp40) /CyO; sb/TM3

Kindly provided by
David Owald

Ext Data Figure 1.4b,1.5,1.6b-d”

VT044845-Gal4-DBD (attp40);

Figure 1.5, 1.6a, 1.7, 1.12b, 1.15d.

MDN1A Bidaye et al., 2014 Ext Data Figure 1.1b-c, 1.3, 1.9b,
VT050660-Gal4-AD (attp2) 114,115,117
. . Figure 1.9, 1.10, 1.11a-e
VT049484-lexA DBD (JK22c); Kindly provided by L ’ "
B -
MDN1 VT050660 AD (attp2)/TM3 (ser) SalilS. Bidaye | 5 Lasa Fgure 1:42,6.d, 1.60-¢7,
. . Figure 1.10, 1.11a-e
Sp/Cy0; Kindly provided by . L
DANs R58E02-Gal4, TH-Gal4/TM3 (sb) David Owald | §¢ Data Figure 1.5, 1.60-d% 1.7,
Figure 1.9¢c, 1.12¢
y1 MB320C-Gal4 BDSC#68253 Ext Data Figure 1.16b
y2 MB296B-Gal4 BDSC#68308 Figure 1.9d
Figure 1.1, 1.2a, c, 1.3, 1.4, 1.5,
ChR2XXLA UAS-ChR2XXL BDSC#58374 1.12b, ¢
Ext Data Figure 1.2a, 1.12d
ChR2XXLE lexAop-ChR2XXL K'”gg’vfg"c‘)’ﬁ;i bY | Ext Data Figure 1.4c
) . BDSC#55136 Figure 1.2b, 1.3
A - - - ’
Chrimson 20x-UAS-CsChrimson-mVenus (attp2) Ext Data Figure 1.2b, ¢
Chrimson® lexAop-CsChrimson ngg\/%%’\'g:g by Ext Data Figure 1.4d
. lexAop-CsChrimson-tdtomato .
C ;
Cgr(l:rgi/lo; UAS-GCaMPe6f, Kindly provided by Egutr)zt;%i1ﬁ1rg’1151t:- 1.6,1.7
VT1211-lexA*/CyO; David Owald b e 1og e LD
MKRS/TM6B i
ChrimsonP lexAop-ChrimsonR::mCherry ISRS;K .F};?/\ggaergaay Ext Data Figure 1.4a,b
) Kindly provided by Fig. 1.7, 1.15d
GIACR1 UAS-GIACR1 Robert J. Kittel | Ext Data Figure 1.3b, 1.9b, 1.17
CantonS CSgpuLiN Kln_lcj:)(;;rgv;i;csi by Ext Data Figure 1.9a
. . Figure 1.1, 1.2b-c, 1.3, 1.5, 1.7
1118%* - ) ) ) )
w white null-mutant Hazelrigg et al., 1984 Ext Data Figure 1.3, 1.4, 1.9b
Enhancerless Gal4: Fiqure 1.5. 1.7
dgG4** w1118]; P{y[+{7.7] BDSC#68384 gure 1.5, 1.

W[+mC]=GAL4.1Uw}attP2

Ext Data Figure 1.3, 1.9b

* Removed during crossings that establish experimental genotypes.

** Used to create heterozygous driver (Dri Ctrl) and effector controls (Eff Ctrl).
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Supplemental Data Table S1

Figure Statistical Analysis
Figure | KKW test
1.1 H(2, N=56)=36.014; p<0.0 *
MWU test
Exp vs Eff U=0; p<0.05/2 *
Exp vs Dri U=12; p<0.05/1 *
OSS test
Exp p<0.05/3 *
Dri p=1 ns
Eff p=0.332 ns
Figure | KKW test
1.2a H(5, N=118)=44.197; p<0.05 *
MWU test
Immediate vs 8h U=35.5; p<0.05/5 *
Immediate vs 4h U=56,5; p<0.05/4 *
Immediate vs 2h U=82.5; p<0.05/2 *
Immediate vs 1h U=78; p<0.05/3 *
Immediate vs 30min U=137; p=0.14 ns
OSS test
Immediate p<0.05/3 *
30min p<0.05/6 *
1h p<0.05/5 *
2h p<0.05/4 *
4h p<0.05/2 *
8h p=0.648 ns
Figure | KKW test
1.2b H(2, N=52)=16.611; p<0.05 *
MWU test
Exp vs Eff U=69; p<0.05/1 *
Exp vs Dri U=31; p<0.05/2 *
OSS ftest
Exp p<0.05/3 *
Dri p=0.332 ns
Eff p=0.455 ns
Figure | KKW test
1.2¢c H(2, N=48)=13.579; p<0.05 *
MWU test
Exp vs Eff U=47; p<0.05/2 *
Exp vs Dri U=50; p<0.05/1 *
OSS test
Exp p<0.05/3 *
Dri p=1 ns
Eff p=1 ns
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Figure | KKW test
1.4a -15 H(2, N=70)=8.993; p<0.05/1 *
120 H(2, N=59)=11.433; p<0.05/2 *
MWU test
-15 SUC vs 3IY + L-DOPA U=249; p=0.742 ns
-15 SUC vs 3lY U=159; p<0.05/2 *
-15 31Y vs 3lY + L-DOPA U=151; p<0.05/3 *
120 SUC vs 3lY + L-DOPA U=178; p=0.561 ns
120 SUC vs 3IY U=87; p<0.05/2 *
120 31Y vs 3lY + L-DOPA U=86; p<0.05/3 *
OSS test
-15 SucC p<0.05/2 *
-15 3lY p<0.05/1 *
-15 3lY + L-DOPA p<0.05/3 *
120 SucC p<0.05/3 *
120 3lY p=0.648 ns
120 3lY + L-DOPA p<0.05/2 *
Figure | KKW test
1.5 H(2, N=55)=8.273; p<0.05 *
MWU test
Exp vs Eff U=92; p<0.05/2 *
Exp vs Dri U=99; p<0.05/1 *
OSS test
Exp p<0.05/3 *
Dri p=1 ns
Eff p=0.804 ns
Figure | KKW test
1.7a H(3, N=77)=36.014; p<0.05 *
MWU test
Exp vs Dark U=24; p<0.05/3 *
Exp vs Dri U=130; p<0.05/1 *
Exp vs Eff U=112; p<0.05/2 *
OSS ftest
Dark p<0.05/3 *
Exp p<0.05/1 *
Dri p<0.05/2 *
Eff p<0.05/4 *
Figure | KKW test
1.7b H(3, N=35)=3.58; p=0.311 ns
OSS test
All groups p<0.05 *
Figure | MWU test
1.9¢c Chrimson vs Control U=1; p<0.05 *
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Figure | MWU test
1.9d Chrimson vs Control U=0; p<0.05 *
Figure | KKW test
1.10f H(11, N=107)=66.284; p<0.05 *
MWU test
y1 Chrimson vs Control U=0; p<0.05/5 *
y2 Chrimson vs Control U=8; p<0.05/4 *
y3 Chrimson vs Control U=0; p<0.05/6 *
v4 Chrimson vs Control U=15; p<0.05/1 *
vy5 Chrimson vs Control U=11; p<0.05/2 *
B2 Chrimson vs Control U=8; p<0.05/3 *
Figure
1.11e
Wilcoxon signed-rank test
RM ANOVA
p-
Source SS ddof1 ddof2 MS F p-unc | GG- | ng2 eps
corr
10. 0.00 0.86
0 trapping | 0.457 2 18 0.229 45 0.001 2' 0.136 8-
5
compart 4.6 0.02 0.40
1 ment 0.448 5 45 0.090 81 0.002 3 0.134 0
trapping
* 4.7 0.01 0.24
2 compart 0.462 10 90 0.046 75 0.000 4 0.137 5
ment
y1
p-
Contras . Parame | W- | altern | p- . hedg
t A B Paired | ;¢ val | ative | unc | PO :?Ju es
. two- 0.23
0 trapping | after before | TRUE FALSE 15 sided 5 0.232 holm | -0.708 ns
. trappe two- 0.00
1 trapping | after d TRUE | FALSE 0 sided 5 0.006 holm | 1.606 | ,
. trappe two- 0.00
2 | trapping | before d TRUE | FALSE 1 sided 4 0.008 holm | 1.719 | ,
y2
p-
Contras A B Paired Pgrame W- alfern p- p-corr | adju hedg
t tric val | ative unc st es
0 | trapping | after | before | TRUE | FALSE |20 | ™0 | 949 | 5492 | hoim | -0.355
sided 2 ns
. trappe two- 0.00
1 trapping | after d TRUE FALSE 1 sided 4 0.012 holm | 1.656 *
. trappe two- 0.01
2 trapping | before d TRUE FALSE 3 sided 0 0.020 holm | 1.590 N
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y3

p-
Contras A B Paired Pfxrame W- algern p- p-corr | adju hedg
t tric val | ative unc st es
0 trapping | after before | TRUE FALSE 17 tv_vo- 0.32 0.322 holm | -0.498
sided 2 ns
. trappe two- 0.08
1 trapping | after d TRUE FALSE 10 sided 4 0.168 holm | 0.764 ns
. trappe two- 0.01
2 trapping before d TRUE FALSE 4 sided 4 0.041 holm | 1.269 *
v4
- - p-
Contras A B Paired Pfxrame W. algern p p-corr | adju hedg
t tric val | ative unc st es
0 | trapping | after | before | TRUE | FALSE |26 | WO 10921 5900 | hoim | -0.010
sided 2 ns
. trappe two- 0.08
1 trapping | after d TRUE FALSE 10 sided 4 0.252 holm | 0.391 ns
. trappe two- 0.16
2 trapping | before d TRUE FALSE 13 sided 0 0.320 holm | 0.432 ns
6
Contras . Parame | W- | altern | p- p- hedg
t A B Paired | ;¢ val | ative | unc | PO :;‘Ju es
. two- 0.02
0 | trapping | after before | TRUE | FALSE 5 sided 0 0.059 holm | 0.481 ns
. trappe two- 0.02
1 trapping | after d TRUE FALSE 5 sided 0 0.059 holm | 0.645 ns
. trappe two- 0.49
2 trapping | before d TRUE FALSE 20 sided 5 0.492 holm | 0.105 ns
g
2
Contras . Parame | W- | altern | p- p- hedg
t A B Paired | ;¢ val | ative | unc | PO :?Ju es
0 |trapping | after | before | TRUE | FALSE |1 | Mo 900 1 0.012 | hoim | 1.089 |,
. trappe two- 0.01
1 trapping | after d TRUE | FALSE 4 sided 4 0.027 holm | 0.842 | ,
. trappe two- 0.08 .
2 | trapping | before d TRUE | FALSE 10 sided | 4 0.084 | holm | -0.402 ns
Figure | MWU test
112b | Open vs Trapped U=225; p<0.05 *
OSS test
Open p<0.05/2 *
Trapped p=1 ns
Figure | MWU test
1.12c Open vs Trapped U=213.5; p=0.127 ns
OSS test
Open p<0.05/2 *
Trapped p<0.05/1 *
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Figure
1.15b

KKW test
H(4, N=100)=58.991;

MWU test
air vs. odor: MDN1 intact vs MDN1 silenced
odor vs. odor: MDN1 intact vs MDN1 silenced

OSS test

air vs. air: MDN1 intact

air vs. odor: MDN1 intact

air vs. odor: MDN1 silenced
odor vs. odor: MDN1 intact
odor vs. odor: MDN1 silenced

p<0.05 *

U=75.5; p<0.05/1
U=27.5; p<0.05/2

p<0.05/5
p<0.05/3
p<0.05/2
p<0.05/4
p<0.05/1

* Ok Ok Ok *

*

Figure
1.15d

KKW test
H(4, N=149)=59.761; p<0.05

MWU test
air vs. odor: MDN14 intact vs MDN1A silenced
odor vs. odor: MDN14 intact vs MDN14 silenced

OSS test

air vs. air: MDN1A intact p<0.05/5
air vs. odor: MDN1A intact p<0.05/4
air vs. odor: MDN1A silenced p=1
odor vs. odor: MDN14 intact p<0.05/3
odor vs. odor: MDN14 silenced p=0.302

U=245; p<0.05/2*
U=84.5; p<0.05/1

ns

ns

ExtData
Figure
1.3

KKW test
H(3, N=82)=3.373; p=0.338

OSS test
All groups p<0.05

ns

ExtData
Figure
1.4c

KKW test
H(2, N=34)=9.248;

p<0.05 *

MWU test
Exp vs Eff
Exp vs Dri

2; p<0.05/1 *
7; p<0.05/2 *

cC

=2
=2

OSS ftest

Exp p<0.05/3 *
Dri p=0.774 ns
Eff p=1 ns

ExtData
Figure
1.4d

KKW test
H(2, N=33)=7.981;

p<0.05 *

MWU test
Exp vs Eff
Exp vs Dri

6; p<0.05/2 *
5; p<0.05/1 *

u=2
u=2
OSS test

Exp p=0.039 ns
Dri p=1 ns
Eff p=1 ns
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ExtData

KKW test

Figure | H(9, N=60)=25.331; p<0.05 *
1.5f
MWU test
Y2 Chrimson vs Control U=1; p<0.05/5 *
v3 Chrimson vs Control U=6; p=0.038 ns
v4 Chrimson vs Control U=6; p=0.1 ns
) Chrimson vs Control U=6; p=0.054 ns
B2 Chrimson vs Control U=6; p=0.093 ns
ExtData | Friedman test
Figure | W(4)=0.381, P=0.016, N=8, p<0.05 *
1.6¢”
ExtData | Friedman test
Figure | W(4)=0.011, P=0.99, N=7, p>0.05 ns
1.6d”
ExtData | MWU test
Figure | y3 vs y3 control u=7 p<0.05/6 *
1.7
ExtData | OSS test
Figure | Canton S p=0.774 ns
1.9a
ExtData | KKW test
Figure | H(2, N=36)=0.195; p=0.907 ns
1.9b
OSS ftest
All groups p=0.061 ns
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Supplement Figures
(Supplement figures 1-16 includes all the additionally performed experiments.

All experiments were conducted with 3 training trials unless mentioned otherwise.

See Supplemental Table S2 for additional Genotype information and
Supplemental Data Table S2 for statistical results.
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Supplement Figure 1 Moonwalker” activation with Chrimson® and testing in ambient light
conveys weak negative valence. BA preference and memory scores are separated by sex.

a, Aversive memory by pairing odour with moonwalker neuron activation, see rationale in Figure 1.1b.

(orange: MoonwalkerA>ChrimsonA, grey: Driver control: MoonwalkerA>+, Effector control: +>Chrimson?,
+: absence of driver or effector construct) (N= 27,26,26). 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).

b, BA preference and memory scores 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 show 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 orange glowing fly
indicates when red light was used for moonwalker activation. See Supplement Table S2 for additional
Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 2 Moonwalker” activation with Chrimson® and testing in complete darkness
conveys stronger negative valence. BA preference and memory scores are separated by sex.
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a, Aversive memory by pairing odour with moonwalker neuron activation (orange:

MoonwalkerA>ChrimsonA, grey: Driver control: MoonwalkerA>+, Effector control: +>Chrimson?, +:
absence of driver or effector construct) (N= 11,10,11). 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).

b, BA preference and Memory scores 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 show 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 orange glowing fly
indicates when red light was used for moonwalker activation. See Supplement Table S2 for additional
Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 3| Moonwalker” activation with Chrimson® (raised with or without ATR
containing food) conveys similar strength of negative valence. BA preference and memory
scores are separated by sex.

a, Aversive memory by pairing odour with moonwalker neuron activation, see rationale in Figure 1.1b

(orange: MoonwalkerA>ChrimsonA) (N= 30,30). 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). X: absence of ATR; v: presence of ATR. Box-whisker plots show median,
interquartile range (box) and 10th/90th percentiles (whiskers).

b, BA preference and Memory scores 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 show 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 orange glowing fly
indicates when red light was used for moonwalker activation. See Supplement Table S2 for additional
Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 4| Parametric analysis of Moonwalker” activation with ChrimsonE/Chrimsonf
effector. BA preference and memory scores are separated by sex.

a, Aversive memory by pairing odour with moonwalker neuron activation, see rationale in Figure 1.1b.

(dark red: MoonwalkerA>ChrimsonE; light red: Moonwalker*>Chrimson; grey: Driver control:
Moonwalker®>+, Effector control: +>Chrimsont and +>ChrimsonF, +: absence of driver or effector
construct) (N= 12,12,12,12,12). 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).

b, BA preference and Memory scores 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 show 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. See Supplement Table S2 for
additional Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 5| Moonwalker" contributes to memory-efferent circuits for learned
avoidance memory expression. BA preference and memory scores are separated by sex.

a, Outcome of odour-shock learning experiments (see Rationale as Figure 1.7a). Relative to the Control
condition (black), silencing all moonwalker neurons during the test reduced odour-shock memory scores

(MoonwalkerA silenced, green) (genotype in both cases: MoonwalkerA>GtACR1) to levels less than in
genetic controls (grey: Driver control: Moonwalker >+, Effector control: +>GtACR1) (N= 16,19,20,17).

b, BA preference and Memory scores, 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 show BA preference when BA (Benzaldehyde) was associated with electric shock,
and white fill of the box indicates BA preference when OCT (3-octanol) was associated with electric
shock. Red fill of the box plots shows data from females; blue fill indicates data from males. Rationale
and other details as in the legend of Figure 1.7a. See Supplement Table S2 for additional Genotype
information and Supplement Data Table S2 for statistical results.
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Supplement Figure 6 | Moonwalker” contributes to memory-efferent circuits for learned approach
memory expression, too. BA preference and memory scores are separated by sex.

a, Outcome of odour-sugar learning experiments (see Rationale as Figure 1.7b). Relative to the Control
condition (black), silencing all moonwalker neurons during the test reduced odour-shock memory scores

(MoonwalkerA silenced, green) (genotype in both cases: MoonwalkerA>GtACR1) to levels less than in
genetic controls (grey: Driver control: MoonwalkerA>+, Effector control: +>GtACR1) (N= 16,14,14,13).

b, BA preference and Memory scores, 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 show BA preference when BA (Benzaldehyde) was associated with electric shock,
and white fill of the box indicates BA preference when OCT (3-octanol) was associated with electric
shock. Red fill of the box plots shows data from females; blue fill indicates data from males. Rationale
and other details as in the legend of Figure 1.7b. See Supplement Table S2 for additional Genotype
information and Supplement Data Table S2 for statistical results.
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Supplement Figure 7 Moonwalker -evoked movement is required for moonwalking punishment.
BA preference and memory scores are separated by sex.

a, Pairing odour with optogenetic activation of all moonwalker neurons establishes aversive memory
under Control conditions but not when locomotion was restrained during the training period. Restraining
locomotion during training causes not only complete abolishment of punishment memory but also create

mild reward memory (see Figure 1.12a-b for rationale). Genotypes: MoonwalkerA>ChR2XXLA(N= 12,13).
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).

b, BA preference and Memory scores 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 show 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.

See Supplement Table S2 for additional Genotype information and Supplement Data Table S2 for
statistical results.
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Supplement Figure 8| Parametric analysis of MDN1" activation with ChR2-XXLA and ChrimsonE
with different light regime. BA preference and memory scores are separated by sex.

a, Aversive memory by pairing odour with moonwalker neuron activation. Blue: Moonwalker">ChR2-
XXLA, either with continuous light with highest intensity (4.99s ON/0.01s OFF) (thick blue bar) or
intermediate intensity (1.2s ON/3.8s OFF) (thin two blue bars) or pulsed low intensity (0.01s ON/0.01s
OFF) (multiple thin blue bars). Orange: MoonwalkerA>ChrimsonE, either with continuous light with
highest intensity (thick orange bar) or pulsed low intensity (multiple thin orange bars). N=20,20,20,32,24.
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).

b, BA preference and Memory scores 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 show 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.

See Supplement Table S2 for additional Genotype information and Supplement Data Table S2 for
statistical results.
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Supplement Figure 9| Role of DA in MDN1" reinforcement. BA preference and memory scores

are separated by sex.
a, Inhibition of dopamine biosynthesis by 3-iodo-L-tyrosine (31Y), and effects of 3IY on learning from

moonwalker activation (see Figure 1.4a for rationale). (Genotype: MDN1A>ChR2XXLA, intervals -15s;
blue: control, brown: 31Y, light brown: additional supply of 3,4-dihydroxy-L-phenylalanine (L-DOPA)) (N=
15,15,13). 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).

b, BA preference and Memory scores 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 show 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 glowing fly indicates
when blue light was used for moonwalker activation. No circles below the panels refer to the control
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conditions, brown fill refers to feeding with 31Y, and yellow fill to feeding with L-DOPA in addition. See
Supplement Table S2 for additional Genotype information and Supplement Data Table S2 for statistical
results.
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Supplement Figure 10| Forward locomotion inducing Bolt neuron (BPN-S1) activation have
complex valence profile. BA preference and memory scores are separated by sex.
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(Top) Showing reward memory through Bolt activation (blue: BoIt>ChR2XXLA, grey: Driver control:

Bolt>+, Effector control: +>ChR2XXLA) (N=20,20,21). see rationale in Figure 1.1b, while Bolt activation
induces forward locomotion.
(Middle) Similar as (top) (N=17,17,17).

(Bottom) Showing no valence through Bolt activation. Leading to complex and inconclusive result.
(N=14,8,9). 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).

Corresponding (top, middle, bottom) BA preference and Memory scores 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 show 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 glowing fly indicates when blue light was used for Bolt activation. See
Supplement Table S2 for additional Genotype information and Supplement Data Table S2 for statistical
results.
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Supplement Figure 11| Halting inducing Stop-1 neuron activation with Chrimson” conveys weak
positive valence. BA preference and memory scores are separated by sex.

a, Reward memory by pairing odour with Stop-1 activation, see rationale in Figure 1.1b while Stop-1
activation induces halting/stopping behaviour (orange: Stop-1>Chrimson”, grey: Driver control: Stop-
1>+, Effector control: +>Chrimson?, +: absence of driver or effector construct) (N= 16, 16, 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).

b, BA preference and Memory scores 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 show 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
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the box plots shows data from females; blue fill indicates data from males. See Supplement Table S2 for
additional Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 12 | Activating MDN3 does not convey negative valence. BA preference and
memory scores are separated by sex.

(Top) Showing no memory through 1 trial of MDN3 activation or (Bottom) 3 trials of activation, see
rationale in Figure 1.5 (blue: MDN3>ChR2XXLA, grey: Driver control: MDN3>+, Effector control:

+>ChR2XXLA) (N= 58,59,43) or (N= 32,30,32). 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).

Corresponding (top, bottom) BA preference and Memory scores 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 show 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. See Supplement Table S2 for additional Genotype information and Supplement Data Table
S2 for statistical results.
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Supplement Figure 13| Activating moonwalker ascending neurons MAN1 does not convey
negative valence. BA preference and memory scores are separated by sex.

(Top) Showing no memory through 1 trial of MAN1 activation or (Bottom) 3 trials of activation, see
rationale in Figure 1.5. (blue: MAN1>ChR2XXLA, grey: Driver control: MAN1>+, Effector control:
+>ChR2XXLA) (N= 31,31,18) or (N= 31,30,32). 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).

Corresponding (top,bottom) BA preference and Memory scores 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 show 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. See Supplement Table S2 for additional Genotype information and Supplement Data Table
S2 for statistical results.
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Supplement Figure 14| Activating combination of moonwalker descending and ascending
neurons MAN+MDN1 convey negative valence and silencing does not. BA preference and
memory scores are separated by sex.

(Top) Showing aversive memory through MAN+MDN1 activation, see rationale in Figure 1.5 (blue:

MAN+MDN1>ChR2XXLA, grey: Driver control: MAN+MDN1>+, Effector control: +>ChR2XXLA) (N=
20,22,18).

(Bottom) showing no memory silencing MAN+MDN1, see rationale in Extended Data Figure 1.9b (green:
MAN+MDN1>GtACR1, grey: Driver control: MAN+MDN1>+, Effector control: +>GtACR1) (N=22,22,24).
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).

Corresponding (top, bottom) BA preference and Memory scores 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 show 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. See Supplement Table S2 for additional Genotype information and Supplement Data Table
S2 for statistical results.
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Supplement Figure 15| Activating visual projection neuron, Lobular columnar cell (LC16)
conveys negative valence. BA preference and memory scores are separated by sex.
a, Showing aversive memory through LC16 activation, see rationale in Figure 1.1b. (blue:

LC16>ChR2XXLA, grey: Driver control: LC16>+, Effector control: +>ChR2XXLA) (N=13,12,24)

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).

b, BA preference and Memory scores 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 show 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. See Supplement Table S2 for
additional Genotype information and Supplement Data Table S2 for statistical results.
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Supplement Figure 16| Activating mushroom body output neuron MB052B (corresponding to
ao’1, a2 and o’3 compartments) conveys positive valence and silencing conveys negative valence.
BA preference and memory scores are separated by sex.

(Top) Showing reward memory through MB052B activation. (blue: MBO52B>ChR2XXLA, grey: Driver
control: MB052B>+, Effector control: +>ChR2XXLA) (N=35,34,29)

(Bottom) showing aversive memory through silencing MBONO052B (green: MB052B>GtACR1, grey:
Driver control: MB052B>+, Effector control: +>GtACR1) (N= 60,58,58).

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).

Corresponding (top, bottom) BA preference and Memory scores 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 show 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. See Supplement Table S2 for additional Genotype information and Supplement Data Table
S2 for statistical results.
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Supplemental Table S2

Abbreviated Genotype Source Used in
Genotype
Moonwalker? VT050660-Gal4 (attp2) Bidaye et al. 2014 Supplement
Figure 1-7
MDN1A VT044845-Gal4-DBD (attp40); Bidaye et al., 2014 Supplement
VT050660-Gal4-AD (attp2) Figure 8-9
Bolt (BPN-S1) R11H10-p65ADZp(attp40)/CyO ; Bidaye et al., 2020 Supplement
VT025925-ZpGal4DBD(attp2)/TM2 Figure 10
Stop-1 W1118; VT009650AD/CyO; Kindly provided by Supplement
R36G0O0/TM6B Salil.S.Bidaye Figure 11
MDN3 MDN3- Gal4 Bidaye et al., 2014 Supplement
Figure 12
MAN1 MAN1-Gal4 Bidaye et al., 2014 Supplement
Figure 13
MDN+MAN1 MDN+MAN1- Split - Gal4 Bidaye et al., 2014 Supplement
Figure 14
LC16.1 R26A03-p65ADZp (attP40); R54A05- BDSC # 68331 Supplement
ZpGAL4DBD (attP2) Figure 15
MB052B MB052B-Gal4 Aso et al., 2014 Supplement
Figure 16
ChR2XXLA UAS-ChR2XXL BDSC#58374 Supplement
Figure 7-10, 12,13,
14(top), 15, 16(top)
GtACR1 UAS-GtACR1 Kindly provided by Supplement
Robert J. Kittel Figure 5-6, 14(bottom),
16(bottom)
Chrimson” 20x-UAS-CsChrimson-mVenus (attp2) BDSC#55136 Supplement
Figure 1-3, 11
- £ - -
Chrimson 20x-UAS-ChrimsonR-mCherry (attp18) | ot f’sr%’i'c?:feby Eﬁﬁf:es”t
ChrimsonF 20x-UAS-ChrimsonR-mVenus (attp18) Kindly provided by Supplement
Salil.S.Bidaye Figure 4
A white null-mutant strain Hazelrigg et al., 1984 | Supplement
Figure 1-2,4-6,10-16
dgG4** Enhancerless Gal4: BDSC#68384 Supplement
w[1118]; P{y[+t7.7] Figure 12-16

w[+mC]=GAL4.1Uw}attP2

** Used to create heterozygous driver (Dri Ctrl) and effector controls (Eff Ctrl).

189




Supplemental Data Table S2

Figure No Statistical analysis
SupFig1 KKW test

H (2, N=79)=11.98143; p =0.0025 *

MWU test

Exp vs Eff U=169; p<0.05/2 *

Exp vs Dri U=200,5 ; p<0.05/1 *

OSS test

Exp p<0.05/3 *

Dri p=0.845 ns

Eff p=0.524 ns
SupFig2 KKW test

H(2,N=32)=13,23027 p=0.0013 *

MWU test

Exp vs Eff U=6; p<0.05/2 *

Exp vs Dri U=26 ; p<0.05/1 *

OSS test

Exp p<0.05/3 *

Dri p=0.3323 ns

Eff p=0.4545 ns
SupFig3 MWU test

No Retinal (ATR) vs with Retinal U=406; p>0.05 ns

OSS test

No Retinal (ATR) p<0.05 *

with Retinal (ATR) p<0.05 *
SupFig4 KKW test

H (4, N=60) =12,91674 p =0.0117 *

MWU test

Exp vs Eff (ChrimsonF) U=24; p<0.05/6 *

Exp vs Dri (ChrimsonE) U=31; p<0.05/5 *

Exp vs Eff (ChrimsonF) U=43.5; p>0.05 ns

Exp vs Dri (ChrimsonF) U=62 ; p>0.05 ns

Exp vs Exp U=38; p>0.05 ns

OSS test

Exp (Moonwalker® x Chrimson®)  p<0.05/5*

Exp (Moonwalker® x ChrimsonF)  p=0.5488 ns

Dri p=1 ns

Eff (ChrimsonE) p=1 ns

Eff(ChrimsonF) p=1 ns
SupFig5 KKW test

H(3, N=72)=17,51744; p=0.0006 *

MWU test

Exp vs Dark U=78; p<0.05/1 *

Exp vs Dri U=69; p<0.05/2 *

Exp vs Eff U=46; p<0.05/3 *

OSS test

Dark p<0.05/2 *
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Exp
Dri
Eff

p<0.05/1 *
p<0.05/4 *
p<0.05/3 *

SupFig6

KKW test

H(3, N=21)=14,54638;

MWU test

Exp vs Dark
Exp vs Dri
Exp vs Eff

OSS test

Dark
Exp
Dri
Eff

p=0.0022 *

0; p<0.05/2 *
0; p<0.05/3 *
0

U
U
U=0; p<0.05/1 *

p<0.05/2 ns
p<0.05/1 *
p<0.05/4 *
p<0.05/3 ns

SupFig7

MWU test

Control vs Trapped

OSS test

Control
Trapped

U=0; p<0.05/2 *

p<0.05/2 *
p<0.05/1 *

SupFig8

KKW test

H (4, N=110) =16.99635; p =0.001 *

MWU test

MDN1%x ChR2-XXL* (Continuous vs Intermediate) U=85.5; p<0.05/3
MDN1%x ChR2-XXL* (Continuous vs Pulsed) U=68 ; p<0.05/2
MDN1A x ChR2-XXLA vs MDN14 x Chrimson® (Continuous vs Continuous)) U=144;  p<0.05/4
MDN1A x ChR2-XXLA vs MDN14 x ChrimsonE (Continuous vs pulsed)) U=96.5; p<0.05/5

OSS test

MDN14x ChR2-XXL" (Continuous)

p<0.05/5 *

MDN1%x ChR2-XXL* (Intermediate) p<0.05/4 *

MDN1%x ChR2-XXL* (Pulsed)
MDN1%x ChrimsonF (Continuous)
MDN1%x ChrimsonF (Pulsed)

p=0.387 ns
p<0.05/3 *
p=0.8238 ns

* Ok kK

SupFig9

KKW test

H(2, N=43)=23,71427;

MWU test

SUC vs 3IY + L-DOPA
SUC vs 3IY

3lY vs 3lY + L-DOPA

OSS test

SucC
3lY
3lY + L-DOPA

p=0.0000 *

U=93; p=0.853 ns
U=10; p<0.05/3 *
U=9; p<0.05/2 *

p<0.05/2 ns
p<0.05/3 *
p<0.05/1 ns

SupFig10
(top)

KKW test

H (2, N=61)=13.05162;

MWU test

Exp vs Eff
Exp vs Dri

p =0.0015 *

U=74.5; p<0.05/2 *
U=110 ; p<0.05/1 *
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OSS test

Exp p<0.05/3 *
Dri p=0.8145 ns
Eff p=0.481 ns
SupFig10 | KKW test
(middle) H (2, N=50) =7.644942; p =0.0219 *
MWU test
Exp vs Eff U=68,5; p<0.05/2 *
Exp vs Dri U=71; p<0.05/1 *
OSS test
Exp p<0.03/3 ns
Dri p=0.61 ns
Eff p=0.804 ns
SupFig10 | KKW test
(bottom) H (2, N=31)=3.372; p =0.1853 ns
SupFig11 | KKW test
H (2, N=47)=12.1943; p =0.0022 *
MWU test
Exp vs Eff U=48; p<0.05/1 *
Exp vs Dri U=45 ; p<0.05/2 *
OSS test
Exp p<0.05/3 *
Dri p=0.455 ns
Eff p=1 ns
SupFig12 | KKW test
(1 trial) H (2, N= 178) =5.48244; p =0.0645 ns
SupFig12 | KKW test
(3 trial) H (2, N=94) =2.979997, p =0.2254 ns
SupFig13 | KKW test
(1 trial) H (2, N=123) =2.3066; p =0.0645 ns
SupFig13 | KKW test
(3 trial) H (2, N=93) =4,2533; p =0.0645 ns
SupFig14 | KKW test
(activation) | H (2, N=60)=12.11.4856; p =0.0032 *
MWU test
Exp vs Eff U=73; p<0.05/1 *
Exp vs Dri U=125.5; p<0.05/2 *
OSS test
Exp p<0.05/3 *
Dri p=1 ns
Eff p=0.48 ns
SupFig14 | KKW test
(silencing) H (2, N= 68) =4.86808; p =0.08 ns
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SupFig15 | KKW test
H (2, N=49) =26.35385; p =0.0000 *
MWU test
Exp vs Eff U=4; p<0.05/2 *
Exp vs Dri U=8 ; p<0.05/1 *
OSS test
Exp p<0.05/3 *
Dri p=0.774 ns
Eff p=0.1516 ns
SupFig16 | KKW test
(activation) | H (2, N=98)=21.34925; p =0.0000 *
MWU test
Exp vs Eff U=352; p<0.05/1 *
Exp vs Dri U=229 ; p<0.05/2 *
OSS test
Exp p<0.05/3 *
Dri p=0.229 ns
Eff p<0.05/2 *
SupFig16 | KKW test
(s"encing) H ( 2, N= 176) =12.63377; p =0.0018 *
MWU test
Exp vs Eff U=1083; p<0.05/2 *
Exp vs Dri U=1256 ; p<0.05/1 *
OSS test
Exp p<0.05/2 *
Dri p=0.237 ns
Eff p<0.05/3 *
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