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Abstract 
The ability to learn and to remember is essential for an animal’s survival. The 

mechanisms that lead to memory formation are highly conserved across species. 

Cyclic adenosine monophosphate (cAMP) is a second messenger that plays an 

important role in memory formation. Phosphodiesterases (PDEs) hydrolyse cAMP 

and cyclic guanosine monophosphate, reducing their levels. Dunce (Dnc) is a cAMP-

specific PDE in Drosophila. dunce (dnc) is a complex gene that encodes several 

isoforms (Qiu et al., 1991). In general, Dnc is regarded as a PDE that reduces the 

overall cAMP concentration, leading to dnc mutants with short-term memory (STM) 

deficits (Aceves-Piña and Quinn, 1979; Davis and Kiger, 1981; Dudai et al., 1976). In 

this project we will investigate the role of different Dnc isoforms in learning and 

memory and their localisation at the cellular and subcellular level.  

We show in Drosophila larvae that DncPA and DncPB specific mutants display the 

opposite phenotype to classical dnc mutants, increased STM. This demonstrates that 

the Dnc memory phenotype is isoform-specific. The memory phenotype of a DncPA-

specific mutant depends on PDE activity in neurons driven by the dncRA promoter. Of 

these, expression in a local interneuron projecting to the antennal lobe (AL) is most 

likely to affect memory formation. DncPB is localised in a group of neurons associated 

with gustatory signals (Melcher and Pankratz, 2005). As gustatory stimuli are used as 

reinforcers, they are likely to influence memory formation. We also localise other 

isoforms in the central nervous system. With large differences between the 

expression patterns of antibodies against the same isoforms, we show that Dnc is a 

highly interacting and highly modified protein.  

In mammals, the subcellular localisation of a PDE isoform has been shown to play an 

important role in memory formation (Martinez et al., 2023). We show that in 

Drosophila larvae, somatic PDE expression is essential for the memory phenotype in 

DncPA. The fly is able to compensate for increased PDE expression; however, 

reducing PDE levels in the soma of the correct neurons induces a memory 

phenotype. 

We propose the following mechanism for the influence of DncPA on memory 

formation: The reduced cAMP concentration in the soma of the Hv cluster leads to 

increased transmission of the reinforcer into the larval AL, thereby enhancing early 
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memory in the AL. This leads to increased transmission of the signal to the 

mushroom body, where the memory is formed.  

Our findings provide a unique insight into the molecular mechanisms of memory 

formation. They expand the view of Dnc from a PDE with a specific memory 

phenotype to a collection of isoforms with their specific localisation, function and 

memory phenotypes. As PDEs are highly conserved between species, our findings 

may also provide insight into human memory formation. 
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Zusammenfassung 
Lernen und Gedächtnisbildung sind entscheidend für das Überleben von Tieren. Die 

Mechanismen der Gedächtnisbildung sind hoch konserviert. Zyklisches 

Adenosinmonophosphat (cAMP) ist ein Second Messenger, der eine wichtige Rolle 

bei der Gedächtnisbildung spielt. Phosphodiesterasen (PDEs) hydrolysieren cAMP 

und zyklisches Guanosinmonophosphat und verringern so dessen Konzentration. 

Dunce (Dnc) ist eine cAMP-spezifische PDE in Drosophila. Das dunce (dnc)-Gen 

kodiert für mehrere Isoformen (Qiu et al., 1991). Dnc wird allgemein als PDE 

angesehen, die die cAMP-Konzentration in der gesamten Fliege reduziert, während 

dnc-Mutanten ein defektes Kurzzeitgedächtnis aufweisen (Aceves-Piña und Quinn, 

1979; Davis und Kiger, 1981; Dudai et al., 1976). In diesem Projekt wollen wir 

verschiedene Dnc-Isoformen hinsichtlich ihrer Rolle bei der Gedächtnisbildung 

charakterisieren und ihre Lokalisation auf zellulärer und subzellulärer Ebene 

untersuchen. 

Wir zeigen in Drosophila-Larven, dass DncPA- und DncPB-spezifische Mutanten den 

umgekehrten Phänotyp klassischer dnc-Mutanten aufweisen und somit ein 

verbessertes Kurzzeitgedächtnis zeigen. Dies zeigt, dass dnc isoformspezifische 

Lernphänotypen verursacht. Der Lernphänotyp einer DncPA-spezifischen Mutante 

hängt von der PDE-Aktivität in Neuronen ab, in denen der dncRA-Promotor exprimiert 

wird. Von diesen Neuronen ist eine lokales Interneuron welches in den 

Antennallobus (AL) projiziert, am wahrscheinlichsten mit dem Lernphänotyp 

assoziiert. DncPB wird in Neuronen exprimiert, die mit gustatorischen Signalen 

assoziiert sind (Melcher und Pankratz, 2005). Da wir gustatorische Stimuli als 

Verstärker in larvalen Lernexperimenten verwenden, könnten diese Neurone einen 

Einfluss auf die Gedächtnisbildung haben. Wir bestimmen die Lokalisation weiterer 

Isoformen im larvalen Zentralnervensystem. Die Unterschiede zwischen 

verschiedenen Antikörpern gegen die gleiche Isoform zeigen, dass Dnc ein stark 

modifiziertes Protein ist, das mit anderen Proteinen interagiert.  

Bei Säugetieren wurde gezeigt, dass die subzelluläre Lokalisation von PDE-

Isoformen eine wichtige Rolle bei der Gedächtnisbildung spielt (Martinez et al., 

2023). Wir zeigen in Drosophila-Larven, dass für DncPA die somatische PDE-

Expression essentiell für den Gedächtnisphänotyp ist. Die Fliege kann eine erhöhte 

PDE-Expression kompensieren, aber eine verminderte Expression führt zu einem 

Gedächtnisphänotyp. 
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Unsere Erkenntnisse lassen zu folgenden Mechanismus für den Einfluss von DncPA 

auf die Gedächtnisbildung zusammenfassen: Die verringerte cAMP-Konzentration im 

Soma des Hv-Clusters führt zu einer erhöhten Signalübertragung des gustatorischen 

Verstärkers in den AL der Larve, wodurch das frühe Gedächtnis verstärkt wird. Dies 

führt zu einer verstärkten Signaltransmission in den Pilzkörper, wo das Gedächtnis 

gebildet wird. 

Unsere Ergebnisse bieten einen einzigartigen Einblick in die molekularen 

Mechanismen der Gedächtnisbildung. Sie erweitern die Sicht auf Dnc von einer PDE 

mit einem spezifischen Gedächtnisphänotyp zu einer Gruppe von Isoformen mit 

spezifischen Lokalisationen und Funktionen. Da PDEs zwischen verschiedenen 

Spezies stark konserviert sind, können unsere Ergebnisse auch zu einem besseren 

Verständnis der Gedächtnisbildung beim Menschen beitragen. 
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1 Introduction 
Throughout its life, every animal is exposed to positive stimuli such as food 

availability and negative stimuli such as danger or pain. It is essential that the animal 

is able to remember these stimuli and their context in order to avoid painful or 

dangerous situations in the future or to find food sources. To do this, it has to sort 

incoming stimuli by importance, remembering important information and forgetting 

unimportant information. 

How does this learning process work? This is a question that has fascinated 

researchers for decades. Since Ivan Pavlov described classical conditioning in dogs 

(Pavlov, 1927), multiple different animal models have been used to answer different 

aspects of this question. Some examples are monkeys (Hikosaka et al., 1995), rats 

(Mysliveček and Hassmannová, 1979) and mice (Flood and E. Morley, 1997).  

Insects have proven to be an accessible and reliable model organism for studying the 

basic principles of learning and memory that are conserved across species. Ever 

since Morgan discovered the heritable aspects of eye colour in Drosophila 

melanogaster in 1911 (Morgan, 1911), it has been used as a model for genetic 

studies. Therefore, when Quinn et al showed that flies learn to associate an external 

stimulus with a reward (Quinn et al., 1974), there was already a large resource of 

mutants and genetic methods available to study the molecular basis of learning and 

memory. 

Because Drosophila melanogaster has a short generation time, a large number of 

genetically uniform animals can be used, providing much better data for statistical 

analysis (Quinn et al., 1974), rather than the small numbers of individuals as used in 

monkeys. 

1.1 The Drosophila larva as a model organism for learning and 
memory 

Drosophila lay their eggs directly on food, where the larvae hatch and feed until they 

are ready to pupate. During this time, they learn to associate olfactory cues with 

positive or negative reinforcers to increase their chance of survival. 

In 1979, Aceves-Piña et al established Drosophila larvae as a model system for 

memory formation for the first time (Aceves-Piña and Quinn, 1979). The 

disadvantage of using the larva as a model system is its developing nervous system. 

Larvae of different ages have different numbers of neurons, which may lead to 

changes in behavioural experiments (Lee et al., 1999; review: Davis, 2023). The 
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mechanisms underlying learning and memory may differ between larvae with a still 

developing nervous system and flies with a fully differentiated nervous system 

(review: Davis, 2023). Larvae have several advantages over adult Drosophila as a 

model for olfactory learning and memory. For example, their central nervous system 

(CNS) is less complex. It consists of only 10,000 neurons (Truman et al., 1993). This 

is an order of magnitude smaller than the adult brain, which consists of about 

100,000 neurons (Simpson, 2009). Another advantage over the adult is the simplified 

larval olfactory system. It is described in more detail in the following chapter. 

A practical advantage of larvae in learning and memory experiments is the simplicity 

of larval learning and memory assays. For state-of-the-art associative learning and 

memory experiments in adult Drosophila, flies are trained and tested in a T-maze 

setup with constant airflow and humidity, and for aversive learning and memory 

experiments, specially constructed tubes containing an electrifiable grid are required 

(Tully and Quinn, 1985). Larval learning and memory experiments require only 

minimal equipment such as agarose, petri dishes and perforated containers for the 

odorants. Using this setup, several different paradigms can be studied. Larvae can 

be trained using electric shock as an aversive stimulus. Olfactory stimuli are 

presented as Conditioned stimuli and the larvae are trained on an agarose plate with 

two copper electrodes. In the aversive training phases and in the test, an electric 

shock is delivered through the agarose (Aceves-Piña and Quinn, 1979).  

Another aversive stimulus used in larval learning and memory experiments is heat 

shock. Here, agarose plates in glass Petri dishes are placed on a block heater and 

heated up to 41°C, which acts as an aversive stimulus (Khurana et al., 2012). 

Gustatory unconditioned stimuli (US, also referred to as reinforcer) are widely used in 

larval learning and memory experiments. For example, 2M NaCl for aversive or 1M 

fructose for appetitive experiments are mixed in the agarose (Scherer et al., 2003; 

Widmann et al., 2016). Different NaCl concentrations (Gerber and Hendel, 2006; 

Widmann et al., 2016), quinine (Apostolopoulou et al., 2014) and caffeine 

(Apostolopoulou et al., 2016) are other examples of aversive reinforcers (review: 

Widmann et al., 2018). In a reciprocal aversive learning experiment, larvae are 

placed on a plate containing the aversive reinforcer and one of the odorants, and 

after 5 min in the dark they are transferred to the neutral plate containing no NaCl 

and the other odorant, while in parallel another set of larvae is placed on plates 

containing the same reinforcer but the opposite odorant. This training is repeated 
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several times and finally their memory is tested on a NaCl plate with one of the 

odorants on each side. 

Depending on the research question, non-reciprocal paradigms are also used. 

Variations in the number of repetitions, the retention time between training and test, 

and a cold shock administered between training and test have been used to decipher 

memory forms in larvae (Khurana et al., 2009; Widmann et al., 2016). For electric 

shock associative learning and memory a reciprocal 2-odorant experiment was 

shown to yield the same result as a 1-odorant non-reciprocal paradigm (Pauls et al., 

2010). This shows that although different paradigms used, the results are usually 

comparable. 

Modern optogenetic and thermogenetic tools in the ORNs and the octopaminergic 

neurons make it possible to induce memory without an odorant or reinforcer (Honda 

et al., 2016). 

1.2 Odorant perception in Drosophila larvae 

Drosophila larvae have a simple olfactory system capable of discriminating between 

a large number of odorants (Aceves-Piña and Quinn, 1979; Monte et al., 1989; Si et 

al., 2019). 

The larval chemosensory system consists of three organs: The dorsal organ, the 

terminal organ, and the ventral organ. The dorsal organ, which contains 21 olfactory 

receptor neurons (ORNs) and 6 gustatory receptor neurons and is located at the 

anterior end of the larva, is the olfactory organ, while the terminal and the ventral 

organ are gustatory (Chu-Wang and Axtell, 1971, 1972a; b; Oppliger et al., 2000; 

Singh and Singh, 1984; review Stocker, 1994). The 21 ORNs in the dorsal organ are 

bipolar neurons organized in 7 bundles of 3 neurons each. They project from the 

dorsal organ via the antennal nerve to the antennal lobe (AL) (Chu-Wang and Axtell, 

1971; Python and Stocker, 2002; Ramaekers et al., 2005; Tissot et al., 1997). Larval 

ORNs mostly express a single olfactory receptor in addition to the ubiquitously 

expressed Or83b (Larsson et al., 2004; Ramaekers et al., 2005). In Drosophila 

larvae, one ORN projects 1:1:1:1 into the brain (Ramaekers et al., 2005). 21 ORNs 

project to 21 glomeruli in the lateral AL and then via 21 projection neurons (Berck et 

al., 2016) to 28 calycal glomeruli in the mushroom body (MB) calyx (Ramaekers et 

al., 2005). It has been shown that larvae can become habituated to an odorant at the 

ORN level with prolonged exposure (Larkin et al., 2010).  
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In contrast, the adult olfactory system consists of 1300 ORNs projecting to 43 

glomeruli in the AL (Ramaekers et al., 2005). The signal is transmitted via 150 

projection neurons to hundreds of calycal glomeruli in the MB (Ramaekers et al., 

2005). 

In the larva, Kreher et al were able to map 11 of the receptors to specific neurons, 

map the region of the AL to which they project, map the different response dynamics 

of the receptor and identify which receptor responds to which odorant (Kreher et al., 

2005). Later, the response dynamics of all 21 ORNs were shown (Si et al., 2019). 

The higher the odorant concentration, the more ORNs respond, but which ORNs 

respond at which concentration depends on the odorant (Si et al., 2019). 

In both larvae and adults, in addition to this ’vertical‘ connectivity, there is also 

’horizontal‘ connectivity in the AL (Thum et al., 2011). In the adult fly, GABAergic 

(GABA = γ-aminobutaric acid) local interneurons modulate the signal by forming 

inhibitory connections to the glomeruli, thereby modulating the signal from individual 

odorants (Wilson and Laurent, 2005; review: Jefferis and Hummel, 2006). Cholinergic 

interneurons modulate the signal by forming excitatory connections to the glomeruli 

(Shang et al., 2007). In the larva, GABAergic inhibitory interneurons have been 

reported in the AL (Thum et al., 2011). To date, although there are reports of 

excitatory cholinergic interneurons in L1 larvae, they have not been detected in L3 

larvae, leading to the conclusion that horizontal connectivity in larvae is very different 

from that in adults (Thum et al., 2011).  

1.3 Memory in Drosophila larvae 

The prediction error theory was formulated for memory formation in Drosophila. It 

was hypothesised that memory is created with the first presentation of the 

conditioned stimulus and the US, with further repetitions minimising the prediction 

error by determining the discrepancy between stimulus and prediction (Rescorla and 

Wagner, 1972; review: Cognigni et al., 2018). During the first trial, memory is induced 

in a switch-like manner, later only gradual changes in cellular physiology are induced 

(Springer and Nawrot, 2021). 

Memory formation requires both the dopaminergic and the octopaminergic system. 

(Burke et al., 2012; Liu et al., 2012). Octopamine integrates the energy level of the fly 

and acts on dopaminergic neurons to inhibit long-term memory (LTM) formation at 
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low energy levels in the fly (Berger et al., 2023). Dopaminergic neurons (DANs) 

represent the US. 

During repetitions, the strength of input from DANs is changed proportionally to the 

prediction error based on input from sensory neurons, but also MB output neuron 

(MBON) feedback (Felsenberg et al., 2017, 2018; Zhao et al., 2021).  

Extinction and reversal learning and memory experiments have been established, 

demonstrating the ability of the fly to re-evaluate its memory. In adult Drosophila, it 

was shown that instead of reducing an aversive memory formed after the omission of 

the punishment, the fly establishes a competing parallel appetitive memory for the 

omission of the punishment, resulting in an intermediate learning index (Felsenberg 

et al., 2018). A similar training protocol can also be used to examine the stability of 

the memory formed in the larva, thereby unravelling the influence of mutations on 

different memory forms and on re-evaluation of a stimulus (Mancini et al., 2019).  

The time between multiple stimuli or the between the stimuli and the test consolidates 

the memory acquired by the dorsally paired medial neurons that innervate the MB 

(Keene et al., 2006; review: Cognigni et al., 2018). This leads to the formation of 

distinct memory forms within the MB Kenyon cells (Springer and Nawrot, 2021; 

review: Cognigni et al., 2018). 

In Drosophila, there are two pathways for memory formation: the protein kinase A 

(PKA) pathway and the protein kinase C (PKC) pathway (Fig. 1) (review: Margulies et 

al., 2005). In adult flies, short-term memory (STM), medium-term memory (MTM) and 

LTM have been shown to be cyclic adenosine monophosphate (cAMP)-dependent 

and to function via the PKA pathway (Fig. 1) (Chen et al., 2012; Dudai et al., 1976; 

Margulies et al., 2005; Scheunemann et al., 2012; Tully, Preat, et al., 1994; Tully and 

Quinn, 1985; Tumkaya et al., 2018; Turrel et al., 2020; Widmer et al., 2018; Yin et al., 

1994; Zars et al., 2000). STM and LTM are encoded seperately within the MB, STM 

in γ-Kenyon cells, LTM in α/β Kenyon cells (Blum et al., 2009). Since STM is first 

formed and then consolidated into LTM, γ-Kenyon cells are also required for LTM 

formation (Qin et al., 2012). Anaesthesia-resistant memory (ARM) is formed by 

another pathway, the PKC pathway (Fig. 1). It is cAMP-independent (Folkers et al., 

2006). ARM is encoded separately from STM, MTM and LTM, recruits different 

neurons of the olfactory pathway and requires different enzymes (Scheunemann et 

al., 2012). It has also been shown to be independent of protein synthesis (Tully, 

Preat, et al., 1994). ARM forms memory with multiple temporal profiles that rely on 
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different sets of KCs (Bouzaiane et al., 2015). In LTM formation, the PKA and PKC 

pathway both play a role. Suppression of a factor in the Notch pathway inhibits both 

ARM and LTM, showing that the different forms of memory are not independent from 

one another (Zhang et al., 2013). 

Although there have been far fewer studies of different forms of memory in larvae 

than in adults, most forms of memory have also been found in Drosophila larvae. 

They form at least three distinct forms of memory, STM, ARM and LTM (review: 

Thum and Gerber, 2019).  

 

 
 
Fig. 1: Memory formation 
in Drosophila larvae 
There are two parallel 
processes of coincidence 
detection in larvae that lead to 
two forms of memory.  
1: In the PKA pathway leading 
to STM, coincidence detection 
leads to a change in cAMP 
concentration in the Kenyon 
cell, which activates PKA. 
Consolidation leads to protein 
synthesis-dependent LTM. 
2: In the PKC pathway leading 
to ARM, phospholipase C 
increases intracellular 
diacylglycerol levels, which 
activate PKC (Widmann et al., 
2016). 
 
 
 
 
 

 
Like adults, larvae show different forms of memory that can be observed after 

different training paradigms. A one-cycle aversive memory paradigm using amyl 

acetate (AM) and benzaldehyde (BA) as reinforcers leads to aversive STM (Widmann 

et al., 2016). Larval STM is dependent on the PKA signalling pathway (Fig. 1). ARM 

can also be detected after a single aversive training cycle (Widmann et al., 2016). 

ARM is independent of protein synthesis, is PKC-dependent and depends on the 

function of radish and bruchpilot (Widmann et al., 2016). radish encodes a 
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functionally unknown protein with multiple phosphorylation sites for PKA and PKC, 

bruchpilot encodes a member of the presynaptic active zone complex (Folkers et al., 

2006; Knapek et al., 2011; Widmann et al., 2016).  

A previous publication shows radish mutants that are defective in MTM (Khurana et 

al., 2009). However, these experiments only examined the time profiles in which 

MTM is indistinguishable from ARM. Therefore, anaesthesia-sensitive MTM as in 

adults has not been defined in larvae (review: Thum and Gerber, 2019). 

Protein synthesis-dependent LTM is the third memory form in Drosophila larvae. It is 

formed after a 5-cycle spaced training protocol with a 15 min inter-training interval, or 

when the energy state of the larva is exceptionally high (Eschment et al., 2020; 

Widmann et al., 2016). Larvae can retrieve their memory several hours after 

conditioning (Khurana et al., 2009). It has even been shown that adult Drosophila can 

recall LTM after having been trained as larvae (Tully, Cambiazo, et al., 1994). As in 

adults, larval amnesiac mutants are defective in LTM (Khurana et al., 2009; Turrel et 

al., 2018). 

Current research shows evidence for more memory forms in the adult fly than in the 

larva. Whether this is due to the simplified CNS in larvae compared to adult flies, or 

because this question has been more thoroughly investigated in the adult fly, remains 

to be seen in the future. 

In summary, memory is formed after the initial presentation of the stimulus and is 

refined by repetition. Consolidation leads to different memory forms. Although more 

forms of memory have been found in adult Drosophila, in larvae there is conclusive 

evidence for STM, ARM and LTM. STM depends on cAMP concentration, LTM 

depends on protein synthesis and ARM depends on the function of radish and 

bruchpilot. 

1.4 Compartmentalised cAMP and its role in learning and memory 

cAMP is an important second messenger in the vertebrates and invertebrates, 

playing a role in the PKA- pathway of learning and memory leading to STM and LTM, 

but also in many other physiological processes in the animal, such as signalling in 

mammalian mitochondria or in the heart (reviews: Fertig and Baillie, 2018; Valsecchi 

et al., 2013). Originally described in 1956 and awarded a Nobel Prize in 1971 to E. 

Sutherland (Sutherland, 1972), cAMP is localized to specific intracellular spaces and 

can elicit multiple receptor-specific responses within a cell (Hayes et al., 1980). This 
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subcellular compartmentalisation is regulated by compartmentalised adenylate 

cyclase isoforms (Conti et al., 2007) and protein kinases anchored by A-kinase 

anchoring proteins (AKAPs) (Michel and Scott, 2002; Sarkar et al., 1984). cAMP is a 

small molecule that can equilibrate within the cell in milliseconds (Conti et al., 2002). 

Therefore, compartmentalised phosphodiesterases (PDEs) are required to locally 

down-regulate the local cAMP concentration (Hayes and Brunton, 1982; Martinez et 

al., 2023; Mongillo et al., 2004; Zaccolo and Pozzan, 2002).  

1.5 Phosphodiesterases 

PDEs play a critical role in maintaining cAMP and cyclic guanosine monophosphate 

(cGMP) homeostasis and compartmentalisation not only in neurons but in many 

different cell types. In the mammalian neuron, the subcellular localization of PDE4D5 

has been shown to play a crucial role in learning and memory (Martinez et al., 2023). 

It was shown that nuclear PDE must be exported to facilitate LTM formation 

(Martinez et al., 2023). 

In mammals, there are several families of PDEs, some of which specifically hydrolyse 

cAMP (PDE4, PDE7, PDE8), specifically hydrolyse cGMP (PDE5, PDE6, PDE9) or 

hydrolyse both cAMP and cGMP (PDE1, PDE2, PDE3, PDE10, PDE11) (review: 

Houslay, 2009).  

PDE4 is highly conserved, with homologues in mammals, Drosophila (Dudai et al., 

1976), Aplysia (Park et al., 2005) and many other species. In mammals, the genes 

for PDE4A, PDE4B, PDE4C and PDE4D encode more than 20 different isoforms 

(review: Houslay, 2009). These isoforms have been shown to be important for the 

subcellular localisation of cAMP (Baillie and Houslay, 2005; Martinez et al., 2023). 

Through this subcellular localisation, PDEs have unique functions, such as PDE4D5, 

which desensitises the β2-adrenergic receptor in human kidney cells, or PDE4D4, 

which localises cAMP to the cell-cell contact sites in pulmonary microvascular 

endothelial cells to ensure the integrity of the endothelial barrier in the lung 

(Creighton et al., 2008; Lynch et al., 2005).  

The human PDE4 isoforms all contain a catalytic domain, which hydrolyses cAMP to 

AMP, and up to two upstream conserved regions (UCRs) (Fig. 2) (Bolger et al., 

1993). The catalytic domain has been shown to be conserved between mammals, 

Drosophila and yeast (Charbonneau et al., 1986). 
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The N-terminal region is important for the subcellular localisation of the PDE (review: 

Houslay, 2009). It interacts with scaffolding proteins that regulate subcellular 

localisation. In mammals, PDE4D3 has been shown to interact via the first 15 

residues with muscle-selective AKAP (Dodge et al., 2001). Together with PKA, they 

form a macromolecular unit localised to perinuclear regions in cardiomyocytes 

(Dodge et al., 2001). There they regulate the contractile force of the heart and are 

tightly regulated by phosphorylation (Dodge et al., 2001). 

PDE4D3 also forms a complex with AKAP450 and PKA (Taskén et al., 2001). 

Together with PKA, they form a signalling unit in mammalian T-lymphocytes that 

targets the centrosome and thereby regulates cytoskeletal architecture (Ong et al., 

2018; Taskén et al., 2001). In Sertoli cells, it is important for maturation and 

spermatogenesis (Schimenti et al., 2013).  

PDE4D5 interacts with the scaffolding protein RACK1 via its N-terminal sequence, 

thereby forming a complex with integrins and other proteins (Liliental and Chang, 

1998; Yarwood et al., 1999). PDE4D5, normally localised in the nucleus, is exported 

from the nucleus upon activation of the β2-adrenergic receptor by forming a complex 

with it and with arrestin3 (Martinez et al., 2023). This export plays a role in LTM 

formation in mammals (Martinez et al., 2023). These examples demonstrate the 

importance of different PDEs and their interaction with scaffolding proteins for the 

subcellular regulation of cAMP. 

 
Fig. 2: PDE4 isoforms 

Depending on how many UCRs are 
transcribed, PDE4 can be classified into 
dead-short isoforms with no UCRs and a 
truncated PDE, super-short isoforms with 
no UCR1 and a truncated UCR2, short 
isoforms with no UCR1 but a UCR2 and 
long isoforms with UCR1 and UCR2. The 
catalytic domain is necessary for PDE 
function, the UCRs mediate 
oligomerisation and have regulatory 
functions, the N-terminal region is 
important for subcellular localisation. 
(Houslay, 2009, modified) 

 
Depending on how many UCRs are transcribed, PDE isoforms can be subdevided 

into long isoforms containing both UCRs, short isoforms lacking the UCR1, super-

short isoforms lacking UCR1 and having a truncated UCR2, and dead-short isoforms 
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lacking UCR1 and UCR2 and having an inactive, truncated catalytic subunit (Fig. 2) 

(Bolger et al., 1993; Houslay, 2001; Mackenzie et al., 2008; Sullivan et al., 1998). 

The UCRs form a regulatory module that faciliates the phosphorylation of the 

catalytic subunit by ERK2 and MK2, thereby activating the PDE (Houslay et al., 2017; 

MacKenzie et al., 2000). The UCRs also mediate homo- and hetero-oligomerisation 

of PDE4s by interacting with each other (Richter and Conti, 2002; Xie et al., 2014). 

Short isoforms form monomers, while long isoforms form homo- and heteromultimers 

(Richter and Conti, 2002; Xie et al., 2014). An interface at the catalytic domain is also 

involved in oligomerisation (Bolger et al., 2015). This oligomerisation is essential for 

the regulation of the PDE, but not for the catalytic activity itself (Richter and Conti, 

2004; Xie et al., 2014). 

1.6 The Drosophila phosphodieaterase Dunce 

The Drosophila genome encodes 6 PDEs: PDE1, Dunce (Dnc), PDE6, PDE8, PDE9 

and PDE11 (Day et al., 2005). Of these, two PDEs, PDE6 and PDE9, are cGMP 

specific (Day et al., 2005). PDE1 and PDE11 are dual-specificity enzymes, 

hydrolysing both cAMP and cGMP (Day et al., 2005). PDE8 and Dnc, the Drosophila 

PDE4D homologue, are the only Drosophila PDEs that are specific for cAMP (Bolger 

et al., 1993; Day et al., 2005). PDE8, a homologue of human PDE8A, is associated 

with resistance to cellular stress (Brown et al., 2013). Dnc shares structural 

properties and subunits with mammalian PDE4D (Bolger et al., 1993). 

The dunce (dnc) gene spans a genomic region of 167.3kb (Khoroshko et al., 2019). 

Within this region, dnc encodes multiple exons with introns large enough to contain 

other genes (Chen et al., 1987; Furia et al., 1990). In 1991, dnc was first shown to 

encode multiple gene products through multiple transcription start sites (tss) and 

alternative splicing (Qiu et al., 1991). Six groups of dnc transcripts from three 

different tss were proposed (Qiu et al., 1991). This was later refined to only five 

distinct groups (Qiu and Davis, 1993). More recent publications confirm at least eight 

different Dnc transcripts, a database search suggests that there are 17 (FlyBase, 

2023; Ruppert, Franz et al., 2017). The different isoforms are associated with 

different phenotypes and functions (Qiu and Davis, 1993; Ruppert, Franz et al., 

2017).  

dnc mutants show increased cAMP- levels and decreased cAMP hydrolysis (Davis 

and Kiger, 1981). There are different dnc mutants with stronger and weaker effects 
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on the cAMP hydrolysis. dnc1, the mutant established by Aceves-Piña et al. in 1979, 

shows a 27% reduction in total cAMP hydrolysis, whereas dncM14 shows a 69% 

reduction (Davis and Kiger, 1981). dnc1 has a point mutation within the dnc gene that 

leads to a significant down-regulation of PDE-activity (Byers et al., 1981; Davis and 

Kiger, 1981; Dudai et al., 1976). However, the exact location of the mutation to date 

has not been characterized.  

 

 

 
Fig. 3: Expression of dnc isoforms in dnc1 and dncΔ143 

A: In a quantitative polymerase chain reaction (qPCR) analysis, the Dnc mutant dnc1 

showed a significantly reduced expression of dncRB, dncRJ and dncRA and a 
significantly increased transcription of dncRG/dncRN. B: The isoform-specific mutant 
dncΔ143 showed a significantly reduced expression of dncRA and dncRL (Ruppert, 
Franz et al., 2017). 
 
The mutation in dnc1 has different effects on the expression of dnc isoforms. It 

significantly down-regulates dncRB, dncRJ, and dncRA while up-regulating dncRG-RN 

(Fig. 3) (Ruppert, Franz et al., 2017). For the expression of dncRL, no significant effect 

was measured (Ruppert, Franz et al., 2017). dncΔ143, on the other hand, is a newer 

isoform-specific mutant with a deletion in the first exon of the dncRA transcript, 

resulting in significantly lower expression of dncRA and dncRL than its control w1118 

(Fig. 3) (Ruppert, Franz et al., 2017). 

1.7 Dunce in associative learning and memory 

The dnc gene was originally discovered via its behavioural phenotype. dnc1 flies were 

shown to perform significantly worse than their control CantonS (CS) in both aversive 

and appetitive olfactory learning and memory experiments in adult Drosophila (Dudai 

et al., 1976; Tempel et al., 1983). Although dnc1 mutants can remember an 
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association in the first few seconds after training, they perform worse than the control 

after a few minutes (Dudai, 1983). Larvae also show impaired memory in an aversive 

paradigm (Aceves-Piña and Quinn, 1979; Khurana et al., 2012). With impaired cAMP 

regulation, the Dnc PDE mutant dnc1 was originally considered to be the typical 

mutant with a primarily defective STM formation (Tully and Gold, 1993). The dnc1 

learning and memory phenotype in adult flies can be significantly improved by 

expressing the Dnc PDE domain or its rat homologue in dnc1 and activating this 

expression 2 and 4 h before training (Dauwalder and Davis, 1995). 

The debate as to whether the dnc1 learning phenotype is due to acquisition or 

defective STM (Tully and Gold, 1993) has been settled with a “both”. Part of the adult 

dnc1 learning and memory defect is due to the effects of electric shock on odorant 

perception initiated by changes in neuronal morphology (Préat, 1998). However, a 

mutation in the Dnc PDE in the MB, a structure in the Drosophila brain not associated 

with memory acquisition but with memory itself, is sufficient to disrupt learning (Préat, 

1998; Walkinshaw et al., 2015). Dnc expression in specific sets of Kenyon cells is 

essential for ARM formation (Bouzaiane et al., 2015; Scheunemann et al., 2012). Dnc 

also plays a role in the regulation of olfactory aversive LTM. A pair of serotonergic 

projection neurons that project to the MB peduncle has been identified as a 

checkpoint for LTM formation in adult flies (Scheunemann et al., 2018). There, Dnc 

activity provides the switch between ARM, which is formed when Dnc is active in this 

pair of neurons, and protein synthesis-dependent LTM, which is formed when Dnc is 

inhibited in this pair of neurons (Scheunemann et al., 2018). In larvae, STM and ARM 

are formed in parallel after a single aversive training cycle, with dnc1 showing ARM 

which is not significantly different from its control CS (Widmann et al., 2016). 

dnc plays a role in ARM in adults but not in larvae (Bouzaiane et al., 2015; 

Scheunemann et al., 2012; Widmann et al., 2016). On the one hand, this could be 

due to the simplified CNS in larvae and therefore effects of dnc outside the MB 

Kenyon cell regulating excitatory or inhibitory projection neurons (Lee, 2015; 

Scheunemann et al., 2018), which have not yet been identified in the larvae. On the 

other hand, it could be that the adult fly is a more common model system and 

therefore has been studied in more experiments than the larva, and the memory 

phenotype of dnc mutants will be further investigated in the future. However, the 

findings in both adults and larvae show that Dnc plays a crucial role in regulating the 

type of memory that is formed after a stimulus. 
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rut1, a mutant with defective rutabaga is an adenylate cyclase mutant that has the 

opposite effect to dnc mutants and therefore has elevated total cAMP levels 

(Livingstone et al., 1984). The memory phenotype of the Dnc mutant dncM11 cannot 

be restored to control levels by reducing cAMP-levels using a double mutant with the 

adenylate cyclase mutant rutabaga. The different cellular and subcellular localisation 

of cAMP may be one of the reasons why rut1, cannot rescue the learning and 

memory phenotype of Dnc mutants (Ueda and Wu, 2012). dnc and rut affect different 

forms of memory (Scheunemann et al., 2012). Both mutants disrupt STM, dnc1 

shows defective ARM, whereas rut1 shows defective anaesthesia-sensitive MTM in 

adult flies (Scheunemann et al., 2012). 

In summary, Dnc has an important function in learning and memory. Dnc mutants are 

defective in memory acquisition and in STM, but total cAMP-levels are not sufficient 

to restore the memory phenotype of Dnc mutants to a control memory phenotype. 

1.8 The dncΔ143 mutants learn quicker  

dnc1 is still used in many current studies (Khurana et al., 2012; Scheunemann et al., 

2018; Widmann et al., 2016; Zhao et al., 2020). As mentioned above, this mutant 

affects the transcription of multiple Dnc isoforms. dncΔ143 is an isoform-specific 

mutant with a deletion in the promoter region and the first exon of the dncRA 

transcript, resulting in significantly lower expression of dncRA and dncRL than the 

control w1118 (Fig. 3) (Ruppert, Franz et al., 2017). 

To analyse whether dncRA affects memory performance, M. Gompert performed 

olfactory aversive learning and memory experiments in Drosophila larvae using AM 

and ethyl acetate (EA) as odorants and 2M NaCl as reinforcer (Gompert, 2019). In a 

one-cycle experiment, CS shows no significant memory and therefore no difference 

to dnc1 can be detected (Fig. 4 A). w1118 also shows no significant memory, leading to 

the conclusion that wild-type Drosophila larvae trained with this paradigm do not 

show significant memory after one training cycle. dncΔ143 shows significant memory 

and thus learns significantly better than its control w1118 (Fig. 4 A).  
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After three training cycles, CS shows 

significant memory. dnc1 performs 

significantly worse than its control CS (Fig. 

4 B). These results confirm the published 

phenotype (Aceves-Piña and Quinn, 1979; 

Khurana et al., 2009; Widmann et al., 

2016). w1118 and dncΔ143 both show 

memory, they are not significantly different 

from each other (Fig. 4 B). This shows that 

either dncRA or dncRL has an effect on 

memory performance in Drosophila larvae. 

 

  

Fig. 4: DncPA is a negative regulator of 
memory after one training cycle.  
A: After one training cycle, dncΔ143 larvae 
learn the association of odorants with 2M 
NaCl. dnc1 and the respective controls 
w1118 or CS do not form significant 
memory. B: After three training cycles, 
dnc1 forms significantly less memory than 
CS while dncΔ143 does not show 
significantly improved memory compared 
to its control w1118. C: Expression of the 
PDE domain of Dnc under the control of 
the dncRA-Gal4 driver reduces the learning 
of dncΔ143 to control levels. Significant 
differences from random choice were 
determined by one-sample t-test (P < 0.05) 
and are indicated by ’a’. Differences 
between two groups were analysed by 
Student’s t-test, differences between more 
than two groups were analysed by ANOVA 
with Tukey’s post-hoc-test with *: P < 0.05, 
**: P < 0.01 and *** P < 0.001. 
Experiments shown in this figure were 
conducted by Magdalena Gompert 
(Bachelor thesis: Gompert, 2019). 
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To investigate whether PDE activity in dncRA-positive cells is required to suppress 

memory in flies, the Dnc PDE domain, a domain common to all Dnc isoforms that 

encodes the catalytic subunit, was reintroduced into dncΔ143 mutants using the dncRA- 

Gal4 driver. Expression is sufficient to reduce the enhanced memory phenotype of 

dncΔ143 mutants to control levels. This shows that PDE activity is required in dncRA-

positive cells to inhibit the enhanced memory phenotype, providing evidence that the 

enhanced memory phenotype is due to reduced expression of dncRA. These findings 

may reveal the neurons that are required to suppress premature memory formation. 

1.9 The larval neuromuscular junction as a model of synaptic 
plasticity 

Synaptic plasticity is the basis of memory formation (Castellucci et al., 1970; Maren, 

2005; review: Milner et al., 1998). Because the Drosophila larval neuromuscular 

junction (NMJ) is homologous to synapses in the vertebrate brain and is easily 

accessible and distinguishable, it is the perfect model system to study synaptic 

plasticity and thus a model to study synaptic transmission not only to muscle but also 

in the CNS (Jan and Jan, 1976; review: Menon et al., 2013).  

For the larval memory experiments, the readout is based on the larva’s ability to 

enervate its muscles and to move in a controlled manner. Changes in muscle 

enervation affect the performance. They can be observed directly at the NMJ.  

In each of the abdominal hemisegments A2 to A7, the larval ventral nerve cord (VNC) 

is connected to 30 muscle fibres of the larval body wall via 32 individually identifiable 

motor neurons (Fig. 5) (Hertweck, 1931; Landgraf et al., 1997; Nicholson and 

Keshishian, 2006; Schmid et al., 1999). They have a distinct morphology and their 

muscle targets are well defined (review: Menon et al., 2013). 

Intersegmental motor neurons innervate muscles via three classes of boutons: Type 

I, Type II and Type III. The classes are defined by their size and their 

neurotransmitters. 

Type I boutons are glutamatergic (Hoang and Chiba, 2001; Johansen et al., 1989). 

They are divided into two classes with Type Ib being 3-6µm and Type Is being 2-4µm 

(Hoang and Chiba, 2001). Type II boutons are 1-2µm and octopaminergic (Hoang 

and Chiba, 2001; Johansen et al., 1989; Monastirioti et al., 1995). Type III boutons 

are 2-3µm and contain glutamate and insulin (Gorczyca et al., 1993; Hoang and 

Chiba, 2001).  
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NMJ morphology is strongly influenced by cAMP levels. It has been shown that Dnc 

mutants have a significant increase in the concentration of cAMP (Davis and Kiger, 

1981). At the NMJ, Dnc mutants show an increased number of varicosities and 

increased branching (Corfas and Dudai, 1991; Zhong et al., 1992). They have 

increased morphological and physiological variability between boutons and within a 

bouton (Renger et al., 2000). Dnc overexpression reduces cAMP in the larval CNS by 

60%, resulting in a significantly reduced total number of varicosities (Cheung et al., 

1999). 

 
 
Fig. 5: The NMJ in the 3rd instar 
Drosophila larva 
A: The motor neurons of the abdominal 
region of the VNC project to the 
muscles in the body wall by about 30 
motor neurons per segment. Only 
segments A2-A6 are shown. B: Body 
wall of each of the repetitive abdominal 
hemisegments. ISN stands for 
intersegmental nerve, SN for 
segmental nerve. The muscles 
innervated by each nerve are shown in 
a lighter colour than the nerve. The 
dots represent individual cell bodies, 
with axons enervating the respective 
muscle cells. 
Many studies examine segment A4 
NMJ 6/7. It is enervated by two parallel 
motor neurons, ISNb-Is and ISNb-Ib, 
via Is and Ib boutons (Pérez-Moreno 
and O’Kane, 2019). 
 

 

 

 
It has been shown that varicosity formation is regulated by cAMP via two factors: 

Fasciclin II (FasII) is localised in the pre- and postsynaptic membrane and is required 

for synapse stabilisation (Schuster et al., 1996a). Elevated cytosolic cAMP -levels 

down-regulate FasII, leading to synaptic sprouting (Schuster et al., 1996b). FasII 

needs to maintain a pre-/postsynaptic symmetry and interacts with Appl via the Appl-

binding protein dX11 (Ashley et al., 2005). To fill the newly formed synapses with 

release machinery, cytoplasmatic cAMP increases dCREB2a (CREB = cAMP-
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response element-binding protein) activity in the nucleus, thereby promoting the 

transcription of the release machinery (Davis et al., 1996). 

1.10 Localisation of Dunce at the cellular and subcellular level 

Using a putative anti-Dnc antibody, it has been shown that Dnc is concentrated in the 

MB (Nighorn et al., 1991). However, the specificity of this antibody is controversial as 

it was only tested on extracts of bacteria transformed with a polypeptide. 

In the MB, Dnc has been shown to be essential for cAMP- compartmentalisation 

(Gervasi et al., 2010). In wild-type flies, Dnc compartmentalises dopamine-induced 

PKA activation to the α-lobe of the MB, whereas dnc1 mutants do not show this 

localisation (Gervasi et al., 2010). dnc plays a role in the AL in GABAergic local 

neurons, in the MB in α,β and γ Kenyon cells and in a number of serotonergic 

projection neurons (Scheunemann et al., 2012, 2018; Walkinshaw et al., 2015). rut 

has also been shown to be important in α,β and γ Kenyon cells (Scheunemann et al., 

2012). 

At the subcellular level, it has been shown at the Drosophila larval NMJ that in 

neurons, the cell body, axon and bouton form three independent cAMP signalling 

compartments (Maiellaro et al., 2016). Dnc overexpression affects cAMP-

concentration mainly in the presynaptic bouton (Cheung et al., 1999). In wild-type 

larvae, elevated cAMP levels in individual boutons are unable to travel further than 

the adjacent bouton (Maiellaro et al., 2016). The activity and specific localisation of 

PDEs is required to maintain these signalling compartments and prevent the signal 

from spreading to other compartments (Maiellaro et al., 2016). The reduced efficiency 

of the cAMP degradation in dnc1 leads to the spread of localised cAMP signals 

(Maiellaro et al., 2016).  

The different isoforms are proposed to influence subcellular localisation (Gervasi et 

al., 2010). Although this has not yet been shown in Drosophila neurons, it has been 

shown that the different Dnc isoforms localise differently within epithelial cells. In 

large epithelial follicle cells of the ovary, DncPG is expressed in the nucleus, whereas 

DncPA and DncPL are mainly expressed in the cytoplasm (Ruppert, Franz et al., 2017).  

Dnc also affects neuronal development. While the number of axons increases over 

time after eclosion in the wild type, the number of axons decreases in dnc mutants 

(Balling et al., 1987).  
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The increased cAMP concentration in dnc mutants leads to altered electrophysiology 

in neurons (Bhattacharya et al., 1999; Delgado et al., 1998; Ganguly and Lee, 2013). 

Ca2+ channel current is increased and cAMP-regulated K+ channels are decreased in 

dnc1 (Bhattacharya et al., 1999; Delgado et al., 1998). Inhibitory GABAergic 

postsynaptic currents are also reduced in dnc1 (Ganguly and Lee, 2013).  

In a Dnc knockdown line, postsynaptic cAMP was shown to downregulate the 

glutamate receptor GluRIIA and upregulate GluRIIB (Zhao et al., 2020). 

dnc1 shows altered synaptic plasticity in both sensory and motor neurons, with 

increased branching in motor neurons due to elevated cAMP levels (Corfas and 

Dudai, 1991; Vonhoff and Keshishian, 2017; Zhong et al., 1992; Zhong and Wu, 

1991). Alterations in synaptic transmission and long-term facilitation at cholinergic 

synapses in the CNS have also been shown in cultured embryonic neurons of dnc 

mutants (Lee and O’Dowd, 2000). The Ca2+ homeostasis is also disturbed. Elevated 

cAMP levels upregulate Dihydropyridine-sensitive Ca2+ channels via PKA 

(Bhattacharya et al., 1999), resulting in a higher peak Ca2+ concentration and a 

shorter decay time (Alshuaib et al., 2004). 

In summary, within the CNS, Dnc is particularly important in the MB. Within the 

neuron it is important for cAMP compartmentalisation. In Dnc mutants, subcellular 

localisation of cAMP is disturbed and neuronal development is altered. 

1.11 Other phenotypes of Dunce mutants 

cAMP and thus the Dnc PDE play a role in several other processes in the fly. One 

example is habituation. Short-term habituation has been shown to be caused by 

central synaptic mechanisms and not by adaptation of sensory neurons (Larkin et al., 

2010). dnc1 habituates more slowly than wild-type flies in experiments examining the 

habituation of the jump reflex to an odorant stimulus (Asztalos et al., 2007). 

Habituation of the proboscis extension reflex is also impaired in dnc1 (Duerr and 

Quinn, 1982). Other reflexes in other dnc mutants show a different picture. The 

escape circuit of dncM14 through the giant fibre response shows an improved 

habituation phenotype (Engel and Wu, 1996), as does dnc2, which shows improved 

habituation of the landing response (Rees and Spatz, 1989). 

In operant visual conditioning experiments, dnc1 flies show a reduced ability to learn, 

similar to what has been shown in associative olfactory conditioning (Gong et al., 

1998). With a reduced ability to focus on specific visual figures, dnc1 also shows 
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deficits in visual attention (Wu et al., 2000). dnc1 shows a defect in responding to 

novel visual stimuli (van Swinderen, 2007). 

Mutations in the dnc gene also affect female fertility and male courtship behaviour 

(Gailey et al., 1985). This effect is observed in dncM14, a mutant in which 

homozygotes are female sterile (Davis and Kiger, 1981). dnc is required in the 

germline to control oocyte growth (Swan et al., 2001).  

dnc mutants also show an abnormally shortened circadian period (Levine et al., 

1994). In larvae, dnc1 mutants show faster locomotion than their control CS (Aleman-

Meza et al., 2015). 

The cAMP pathway also plays a role in odorant perception (Martín et al., 2001). Dnc 

can be localised in Drosophila antennae, and dnc1 mutants show a significantly 

reduced sensitivity to some odorants such as EA, while the sensitivity to BA is 

increased (Martín et al., 2001). dnc1 mutants also fail to adapt to odorant exposure by 

being unable to change the volume of olfactory glomeruli (Devaud et al., 2001). 

Apart from its role in learning and memory, the cAMP-CREB signalling pathway also 

plays an important role in addiction (review: Blendy and Maldonado, 1998). For 

ethanol, initial alcohol sensitivity does not differ from the control, but tolerance in re-

exposure is reduced by 43% (Ruppert, Franz et al., 2017). This lack of ethanol 

tolerance was further restricted to the DncPA isoform (Ruppert, Franz et al., 2017). 

For nicotine, a highly addictive acetylcholine receptor agonist with a high efficacy on 

nicotinergic acetylcholine receptors in mammals and in Drosophila (Corrigall and 

Coen, 1989; Mulle et al., 1991; review: Gundelfinger and Hess, 1992), dnc1 was 

shown to be more responsive than its control, both at the level of fly behaviour and 

endogenous cAMP levels (Hou et al., 2004).  

In summary, Dnc is a PDE that is not only important for associative learning and 

memory, but also for many other phenotypes. Prominent examples include 

habituation, reproduction and addiction. 
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1.12 Objective 

dnc1 is the classical mutant associated with a function in STM (Dudai et al., 1976). 

However, recent publications have increasingly pointed to specific roles for different 

isoforms. The Dnc PDE has been shown to play a role in intracellular cAMP 

dynamics, and different isoforms have been suggested to play a role (Gervasi et al., 

2010; Maiellaro et al., 2016). It was shown that the Dnc isoforms localise differently in 

the cell (Ruppert, Franz et al., 2017). M. Gompert provided first evidence for an 

isoform-specific memory phenotype (Gompert, 2019). 

In this work, we aimed to identify which Dnc isoforms contribute to the regulation of 

learning and memory and in what way. 

The following main questions were addressed: 

1. What are the functions of different Dnc isoforms in learning and memory? 

2. In which neurons of the larval CNS are the different isoforms expressed? 

3. Where at the subcellular level are the different Dnc isoforms expressed? 

For the first question, we investigated the impact of the DncPA and DncPB on learning 

and memory by characterising the memory phenotype of several Dnc mutants. We 

examined dnc1, the mutant that affects the expression of multiple Dnc isoforms 

(Ruppert, Franz et al., 2017), the DncPA-specific mutant dncΔ143 (Ruppert, Franz et 

al., 2017), and dncEP1395, a mutant that we show to be DncPB-specific. We confirmed 

the phenotype of dncΔ143 using a dncRA knockdown. To dissect the affected forms of 

memory, we used different learning and memory paradigms and reintroduced 

different isoforms. 

To analyse in which neurons in the larval CNS the different Dnc isoforms are 

expressed, we used a dncRA isoform-specific promoter-Gal4 line to study the 

localisation of DncPA. We also designed and tested an antibody against most of the 

isoforms and putative antibodies against DncPB, DncPJ, DncPG and DncPF.  

Finally, to investigate the subcellular localisation of DncPA and the influence of the 

subunits on localisation, we analysed their structure using AlphaFold (Jumper et al., 

2021) and showed their differential localisation within the neuron at the NMJ. We also 

investigated the localisation of DncPG, an isoform containing a nuclear localisation 

sequence, at the NMJ (Ruppert, Franz et al., 2017). To investigate the localisation of 

memory formation, we expressed differentially tagged DncPA transgenes and DncPG 

in dncΔ143 mutants. To investigate the subcellular localisation of DncPB, DncPJ, DncPG 

and DncPF, we also used the putative isoform-specific antibodies.  
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2 STAR☆Methods 

2.1 Resource availability 

2.1.1 Lead contact 

Further information and requests for resources and reagents should be addressed to 

and will be fulfilled by the supervisor, Prof. Dr. Henrike Scholz (henrike.scholz@uni-

koeln.de). 

2.1.2 Materials availability 

All materials produced will be made available upon request. 

2.2 Data availability 

All raw data will be made available upon request. 

2.3 Experimental model and subject details 

Drosophila melanogaster was used for all experiments. The transgenic lines used are 

listed in the key resources table (Table 1). Flies were maintained on a standard 

cornmeal-based food at 25°C and 60% relative humidity on a 12 h light/dark cycle. 

For behavioural experiments, flies were reared under density control, i.e. 30 virgins 

were crossed with 15 males. All experiments except the western blots were 

performed on L3 larvae, the behavioural experiments on foraging L3 larvae and the 

immunohistochemistry on wandering L3 larvae. 

2.4 Method details 

2.4.1 Larval learning and memory  

The learning and memory assays performed were associative aversive olfactory 

memory assays on foraging L3 Drosophila larvae. The reinforcer used was 2M NaCl. 

BA (pure), EA (1:50) and AM (1:100) were used as odorants. To control for the 

influence of the mutation on odorant perception and on signal strength, a preference 

and a balance test for the two odorants used in the assay were performed as a 

prerequisite for the learning and memory assays. 

In the preference test, an odorant cup containing an odorant was placed on one side 

of the 2.5% agarose plate and an odorant cup containing paraffin was placed on the 

opposite side. 20 larvae were collected, washed in water and placed in the neutral 

zone, a 1 cm wide area in the centre of the plate. The plate was covered with a 

perforated lid and left in the dark for 5 min. The larvae on each side and in the neutral 
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zone were then counted and the preference index was calculated. This test was 

performed on agarose plates without NaCl and on agarose plates containing 2M 

NaCl, for both odorants and for each genotype. In the balance test, two different 

odorants were placed on opposite sides. The concentrations of the odorants were 

chosen so that the larvae perceive the odorant and both odorants are equally 

attractive in a choice situation. Potential changes in the attractiveness of the odorants 

due to the reinforcer during the training are also controlled for by the balance test.  

The associative aversive larval olfactory learning and memory assays were 

conducted according to the reciprocal aversive learning paradigm of Widmann et al 

with one or three training cycles (Widmann et al., 2016). Two groups of 

approxymately 20 larvae were collected. They were first trained on a 2M NaCl 

agarose plate for 5 min, one group with odorant A, the other group in parallel with 

odorant B. Then, they were trained on a neutral plate with the other odorant for 5 

min. The training cycles were repeated up to two times for a three-cycle learning 

experiment. Tests were performed for 5 min in the presence of 2M NaCl with both 

odorants. Training and testing were performed in the dark. Changes in the learning 

paradigm are shown in the scheme in Figure 9. 

2.4.2 Antibody design 

The isoform-specific antibodies have been designed against polypeptides encoded 

by exons unique to one or two isoforms of dnc. They are mouse antibodies ordered 

from Abmart in 2019. The antibodies were developed using the PETAL™ method 

(Wang et al., 2020). It takes advantage of the multispecifity of antibodies and uses a 

microarray of 62,208 proteome epitope tag antibody library (PETAL™) (Wang et al., 

2020). The sequences of the polypeptides against which the antibodies were 

designed are shown in Table 2 in the Supplementary Appendix. 

The anti-Dncall antibody serum was raised against two polypeptides. The peptides 

are encoded by an exon common to all Dnc isoforms except DncPL. The sequences 

of the polypeptides against which the antibody was raised are shown in the 

Supplementary Appendix (Table 2). Immunisation was performed by Eurogentec 

following the AL-DOUB-LX programme by Eurogentec in 2010, where two different 

peptides each were used in the same rabbit; this procedure was performed on two 

animals. The antibody serum of the second bleed of both animals was mixed and 

affinity purified by Eurogentec.  
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2.4.3 Immunohistochemistry  
To label the larval CNS, wandering 3rd instar larvae were dissected in ice-cold 

phosphate-buffered saline (PBS). They were fixated for 20 min in 3.7% formaldehyde 

in PBS. After three rinses and three 20-min washes with PBS containing 0.3% Triton 

(0.3% PBT), the CNS were blocked with 5% FCS (0.3% PBT with 5% fetal bovine 

serum (FCS)) for 2 h and then incubated with the primary antibody in 5% FCS on a 

shaker at 4°C for two nights. Before application of the secondary antibody, the CNS 

were rinsed three times and washed three times for 20 min with 0.3% PBT. They 

were incubated with the secondary antibody in 0.3% PBT at 4°C overnight and the 

CNS were again rinsed three times and washed three times for 20 min with 0.3% 

PBT. Finally, the samples were incubated in 50% glycerol in PBS for 30 min and then 

mounted on a microscope slide in VectaShield® with spacers or in VectaShield® 

containing 1.5µg/ml 4′,6-diamidino-2-phenylindole (DAPI) with spacers. Confocal 

images were captured using either an Olympus Fluoview FV1000 or a Leica SP8 with 

20x air, 40x or 63x glycerol immersion objectives. The resulting image stacks were 

analysed using Fiji Image-J and processed in Photoshop. To identify brain regions, 

we used larvalbrain.org (Thum et al., 2021). 

For analysis of the NMJ, the wandering L3 larvae were placed on ice and the body 

wall was dissected in ice-cold PBS, the CNS was not removed. Multiple genotypes 

were pinned to the dissection plate and not removed until the mounting to ensure 

equal treatment. Samples were fixated in 3.7% formaldehyde/PBS solution three 

times for 30 sec and once for 15 min. After three rinses and three washes for 20 min 

in PBS with 0.1% Triton (0.1% PBT), the body walls were blocked in 5% FCS (0.1% 

PBT with 5% FCS) for 30 min and then incubated with the primary antibody in 5% 

FCS at 4°C overnight. Before application of the secondary antibody, the body walls 

were rinsed three times and washed three times with 0.1% PBT for 20 min. They 

were incubated with the secondary antibody in 0.1% PBT for 2 h at room temperature 

and the body walls were rinsed three times and washed three times for 20 min with 

0.1% PBT. Finally, they were incubated in 50% glycerol in PBS for 30 min and then 

mounted on a slide in VectaShield®. Segment A4 NMJ 6/7 was scanned using a 

Leica SP8 with a 63x glycerol immersion objective. The resulting image stacks were 

analysed using Fiji Image-J, they were rotated and organised using Photoshop. 
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2.4.4 Western blots 

Heads from 500 adult Drosophila were used for the Western blots. Flies were frozen 

at -80°C for 20 min and heads were removed using liquid nitrogen and two metal 

sieves. Fly heads were homogenised in 200µl RIPA lysis buffer supplemented with 

cOmplete™ protease inhibitor. They were then incubated on ice for 30 min and 

centrifuged at 14000 rpm for 20 min at 4°C. The proteins in the supernatant were 

stored on ice and their concentration was measured using a Bradford assay. 

Samples were prepared in 4x Laemmli buffer with 5% β-mercaptoethanol and then 

denatured at 100°C for 10 min. They were run on a 9% sodium dodecyl sulfonate-

polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a 0.45µm 

nitrocellulose membrane at 100V for one hour. The membrane was stained with 

Ponceau S to ensure that the transfer worked and washed with H2O. It was blocked 

with 5% milk in Tris-buffered saline with Tween (TBST) buffer and primary antibodies 

were incubated overnight at 4°C. The membrane was washed three times with TBST 

for 10 min and incubated with the secondary antibody for 2 h at RT. The membrane 

was stripped for reprobing using mild stripping buffer (15g glycine, 1g SDS and 10ml 

Tween in 1l H2O). Detection was performed using a home-made ECL kit, consisting 

of two components. Component A and B were mixed and incubated on the 

membrane for 10 min. The film was developed for 10-40 min. The films were then 

digitalised on an office scanner/photocopier. 

2.4.5 Quantitative PCR 

For the qPCR, 90 larval CNS were dissected and collected in TRIzol on ice within 

one hour. Total RNA was extracted by thiocyanate-phenol-chloroform extraction 

using TRIzol according to the manufacturer’s standard protocol for tissues scaled 

down to 400 µl (ThermoFisher, 2016). The incubation with chloroform was reduced to 

15 s. The optional precipitation step and the washing step were added. A second 

washing step was added by incubating the pellet with 1ml 70% ethanol and 

centrifuging at 7500 g at 4 °C. cDNA was synthesised using Superscript II Reverse 

Transcriptase according to the manufacturer’s standard protocol (Life Technologies 

Corporation, 2010). RNA was removed by incubation with RNase at 37 °C for 30 min. 

The cDNA concentration was adjusted to 100ng/µl prior to qPCR. We used 

Eurogentech’s MESA blue qPCR master mix according to the manufacturer’s 

standard protocol in an iCycler iQ5 Multicolor Real-Time PCR Detection System. The 
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optimal reference gene, actin, was identified using the NormFinder Excel plug-in. The 

sequences of the primers used are shown in the Supplementary Appendix (Table 3). 

2.4.6 Predictive models for Dnc proteins  

AlphaFold2 was used to analyse the structure of green fluorescent protein (GFP) 

tagged DncPA proteins (Jumper et al., 2021). We followed the pipeline and 

parameters published in the AlphaFold Google Colaboratory notebook with default 

settings except for a disabled relaxation step (AlphaFold Google Colaboratory, 2022). 

The resulting model was analysed and rotated using PyMOL and organised using 

Photoshop CS5. 

2.5 Quantification and statistical analysis 

2.5.1 Larval learning and memory assays 

To calculate the results of the preference and balance test, the preference index (PI) 

was calculated as follows:  

𝑃𝐼 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑟𝑣𝑎𝑒 (𝑜𝑑𝑜𝑟𝑎𝑛𝑡 𝐴) − 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑟𝑣𝑎𝑒 (𝑜𝑑𝑜𝑟𝑎𝑛𝑡 𝐵)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑟𝑣𝑎𝑒
 

For the reciprocally trained larvae in the learning and memory assay, a preference 

index was calculated for both of the reciprocal experiments. In this case, the odorant 

reinforced with the negative gustatory stimulus was used as odorant A, the non-

reinforced odorant as odorant B. From the preference indices of the reciprocal 

experiments, the learning index (LI) was calculated: 

𝐿𝐼 =
𝑃𝐼𝐴𝑣𝑒𝑟𝑠𝑖𝑣𝑒 𝑜𝑑𝑜𝑟𝑎𝑛𝑡 𝐴 − 𝑃𝐼𝐴𝑣𝑒𝑟𝑠𝑖𝑣𝑒 𝑜𝑑𝑜𝑟𝑎𝑛𝑡 𝐵

2
 

Thus, with the exception of a different naming of the indices, our analysis follows the 

protocol used by Widmann et al (2016). In R, we used a one-sample t-test to 

determine whether larvae showed a difference from random choice. To determine 

differences between genotypes, for experiments with two genotypes, we performed a 

Student’s t-test between the two genotypes and an ANOVA with Tukey’s honest 

significant difference test for experiments with more than two genotypes. Therefore, 

we used stats and rstatix packages of R. Plots were generated in R using functions 

from ggplot2, ggpubr and ggthemes. 
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2.5.2 Immunohistochemistry 

To analyse the structures recognised by the anti-Dncall antibody or the Anti-GFP 

antibody in dncRA-Gal4 –driven neurons (Fig. 10, 18), multiple CNS were analysed. 

The number of CNS or hemispheres analysed is indicated in the respective figures. 

The results were summarised in a cartoon created using Photoshop. One brain 

hemisphere and one side of the VNC were considered as one repetition. The number 

of neurons observed in a cluster is documented in Excel. Across all brain sides, an 

average and a standard deviation are calculated. A Student’s t-test was used to 

compare the number of neurons between mutants and their control genotype.  

To analyse the morphology of neurons at the NMJ the number of branches and the 

total number of boutons were counted. The anti-horseradish peroxidase (HRP) 

antibody was used to visualize branches and boutons. Anova with Tukey’s honest 

significant difference test was used for comparison between different genotypes 

using the stats and rstatix packages in R. Plots were generated in R using ggplot2, 

ggpubr and ggthemes. 

2.5.3 Western blots 

The distance travelled by the ladder and bands was measured in Photoshop. 

Following the molecular weight calculation protocol published on the Bio-Rad website 

(Bio-Rad Laboratories Inc, 2023), we used Excel to calculate the Rf value for each 

band. The Rf value is calculated as follows: 

𝑅𝑓 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑏𝑎𝑛𝑑

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑑𝑦𝑒 𝑓𝑟𝑜𝑛𝑡
 

We used the function linear fit on wolframalpha.com (Wolfram|Alpha, 2023) to the 

logarithm of the molecular weight as a function of Rf of the ladder bands. Using the 

resulting equation and the Rf values of the unknown bands we determined the 

logarithm of the molecular weight of the bands in the protein under investigation.  

For Figure 15 C, D, we calculated the molecular weight on 3 blots using the above 

method and used Excel to calculate the average molecular weight and standard 

deviation for each band. For the quantitative analysis, the bands of the studied 

antibody and the same band incubated with β-actin were analysed in Image-J 

according to the protocol in the Electrophoretic Gel Analysis section of the ImageJ 

website (ImageJ, 2023). Briefly, this protocol marks the lanes analysed and 

generates a plot of the lane profile. The boundaries of the peaks were determined 

using a line drawing tool and the area in the plot was measured. The results were 
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then loaded into Excel and then normalised to the β-actin results. The % change 

compared to a control was calculated in Excel. This was repeated for all 3 blots of the 

same genotype and finally the mean and the standard deviation of the change was 

calculated in Excel. 

2.5.4 Quantititive PCR 

The qPCR was analysed in Excel using the Pfaffl method (Pfaffl, 2001). Three 

replicates were performed on the same plate. A Student’s t-test was used in Excel to 

analyse whether the difference between the groups was significant. R and its 

packages ggplot2, ggpubr and ggthemes were used to generate a bar plot. 

2.6 Key Resources Table 

 
Table 1: Key resource table 
 

Reagent or resource Source identifier 

Fly strains 

w1118 Hazelrigg et al., 1984 BDSC No. 6326 

CantonS  BDSC No. 64349 

w1118,dncΔ143 Ruppert, Franz et al., 2017 N/A 

dnc1 Dudai et al., 1976 BDSC No. 6020 

w1118,dncΔ143;;dncRA-Gal4  Manuela Ruppert N/A 

w1118,dncΔ143;UAS-dncPDE Manuela Ruppert N/A 

UASmCD8::GFP;UASmCD8::
GFP;UASmCD8::GFP 

Lee and Luo, 1999 N/A 

w1118;UAS-tau::GFP Brand, 1995 N/A 

DV-Glut-
Gal4/CyO;TM2/TM6bb 

Daniels et al., 2004 N/A 

w1118;UAS-dncRA::eGFP Ruppert, Franz et al., 2017 N/A 

w1118;UAS-GFP-dncRA Li Ming Gooi N/A 

w1118;UAS-dncRG::eGFP Li Ming Gooi N/A 

dnc1;;UAS-dncPDE Henrike Scholz N/A 

dnc1;; dncRA-Gal4 Manuela Ruppert  N/A 

w1118,dncΔ143; UAS-
dncRA::eGFP 

Manuela Ruppert N/A 

w1118,dncΔ143;UAS-GFP-dncRA Manuela Ruppert N/A 

w1118,dncΔ143;UAS-
dncRG::eGFP 

Manuela Ruppert N/A 

w1118;;dncRA-Gal4 Ruppert, Franz et al., 2017 N/A 

dncEP1395 Rørth, 1996 BDSC 11068 

Appl-Gal4 Torroja et al., 1996 BDSC 32040 

y1, dncM14cv1v1f1/FM7a Mohler, 1977 BDSC 4714 

w1118,HugS3-Gal4 Melcher and Pankratz, 2005 BDSC 58769 

w1118;TH-Gal4 Friggi-Grelin et al., 2003 BDSC 8848 

UAS-dncRNAi Fenckova et al., 2019 VDRC 107967 
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Reagent or resource Source identifier 

Antibodies 

Anti-GFP mouse (1:200,  
Western blot: 1:500) 

Invitrogen A-11120 

Anti-GFP rabbit (1:1000) Rockland Immunochemicals 600-401-215 

Anti-nc82 mouse (1:20) Schroll et al., 2006 AB_2314866 

Anti-FasII mouse (1:50) Hummel et al., 2000 AB_528235 

Anti-discs large (DLG) mouse 
(1:1000) 

Parnas et al., 2001 AB_528203 

Anti-ChAT mouse (1:100) Takagawa and Salvaterra, 
1996 

AB_528122  

Anti-Lamin mouse (1:100) Riemer et al., 1995 AB_528336  

Cy3-conjugated anti-HRP goat 
(1:500) 

Jackson Immuno-Research Ltd 123-165-021 

Anti-n-Cathenin (n-Cath) rat 
(1:2000) 

Iwai et al., 1997 AB_528121  

Anti-tyrosine hydroxylase (TH) 
rabbit (1:500) 

Chemicon Millipore AB152 

Anti- hydroxyltryptamine (5HT) 
rat (1:100) 

EMD Millipore MAB352 

Anti-tyramine β-hydroxylase 
(TβH) rabbit (1:500) 

Cibik, 2007 N/A 

Anti-Dncall rabbit (1:500,  
Western blot: 1:5000) 

Eurogentec N/A 

Anti-DncPB-C6 (1:1000) Abmart N/A 

Anti-DncPB-C10 (1:500) Abmart N/A 

Anti-DncPJ-C1 (1:500) Abmart N/A 

Anti-DncPJ-C4 (1:500) Abmart N/A 

Anti-DncPJ-C8 (1:500) Abmart N/A 

Anti-DncPJ-C10 (1:500) Abmart N/A 

Anti-DncPJ-C11 (1:500) Abmart N/A 

Anti-DncPG-C1 (1:1000) Abmart N/A 

Anti-DncPG-C4 (1:500) Abmart N/A 

Anti-DncPG-C5 (1:500) Abmart N/A 

Anti-DncPF-C2 (1:500) Abmart N/A 

Anti-β-Actin mouse  
(Western blot: 1:2000) 

Abcam mAbcam 8224 

Anti-rabbit AF488 (1:500) Invitrogen A10522 

Anti-rabbit Cy3 (1:500) Jackson Immuno Research Ltd 111-065-008 

Anti-mouse AF488 (1:500) Invitrogen A1101 

Anti-mouse AF633 (1:500) Invitrogen A-21050 

Anti-mouse Cy3 (1:500) Jackson ImmunoResearch 115-165-146 

HRP-conjugated anti-rabbit 
(Western blot: 1:80000) 

Jackson ImmunoResearch 211-032-171 

HRP-conjugated anti-mouse 
(Western blot: 1:3000) 

GE Healthcare RPN4201 
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Reagent or resource Source identifier 

Odorants 

EA (1:50) Sigma-Aldrich 58958 

AM (1:100) Emplura 8.18700 

BA (pure) Sigma-Aldrich 12010 

Paraffine oil Sigma-Aldrich 18512-1L 

Key reagents 

TRIzol Invitrogen 12044977 

DNase Roche 04716728001 

RNase Roche 11119915001 

MESA Blue qPCR Mastermix 
Plus for Cyber 

Eurogentech RT-SY2X-
03+WOUB 

FCS Sigma-Aldrich F0804 

Superscript II Invitrogen 18064022 

cOmplete™ EDTA-free 
protease inhibitor 

Roche 11836170001 

RIPA lysis buffer 150 mM NaCl, 50 mM Tris (pH 
8.0), 5 mM EDTA, 1 mM 
EGTA, 1 % NP-40, 0.5 % Na-
Deoxycholate, 0.1% SDS, 
ddH2O 

 

TBST 100 mM Tris Cl, 150 mM NaCl, 
0.1 % Tween©20, pH 7.5 

 

Laemmli buffer BioRad #1610737 

ECL component A 1ml Tris/HCl pH 8.5, 44µl PCA 
+ 100µl luminol 

N/A 

ECL component B 10ml Tris/HCl pH 8.5 + 7µl 
H2O2 

N/A 

Critical equipment 

Confocal microscope Olympus Fluoview FV 1000 

Confocal microscope Leica SP8 

qPCR BioRad IQ™5 

Software 

AlphaFold2 Jumper et al., 2021 2.3.2 

PyMOL Schroedinger LLC,  
DeLano, 2021 

2022.12.0 

ggplot2 Wickham, 2016 v.3.3.3 

ggpubr Kassambara, 2023a v. 0.6.0 

rstatix Kassambara, 2023b v. 0.7.2 

ggthemes Arnold et al., 2021 v. 7.1.1 

R R Core Team, 2021 v. 4.0.5 

RStudio Prosit Software v. 2022.12.0+353 

Fiji ImageJ Schindelin et al., 2012 v. 1.53c 

NormFinder for Excel Andersen et al., 2004 v. 20 

Photoshop CS5 Adobe v. 12.0 

Excel Microsoft v. 14.0.4760.1000 

Bio-Rad iQ5 Bio-Rad Laboratories Inc v. 2.1.94.617 
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3 Results 

3.1 DncPA is a negative regulator of short-term memory in the 
Drosophila larvae. 

3.1.1 The learning and memory phenotype of dncΔ143 is reproducible with 
another odorant pair. 

Previously it was shown that dncΔ143 mutants show improved memory after a single 

training cycle in an aversive paradigm using AM and EA as odorants and 2M NaCl as 

a reinforcer (Fig. 3) (Gompert, 2019). To address whether the improved memory 

phenotype of dncΔ143 is odorant-independent we tested learning and memory of 

dncΔ143 after one and three training cycles using AM and BA as conditioned stimuli 

and 2M NaCl as reinforcer (Fig. 6). In addition to that, dnc1 was analysed with its 

respective control for comparison (Fig 6). 

 

 

 
Fig. 6: The improved learning and memory abilities of dncΔ143 can also be 
observed using BA and AM as conditioned stimuli.  
A: After one cycle of training using BA and AM as odorants, dnc1 shows a 
significantly reduced learning and memory performance compared to its control 
CS. dncΔ143 shows a significantly improved aversive olfactory learning and 
memory compared to its control w1118. B: After three cycles of training, all tested 
genotypes learn the association between the odorant and the aversive reinforcer. 
Although no significant differences can be seen, dnc1 still shows a slightly worse 
performance than its control while dncΔ143 shows a slight better performance. 
Significant differences from random choice were determined using one sample t-
test (p < 0.05) and labelled with the letter “a”. Differences between two groups 
were analysed using Student’s t-test with *: p < 0.05, **: p < 0.01 and *** p < 
0.001. 
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After one training cycle, CS showed significant memory. dnc1 showed significantly 

less memory. w1118 also showed significant memory after a single training cycle. 

dncΔ143 shows significantly improved memory (Fig. 6 A). After three training cycles all 

genotypes tested show significant memory. CS control larvae show similar levels of 

memory as dnc1 mutants. 

Consistent with previous findings, dnc1 mutants show reduced learning and memory 

after one training cycle (Widmann et al., 2016). Our findings with AM/EA show a 

different result, with dnc1 memory after one training cycle not being significantly 

different from the control, but showing significantly worse memory performance after 

three training cycles (Fig.4 A, B). In addition to that, the observed memory of the 

control after one training cycle of CS differed from our previous findings with AM and 

EA. This suggests that the differences in learning between the two experiments may 

be odorant specific. 

For dncΔ143 we observe the same improved level of learning and memory after one 

training cycle for both pairs of odorants (AM/BA and AM/EA). Thus, regardless of the 

conditioned odorants, dncΔ143 learns better than its respective control after one 

training cycle.  

3.1.2 The dnc1 learning and memory defect does not depend on 
phosphodiesterase activity in dncRA-positive neurons.  

The dnc1 mutation has an influence on the expression of serveral dnc-isoforms, 

including a significant reduction in dncRA (Fig. 3) (Ruppert, Franz et al., 2017). To 

determine whether PDE-activty in neurons that normally require dncRA to suppress 

memory is responsible for the defective STM in dnc1, we introduced the Dnc PDE-

domain under the control of the dncRA promoter into dnc1 and analysed learning and 

memory after three training cycles. If the reduced expression of dncRA was the 

reason for the memory defect in dnc1, we would expect this reintroduction to restore 

the memory phenotype to wild-type levels. 

As a control, we used CS larvae. They show significant memory after three training 

cycles (Fig. 7).  

We examined the effect of the UAS-dncPDE transgene alone and the dncRA promoter-

Gal4 alone by crossing them into dnc1 and testing heterogeneous larvae that have 

been crossed with dnc1. They show similar memory impairements as dnc1 mutants.  
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The expression of the PDE activity under the control of the DncRA-Gal4 driver in dnc1 

mutants did not improve the learning and memory defects (Fig. 7). These results 

suggest that the the impaired memory phenotype of dnc1 is not caused by the 

defective regulation of cAMP levels in the in dncRA-positive cells. 

 
Fig. 7: Reduced Dnc expression in 
dncRA-positive cells is not the 
cause of the dnc1 memory defects. 
Expression of the Dnc PDE domain 
under the control of the dncRA-Gal4 
promoter in dnc1 did not change 
learning and memory performance in 
a three-cycle olfactory learning and 
memory assay. The letter ‘a’ indicates 
significant differences from random 
choice as determined using one 
sample t-test (p < 0.05). Differences 
between groups were analysed using 
ANOVA with Tukey’s post-hoc-test 
with *: p < 0.05, **: p < 0.01 and  
*** p < 0.001. Experiments shown in 
this figure were conducted by Victoria 
Brüning (Bachelor thesis: Brüning, 
2022),  

 

3.1.3 DncPA is required to suppress learning and memory in a distinct set 
of cells. 

dncΔ143 learns and remembers better after one training cycle than controls. The 

improved learning can be restored to normal non-learning by introducing of PDE 

activity in dncRA-positive cells (Fig. 4). To prove that a reduction in Dnc expression is 

sufficient for the Dnc phenotype, we wanted to reduce Dnc expression under the 

control of the dncRA-Gal4 driver using the UAS-dncRNAi construct. Previously, this 

construct, expressed under the control of elav-Gal4, a driver line that is expressed 

post-mitotically in all neurons of in the nervous system (Robinow and White, 1988), 

was shown to be defective in habituation (Fenckova et al., 2019). As controls, we 

used the UAS-dncRNAi line without promoter and the dncRA-Gal4 line without 

construct, expressed in a w1118 background. Both controls show significant memory 

(Fig. 8). As an experimental group we crossed these two genotypes for a Dnc 

knockdown in dncRA-positive cells. It shows a significantly improved memory 

phenotype compared to its controls (Fig. 8). This shows that PDE-activity in dncRA-

positive cells is the reason for the improved learning and memory phenotype of 
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dncΔ143. Reduced expression leads to an improved learning performance (Fig. 8), 

whereas reintroduction leads to a reduction to control levels (Fig. 4 C). 

 
 

Fig. 8 Dnc knockdown in dncRA-
positive cells improves memory 
Knockdown of dnc in dncRA-positive 
cells significantly improves memory 
performance after one training cycle. 
The letter “a” indicates significant 
differences from random choice as 
determined using one sample t-test (p 
< 0.05). Differences between groups 
were analysed using ANOVA with 
Tukey’s post-hoc-test with  
* p < 0.05, ** p < 0.01 and  
*** p < 0.001. Experiments shown in 
this figure were conducted by Evelin 
Fahle. 

 

 

3.1.4 The dncΔ143 mutant forms a stable yet flexible memory.  

To further investigate the stability of the memory formed by dncΔ143, we performed a 

series of learning and memory experiments on w1118 (Fig. 9 A) and the isoform-

specific mutant dncΔ143 (Fig. 9 B) in larvae. As a control, we trained all animals once 

and tested their learning and memory abilities (Fig. 9 C). Next, we performed a decay 

experiment to show the effect of longer retention time (Fig. 9 C). Although it has been 

shown that after three training cycles, longer retention time leads to worse memory 

performance (Khurana et al., 2009; Widmann et al., 2016), for consolidated memory 

phases, rest periods play an important role in memory formation (Isabel et al., 2004). 

In an extinction experiment, the previously formed aversive memory is added by an 

appetitive memory of the presence of “no punishment” (Felsenberg et al., 2017, 

2018). These possible influences of retention time make it important to control the 

extinction and reversal learning experiment with a decay experiment with a retention 

time equal to the training cycles.  
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Fig. 9: Stability of memory after one training cycle in dncΔ143 mutants  
A: Schematic of the protocols of the different learning and memory experiments. To 
test for memory decay, larvae were trained and then placed on a neutral plate without 
odorants for 10 min. To test for memory extinction, after training the larvae were 
presented with both odorants on neutral plates for 5 min each. To test memory 
reversal, they were presented both odorants in reverse order on a 2M NaCl and a 
pure agarose plate for 5 min each, before being tested. B: w1118 larvae do not learn 
after one training cycle. After 10 min of retention, w1118 shows an emerging memory, 
however this is not significantly different from the control. No significant memory was 
observed when the odorants were presented during the retention period. After one 
cycle of learning followed by a cycle with reversed odorants, w1118 larvae neither 
memorise the previously presented odorants nor learn a new association. C: dncΔ143 
larvae show a significant aversive olfactory memory after one training cycle. After 10 
min retention time dncΔ143 larvae still show significant memory. Presentation of the 
odorants during the retention period does not significantly inhibit memory. After one 
cycle of learning followed by one cycle of reversely reinforced odorants, dncΔ143 
immediately memorises the new association. a: Significant differences from random 
choice determined by one sample t-test (p < 0.05), *: p < 0.05 from one-cycle 
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learning in an ANOVA with Tukey’s post-hoc test, **: p < 0.01, ***: p < 0.001. 
Experiments shown in this figure were conducted by Marcel Verbrüggen  
 
w1118 did not form significant memory after one training cycle. Surprisingly, it was able 

to form a significant memory after 10 min of retention time, although this memory was 

not significantly different from the one-cycle experiment. It did not form significant 

memory in the extinction and reversal experiment (Fig. 9 A). In contrast to w1118, 

dncΔ143 showed significant memory after one training cycle (Fig. 9 B), as shown in 

Figure 4 A. It was also able to show significant memory in the decay assay, which 

was not significantly different from the one-cycle experiment. Thus, memory after one 

training cycle lasts for at least 10 min, and in larvae, STM is significantly reduced 

after 20 min (Khurana et al., 2009; Widmann et al., 2016).We do not observe a 

significant reduction after 10 min. In her bachelor thesis, M. Gompert showed that 

dncΔ143 larvae do not show a significant memory after 30 min, which is not 

significantly different from immediately after training (Gompert, 2019). This shows 

that STM is the main memory form which is improved dncΔ143. 

In the extinction experiment dncΔ143 forms a significant memory, although significantly 

reduced when compared to animals tested directly after training.  

In the reversal experiment larvae were able to associate the punishment with the 

odorant that was reinforced in the second training session (Fig. 9 B), demonstrating 

the flexibility of the memory and the ability of the larvae to learn new information.  

In summary, dncΔ143 mutants, in contrast to the controls, are able to form a stable 

association with an odorant more quickly and are more flexible in learning new 

odorant information.  

3.1.5 DncPA is expressed in a set of neurons that project to the antennal 
lobe. 

To find out exactly which cells are responsible for the enhanced learning and memory 

phenotype, we analysed the expression of the dncRA-Gal4 driver using the 

UASmCD8::GFP transgene. We detected 20 different clusters per side in the larval 

CNS excluding SStrhl (Fig. 10 A and B). In the VNC 13 clusters were detected (Fig. 

10 A, B).  
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Fig. 10: dncRA-Gal4 drives transgene expression of a set of neurons projecting 
to the AL.  
A: The cartoon summarises the expression domain of the dncRA-Gal4 driver. The 
dncRA –Gal4 line drives transgene expression in multiple cells in the larval CNS. The 
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neuropil is labelled with the anti-nc82 antibody (in magenta) and the Gal4 expression 
domain of the dncRA –Gal4 driver is visualised with the UAS-mCD8::GFP transgene 
(in green). The table in B summarises the analysis of the expression domain over six 
brains. C: The Hd3-cluster does not enervate the MB.  FasII expression (in magenta), 
is used as a marker for the MB. D: The Hv neuron innervates the AL. The AL is 
labelled with anti- Discs large (DLG). Brains were scanned at 20x and 40x 
magnification with 1µm optical sections or 63 x magnification with 0.33µm optical 
sections respectively. Scale bars are 50µm unless stated otherwise. Experiments 
were conducted by by M.Müller (Müller, 2021). 
 
In the larval brain, 7 clusters targeted by the dncRA-Gal4 driver were detected (Fig. 10 

A, B). One cluster, SStrhl, consists of a large number of cells and is located close to 

the optical lobe in the larval brain, also known as the larval optical neuropil. This 

neuropil has been shown to mediate light avoidance and circadian rhythm in larvae 

(Keene et al., 2011). Light avoidance is a cue that does not play a role in our 

olfactory learning and memory experiment, as the training and the choice experiment 

are performed in the dark. In addition, SStrhl neurons are not projection neurons, 

their morphology identifies them as glial cells (Hartenstein, 2011). For this reason, we 

have not included them in the table in Figure 10 B. 

The Hm1 cluster consists of 5 +/- 1 projection neurons. It is located close to the 

superior protocerebrum and projects into it (Fig. 10 A, B). The projections of the Hm1 

cluster do not come close to the MB or the AL. 

The Hd1 cluster consists of 3 +/- 1 neurons. It is located dorsal to the 

deuterocerebrum. (Fig. 10 A, B) 

The MD cluster consists of 3 neurons, the LB cluster of 4 +/- 1 neurons and the Mx 

cluster of 1 neuron. They are located in the subesophageal zone. (Fig. 10 A, B) 

The Hd3 cluster is in close proximity to the MB but does not project into it (Fig. 10 C).  

The Hv cluster projects into the AL (Fig. 10 D).  

In summary, the dncRA-Gal4 line specifically drives expression in several clusters 

throughout the larval CNS, some of which may have an impact on larval learning and 

memory, and one of which projects into the AL. 

3.1.6 The GFP tag affects the conformation of DncPA. 

The GFP tag could affect the conformation of the DncPA. Depending on the position 

of the tag in the protein, this change in conformation could influence the subcellular 

localisation or functionality of the PDE.  
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To investigate whether the tag of the UAS-DncPA transgene affects conformation, we 

analysed the 3-D structure of N- and C- terminally tagged Dnc using AlphaFold2 

(Jumper et al., 2021).  

In the Dnc isoforms, three domains are important for the function and interaction of 

Dnc: The UCR1 region, the UCR2 region and the catalytic domain (Bolger et al., 

1993).  

Figure 11 A shows the untagged configuration of DncPA with the functional domains 

highlighted in different colours, Figures 11 B and C show the same for N- and C-

terminally tagged DncPA. 

Figure 11 A’ shows the untagged configuration of the catalytic domain of DncPA 

(Bolger et al., 1993; Jin et al., 1992). The alignment with the catalytic domain of N- 

and C-terminally tagged DncPA shows that the GFP tag on either side does not 

induce structural changes in the catalytic domain (Fig. 11 B’, C’).  

In the UCR1-region (Bolger et al., 1993), the main α-helix of the UCR1 is unchanged 

from the untagged DncPA (Fig. 11 A’’, B’’, C’’). The side chains, which can also be 

predicted with high accuracy by AlphaFold (Jumper et al., 2021), are one of the 

things that differ, slightly in GFP::DncPA (Fig. 11 B’’), more so in DncPA::GFP (Fig. 11 

C’’). In addition, two structural domains do not form at all in DncPA::GFP (Fig. 11 C’’).  

The UCR2-region (Bolger et al., 1993) is almost unchanged in DncPA with the N-

terminal GFP tag (Fig. 11 B’’’), but the orientation of the helices to each other is 

strongly altered in DncPA with the C-terminal GFP tag (Fig. 11 C’’’).  

In conclusion, the simulation of the structure of the different DncPA transgenes shows 

that the GFP tag has an effect on the UCR-regions, but not on the PDE-domain. The 

N-terminally tagged GFP::DncPA is structurally very similar to the untagged Dnc PDE.  

To evaluate whether the transgene reflects the endogenous expression domain of 

DncPA, we need to consider the importance of interactions via the UCRs (Richter and 

Conti, 2004, 2002; Xie et al., 2014), the importance of the N-terminus for subcellular 

localisation (review: Houslay, 2009) and the importance of the UCRs for 

multimerisation (Bolger et al., 2015). Of the two tagged transgenes, the C-terminally 

tagged DncPA probably best reflects the endogenous expression. 

 



 

43 
 

  
 
Fig. 11: The position of the GFP tag influences the structure of the UCRs but 
not of the catalytic domain GFP-tagged DncPA transgenes. 
Predicted models of A: DncPA B: DncPA with N-terminal GFP tag C: DncPA with C-
terminal GFP-Tag. A’-C’: The PDE-domain is perfectly aligned in the differently 
tagged DncPA transgenes. PDE domain of A’: DncPA (magenta) B’: GFP::DncPA 

(yellow) aligned with DncPA (magenta) C’: DncPA::GFP (yellow) aligned with DncPA 
(magenta) A’’-C’’: The UCR1-domain of GFP::DncPA differs from the untagged UCR1 
only in one side chain, the UCR1 domain of DncPA::GFP also differs in one side chain 
and does not form two small structural domains. UCR1 of A’’: DncPA (blue) B’’: 
GFP::DncPA (yellow) aligned with DncPA (blue) C’’ DncPA::GFP (yellow) aligned with 
DncPA (blue) A’’’-C’’’: The UCR2 of GFP::DncPA is almost perfectly aligned with the 
domain of the untagged protein. The position of an α-helix in DncPA::GFP differs from 
the wild-type domain. UCR2 of A’’’: DncPA (orange) B’’’: GFP::DncPA (yellow) aligned 
with DncPA (orange) C’’’ DncPA::GFP (yellow) aligned with DncPA (orange). A-C’’’: 
Models of DncPA predicted using AlphaFold2 (Jumper et al., 2021), aligned and 
displayed using PyMOL (DeLano, 2021) PDE domain according to UniProt (The 
UniProt Consortium, 2021), UCR domains according to Bolger et al. (Bolger et al., 
1993). The arrows indicate where the domains of the tagged transgenes do not 
match the untagged DncPA. 
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3.1.7 Subcellular localisation of N- or C- terminally tagged DncPA and C- 
terminally tagged DncPG.  

It has been shown that the cell body, the axon, the bouton and the nucleus are 

independent cAMP signalling compartments. This subcompartmentation is mediated 

by the PDEs (Maiellaro et al., 2016). In the ovary, ectopically expressed Dnc isoforms 

are expressed in different cellular compartments (Ruppert, Franz et al., 2017). 

Therefore, we wanted to investigate where these isoforms are expressed in neurons. 

We analysed the expression pattern of C- and N-terminally GFP-tagged DncPA, and 

C-terminally tagged DncPG, an isoform that has been shown to express a nuclear 

localisation signal and that is expressed in the nucleus in ovaries (Ruppert, Franz et 

al., 2017). 

To examine the subcellular localisation in the CNS and at the NMJ, we expressed the 

GFP-tagged transgenes in glutamatergic neurons using the DV-Glut-Gal4 driver, a 

glutamatergic driver expressed in the motor neuron and all neuropils except the MB 

(Daniels et al., 2008), and analysed the GFP expression using 

immunohistochemistry. As a control, we also included the membrane-bound marker 

mCD8::GFP (Lee and Luo, 1999).  

To examine the localisation at the soma, we co-labelled the nuclear envelope with 

anti-lamin antibodies and the DNA with DAPI (Fig. 12 A). The control mCD8::GFP is 

expressed at the membrane. DncPA::GFP and GFP::DncPA are both expressed 

throughout the soma. DncPG::GFP is expressed not only in the nucleus but also in the 

soma (Fig. 12 A). 

Next we examined whether the Dnc isoforms are also expressed in the axons of the 

neurons within the VNC and in the motor neurons (Fig. 12 B). In the VNC, we 

observe that all genotypes tested, the membrane marker mCD8::GFP, the differently 

tagged DncPA transgenes and the DncPG::GFP transgene are all expressed not only 

in the soma, but also in the axon. In the motor neuron, the membrane marker 

mCD8::GFP shows uniform staining along the axon. GFP::DncPA can be seen in 

fibrous and dot-like structures along the axon. Although DncPA::GFP shows a lower 

intensity, its expression is also seen in fibrous and dot-like structures along the axon. 

DncPG::GFP shows a more fibrous expression. 
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Fig. 12: Subcellular localisation of different tagged Dnc isoforms  
A: While DncPA::GFP and GFP::DncPA are expressed in the soma but not in the 
nucleus, DncPG::GFP is expressed in both the nucleus and the soma. The membrane 
marker mCD8::GFP is shown for comparison. Anti-GFP labels the GFP tag (green), 
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anti-lamin labels the nuclear envelope (magenta) and DAPI labels the DNA (Cyan). 
B: All Dnc transgenes tested are also expressed along the axons in the VNC 
neuropil. All transgenes are expressed in the axons of motor neurons connecting the 
VNC to the body wall muscles. The expression of DncPA::GFP and GFP::DncPA is 
more dotted, the expression of DncPG::GFP more fibrous. The arrows indicate the 
axons in the VNC and the motor neurons. C: While the membrane marker 
mCD8::GFP and the transgene GFP::DncPA are expressed at the NMJ of muscles 6/7 
in segment A4, DncPA::GFP and DncPG::GFP are not. Anti-GFP labels the 
corresponding transgene (green), anti-horseradish peroxydase (HRP) labels the 
neuronal membrane (cyan), anti-DLG labels the postsynaptic membrane (magenta). 
The arrows indicate a type Ib and a type Is bouton at the NMJ. mCD8::GFP and 
GFP::DncPA are localised in type Ib boutons. D: The amount of terminal branching at 
the NMJ is significantly increased in larvae expressing DncPA::GFP and DncPG::GFP. 
E: There is no significant difference in the number of boutons at the NMJ in the larvae 
overexpressing the tested isoforms. A-E: UAS-mCD8::GFP, UAS-dncRA::GFP, UAS-
GFP::dncRA and UAS-dncRG::GFP expressed in the Drosophila third instar larva 
under the control of DV-Glut-Gal4. A: Single slide of a 63x scan of cells in the VNC. 
B-C: Stacks were scanned at 63x magnification and 0.33µm optical section. Scale 
bars are: A-B: 10µm, C: 50µm. D, E: Differences were analysed by ANOVA with 
Tukey’s post-hoc test with *: p < 0.05, **: p < 0.01 and *** p < 0.001. 
 
Type Ib and Is boutons are glutamatergic, they are driven by the DV-Glut-Gal4 driver 

(Daniels et al., 2008; Hoang and Chiba, 2001; Johansen et al., 1989). The control, 

the membrane marker mCD8::GFP, is expressed in the presynaptic terminals of type 

Ib boutons, but not in type Is boutons. DncPA::GFP and DncPG::GFP are not 

expressed in the presynaptic terminals at the NMJ. Like the control, GFP::DncPA is 

expressed in type Ib presynaptic terminals. 

To investigate the influence of the expression of different Dnc isoforms on synaptic 

development, we analysed the branching and number of boutons formed at the NMJ 

(Fig. 12 D, E). For the expression of dncRA::GFP, GFP::dncRA and dncRG::GFP, there 

are no significant differences in the number of boutons to the control (Fig. 12 E).  

The number of branches in dncRA::GFP and dncRG::GFP is significantly higher than in 

the control (Fig. 12 E). Previous studies of different dnc mutants have observed an 

effect on both bouton number and branching. For branching, they have observed the 

same phenotype as we show for isoform-specific overexpression. dnc1 and dncM14 

have significantly increased bouton number and terminal branching at the NMJ 

(Davis and Kiger, 1981; Zhong et al., 1992), whereas non-isoform-specific Dnc 

overexpression reduces the number of varicosities (Cheung et al., 1999). This, 

together with the different results for the differently tagged DncPA isoforms, show that 

the change is isoform-specific and depends on subcellular localisation.  
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In summary, the localisation of the GFP tag influences the subcellular localisation of 

DncPA and on synaptic plasticity. DncPA::GFP , which is more likely to be correctly 

localised, is mainly expressed in the soma, whereas GFP::DncPA is expressed in all 

compartments except the nucleus. In DncPG::GFP, as predicted, is expressed 

predominantly in the nucleus but also in the soma, indicating that the tag does not 

interfere with its subcellular localisation. 

3.1.8 Somatic phosphodiesterase activity restores the memory 
phenotype of dncΔ143. 

Subcellular compartmentation plays a role in cAMP signalling throughout the neuron 

(Maiellaro et al., 2016). The Dnc isoforms are also differentially expressed throughout 

the neuron (Fig. 12).  

Next, we wanted to investigate whether the subcellular localisation of Dnc has an 

impact on learning and memory. Therefore, we analysed which isoform is able to 

regulate learning and memory after one training cycle.  

As a control, we used the UAS-dncRA::GFP line expressed in a w1118 background, the 

genetic background of dncΔ143. It shows a significant memory after one training cycle 

(Fig. 13 A). Both the dncRA-Gal4 line and the UAS-dncRA::GFP expressed in dncΔ143 

mutants show significantly improved memory. The experimental group expresses 

dncRA::GFP under the control of the dncRA-promoter in dncΔ143. It restores learning 

and memory to control levels (Fig. 13 A). Having shown that Dnc PDE activity in 

dncRA-specific cells is responsible for the improved memory phenotype (Fig. 4 C), this 

shows that Dnc expression in the soma (Fig. 12 A) is sufficient to restore the memory 

phenotype of dncΔ143 to wildtype levels. 

To investigate whether subcellular localisation in the synapse is important for the 

dncΔ143 memory phenotype, we repeated the experiment expressing N-terminally 

tagged GFP::dncRA (Fig. 13 B). This construct is expressed in different domains in 

the neuron. While dncRA::GFP is restricted to the soma and the axon, GFP::dncRA is 

also expressed in the synapse. 
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Flies carrying the dncRA-Gal4 transgene were 

used as controls. They develop significant 

memory, but less than dncΔ143 mutant flies 

carrying the UAS-GFP::dncRA transgene or the 

dncRA-Gal4 transgene. Expression of UAS-

GFP::dncRA under the control of the dncRA-

Gal4 driver restores learning and memory to 

control levels (Fig. 13 B). GFP::DncPA is 

expressed in the soma, the axon and the 

bouton (Fig. 12 A, B, C). This shows that 

increased expression in all other signalling 

compartments is not important for the wild-

type memory phenotype. 

 
 
 
 
 
Fig. 13: Expression of different isoforms 
restores learning and memory 
performance to control levels after one 
cycle of training.  
A: Expression of a DncPA::GFP, B: 
GFP::DncPA and C: DncPG under the control of 
the dncRA-Gal4 driver in dncΔ143 larvae 
reduces learning to control levels in an 
olfactory one-cycle aversive learning and 
memory assay The letter ’a‘ indicates 
significant differences from random choice as 
determined using one sample t-test (p < 0.05). 
Differences between groups were analysed 
using ANOVA with Tukey’s post-hoc test with 
*: p < 0.05, **: p < 0.01 and *** p < 0.001. 
Experiments shown in figures A and B were 
conducted by Marcel Verbrüggen (Bachelor 
thesis: Verbrüggen, 2021). Experiments 
shown in figure C were conducted by Victoria 
Brüning (Bachelor thesis: Brüning, 2022). 
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DncPG contains a nuclear localisation signal (Ruppert, Franz et al., 2017). As it is 

expressed in the nucleus and the soma (Fig. 12), its subcellular localisation is more 

distinct from the natural expression of untagged DncPA than that of DncPA::GFP and 

GFP::DncPA. In a one-cycle aversive olfactory learning and memory assay, we again 

used the dncRA-Gal4 driver line in w1118 as a control (Fig. 13 D). It shows low but 

significant memory. The dncRA-Gal4 line and dncRG::GFP individually expressed in 

dncΔ143 mutants show a significantly improved learning and memory phenotype. The 

expression of dncRG::GFP under the control of the dncRA-Gal4 promoter is sufficient 

to restore the learning and memory phenotype of dncΔ143 to wild-type levels.  

Although DncPA::GFP, GFP::DncPA and dncPG::GFP localise subcellularly differently, 

they are all expressed in the soma (Fig. 12 A-C). This shows that the somatic 

expression of Dnc, which reduces somatic cAMP levels in the neurons driven by the 

dncRA-Gal4 driver is sufficient to restore the memory phenotype to wild-type levels. 

3.1.9 Overexpression of DncPA::GFP does not alter the learning 
phenotype. 

Since reduction of cAMP in the soma of dncRA-positive neurons regulates learning 

and memory, the question arises whether reduction of cAMP in these neurons by 

overexpression of Dnc will result in the opposite learning and memory phenotype.  

To analyse a possibly improved memory, we performed an aversive olfactory one-

cycle learning and memory experiment using AM and EA as odorants and 2M NaCl 

as reinforcer (Fig. 14 A). We expressed the dncRA::GFP transgene under the control 

of the dncRA promoter in w1118 larvae. Consistent with the results in Figure 13 A, the 

larvae encoding UAS-dncRA::GFP not driven by any promotor show a low but 

significant memory performance (Fig. 14 A). The larvae expressing Gal4 under the 

control of the dncRA promoter with no transgene expressed  show no significant 

memory (Fig. 14 A). The larvae expressing the dncRA::GFP transgene under the 

control of the dncRA promoter in w1118 do not show significant memory. The memory 

scores are not significantly different from the controls, showing that after one training 

cycle, Dnc overexpression does not improve the memory phenotype. From the 

results we obtained with dncΔ143, we suspected a reduction in memory performance. 
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Fig. 14: Overexpression of DncPA does not affect learning and memory  
A: Overexpression of DncPA under the control of dncRA-Gal4 does not significantly 
alter associative learning in w1118 larvae after one training cycle or B: three training 
cycles. The letter ‘a’ indicates a significant difference from random choice as 
determined using one sample t-test (p < 0.05). Differences between groups were 
analysed using ANOVA with Tukey’s post-hoc test with *: p < 0.05, **: p < 0.01 and 
*** p < 0.001. Experiments shown in B were conducted by Marcel Verbrüggen  
 
To investigate whether memory performance is reduced when Dnc is overexpressed 

in the soma of dncRA-positive cells, thereby locally reducing cAMP concentration, we 

performed an aversive three-cycle learning and memory experiment using the same 

lines as in the one-cycle experiment. After three training cycles, the UAS-

dncRA::GFP-line, the dncRA-Gal4-line and the cross with expressing dncRA::GFP 

under the control of the dncRA promoter show a significant memory performance. 

There are no significant differences between the lines.  

Taken together, this shows that the reduction in cAMP caused by overexpression of 

DncPA in dncRA-positive cells does not affect memory performance.  
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3.2 Phenotypic characterisation of dncEP1395 

3.2.1 dncEP1395 is a dncRB-specific mutant. 

Another isoform that is significantly reduced in dnc1 is dncRB (Fig. 3) (Ruppert, Franz 

et al., 2017). Therefore, it is a good candidate to study the effects of other Dnc 

isoforms on learning and memory. We used the fly line w1118P{EP}dncEP1395, originally 

developed by Rørth (1996) in a genetic screen. It has a P-element inserted 2 

basepairs (bp) after the 3’-end of the first exon of dncRB (Fig. 15 A). This exon is 

located within the 5’-UTR of DncPB (Ruppert, Franz et al., 2017). To determine 

whether the insertion of the P-element has an effect on the expression of dncRB, we 

designed a qPCR with primers in the first and second exon (Fig. 15 A). For 

comparison, we used its genetic control, w1118. We performed the qPCR on dissected 

larval CNS. The expression of dncRB is significantly reduced in dncEP1395 compared to 

w1118 (Fig. 15 B). 

We next investigated whether and how this reduced expression of dncRB (Fig. 15 B) 

affects the levels of DncPB in the fly. To do this, we analysed the heads of adult flies 

by western blot analysis. As a control we expressed DncPB::GFP under the control of 

a neuronal driver, Appl-Gal4. Appl-Gal4 drives expression with the promoter of the 

Drosophila protein Appl, a member of the amyloid precurser protein-like family that is 

expressed in all neuronal cells and concentrated in the neuropil (Torroja et al., 1996). 

We compared this expression with the dncRA-specific mutant dncΔ143 and the dncRB-

specific mutant dncEP1395. The antibody used was anti-Dncall, an antibody that will be 

further characterised in the following sections (Fig. 18). We calculated the molecular 

weight detected by the western blot using a regression analysis. The western blot 

analysis shows that the antibody recognises 6 bands ranging in size from 80.2 to 

179.2 kDa (Fig. 15 C, D). Theoretically, DncPB should have a size of 129.4 kDa 

(Expasy - Compute pI/Mw tool, 2023) and DncPB::GFP should be at 157.1kDa. Band 

1 is at 179.2+/- 4.6 kDa (Fig. 15 D). Although the measured values deviate from the 

theoretical values, this band is unique to the overexpression of DncPB::GFP (Fig. 19). 

The distance between band 1 and band 2 suggests that band 2 at 161.7kDa +/- 10.2 

kDa is untagged DncPB (Fig. 15 D). The western blot analysis shows 4 smaller bands 

corresponding to shorter Dnc isoforms. 
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Fig. 15: dncEP1395 shows significantly reduced expression of dncRB and DncPB.  
A: dncEP1395 has a P-element inserted 2 bp after the 3’-end of the first exon of dncRB. 
The primers for the qPCR in B were localised within the first and second exon of 
dncRB. B: The qPCR of larval Drosophila CNS as designed in A shows a significantly 
reduced expression of dncRB in dncEP1395 compared to w1118. C, D: Western blot 
analysis of larval Drosophila CNS. w1118/Appl-Gal4;UASdncRB::GFP shows a strong 
band at 179.2 +/- 4.6 kDa corresponding to the DncPB::GFP fusion protein and a 
weaker band at 161.7 +/- 10.2 kDa corresponding to the untagged DncPB. The 
expression of DncPB in dncEP1395 is significantly reduced compared to dncΔ143. The 
arrows indicate the position of the bands. Quantitative analysis of 3 western blots 
with two different protein concentrations, each showing that band 2, untagged DncPB 
differs significantly between dncΔ143 and dncEP1395. Experiments shown in this figure 
were conducted in collaboration with Evelin Fahle. 
 
The concentration of the DncPB::GFP transgene detected in dncΔ143 is 93,7% lower 

than in w1118/Appl-Gal4;UAS-dncRB::GFP. dncEP1395 expresses only 0.5% of the 

DncPB::GFP that w1118/Appl-Gal4;UAS-dncRB::GFP expresses. When these 
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expressions are attributed to background staining, there are no significant differences 

between dncEP1395 and dncΔ143. 

The expression of untagged DncPB (band 2), although still detectable, is significantly 

reduced in dncEP1395 compared to dncΔ143. The concentration of DncPB in dncΔ143 is 

160.2% +/- 50.4% of the concentration in w1118/Appl-Gal4;UAS-dncRB::GFP. In 

dncEP1395, it is 48,4% +/- 37,1% of the expression in w1118/Appl-Gal4;UAS-

dncRB::GFP. 

Taken together, we found that the mutant dncEP1395 shows significantly reduced 

expression of the dncRB transcript and significantly reduced expression of a DncPB 

with a size of 161.7 kDa. Other proteins detected by the anti-Dncall antibody were not 

altered. Thus, dncEP1395 is a DncPB-specific mutant.  

3.2.2 dncEP1395 is a better learner.  

To investigate the effect of DncPB expression on learning and memory, we analysed 

aversive olfactory learning and memory for w1118 as a control and for dncEP1395 using 

AM and EA as odorants and 2M NaCl as a reinforcer (Fig. 16).  

After one training cycle, dncEP1395 learns significanly better than the control w1118 (Fig. 

16 A). After three training cycles, both genotypes show a similar memory 

performance. (Fig. 15 F).  

 

 
 
Fig. 16: dncEP1395 learns better after one training cycle.  
dncEP1395 larvae learn significantly better than w1118 larvae after A: one training cycle, 
but not after B: three training cycles. Significant differences from random choice were 
determined by one sample t-test (p < 0.05) and labelled with the letter ’a’. Differences 
between groups were analysed using Student’s t-test with *** p < 0.001.  
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3.3 Analysis of the expression pattern of isoform-specific and non-
isoform-specific antibodies against Dunce 

3.3.1 Design of putative Dunce isoform-specific antibodies  

 

 
 
Fig. 17: Antibody design for anti-Dncall and Dnc isoform-specific antibodies 
The anti-Dncall antibody is a polyclonal antibody designed to bind to the first common 
exon shared by most isoforms. The isoform-specific antibodies are monoclonal and 
designed to bind to peptides in exons specific to one or two isoforms. Anti-DncPJ-C8 
and anti-DncPJ-C10 were designed against the same peptide, whereas  
anti-DncPJ-C8 / anti-DncPJ-C10 / anti-DncPJ-C11 and anti-DncPG-C4 / anti-DncPG-C5 
were designed against overlapping peptides. The basic scheme of Dnc isoforms was 
adapted from Ruppert, Franz et al. (2017)  

 
To study the localisation of the different Dnc isoforms, we designed several 

antibodies. The anti-Dncall antibody is a polyclonal antibody designed against two 

polypeptides encoded by an exon common to all known dnc isoforms except dncRL 

(FlyBase, 2023). 

The putative isoform-specific antibodies are monoclonal, each designed against a 

polypeptide encoded by an exon specific for one or two isoforms. Figure 17 provides 

an overview of the localisation of the polypeptides and of the expression patterns of 

the respective antibodies. The polypeptides for anti-DncPG-C4 and anti-DncPG-C5 and 

for anti-DncPJ-C8, anti-DncPJ-C10 and anti-DncPJ-C1 overlap. Anti-DncPJ-C8 and anti-

DncPJ-C10 are designed against the same polypeptide.The antibodies and their 

expression patterns are described in the following sections.  
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3.3.2 Expression pattern of the anti-Dncall antibody 

To study the distribution of Dnc in the larval CNS, we used a rabbit polyclonal 

antibody. It was designed against two polypeptides encoded by an exon common to 

most Dnc isoforms. Figure 17 shows which exons encode the polypeptide against 

which the anti-Dncall antibody was designed. We analysed the expression pattern on 

the DncPA-specific mutant dncΔ143 and on its genetic control, w1118. We also tested the 

antibody on dnc1, a mutant that results in reduced PDE activity, dncM14, a mutant with 

cAMP-hydrolysis even further reduced than dnc1 (Davis and Kiger, 1981), and their 

genetic control, CS. The anti-Dncall antibody recognises the MB, the center of 

learning and memory in Drosophila larvae (Fig. 18 A) (Heisenberg et al., 1985) and in 

14 clusters throughout the brain and in the VNC. The VNC has been reported as a 

centre for locomotor activity (Kohsaka et al., 2012), but not as a relevant structure for 

learning and memory. Therefore, we focus on the cells in the brain. There the 

antibody recognises 7 clusters.  

4 of these clusters are located in the mandibular neuromeres, the MDvm1 cluster, the 

MDvm2 cluster and the MXv cluster. They consist of one cell per cluster per side and 

show no significant differences between the different genotypes and their control.  

The Hva cluster consists of 1 +/- 1 neuron. It is located in close proximity to the 

superior protocerebrum and projects towards it. The Hva-cluster was detected in 

w1118 in 10 out of 20 analysed hemispheres, in dncΔ143 in 4 out of 12 analysed 

hemispheres and in dnc1 in 2 out of 10 analysed hemispheres. Like the Hd cluster, it 

is located close to the MB and projects towards it. Due to its high variability, no 

significant differences between the genotypes could be observed. 

The Hd cluster consists of 3 +/- 1 neurons located in close proximity to the MB calyx 

and projecting towards it. Figures 2B and C show that although the Hd cluster is 

stained by anti-Dncall in all the mutants, it stains significantly more cells in dncΔ143 

than in its control. In dncM14, anti-Dncall stains significantly fewer cells than in its 

control. For dnc1 no significant differences can be detected. 

The Hm cluster is located close to the AL. It consists of in average 1 +/- 1 cells, 

although in individual larval brains the antibody recognises none or three neurons 

most of the time. The anti-Dncall antibody recognises significantly fewer cells in 

dncΔ143 than in its control w1118. It also recognises significantly fewer cells in dncM14 

than in its control CS. No significant differences were observed between dnc1 and 

CS.  
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Fig. 18: The anti-Dncall antibody recognises 24 clusters in the Drosophila larval 
CNS.  
A: The anti-Dncall antibody recognises 24 clusters of neurons in the larval CNS. 
Nomenclature of all clusters recognised by anti-Dncall and confocal partial stacks of 
their position. Grey dots indicate nuclei. w1118 larval CNS labelled with anti-Dncall 
(green), neuropile labelled with anti-nc82 (magenta). In the upper right panel, 
neuropile labelling is not shown for clarity. Partial stacks were scanned at 40x 
magnification and 1µm optical section. Scale bars are 50µm. B: The Hd cluster 
shows significantly different expression in dncΔ143 than its genetic control w1118. The 
Hm cluster shows significantly lower expression in dncΔ143 than its genetic control 
w1118. C: None of the clusters in the larval brain show a significantly different 
expression in dnc1 than its genetic control CS. The Hd- and Hm cluster show 
significantly lower expression in dncM14 than its genetic control CS. D: 
Immunofluorescence images of the larval CNS of Dnc mutants and their genetic 
background as an example of the statistics shown in B and C using Anti-Dncall and 
Anti-n-Cathenin (n-Cath) as a neuropil marker. Full stacks show the entire CNS and 
partial stacks to highlight specific regions. B, C: Average number of cells and 
standard deviation per cluster in the Drosophila larval brain, differences between 
mutants and their genetic control were analysed using Student’s t-test with *: p < 
0.05, **: p < 0.01. Clusters in the VNC are not shown for clarity. n indicates the 
number of hemispheres examined. 
 
In conclusion, the anti-Dncall antibody recognises structures of the larval MB and 

multiple neurons throughout the larval CNS, of which the Hd and Hm clusters show 

significant differences between the mutant dncΔ143 and its control w1118 and between 

the mutant dncM14 and its control CS. No significant differences could be found for 

these clusters between dnc1 and its control, CS. They are located in close proximity 

to the MB and the AL in the larval brain. 

3.3.3 The anti-Dncall antibody recognises DncPB::GFP in a western blot. 

To confirm that the anti-Dncall antibody recognises Dnc, we performed a western blot 

analysis. We expressed the DncPB::GFP transgene under the control of the Appl-Gal4 

driver and used the GFP-tagged membrane protein mCD8::GFP as a control (Fig. 

19). The molecular weight of the proteins recognised by the antibody was calculated 

using regression analysis.  

Using the anti-GFP antibody, we were able to detect a band at 163.1kDa for UAS-

dncRB::GFP, and for UAS-mCD8::GFP a band at 55.3kDa (Fig. 19 A). The band at 

163.1kDa corresponds to the DncPB::GFP transgene. Its measured size is similar to 

the 179.2 +/-4.6 kDa measured for the same transgene in the western blot in Figure 

15. As noted above (see chapter 3.2.1), this is not the predicted size, but is 

consistent with our previous experiments and could be due to phosphorylation. The 

band at 55.3kDa for UAS-mCD8::GFP corresponds to the mCD8::GFP transgene. 
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Fig. 19: Anti-Dncall antibody binds to DncPB::GFP. 
A, B: Western blot analysis of UAS-dncRB::GFP and UAS-mCD8::GFP driven by the 
Appl-.Gal4 driver with anti-GFP (A) and anti-Dncall (B). A: For UAS-dncRB::GFP a 
band at 163.1kDa is detected corresponding to the DncPB::GFP fusion protein. UAS-
mCD8::GFP shows a band at 55.3kDa corresponding to the mCD8::GFP fusion 
protein. B: A band at 163.5kDa can be detected for UAS-dncRB::GFP but not for 
UAS-mCD8::GFP corresponding to the DncPB::GFP fusion protein. Additional bands 
at 143.1kDa, 122.1kDa, 113.5kDa and 87.9kDa can be detected for both Appl-
Gal4;UAS-dncRB::GFP and Appl-Gal4;UAS-mCD8::GFP corresponding to untagged 
DncPB and other Dnc isoforms. Experiments shown in this figure were conducted by 
Evelin Fahle. 
 
Figure 19 B shows the same blot incubated with anti-Dncall antibody. For UAS-

dncRB::GFP we can detect bands at 163.5kDa, 143.1kDa, 122.1kDa, 113.5kDa and 

87.9kDa. For UAS-mCD8::GFP we can detect the same bands with the exception of 

the band at 163.5kDa. This band corresponds to DncPB::GFP. The other bands 

correspond to untagged Dnc isoforms.  

This shows that the anti-Dncall antibody recognises several proteins of the above 

mentioned sizes and recognises the DncPB::GFP fusion protein. Thus, anti-Dncall 

recognises Dnc isoforms. These experiments and the experiments with dncEP1395 

show that anti-Dncall is at least specific for DncPB. It is therefore a Dnc-specific 

antibody. 
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3.3.4 The anti-Dncall antibody does not recognise neurons targeted by 
the dncRA-Gal4 driver line.  

 

 
Fig. 20: The anti-Dncall antibody does not label dncRA-positive cells. 
UASmCD8::GFP expressed in the larval CNS under the control of the dncRA-Gal4 
driver labelled with α-GFP (green) and α-Dncall (magenta). The clusters recognized 
by α-GFP were labelled according to the nomenclature introduced in Figure 10, the 
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clusters recognized by α-Dncall were labelled after the nomenclature introduced in 
Figure 18. No colocalisation was observed. Full and partial stacks were scanned at 
20x and 40x magnification and 1 µm optical section. Scale bars are 50µm. The 40x 
scans were conducted by Marie Müller. 
 
To investigate whether the anti-Dncall antibody recognises neurons that are targeted 

by the dncRA-Gal4 driver line, we performed a colocalisation study (Fig. 20). 

There is no colocalisation. This leads to the conclusion that the anti-Dncall antibody, 

although directed against a common peptide common to most isoforms (Fig. 17), 

does not recognise all Dnc isoforms in their natural configuration, possibly because 

the peptides are masked. The dncRA-Gal4 promoter drives an isoform in which the 

peptide anti-Dncall is designed against is masked. 

3.3.5 The cells recognised by the anti-Dncall antibody are neither 
dopaminergic nor serotonergic nor hugin-positive. 

To further characterise the cells recognised by anti-Dncall, we investigated whether 

they are dopaminergic. Dopaminergic neurons have been characterised as essential 

for olfactory aversive and appetitive learning and memory in Drosophila larvae 

(Selcho et al., 2009). They have been shown to innervate the MB (Selcho et al., 

2009). The localisation and phenotype make the Hd cluster a promising candidate for 

expression in dopaminergic cells. 

To investigate whether the anti-Dncall antibody recognises dopaminergic neurons, a 

colocalisation studiy was performed in w1118 larvae using the anti-Dncall antibody in 

combination with an antibody against tyrosine hydroxylase (TH), an enzyme specific 

for dopaminergic neurons. None of the neurons were recognised by both anitibodies, 

indicating that the anti-Dncall antibody does not recognise dopaminergic neurons (Fig. 

21). 

In adult Drosophila, a serotonergic projection neuron that projects to the MB 

peduncle was found to be responsible for defective LTM formation in dnc1 

(Scheunemann et al., 2018). In the larva, the serotonergic system has been reported 

to modulate larval aversive olfactory learning and memory (Huser et al., 2017).  

To test whether the anti-Dncall antibody recognizes serotonergic neurons, 

colocalisation studies were performed in w1118 larvae using the anti-Dncall antibody in 

combination with an antibody against serotonin (5-hydroxyltryptamine, 5-HT). None 

of the neurons were recognised by both anitibodies, indicating that the anti-Dncall 

antibody does not recognise serotonergic neurons (Fig. 22). 
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Fig. 21: Anti-Dncall does not recognise dopaminergic neurons.  
A: No colocalisations can be observed. w1118 larval CNS labelled with anti-Dncall 

(green), clusters labelled according to Figure 18 and anti-TH (magenta), clusters 
labelled according to Selcho et al (Selcho et al., 2009). Partial stacks were scanned 
at 40x magnification and 1µm optical section. Scale bars are 50µm. 
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Fig. 22: Anti-Dncall does not recognise serotonergic neurons. 
A: w1118 larval CNS labelled with anti-Dncall (green) and anti-5-HT (magenta). No 
colocalisations can be observed. Anti-Dncall clusters labelled according to 
nomenclature (Fig. 18), anti-5-HT labelled according to Huser et al (Huser et al., 
2012). Partial stacks were scanned at 40x magnification and 1µm optical section. 
Scale bars are 50µm. 
 

 

 
Fig. 23: Anti-Dncall does not recognise hug neurons.  
UASmCD8::GFP expressed in the larval CNS under the control of the HugS3-Gal4 
driver, labelled with α-GFP (green) and α-Dncall (magenta). α-Dncall clusters were 
labelled according to the nomenclature introduced in Figure 18. Full and partial 
stacks were scanned at 20x magnification and 1 µm optical section. Scale bars are 
50µm. 
 
Other distinct neurons in the larval CNS are hugin (hug) neurons, which are 

peptidergic neurons that play a role in larval feeding behaviour (Melcher and 

Pankratz, 2005). To determine if the anti-Dncall antibody recognises hug neurons, 
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colocalisation studies were performed on HugS3-Gal4/UAS-mCD8::GFP larvae using 

an anti-GFP antibody in combination with the anti-Dncall antibody. None of the 

neurons were recognised by both anitibodies, indicating that the anti-Dncall antibody 

does not recognise hug neurons (Fig. 23). 

In conclusion, the anti-Dncall antibody is not expressed in serotonergic, dopaminergic 

or hug-positive peptidergic neurons. 

3.3.6 Characterisation of putative peptide antibodies against DncPB  

To investigate the localisation of the individual isoforms, isoform-specific peptide 

antibodies were designed. They were designed against polypeptides encoded by 

exons present only in one or two isoforms (Fig. 17) and were generated by Abmart 

using a library-based approach (Wang et al., 2020).  

For DncPB we have obtained two putative antibodies, one of which is anti-DncPB-C6. It 

recognises several clusters in the larval brain and VNC (Fig. 24), including clusters in 

the deutocerebrum and tritocerebrum, in the labium, three clusters in the thoracic 

ganglion and three clusters in the abdominal ganglion (Fig. 24 A, B).  

The neurons of the labium (LBv cluster) are also recognised by the anti-Dncall 

antibody. In addition, the T2v, T2d and T3v clusters in the thoracic segments of the 

VNC are anti-Dncall and anti-DncPB-C6 positive (Fig. 24 A, B). At the cellular level, like 

anti-Dncall, anti-DncPB-C6 detects the soma and not the nucleus (Fig. 24 C). 

To ensure that anti-DncPB-C6 is specific for the peptide against which it was 

designed, we blocked the epitope binding in the CNS by adding increasing 

concentrations of the peptide against which the antibody was selected. The peptide 

was added at concentrations 10 and 100 times higher than the antibody. To control 

that the procedure was working, a larval CNS was labelled with the anti-DncPB-C6 

antibody without added peptide (Fig. 24 D). The intensity of the fluorescence signal 

was reduced by blocking the antibody-antigen interaction with a 10-fold excess of 

peptide and abolished by a 100-fold excess of peptide. Thus, anti-DncPB-C6 

recognises in vivo the peptide sequence to which the antibody was designed.  

Since DncPB-deficient larvae are defective in olfactory learning and memory, one 

candidate for possible defects is hug-specific neurons, peptidergic neurons that play 

a role in larval feeding behaviour (Melcher and Pankratz, 2005). As with the anti-

Dncall antibody, we used UAS-mCD8::GFP driven by the HugS3-Gal4 driver to 

visualise hug neurons. We used the anti-GFP antibody to label the hug neurons and 

the anti-DncPB-C6 antibody to visualise the DncPB-positive neurons. 
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Fig. 24: Putative DncPB-specific anti-DncPB-C6 recognises the same neurons as 
anti-Dncall in the LBv cluster, T2d, T2v and T3v clusters.  
A: Cartoon of neurons recognised by the anti-DncPB-C6 antibody in the larval CNS. 

Neurons recognised by both anti-DncPB-C6 and anti-Dncall are all shown in red, 
neurons uniquely recognised by anti-DncPB-C6 are shown in black. B: w1118 larval 
CNS labelled with Anti-DncPB-C6 (green) and anti-Dncall (magenta). Clusters 
recognised by both α-Dncall and anti-DncPB-C6 are labelled according to the 
nomenclature for anti-Dncall introduced in Figure 18. C: Anti-DncPB-C6 detects 
regions of the soma of the LBv cluster in w1118. D: Recognition of cells by anti-DncPB-
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C6 is blocked by addition of the peptide to which the antibody was generated. w1118 
larval CNS labelled with anti-DncPB-C6, and addition of 10x higher concentration of 
peptide than the antibody and 100x higher concentration than the antibody. Full 
stacks were scanned at 20x magnification and 1µm optical section. Partial stacks 
were scanned at 40x magnification and 1µm optical section and for C at 63x 
magnification and 0.33µm optical section. Scale bars are 50µm. 
 

 
 
Fig. 25: Anti-DncPB-C6 recognises hug-positive neurons.  
The majority of anti-DncPB-C6-positive neurons are driven by HugS3-Gal4. 
UASmCD8::GFP expressed in the larval CNS under the control of the HugS3-Gal4 
driver, labelled with anti-GFP (green) and anti-DncPB-C6 (magenta). Full and partial 
stacks were scanned at 20x magnification and 1 µm optical section. Scale bars are 
50µm. 
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In Figure 25 we show that the majority of the clusters recognised by the anti-DncPB-

C6 in the hemispheres are hug-positive. However, there are two clusters in each 

hemisphere, including the LBv cluster, that are not hug-positive. Three clusters in the 

abdominal segments of the VNC are anti-DncPB-C6-positive but they are not hug-

positive. In the thoracic clusters T2d, T2v and T3v there is also no expression of hug.  

This shows that DncPB plays a role in peptidergic neurons. It further leads to the 

assumption that hug neurons play a role in the behaviour phenotype of DncPB 

mutants (Fig. 15), however this has to be further investigated in the future in larval 

learning and memory experiments expressing dncRNAi in hug neurons. 

 

 
 
Fig. 26: Anti-DncPB-C6 detects cells that are Tβh-positive. 
w1118 larval CNS labelled with anti-DncPB-C6 (green) and anti- Tyramine β-
hydroxylase (TβH) (magenta). All anti-DncPB-C6-positive neurons colocalise with anti-
TβH-positive neurons. Full stacks are scanned at 20x magnification and 1 µm optical 
section, partial stacks are scanned at 60x magnification and 0.33µm optical section. 
Scale bars are 50µm. 
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TβH catalises the final step in octopamine synthesis in Drosophila melanogaster 

(Livingstone and Tempel, 1983), a neurotransmitter that has been shown to play a 

role in learning and memory (Berger et al., 2023; Perisse et al., 2013; Schwaerzel et 

al., 2003). The Anti-TβH antibody recognises octopaminergic cells, but also other 

cells (Monastirioti et al., 1996). To analyse whether the neurons recognised by anti-

DncPB-C6 are Tβh-positive neurons, we used an anti-TβH antibody by Cibik and the 

anti-DncPB-C6 antibody on a larval VNC in an immunohistochemical experiment 

(Cibik, 2007).  

We show that most of the neurons recognised by anti-DncPB-C6 are also recognised 

by anti-TβH (Fig. 26). All cells in the hemispheres that are recognised by anti-DncPB-

C6 are also TβH-positive, although there are TβH-positive cells that are anti-DncPB-

C6-negative. In the labium, the LBv cluster, which also does not recognise hug-

positive cells but colocalises with anti-Dncall (Fig. 24, 25) does not colocalise with 

anti-TβH. In the VNC, the clusters in both the thoracicic and abdominal segments 

that are positive for anti-DncPB-C6 are also positive for anti-TβH (Fig. 26). 

In summary, the anti-DncPB-C6 antibody recognises the soma in several clusters 

within the larval CNS. Four of the clusters recognised by anti-DncPB-C6 colocalise 

with anti-Dncall. Most of the anti-DncPB-C6-positive clusters are also hug-positive and 

Tβh-positive. 

To further investigate the localisation of DncPB in the larval CNS, we generated a 

second putative peptide antibody against the same isoform, anti-DncPB-C10. As 

shown in Figure 17, this peptide antibody was designed against a polypeptide 

encoded by the 4th exon of dncRB, the same exon against which the polypeptide anti-

DncPB-C6 was designed. Anti-DncPB-C10 was designed against a polypeptide 

sequence more C-terminal than anti-DncPB-C6.  

We show that anti-DncPB-C10 recognises two clusters in the larval brain, an 

expression pattern entirely different from that of anti-DncPB-C6 (Fig. 27 A, B). It does 

not colocalise with anti-Dncall. Using a competition experiment similar to that 

designed for the anti-DncPB-C6 antibody, we tested whether the binding of the 

antibody could be outcompeted by the peptide it was designed against, and thus 

whether it is specific for this peptide. We show that already 10 times the 

concentration of the antibody added to the peptide is sufficient to eliminate the 

recognition of the antigene, confirming that the antibody is specific for the polypeptide 

(Fig. 27 C). 



 

70 
 

To investigate whether anti-DncPB-C10, like the other putative DncPB-specific 

antibody anti-DncPB-C6, recognises hug-positive cells, we examined colocalisation by 

crossing the Hug-Gal4.S3 line with UAS-mCD8::GFP. We then used the anti-GFP 

antibody and the anti-DncPB-C10 antibody. We show that none of the hug neurons 

are recognised by anti-DncPB-C10 (Fig. 26). 

 

 

 
Fig. 27: Putative DncPB-specific anti-DncPB-C10 does not recognise structures 
recognised by anti-Dncall. 
A: Cartoon of neurons recognised by the anti-DncPB-C10 antibody in the larval CNS. 
B: No colocalisations were observed in w1118 larval CNS labelled with anti-DncPB-C10 
(green) and anti-Dncall (magenta). C: Recognition of cells by anti-DncPB-C10 is 
blocked by adding peptide to which the antibody was generated. w1118 larval CNS 
labelled with anti-DncPB-C6 and addition of 10x higher concentration of peptide than 
antibody and 100x higher concentration than the antibody. Full and partial stacks 
were scanned at 20x magnification and 1µm optical section. Scale bars are 50µm. 
 
In conclusion, although anti-DncPB-C6 and anti-DncPB-C10 are peptide antibodies 

directed against sequences encoded by the same exon, and competition 
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experiments confirm their specificity for the polypeptides, their expression patterns 

are very different. While anti-DncPB-C6 partially colocalises with anti-Dncall and anti-

TβH and recognises hug neurons, anti-DncPB-C10 does not colocalise with anti-Dncall 

and does not recognise hug neurons. 

 

 
 
Fig. 28: Anti-DncPB-C10 does not recognise hug neurons.  
None of the anti-DncPB-C6-positive neurons are driven by HugS3-Gal4. 
UASmCD8::GFP expressed in the larval CNS under the control of the HugS3-Gal4 
driver labelled with anti-GFP (green) and anti-DncPB-C10 (magenta). Full and partial 
stacks were scanned at 20x magnification and 1 µm optical section. Scale bars are 
50µm. 
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3.3.7 Characterisation of putative peptide antibodies against DncPJ 

To investigate the expression of DncPJ in the larval CNS, we generated five putative 

isoform-specific peptide antibodies against polypeptides encoded by an exon unique 

to dncRJ (Fig. 17).  

One of these antibodies is anti-DncPJ-C1. It recognises several clusters in the larval 

CNS (Fig. 29). A cluster of three neurons can be observed in the lateral 

protocerebrum, four clusters of several neurons in the tritocerebrum and a cluster of 

one neuron per side in the labium. A further cluster of three neurons is observed in 

the thoracic region of the VNC. The antibody also recognises a characteristic pattern 

of axons in both the brain and the VNC (Fig. 29 A, B). Although anti-DncPJ-C1 

recognises neurons in a similar pattern to anti-DncPB-C6, it does not colocalise with 

anti-Dncall (Fig. 29 A, B). 

Like the anti-DncPB-C6, anti DncPJ-C1 recognises the soma but not the nucleus of 

neurons (Fig. 29 C). We performed a competition experiment similar to the one with 

anti-DncPB-C6 and anti-DncPB-C10 by adding the peptide to the antibody during 

immunohistochemical staining. The addition of 10 times the concentration of the 

antibody to the peptide mostly outcompeted the binding of the antibody, 100 times 

the concentration of the antibody could completely block the binding of the anti-

DncPJ-C1 antibody to the epitope, confirming that anti-DncPJ-C1 binds in vivo the 

polypeptide it was designed against (Fig. 29 D). 

With an expression pattern similar to that of anti-DncPB-C6, we investigated whether 

anti-DncPJ-C1 also recognises hug-specific neurons.  

Therefore, we used UAS-mCD8::GFP driven by the HugS3-Gal4 driver to visualise 

hug neurons. We used the anti-GFP antibody to label the hug neurons and the anti-

DncPJ-C1 antibody to visualise the DncPB-positive neurons.  

We show that most of the clusters recognised by anti-DncPJ-C1 are hug-positive (Fig. 

30). In the CNS there are several anti-DncPJ-C1-positive clusters that are not hug-

positive, one in the superior protocerebrum and one in the ventromedial cerebrum 

(Fig. 30). The cluster in the labium is not driven by the Hug-Gal4 driver. The cells 

recognised by anti-DncPB-C1 in the abdominal segments of the VNC are hug-positive 

(Fig. 30). 
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Fig. 29: Putative DncPJ-specific anti-DncPJ-C1 does not recognise structures 
detected by anti-Dncall.  
A: Cartoon of neurons recognised by the anti-DncPJ-C1 antibody in the larval CNS. B: 
No colocalisations were observed in w1118 larval CNS labelled with anti-DncPJ-C1 
(green) and anti-Dncall (magenta). C: Anti-DncPJ-C1 detects regions of the soma of a 
neuron near the LBv cluster in w1118. D: Recognition of cells by anti-DncPJ-C1 is 
blocked by adding the peptide against which the antibody was generated. w1118 larval 
CNS labelled with anti-DncPJ-C1 and addition of 10x higher concentration of peptide 
than the antibody and 100x higher concentration than the antibody. B, D: Full and 
partial stacks were scanned at 20x magnification and 1 µm optical section. C: Partial 
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stacks were scanned at 63x magnification and 0.33 µm optical section. Scale bars 
are 50µm. 
 
In summary, anti-DncPB-C1 recognizes the somatic region of numerous cells within 

the larval CNS, with no colocalisation with anti-Dncall. Most of the cells recognized 

are hug-positive. The majority of cells that anti-DncRB-C6 and anti-DncRJ-C1 identify 

overlap, as demonstrated by the fact that anti-DncRB-C6 and anti-DncRJ-C1 both 

recognize hug-positive cells (Fig. 25, 30).  

The second antibody that we have developed to study the localisation of DncPJ is 

anti-DncPJ-C4. As shown in Figure 17, this antibody was designed against a 

polypeptide encoded by the 3rd exon of dncRJ, the same exon encoded by the 

polypeptide anti-DncPJ-C1, but anti-DncPJ-C4 was designed against a sequence more 

C-terminal than anti-DncPJ-C1. 

We show that anti-DncPJ-C4 recognises several clusters in the larval CNS, one 

cluster in the labium, three clusters in the thoracic region of the VNC and two clusters 

in the abdominal region of the VNC. The expression pattern is completely different 

from that of anti-DncPJ-C1 (Fig. 31 A, B).  

Unlike anti-DncPJ-C4, some of the neurons recognised by anti-DncPJ-C1 are also 

recognised by anti-Dncall. The cluster recognised in the labium corresponds to the 

LBv cluster, which is also recognised by anti-Dncall. The clusters in the thoracic 

segments of the VNC also align with the clusters recognised by anti-Dncall. They can 

be identified as T2v, T2d and T3v (Fig. 31 A, B). The cells visualised in the brain and 

in the abdominal region of the VNC do not colocalise with anti-Dncall. 

Like anti-DncPJ-C1 and the DncPB-specific antibodies, anti-DncPJ-C4 recognises the 

soma and not the nucleus of the neurons (Fig. 31 C). We performed a competition 

experiment similar to the one performed with anti-DncPB-C6, anti-DncPB-C10 and anti-

DncPJ-C1 by adding the peptide to the antibody during the immunohistochemistry 

experiment. Adding 10 times the concentration of the antibody to the peptide mostly 

outcompeted anti-DncPJ-C4, 100 times the concentration of the antibody could 

completely block the binding of the anti-DncPJ-C4 antibody to the antigene, 

confirming that the anti-DncPJ-C4 binds in vivo to the polypeptide it was designed 

against (Fig. 31 D). 

In summary, the anti-DncPJ-C4 antibody recognises a variety of cells in the 

Drosophila larval CNS, some of which colocalise with anti-Dncall. It recognises the 

soma of neurons and a different pattern in the CNS to anti-DncPJ-C1. 
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Fig. 30: Anti-DncPJ-C1 partially, but not exclusively, recognises neurons 
targeted by the hug-Gal4. 
The majority of anti-DncPJ-C6-positive neurons are driven by HugS3-Gal4. 
UASmCD8::GFP expressed in the larval CNS under the control of the HugS3-Gal4 
driver, labelled with anti-GFP (green) and anti-DncPB-C1 (magenta). The arrows 
indicate anti-DncPJ-C6-positive neurons that are not driven by HugS3-Gal4. Full and 
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partial stacks were scanned at 20x magnification and 1 µm optical section. Scale 
bars are 50µm. 
 

 
 
Fig. 31: The putative DncPJ-specific anti-DncPJ-C4 recognises four clusters that 
are also recognised by anti-Dncall.  
A: Cartoon of neurons recognised by the anti-DncPJ-C4 antibody in the larval CNS. 

Neurons recognised by both anti-DncPJ-C4 and anti-Dncall are shown in red, neurons 
recognised uniquely by anti-DncPJ-C4 are shown in black. B: w1118 larval CNS 
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labelled with anti-DncPJ-C4 (green) and anti-Dncall (magenta). Clusters recognised by 
both α-Dncall and anti-DncPJ-C4 are labelled according to the nomenclature for anti-
Dncall introduced in Figure 18. C: Anti-DncPJ-C4 detects regions of the soma of the 
LBv cluster in w1118. D: Recognition of cells by anti-DncPJ-C4 is blocked by addition of 
the peptide to which the antibody was generated. w1118 larval CNS labelled with anti-
DncPJ-C4, and addition of 10x higher concentration of peptide than the antibody and 
100x higher concentration than the antibody. B, D: Full and partial stacks were 
scanned at 20x magnification and 1 µm optical section. C: Partial stacks were 
scanned at 63x magnification and 0.33 µm optical section. Scale bars are 50µm. 
 

 
 
Fig. 32: Putative DncPJ-specific anti-DncPJ-C8 does not recognise structures 
detected by anti-Dncall. 
A: Cartoon of neurons recognised by the anti-DncPJ-C8 antibody in the larval CNS. B: 
No colocalisations were observed in w1118 larval CNS labelled with anti-DncPJ-C8 
(green) and anti-Dncall (magenta). C: Anti-DncPJ-C8 detects regions in the soma B: 
Full and partial stacks were scanned at 20x magnification and 1 µm optical section. 
C: Partial stacks were scanned at 63x magnification and 0.33 µm optical section. 
Scale bars are 50µm. 
 
To further investigate the localisation of DncPJ, we designed a third peptide antibody, 

anti-DncPJ-C8. It was designed against a polypeptide encoded by the 3rd exon of 

dncRJ, the same exon that the anti-DncPJ-C1 and anti-DncPJ-C4 polypeptides were 

designed against, but further C-terminal (Fig. 17).  

Anti-DncPJ-C8 recognises several clusters in the Drosophila larval brain, but no 

clusters in the VNC. Instead, it recognises a series of terminal varicosities in the 

VNC.  
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Optically, the expression pattern of anti-DncPJ-C8 is more similar to that of anti-

DncPB-C10 than to any of the other antibodies against DncPJ. If a colocalising 

antibody or Gal4-driver line is found in the future, this could be investigated further. 

None of the clusters detected colocalise with anti-Dncall (Fig. 32 A, B). Like anti-

Dncall, but also the other DncPB or DncPJ specific antibodies, it recognises the soma 

but not the nucleus of the neurons (Fig. 32 C). 
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Fig. 33: Putative DncPJ-specific anti-DncPJ-C10 recognises two clusters that are 
also detected by anti-Dncall. It does not recognise glutamatergic neurons. 
A: Cartoon of neurons recognised by the anti-DncPJ-C10 antibody in the larval CNS. 

Neurons recognised by both anti-DncPJ-C10 and anti-Dncall are shown in red, 
neurons recognised uniquely by anti-DncPJ-C10 are shown in black. B: Anti-Dncall 

and anti-DncPJ-C10 colocalise in two clusters. w1118 larval CNS labelled with anti-
DncPJ-C10 (green) and anti-Dncall (magenta). Clusters recognised by both α-Dncall 
and anti-DncPJ-C10 are labelled according to the nomenclature for anti-Dncall 
introduced in Figure 18. C: The anti-DncPJ-C10 antibody does not recognise 
glutamatergic neurons. UASmCD8::GFP expressed in the larval CNS under the 
control of the DV-Glut-Gal4 driver labelled with anti-GFP (green) and anti-DncPJ-C10 
(magenta). Full and partial stacks were scanned at 20x magnification and 1 µm 
optical section. Scale bars are 50µm. 
 
To further investigate the localisation of DncPJ, we designed another peptide 

antibody, anti-DncPJ-C10. It was designed against the same peptide as the anti-

DncPJ-C8 antibody (Fig. 17).  

We show that anti-DncPJ-C10 has an expression pattern similar, but not identical, to 

that of anti-DncPJ-C8. Anti-DncPJ-C10 recognises more clusters throughout the CNS 

than anti-DncPJ-C8. Two of the clusters also recognised by the anti-DncPJ-C10 are 

also recognised by anti-Dncall, in the hemisphere in the Hm cluster and in the 

mandibular neuromer in the MDvm2 cluster (Fig. 33 A, B). 

Glutamate is one of the major excitatory neurotransmitters in vertebrates and has 

been described in the larval CNS by Daniels et al (Daniels et al., 2008). They show 

that glutamate is expressed in a large number of neurons in the VNC, also in the 

CNS, but not in the MB (Daniels et al., 2008). To analyse whether the anti-DncPJ-C10 

recognises glutamatergic neurons, we expressed mCD8::GFP under the control of 

the glutamatergic driver DV-Glut-Gal4. Anti-DncPJ-C10 does not recognise 

glutamatergic neurons (Fig. 33 C). 

In summary, the anti-DncPJ-C10 recognizes multiple clusters throughout the larval 

CNS, some of which are anti-Dncall-positive and none of which are glutamatergic. 

To further investigate the localisation of DncPJ, we generated another peptide 

antibody, anti-DncPJ-C11. It was designed against a peptide that partially overlaps 

with the peptide against which anti-DncPJ-C8 and anti-DncPJ-C10 were designed (Fig. 

17). To investigate its expression, we performed immunohistochemistry using anti-

Dncall and the anti-DncPJ-C11. 

We show that the expresssion pattern of anti-DncPJ-C11 is completely different from 

anti-DncPJ-C8 and anti-DncPJ-C10, it is similar to anti-DncPJ-C4. It recognises three 
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clusters in the abdominal region of the VNC and two clusters in the larval brain. Anti-

DncPJ-C11 does not colocalise with the anti-Dncall antibody (Fig. 34).  

 

 
 
Fig. 34: The putative DncPJ-specific anti-DncPJ-C11 does not recognise 
structures detected by anti-Dncall. 
A: Cartoon of neurons recognised by the anti-DncPJ-C11 antibody in the larval CNS. 

B: No colocalisations were observed in w1118 larval CNS labelled with anti-DncPJ-C8 
(green) and anti-Dncall (magenta). Full stacks were scanned at 20x magnification and 
1 µm optical section, partial stacks were scanned at 40x magnification and 1 µm 
optical section. Scale bars are 50µm. 
 
In summary, although anti-DncPJ-C1, anti-DncPJ-C4, anti-DncPJ-C8, anti-DncPJ-C10 

and anti-DncPJ-C11 are peptide antibodies designed against sequences encoded by 

the same exon, anti-DncPJ-C8 and anti-DncPJ-C10 are raised against the same 

polypeptide, and for anti-DncPJ-C1 and anti-DncPJ-C4 we were able to confirm their 

specificity for the polypeptides, their expression patterns are very different. While 

anti-DncPJ-C4 and anti-DncPJ-C10 partially colocalise with anti-Dncall, anti-DncPJ-C1 

recognises hug neurons and, like anti-DncPJ-C8 and anti-DncPJ-C11, does not 

colocalise with anti-Dncall. 

3.3.8 Characterisation of putative peptide antibodies against DncPG 

To investigate the expression of DncPG in the larval CNS, we designed three putative 

isoform-specific peptide antibodies against polypeptides encoded by the first exon of 

dncRG. This exon overlaps with the longer 5th exon of dncRN, therefore all antibodies 

designed against DncPG may also bind to DncPN (Fig. 17).  
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Fig. 35: All clusters recognised by the putative DncPG-specific anti-DncPG-C1 
are also recognised by anti-Dncall. It does not recognise dopaminergic 
neurons. 
A: Cartoon of neurons recognised by the anti-DncPG-C1 antibody in the larval CNS. 

Neurons recognised by both anti-DncPG-C1 and anti-Dncall are shown in red. B: w1118 
larval CNS labelled with anti-DncPG-C1 (green) and anti-Dncall (magenta). Clusters 
recognised by both α-Dncall and anti-DncPG-C1 are labelled according to the 
nomenclature for anti-Dncall introduced in Figure 18. C: Recognition of cells by anti-
DncPG-C1 is blocked by addition of the peptide to which the antibody was generated. 
w1118 larval CNS labelled with anti-DncPG-C1 and addition of 10x higher concentration 
of peptide than the antibody and 100x higher concentration than the antibody. D: 
Anti-DncPG-C1 antibody does not recognise dopaminergic neurons. UASmCD8::GFP 
driven by the TH-Gal4 driver labelled with anti-GFP (green) and anti-DncPG-C1 
(magenta). Full stacks were scanned at 20x magnification and 1 µm optical section. 
Partial stacks were scanned at 40x and 63x magnification and 1 and 0.33µm optical 
section. Scale bars are 50µm. Experiments shown in figure A and B were conducted 
by Marie Müller (Bachelor Thesis: Müller, 2021).  
 
The anti-DncPG-C1 antibody was developed against a polypeptide encoded by a 

sequence close to the 5’ end of this exon. To study its expression, we performed 

immunohistochemistry with anti-Dncall and anti-DncPG-C1.  

We show that anti-DncPG-C1 recognises two clusters in the abdominal region of the 

VNC and a cluster of three neurons in the brain.  

All neurons recognised by anti-DncPG-C1 colocalise with the anti-Dncall antibody. The 

clusters in the larval brain can be identified as the Hm cluster and the clusters in the 

abdominal region of the VNC can be identified as the A8m and the A9m cluster (Fig. 

35 A, B).  

To investigate whether the antibody is specific for the peptide against which it was 

designed, we performed a competition experiment similar to that performed with anti-

DncPB-C6, anti-DncPB-C10, anti-DncPJ-C1 and anti-DncPJ-C4 by adding the peptide to 

the antibody during the immunohistochemistry experiment. The addition of 10 times 

the concentration of the antibody already outcompetes the binding of the antibody to 

its antigen in the larval CNS. This confirms that anti-dncRG-C1 is specific for the 

polypeptide against which it is directed.  

As mentioned above, dopaminergic neurons play a role in learning and memory in 

Drosophila larvae (Selcho et al., 2009). We were therefore particularly interested in 

these neurons. To analyse whether anti-DncPG-C1 recognises dopaminergic neurons, 

we used mCD8::GFP driven by the TH-Gal4 driver and labelled it using anti-GFP to 

visualise dopaminergic cells and anti-DncPG-C1. We show that anti-DncPG-C1 does 

not label dopaminergic neurons, neither in the brain nor in the VNC (Fig. 35 D).  
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Fig. 36: The putative DncPG-specific anti-DncPG-C4 does not recognise 
structures detected by anti-Dncall. It also does not recognise dopaminergic 
neurons. 
A: Cartoon of neurons recognised by the anti-DncPG-C4 antibody in the larval CNS. 
B: No colocalisations were observed in w1118 larval CNS labelled with anti-DncPG-C4 
(green) and anti-Dncall (magenta). C: The anti-DncPG-C1 antibody does not recognise 
dopaminergic neurons. UASmCD8::GFP driven by the TH-Gal4 driver labelled with 
anti-GFP (green) and anti-DncPG-C5 (magenta). Full stacks were scanned at 20x 
magnification and 1 µm optical section. Partial stacks were scanned at 40x 
magnification and 1µm optical section. Scale bars are 50µm. Experiments shown in 
figure A and B were conducted by Marie Müller (Bachelor Thesis: Müller, 2021). 
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In summary, anti-DncPG-C1 labels clusters in the larval brain and in the VNC that 

colocalise with anti-Dncall. The antibody is specific for the peptide against which it 

was developed and does not label dopaminergic neurons. 

To further investigate the localisation of DncPG, we developed a second antibody. 

Anti-DncPG-C4 was designed against a polypeptide encoded by a sequence localised 

further to the 3’-end of the first exon of dncRG than anti-DncPG-C1. This exon overlaps 

with the 5th exon of dncRN, giving rise to the possibility that all antibodies designed 

against DncPG may also to bind to DncPN (Fig. 17). To study its expression, we 

performed immunohistochemistry using anti-Dncall and anti-DncPG-C4. 

We show that anti-DncPG-C4 recognises four clusters, three clusters in the 

protocerebrum and one cluster in the labium. It also recognises a pattern of terminal 

varicosities throughout the larval VNC. None of the labelled clusters colocalise with 

the anti-Dncall antibody (Fig. 36 A, B). 

To analyse whether anti-DncPG-C4 recognises dopaminergic neurons, we used 

mCD8::GFP driven by the TH-Gal4 driver and labelled with anti-GFP to visualise 

dopaminergic neurons and anti-DncPG-C4. We show that anti-DncPG-C4 does not 

label dopaminergic neurons (Fig. 36 C). 

The third putative antibody that we designed to investigate the localisation of DncPG 

was anti-DncPG-C5. It was designed against a polypeptide that overlaps with the 

polypeptide against which anti-DncPG-C4 was designed (Fig. 17).  

To study its expression, we performed immunohistochemistry using anti-Dncall and 

anti-DncPG-C5. We show that anti-DncPG-C5 recognises four clusters, three clusters 

in the protocerebrum and one cluster in the labium. It also recognises a pattern of 

terminal varicosities throughout the larval VNC (Fig. 36 A, B). Thus, its expression 

pattern is similar to that of anti-DncPG-C4. 

As with anti-DncPG-C4, none of the clusters labelled by anti-DncPG-C5 colocalise with 

the anti-Dncall antibody (Fig. 37 A and B). 

To analyse whether anti-DncPG-C5 recognises dopaminergic neurons, we used 

mCD8::GFP driven by the TH-Gal4 driver and labelled with anti-GFP to visualise 

dopaminergic cells and anti-DncPG-C5. We show that anti-DncPG-C5 does not label 

dopaminergic neurons (Fig. 37 C). 

In summary, we have generated three putative peptide antibodies against DncPG. 

One of these antibodies, anti-DncRG-C1, recognises neurons that are also recognised 

by anti-Dncall. Anti-DncRG-C4 and anti-DncRG-C5 show a similar expression pattern 
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and do not recognise neurons that are recognised by anti-Dncall. None of the 

antibodies recognise dopaminergic neurons. 

 

 
 
Fig. 37: The putative DncPG-specific anti-DncPG-C5 does not recognise 
structures detected by anti-Dncall. It also does not recognise dopaminergic 
neurons. 
A: Cartoon of neurons recognised by the anti-DncPG-C5 antibody in the larval CNS. 
B: No colocalisations were observed in w1118 larval CNS labelled with anti-DncPG-C5 
(green) and anti-Dncall (magenta). C: Anti-DncPG-C5 does not recognize 
dopaminergic neurons. UASmCD8::GFP driven by the TH-Gal4 driver labelled with 
anti-GFP (green) and anti-DncPG-C5 (magenta). Full stacks were scanned at 20x 
magnification and 1 µm optical section. Partial stacks were scanned at 40x 
magnification and 1 µm optical section. Scale bars are 50 µm. Experiments shown in 
figure A and B were conducted by Marie Müller (Bachelor Thesis: Müller, 2021). 
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3.3.9 Expression pattern of a putative peptide antibody against DncPF 

To investigate the expression of DncPF in the larval CNS, we designed a putative 

isoform-specific antibody against a polypeptide encoded by the first exon of dncRF 

(Fig. 17).  

We show that the anti-DncPF-C5 antibody recognises five clusters within the brain 

and a series of terminal varicosities throughout the VNC. None of the cells identified 

by the putative anti-DncPF-C2 antibody overlap with the cells detected by the anti-

Dncall antibody (Fig. 38 A and B). 

 

 
 
Fig. 38 The putative DncPF-specific anti-DncPF-C2 does not recognise structures 
detected by anti-Dncall. 
A: Cartoon of neurons recognised by the anti-DncPF-C2 antibody in the larval CNS. 
B: No colocalisations were observed w1118 larval CNS labelled with anti-DncPG-C5 
(green) and anti-Dncall (magenta). Stacks were scanned at 20x magnification and 1 
µm optical section. Scale bars are 50 µm.  
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3.3.10 Summary of the characterisation of putative Dunce isoform-
specific antibodies 
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Fig. 39: Antibody design for anti-Dncall and putative Dnc isoform-specific 
antibodies and expression patterns in the larval CNS. 
Antibody design of the different putative isoform-specific antibodies and of anti-Dncall 
as shown in Figure 17. Cartoon of neurons recognised by the different isoform-
specific antibodies and of anti-Dncall in the larval CNS. Neurons recognised by both 
isoform-specific antibodies and anti-Dncall are shown in red. w1118 larval CNS labelled 
with anti-Dncall or putative isoform-specific antibodies (green). As in Figure 17, the 
scheme of Dnc isoforms was adapted from Ruppert, Franz et al. (2017). The 
cartoons and scans are adapted from Fig. 18, 24, 27, 29, 31, 32, 33, 35, 36, 37, 38. 
 
In the previous chapters we showed that we were able to generate putative peptide 

antibodies against four different Dnc isoforms, DncPB, DncPJ, DncPG and DncPF. For all 

these isoforms, we used the same strategy: we chose an exon specific for one or, in 

the case of DncPG, two isoforms and had the company Abmart generate antibodies 

against polypeptides encoded by these exons (Fig. 17, 39). To confirm the specificity 

of the antibodies for the polypeptide against which they were designed, we chose a 

competition assay by adding an excess of the polypeptide to the antibody solution. 

Using this method, we were able to confirm antibodies against three of the isoforms 

studied, namely anti-DncRB-C6, anti-DncRB-C10, anti-DncRJ-C1, anti-DncRJ-C4 and 

anti-DncRG-C1. 

Another antibody previously developed in our group is the polyclonal anti-Dncall 

antibody, which was designed to bind to two polypeptides encoded by the first exon 

common to all Dnc isoforms except for dncRL. In this project we were able to 

characterise its expression pattern in the larval CNS (Fig. 18) and confirm by western 

blot that it recognises Dnc (Fig. 19). Although anti-DncRB-C6, anti-DncRJ-C4, DncRJ-

C10 and anti-DncRG-C1 recognise neurons that are also recognised by anti-Dncall, 

anti-DncRB-C10, anti-DncRJ-C1, anti-DncRJ-C8, anti-DncRJ-C11, anti-DncRG-C4, anti-

DncRG-C5 and anti-DncRF-C2 do not recognise neurons that are recognised by anti-

Dncall (Fig. 39). 

Anti-DncRB-C6 and anti-DncRJ-C1 recognise hug neurons (Fig. 25, 30), anti-DncRB-C6 

also recognises TβH-positive neurons (Fig. 26). Interestingly, the different putative 

isoform-specific antibodies show a wide variety of expression patterns, even 

antibodies that recognise the same isoform or even the same or overlapping 

polypeptides. For some antibodies, such as anti-DncRB-C6 and anti-DncRJ-C1, the 

similarities to an antibody recognising a different isoform appear to be larger than to 

different antibodies recognising the same isoform (Fig. 39). This shows that more 

factors than just isoforms need to be considered when studying Dnc.  
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4 Discussion 
The aim of this project is to investigate the role of Dnc isoforms and their localisation 

in memory formation. To date, Dnc is considered to be a PDE which plays a defined 

role in memory: Dnc mutants are unable to perform STM (Widmann et al., 2016). 

Here, we show that Dnc is more than that. We show that Dnc isoforms have specific 

functions in learning and memory. dncRA-deficient dncΔ143 and dncRB-deficient 

dncEP1395 have the opposite phenotype to dnc1, showing improved memory. 

We have shown that somatic expression in dncRA-specific neurons is necessary to 

restore the wild-type memory phenotype in DncPA-deficient larvae. Expression of two 

different Dnc isoforms in these neurons, with different subcellular localisation, can 

restore the control memory phenotype. Overexpression of DncPA in these cells has no 

effect on memory performance. 

We characterised the cells in which the Dnc activity is required to restore the control 

memory phenotype. These include a cluster of neurons that project into the AL.  

We also developed several antibodies against sequences encoded by exons unique 

to one isoform or shared by several isoforms. The expression patterns differed 

greatly from each other, between isoforms and even between antibodies against the 

same isoform, showing that there is a strong difference between isoforms and even 

between proteins of the same isoform.  

These results show that the Dnc PDE should always be considered at the isoform 

level, and also at the cellular and subcellular level, rather than as a single PDE that 

influences PDE activity and with that the cAMP concentration throughout the entire 

animal. 

4.1 The role of different Dunce isoforms in memory mutants 

4.1.1 Odorant choice is crucial for reproducible learning and memory 
experiments in Drosophila larvae. 

Although the general trend that dnc1 performs worse than the control in memory 

experiments remains unchanged, it is clear that Widmann et al. (2016) show 

significantly worse memory performance after one training cycle for dnc1, but not 

after three training cycles, whereas we show significantly worse memory 

performance after three training cycles (Fig. 4). To show that this is due to the pair of 

odorants used, we reproduced their results using the same odorants as them, BA 

and AM (Fig. 6). 
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Olfactory memory in Drosophila larvae is concentration dependent (Mishra et al., 

2013). In general, low concentrations of an odorant activate few ORNs and higher 

concentrations activate multiple ORNs (Si et al., 2019). EA is recognised by the 

Or42b receptor and at higher concentrations is also recognised by Or42a. AM, the 

odorant used in both paradigms, initially activates Or35a, Or85c and Or45a and at 

higher concentrations activates a variety of ORNs including Or24a. BA activates 

Or45b and Or24a at a low odorant concentration. At higher concentrations, it also 

activates Or30a and Or35a (Si et al., 2019). 

A likely explanation for why the AM/BA odorant pair requires fewer repetitions than 

the AM/EA pair is that the higher concentration of BA used elicits a greater number of 

ORNs to respond than the lower concentration of EA, resulting in a higher memory 

response and thus fewer training cycles required. 

This highlights the importance of carefully selecting the odorant for learning and 

memory experiments in Drosophila melanogaster larvae. As AM/EA are more similar 

in concentration to each other than AM/BA and do not activate the same ORNs, this 

odorant pair is the better choice for larval olfactory memory experiments. 

4.1.2 The dnc1 memory phenotype is not caused by DncPA or DncPB. 

Although dnc1 is considered the typical mutant for STM formation in Drosophila 

larvae (Widmann et al., 2016), previous publications show that this mutant has 

altered expression of several dnc isoforms, with dncRA and dncRB being examples of 

two of these isoforms (Fig. 3 A) (Ruppert, Franz et al., 2017). The hypothesis that the 

reduction in dncRA expression is the reason for the STM phenotype of dnc1 has been 

thoroughly investigated in this work. By showing that dncΔ143 has the opposite 

memory phenotype of dnc1, and thus an improved STM (Fig. 4 A, B), and that 

reintroduction of Dnc PDE into DncPA- positive neurons restores the memory to wild-

type levels in dncΔ143 (Fig. 4 C), but not in dnc1 (Fig. 7), we can conclude that it is not 

the reduced expression of DncPA that causes the reduced STM phenotype of dnc1. 

Like dncRA, dncRB is also reduced in dnc1 (Fig. 3 A) (Ruppert, Franz et al., 2017). We 

established dncEP1395 as a DncPB-specific mutant (Fig. 14). Like DncPA, DncPB has an 

inhibitory effect on the formation of associative aversive memory (Fig. 15). However, 

further experiments are needed to determine where and how this isoform affects 

memory in Drosophila larvae. To confirm that the memory phenotype of dncEP1395 is 

caused by the reduction of DncPB, the memory phenotype of dncEP1395 needs to be 

restored by expressing dncRB in dncRB-specific neurons. Similar to the experiments 
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we performed to dissect the memory phenotype of dncΔ143, a series of decay, 

extinction, and reversal experiments like those performed for dncΔ143 (Fig. 9) should 

be performed in the future. Future cold shock experiments could further dissect the 

long-term components of the memory phenotype. To investigate the spatial 

component of DncPB, several experiments expressing a DncPB transgene under the 

control of driver lines and comparison with the expression pattern of the DncPB-

specific antibodies would be required. 

Although some experiments can be peformed to further investigate the memory 

phenotype, our results narrow down the dnc1 memory phenotype to the isoforms 

dncRJ, significantly reduced in dnc1, or dncRG/dncRN, significantly increased in dnc1 

(Ruppert, Franz et al., 2017). These findings illustrate that Dnc should not be 

considered a PDE whose mutants lead to specific phenotypes such as defective 

STM. Instead, Dnc should be considered a collection of isoforms with specific 

functions.  

4.1.3 Memory phenotype of dncΔ143 

The possible explanations for an improved memory phenotype in dncΔ143 are 

improved associative memory formation or reduced habituation. Habituation leads to 

a reduced response to a stimulus with repeated exposure. If there was a lack of 

habituation or even sensitisation in dncΔ143, there would be a significant difference 

between w1118 and dncΔ143 not only in the one-cycle but especially in the three-cycle 

associative aversive memory experiment. The repeated exposure in the three-cycle 

experiment would lead to habituation in w1118 and a significant difference to dncΔ143 

which would be even more pronounced than in the one-cycle aversive memory 

experiment. This is not the case (Fig. 4 A, B). Therefore, associative memory 

formation is enhanced in dncΔ143. 

For the extinction and reversal experiment, the exact mechanism in larvae has not 

yet been shown (Lesar et al., 2021; Mancini et al., 2019). We suggest a similar 

mechanism as in adults where an appetitive memory is formed alongside the 

aversive memory (Felsenberg et al., 2018). In the extinction and reversal experiment 

(Fig. 9), we observed that the memory formed was significantly altered by the 

appetitive memory formed (Fig. 9). This indicates that not only the aversive memory, 

but also the appetitive memory is enhanced in dncΔ143. According to the prediction 

error theory, memory is formed after the first presentation of the stimulus and then 

the error is minimised with repetitions (Rescorla and Wagner, 1972; review: Cognigni 
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et al., 2018).This mechanism is defective in dncΔ143. Therefore, DncPA is required to 

inhibit premature memory formation and plays a role in determining the relevance of 

incoming information. 

Further experiments will be needed to determine which forms of memory other than 

STM are affected in dncΔ143. Decay experiments with different time frames could be 

used to investigate the learning curve of dncΔ143. Cycloheximide could be used to 

study the effect on LTM, cold shock to study the effect on ARM. 

4.2 Expression of different isoforms in the central nervous system 

4.2.1 Dunce is a highly complex and highly modified protein. 

In this project, we used several antibodies to investigate in which neurons different 

Dnc isoforms are localised.  

The putative antibodies designed against DncPB, DncPJ, DncPG and DncPF detect 

different expression patterns in the larval CNS, even within an isoform, antibodies 

against overlapping polypeptides and antibodies against the same polypeptide. We 

were able to confirm that most of the isoform-specific antibodies bind the polypeptide 

against which they were designed (Fig. 24, 27, 29, 21, 35). The method we used, the 

competition of binding to the antigen by adding the polypeptide against which it was 

designed, confirms for several of the peptide antibodies that they recognise their 

antigen in its natural configuration (Skliris et al., 2009; review: Bordeaux et al., 2010). 

There are two possible explanations for the different expression patterns. One is that 

there is a large number of unannotated Dnc isoforms that are recognized by the 

antibodies. 

However, the second explanation is much more likely. The structure and 

complexation of the Dnc PDE makes the antigen accessible only in some of the 

neurons in which it is expressed. Dnc has the potential to bind cAMP, be 

phosphorylated (Houslay et al., 2017; MacKenzie et al., 2000) and form multimers 

and complexes with AKAPs (Baillie and Houslay, 2005; Dodge et al., 2001; Richter 

and Conti, 2004, 2002; Taskén et al., 2001; Xie et al., 2014). Monoclonal antibodies 

bind specifically to a single epitope (review: Nelson, 2000). These antibodies are 

highly susceptible to small structural changes that inhibit access to the antigen in an 

epitope, thereby eliminating all staining. As a result, isoform-specific monoclonal 

antibodies only bind to a subpopulation of cells that express that isoform. Antibodies 

designed against the same polypeptide may bind to the same antigene, but because 
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they are monoclonal, they do so with different kinetics, recognising their isoforms only 

with no or very small conformational changes. 

Polyclonal peptide antibodies also reveal the complexity of Dnc. In the larval CNS, an 

anti-Dnc antibody by Nighorn et al recognises the MB with no difference between the 

lobes and, at a much lower level, the rest of the neuropil and in cell bodies near the 

MB (Nighorn et al., 1991).  

Like the antibody by Nighorn et al (1991), the anti-Dncall antibody also recognises the 

MB (Fig. 18). However, we did not observe the other neuropil structures observed by 

Nighorn et al (Nighorn et al., 1991). This may be due to differences in the antibody or 

to a difference in imaging technique, with modern confocal microscopes picking up 

smallest signals at a high resolution and resolving a diffuse signal across the neuropil 

to individual neurons and varicosities, or to the antibodies recognising different 

isoforms or even only a sub-population of complexes formed by these isoforms.  

Our anti-Dncall antibody and the antibody designed and used by Nighorn et al are 

both polyclonal and raised in rabbits against polypeptide sequences, but with a 

different strategy (Nighorn et al., 1991). The antibody used by Nighorn et al was 

designed against a polypeptide translated from a 264 bp fragment in the region 

highly conserved between several PDEs (Bolger et al., 1993; Nighorn et al., 1991). It 

can be localised C-terminal to the PDE domain (The UniProt Consortium, 2021), 

while the anti-Dncall antibody was raised against two polypeptides encoded by the 

same exon. It is localised 5’ of the exon that encodes the PDE domain and is the first 

exon highly conserved between isoforms (Fig. 18). This exon also encodes part of 

UCR1 (Bolger et al., 1993). 

Using a western blot, we confirmed that the antibody binds to DncPB with all its post-

translational modifications (Fig. 19), whereas Nighorn et al. only confirmed that it 

recognises the unmodified polypeptide (Nighorn et al., 1991). As the western blot 

uses SDS and therefore completely denatures the protein, this does not guarantee 

that the antibody recognises the correctly folded protein in complex with interaction 

partners in its natural environment (review: Bordeaux et al., 2010). We were able to 

show that the antibody recognises several neurons in the CNS, confirming that anti-

Dncall at least partially recognises the protein against which it was designed (Fig. 18). 

No colocalisation of the anti-Dncall antibody with cells driven by the dncRA-Gal4 line 

was observed (Fig. 20). Although in a colocalisation with DncPB specific antibodies 

only some of the cells recognised by anti-Dncall are also recognised by the isoform-
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specific antibodies (Fig. 24, 27), the western blot shows that anti-Dncall recognises 

DncPB (Fig. 19), demonstrating the influence of the tertiary structure formed.  

In the western blot, the difference between the calculated molecular weight of 

DncPB::GFP and the observed band indicates a strong post-translational modification. 

Several phosphorylation sites for DncPB have been published in iProteinDB (Hu et al., 

2019). Phosphorylation of proteins can cause a significant change in their reported 

size in a western blot analysis due to altered binding to sodium dodecyl sulfonate 

(Lee et al., 2013). 

PDEs also have the potential to bind cAMP, to form homo- and heteromultimers and 

complexes with AKAPs (Baillie and Houslay, 2005; Dodge et al., 2001; Houslay et al., 

2017; MacKenzie et al., 2000; Richter and Conti, 2004, 2002; Taskén et al., 2001; 

Xie et al., 2014). Post-translational modification has been shown to mask antigens in 

mice (Chen et al., 1999). The interaction of the antibody with Dnc is a protein-protein 

interaction. The same also applies for complexes like multimeres. This kind of 

interaction depends on interface size and hydrophobicity and is selected by the 

binding constant (review: Jones and Thornton, 1996). If the other interactions are 

stronger or the structure of the protein inhibits accessibility for the antibody, it is 

possible that the anti-Dncall antibody only recognises some of the cells with specific 

isoforms or complexes, but not all of the isoforms or complexes. This explains why 

anti-Dncall only partially overlaps with DncPB-specific antibodies, although the western 

blot shows that anti-Dncall recognises DncPB.  

The same limitation also applies to the antibody used by Nighorn et al, as it was 

developed using a similar strategy (Nighorn et al., 1991). Since Nighorn et al found 

clear differences between the MB lobes in the adult fly; an interesting follow-up 

experiment is the characterisation of the anti-Dncall antibody in the adult fly. 

In summary, Dnc is a highly complex and highly modified protein. Our experiments 

show that antibodies only partially recognise the expression of the isoforms in a 

physiological setting. The expression pattern of the anti-Dncall antibody partially 

overlaps with previous findings with a putative antibody by Nighorn et al (Nighorn et 

al., 1991). 

4.2.2 Neurons driven by the dncRA promotor are important for learning 
and memory. 

As dncΔ143 is one of the isoform-specific mutants with improved memory, we are 

particularly interested in the localisation of DncPA (Fig. 4). DncPA is expressed in 21 
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clusters throughout the CNS (Fig. 10). In the Drosophila larval CNS, it is the AL, the 

MB and the lateral horn that are most important for memory formation (Chu-Wang 

and Axtell, 1971; Gerber et al., 2004; Tanaka et al., 2012). None of the clusters 

driven by the dncRA promoter are expressed in the vicinity of the lateral horn (Fig. 10).  

The Hd3 cluster, localised close to the MB, does not come into contact with it (Fig. 10 

C), which means that the Hd3 cluster is neither a Kenyon cell nor an input or output 

neuron, and thus it is highly unlikely that this neuron has an influence on the memory 

performance of the larva. Therefore, the cluster that is most likely to have an 

influence on the performance of the olfactory memory is the Hv cluster. It projects to 

the AL (Fig. 10 D).  

There are several types of neurons in the antennal lobe. The olfactory signal travels 

from the dorsal organ to the AL via the ORNs and is transmitted to the projection 

neurons that connect the AL to the MB (Ramaekers et al., 2005). The local 

interneurons have arborizations that cover the entire AL thereby identifying the Hv 

cluster as a local interneuron (Ramaekers et al., 2005). It has been hypothesized that 

they cause a transformation of the signal from the ORNs (Ramaekers et al., 2005). 

Although Figure 10 clearly shows that the Hv cluster contains neurons projecting to 

the AL, it remains to be investigated whether these neurons are the cause of the 

dncΔ143 memory phenotype. Therefore, a possible future experiment would be their 

colocalisation with common neurotransmitter systems and in case of a colocalisation 

the expression of the dncRNAi line in that neurotransmitter system. 

Expression in the Hv cluster provides a possible mechanism by which it affects 

memory formation. In Drosophila larvae, it has been shown that habituation is not 

caused by changes in sensory neurons such as receptor adaptation, but by central 

synaptic mechanisms localised in the AL that require the activity of local interneurons 

(Larkin et al., 2010). Therefore, at first glance, the importance of the Hv cluster, a 

local interneuron at the AL, suggests that the mutation affects habituation rather than 

associative memory. However, we show that it is associative memory formation that 

is improved in dncΔ143 (Fig.9). In adult flies, associative memory has been shown to 

take place in the MB. Protocerebral anterior medial (PAM) DANs signal a positive 

reward, protocerebral posterior lateral 1 (PPL1) DANs signal a negative reward, 

projection neurons signal the olfactory stimulus (Claridge-Chang et al., 2009; Liu et 

al., 2012). Additional feedback between DANs and MBONs allows for re-evaluation of 

the memory (Eschbach et al., 2020; Felsenberg et al., 2018, 2017; Mohamed et al., 
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2023; Springer and Nawrot, 2021). However, the earliest associative memory has 

been shown to form in the adult Drosophila AL by altering olfactory representation 

(Yu et al., 2004). This requires the US to be transmitted to the AL, possibly by local 

interneurons (Yu et al., 2004). In DncPA-deficient dncΔ143 larvae, the PDE in the soma 

of the Hv cluster, the local interneuron that transmits the US to the AL is defective, 

thereby amplifying early memory in the AL and transmitting an altered signal to the 

MB. This hypothesis provides a plausible explanation for the memory phenotype of 

dncΔ143 (Fig. 4). Since memory in the MB is formed prediction-based and is then 

constantly re-evaluated (Rescorla and Wagner, 1972; review: Cognigni et al., 2018), 

the altered odorant representation plays a role after one training cycle, but not after 

three cycles, as the larva has had time to reassess the value of the odorant. Given 

the improvement in early memory formation in dncΔ143, the role of DncPA can be 

summarised as inhibition of premature memory formation. 

4.2.3 The antibodies against DncPB detect antigens in neurons that may 
be associated with olfactory learning. 

dncEP1395 is the other isoform we show to have an improved memory phenotype, 

making us particularly interested also in the localisation of DncPB (Fig. 4, 16). For this 

isoform, we were able to design two monoclonal antibodies against peptides 

encoded by a unique exon. They show two different expression patterns, visualising 

cells that may play a role in STM (Fig. 19). Anti-DncPB-C6 and anti-DncPB-C10 are 

putative antibodies against DncPB, each recognising only a subpopulation of DncPB-

positive cells. 

The anti-DncPB-C6 antibody recognises cells of which the majority is driven by 

HugS3-Gal4 line (Fig. 25). hug-expressing neurons have been shown to be the 

central relay for gustatory information, projecting to key organs regulating feeding 

and growth and to higher brain centres (Melcher and Pankratz, 2005). This makes 

these neurons candidates for a role in DncPB function in memory. 

Anti-dncRB-C6 also partially colocalises with anti-TβH, an antibody directed against 

octopaminergic neurons. In larvae, these neurons have been shown to modulate 

locomotion (Selcho et al., 2012). In adult Drosophila, Berger et al recently published 

a preprint showing that octopaminergic neurons integrate internal energy storage into 

memory formation (Berger et al., 2023). These neurons therefore are additional 

candidates through which DncPB may influence memory formation. To further verify 

which neurons are responsible for the dncEP1395 memory phenotype, an interesting 
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follow-up experiment would be to express the dncRNAi line in the dncRB-Gal4 driver 

line and the HugS3-Gal4 driver line in memory experiments and compare the 

memory phenotypes with dncEP1395. 

4.3 Subcellular localisation of Dunce isoforms 

4.3.1 The Dunce isoforms are subcellularly differentially localised within 
the neuron. 

Maiellaro et al showed the importance of PDE activity on subcellular cAMP 

concentration (Maiellaro et al., 2016). Within the neuron, three signalling 

compartments have been identified: the cell body, the axon and the bouton (Maiellaro 

et al., 2016). In mice, it has recently been shown that PDE4D5, a homologue of Dnc 

that is localised in the nucleus, down-regulates cAMP in the nucleus and thereby 

inhibits the consolidation of memory (Martinez et al., 2023). There the externalization 

of the PDE prolongs the nuclear cAMP signal and facilitates LTM formation (Martinez 

et al., 2023). Although similar results have not yet been found in Drosophila, it has 

been proposed that differently localised Dnc isoforms influence aversive memory 

through spatial regulation of cAMP dynamics (Gervasi et al., 2010). As the differential 

subcellular localisation of different Dnc isoforms in Drosophila was previously only 

shown in ovaries (Ruppert, Franz et al., 2017), we were able to show that this is also 

the case in neurons (Fig. 12 A, B). 

In the axon there is a difference between the tagged isoforms. While DncPG::GFP 

shows a fibrous distribution in the axon similar to that shown for tubulin (Hurd and 

Saxton, 1996), both DncPA transgenes show a more dotted distribution. This suggests 

axonal transport of vesicles containing DncPA, whereas DncPG is located in the axon, 

possibly attached to microtubules, but not transported in vesicles (Fig. 12 B). 

The GFP-tag is a 30kDa protein arranged in a β-barrel configuration (Arpino et al., 

2012; Prasher et al., 1992), which is attached to the isoforms studied. In yeast, a 

GFP-tag has been shown to influence the localization of microtubule-forming proteins 

(Skube et al., 2010). To investigate the influence of the GFP-tag on DncPA, we used 

AlphaFold to simulate the structure of the two DncPA transgenes (Jumper et al., 

2021), with the GFP-tag attached to either the C- or N-terminus. With no structural 

changes in the PDE domain, both transgenes appear to be functional. We show that 

the N-terminally tagged DncPA has few structural changes in the UCRs, whereas the 

C-terminally tagged DncPA has changes in the UCRs but no changes in the N-
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terminus (Fig. 11). Structurally, Dnc is homologous to mammalian PDE4D (Bolger et 

al., 1993). Therefore, insights into the structure of mammalian PDE4 are likely to also 

apply to Dnc. The N-terminal region of a PDE is responsible for the interaction with 

AKAPs and β-arrestin and thus for subcellular localisation (Baillie and Houslay, 2005; 

Dodge et al., 2001; Liliental and Chang, 1998; Taskén et al., 2001; Yarwood et al., 

1999); the UCRs are important for oligomerisation and regulation of PDE activation 

(MacKenzie et al., 2000; Richter and Conti, 2004, 2002). Mammalian PDE4D has 

been shown to form homo- and hetero-oligomers (Bolger et al., 2015). This leads us 

to conclude that DncPA::GFP is correctly localised but possibly incorrectly 

oligomerised and GFP::DncPA is correctly oligomerised but possibly incorrectly 

localised. 

The difficulty with this strict categorisation is the oligomerisation. If the Dnc isoform 

forms a heterooligomer with another isoform, or a homooligomer with the untagged 

version of the same isoform, these oligomerisation partners can interact with proteins 

such as AKAPs, leading to correct localisation for that isoform. Therefore, we cannot 

be certain how the tagged N-terminus and the differently configured UCRs influence 

localisation. 

To study the localisation of untagged DncPA, the development of a DncPA-specific 

antibody would be the perfect method, but we did not succeed in this. Therefore, a 

possible follow-up experiment would be to develop a transgene with a smaller tag, 

such as a His or Flag tag, and compare its localisation to that of the GFP-tagged 

transgenes. 

4.3.2 Somatic Dunce is required for a normal memory phenotype 

Given that nuclear PDE levels have been shown to play a role in LTM consolidation 

in mice (Martinez et al., 2023), we hypothesised that subcellular localization would 

have a strong influence on the inhibition of premature memory formation in 

Drosophila. We show that the expression of differentially tagged DncPA or DncPG is 

sufficient to restore the memory phenotype of dncΔ143 to wild-type levels (Fig. 13). 

The soma is where their expression overlaps and therefore where Dnc PDE-

expression is required for the inhibition of premature memory (Fig. 12 A).  

Overexpression in other compartments such as the nucleus for DncPG does not affect 

the memory phenotype (Fig. 13). Overexpression of Dnc in the soma also has no 

effect on the memory phenotype (Fig. 14).Several different feedback loops have 

been identified for mammalian PDE4D. Phosphorylation of PDEs can up- or down-
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regulate PDE-activity, depending on its mechanism and localisation (Dodge-Kafka et 

al., 2005). PDE4D3 and other PDE4 subfamilies have been reported to be activated 

through a PKA-PDE feedback loop leading to phosphorylation in the UCR1, thereby 

significantly increasing PDE activity (MacKenzie et al., 2002; Oki et al., 2000).  

In mammalian cardiac myocytes, another feedback loop has been described (Mika et 

al., 2015). The Ca2+/calmodulin-dependent kinase II (CaMKII) activates PDE4D via 

phosphorylation of UCR1, PDE4D hydrolises cAMP and thereby reduces CaMKII 

activation (Mika et al., 2015).  

Although these feedback loops have not yet been shown in Drosophila, the subunits 

of the PDE and other signalling pathways are highly conserved. Therefore, similar 

mechanisms that inactivate the overexpressed Dnc isoform are a possible 

explanation for the lack of a memory phenotype in the overexpression experiments. 

Thus, sufficient Dnc expression in the soma is essential to restore dncΔ143 memory to 

a wild-type phenotype, with additional expression in other compartments being down-

regulated by a feedback loop. 

In summary, although the fly is able to compensate for overexpression of Dnc in 

different compartments, sufficient expression in the soma is necessary for a wild-type 

memory phenotype.  

4.3.3 Dunce localisation influences synaptic development. 

Many different factors and mechanisms have been shown to be involved in neuronal 

development (review: Menon et al., 2013). Dnc has been shown to have an 

influence. Previous publications show a reduced number of varicosities upon Dnc 

overexpression (Cheung et al., 1999) and an increased number of varicosities in Dnc 

mutants (Zhong et al., 1992). It is not DncPA or DncPG that leads to an increased 

number of varicosities (Fig. 12 E). However, the expression of DncPG::GFP and 

DncPA::GFP leads to increased branching at the NMJ. For Dnc mutants, previous 

publications have always shown an effect on both number of varicosities and 

branching (Zhong et al., 1992; Zhong and Wu, 2004). This shows that the change in 

morphology is isoform-specific, probably due to the subcellular localisation of Dnc.  

It has been shown that cAMP influences synaptic plasticity at two levels, via FasII 

and CREB (Davis et al., 1996; Schuster et al., 1996a; b). In the nucleus, CREB is 

required to initiate further transcription of functional components of synaptic plasticity 

(Davis et al., 1996). Increased pre- or postsynaptic FasII levels lead to reduced 

bouton formation, whereas symmetrically increased pre-and postsynaptic FasII levels 
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lead to a significantly increased number of boutons (Ashley et al., 2005; Schuster et 

al., 1996a; b).  

This model by Schuster, Davis et al provide a possible explanation for how the Dnc 

isoforms influence synaptic plasticity (Davis et al., 1996; Schuster et al., 1996a; b). 

According to this model, both DncPG and the DncPA transgenes, although localised in 

the soma and, in the case of DncPG, in the nucleus, do not affect CREB and thus the 

overall number of varicosities. Instead, they may affect FasII locally, thereby 

influencing synaptic growth.  

Synapse growth has been shown to occur in several ways, either by branching or by 

adding new boutons to an existing branch (Zito et al., 1999). When boutons are 

added to an existing branch, the growing larva stretches the NMJ apart and more 

synapses are formed either between or at the end of existing synapses by budding, 

division or de novo generation (Zito et al., 1999). During budding, a complex 

consisting of FasII, dX11 and the fly homolog of Amyloid precursor protein (APPL) 

forms at the membrane and binds to members of the exocytic family to initiate the 

budding process (Ashley et al., 2005). Although FasII is predominantly localised in 

boutons (Zito et al., 1997), in addition to its influence on bouton formation, FasII plays 

a role in axon growth by regulating pioneer-follower interactions in the growing axon 

(Sánchez-Soriano and Prokop, 2005). This interaction is necessary for motor 

neurons to reach their target muscles (Bate, 1976; review: Forghani et al., 2023). 

DncPG::GFP, which is expressed in the nucleus, soma and axon (Fig. 9 A), and 

DncPA::GFP, which is expressed in the soma and the axon, are not expressed in the 

boutons (Fig. 12 A-C). By affecting the subcellular localisation of cAMP, they may 

influence the local FasII concentration, thereby facilitating bouton branching, whereas 

GFP::DncPA, which is expressed in the bouton and down-regulates cAMP in the 

bouton, does not affect bouton formation.  

Two interesting follow-up experiments could further narrow down where cAMP 

influences NMJ-formation. FasII levels at the NMJ and in the axon of the isoform-

specific overexpression lines could be studied using an anti-FasII antibody (Koh et 

al., 1999). cAMP could be localised subcellularly using Förster resonance energy 

transfer (FRET) (Maiellaro, 2022).   
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5 Conclusion 
Our findings on the Dnc PDE provide a unique insight into the molecular basis of 

memory formation. Previous publications over the last 47 years have largely come to 

the same conclusion, namely that the Dnc PDE is important for STM, because Dnc 

mutants have reduced PDE function and higher cAMP levels and therefore show 

impaired STM in larval and adult Drosophila (Aceves-Piña and Quinn, 1979; Davis 

and Kiger, 1981; Dudai et al., 1976). Our research modernises the view on Dnc by 

showing that Dnc should not be regarded as a single PDE with an effect on overall 

PDE activity and cAMP concentration, but as a collection of isoforms with individual 

functions in memory formation. 

We show that DncPA is an important factor in inhibiting premature memory formation. 

DncPB also has an inhibitory effect on memory formation. Although these two 

isoforms are reduced in dnc1 (Ruppert, Franz et al., 2017), we show that they lead to 

the opposite phenotype.  

At the cellular level, we show that the Dnc isoforms are differentially localised within 

the larval CNS. However, the Dnc isoforms are differentially folded and form 

complexes, making it difficult to visualise all cells expressing an isoform using peptide 

antibodies. We localise DncPA in several neurons throughout the CNS, with the most 

likely neuron responsible for the memory phenotype being a projection neuron that 

projects to the AL. 

Previous publications illustrate the importance of PDEs for subcellular cAMP 

concentration and its possible impact on memory formation (Gervasi et al., 2010; 

Maiellaro et al., 2016). For DncPA, the localisation in the soma of the correct cells is 

important for memory formation, the additional localisation in other compartments 

does not affect the memory phenotype. However, the subcellular localisation of Dnc 

is tightly regulated. Even GFP tags, which cause to a small change in the tertiary 

structure, have a large effect on subcellular localisation. This suggests that Dnc 

isoforms are highly regulated and interact strongly with scaffolding proteins.  

For DncPA, our findings suggest the following role in memory formation: Since the 

earliest memory formation occurs in the AL (Yu et al., 2004), the Hv cluster, a local 

interneuron, transmits signals from the US to the AL. There, DncPA hydrolyses the 

somatic cAMP, thereby terminating the signal, preventing premature memory 

formation and playing an important role in filtering out important information. 
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Understanding Dnc in detail is a major step towards understanding learning and 

memory, and therefore towards one day understanding the entire process from signal 

to memory. As PDEs are highly conserved between species, the basic principles we 

uncover in Drosophila in this project will also help to decipher memory formation in 

humans. 
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6 Supplementary Appendix 

6.1 Peptide sequences 

 
Table 2: Peptide sequences against which the antibodies were designed 
 

Antibody Peptide sequence 

Anti-dncall LPQRRESFYRSDSDF 

VENGQGARSPLEGGSP 

Anti-dncPB-C6 QPQTSPLPHIKE 

Anti-dncPB-C10 HQTSLKEHQPLP 

Anti-dncPJ-C1 PSEVDPDEVRSM 

Anti-dncPJ-C4 AGTTGQQSKQDS 

Anti-dncPJ-C8 KRAQGRSPLSPR 

Anti-dncPJ-C10 PRISFPGSDSDL 

Anti-dncPJ-C11 PRISFPGSDSDL 

Anti-dncPG-C1 MATEAEGEEFDV 

Anti-dncPG-C4 SDLMTSDRRSST 

Anti-dncPG-C5 TSDRRSSTATEY 

Anti-dncPF-C2 DRDNMFSIKSQR 

 

6.2 Primer sequences 

 
Table 3: qPCR primer sequences 
 
Primer Nucleotide sequence 

Forwards GCCTAACAAAACACAAAACCCG 

Reverse GTAAATCGCGCCAATCGCAT 
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8  Abbreviations 
 
AKAP A-kinase anchoring protein 

AL Antennal lobe 

AM Amyl acetate 

APPL Amyloid precursor protein homolog 

ARM Anaesthesia-resistant memory 

BA Benzaldehyde 

bp basepair 

cAMP Cyclic adenosine monophosphate 

cGMP Cyclic guanosine monophosphate 

CaMKII Ca2+/calmodulin-dependent kinase II 

CNS Central nervous system 

CREB cAMP-response element-binding protein 

CS CantonS 

DAPI 4′,6-diamidino-2-phenylindole 

DLG Discs large 

Dnc Dunce 

dnc dunce 

EA Ethyl acetate 

FasII Fasciclin II 

FCS Fetal bovine serum 

FRET Förster resonance energy transfer 

GABA γ-aminobutaric acid 

GFP Green fluorescent protein 

hug hugin 

HRP Horseradish peroxidase 

LI Learning index 

LTM Long-term memory 

MB Mushroom body 

MBON Mushroom body output neuron 

MTM Medium-term memory 

n-Cath n-Cathenin 

NMJ Neuromuscular junction 
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ORN Olfactory receptor neuron 

PAM protocerebral anterior medial 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PDE Phosphodiesterase 

PETAL™ Proteome epitope tag antibody library 

PI Preference index 

PKA Protein kinase A 

PKC Protein kinase C 

PPL protocerebral posterior lateral 

qPCR Quantitative polymerase chain reaction 

SDS-PAGE sodium dodecyl sulfonate-polyacrylamide 

gel electrophoresis 

STM Short-term memory 

TBST Tris-buffered saline with Tween 

TH Tyrosine hydroxylase 

tss Transcription start site 

TβH Tyramine β-hydroxylase 

UCR Upstream conserved region 

US Unconditioned stimulus 

VNC Ventral nerve cord 
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