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Summary 

The question of how to decelerate aging will persist as long as humankind exists. Recently, 

healthy aging has come into focus. The mind should remain sharp in the same way as the 

body should stay agile. According to the World Health Organization, dementia will rise 

dramatically within the following decades, and the highest risk factor is aging. The problem is 

how to address this fundamental topic. Here, a tiny animal named Drosophila melanogaster is 

one solution. Due to its short lifespan, easy genetic access, and evolutionary conserved aging 

mechanisms between flies and humans, it serves as a suitable model organism. 

In my studies, I used a classical pavlovian conditioning assay to draw connections between 

aging and cognitive decline. The flies were trained with an aversive olfactory approach. In the 

first part, I examined a potential anti-aging supplement, the natural-occurring flavonoid 4,4‘-

Dimethoxychalcone. I found this substance prolonged the lifespan of treated animals and 

enhanced mobility yet did not improve memory performance. Spermidine, another anti-aging 

supplement, promotes longevity and also prevents age-induced memory decline. I discovered 

that a mild attenuation of the enzyme, which catalyzes the first step of the hypusination of the 

eukaryotic translation initiation factor 5A and needs Spermidine as a co-factor, already 

impaired the memory of young animals. Further, I examined some effects of autophagy. I could 

show that deficient macroautophagy, where an autophagosome engulfs cargo for degradation, 

provoked severe memory problems at a young age already, similar to aged animals. 

Analogously, an early memory decay occurred in animals lacking the neuropeptide sNPF (in 

mammals: NPY), which levels also decreased in macroautophagy-deficient animals or at 

advanced ages. However, further experiments demonstrated that a boost of either 

macroautophagy or sNPF could not protect from age-induced memory impairment. Other 

investigations revealed no memory benefit from a downregulated insulin-signaling pathway, 

which promotes longevity. Thus, a prolonged lifespan is not automatically accompanied by 

better cognitive abilities. Moreover, I investigated synaptic aspects of aging. The amount of 

scaffold proteins at the presynaptic active zone, where neurotransmitters are released, is 

enhanced in challenging situations like aging or sleep deprivation, seemingly leading to an 

operating peak of the system, followed by memory deficits. A moderate increase of one active 

zone component, the ELKS family member Bruchpilot, could prevent the memory issues of 

chronically sleep-deprived flies. Additionally, my examinations on another active zone protein, 

Unc13, the synaptic vesicle release factor, revealed its essential role in memory formation in 

the mushroom body, the learning center of the fly brain. 

Taken together, my thesis sheds light on the mosaic of healthy aging, potentially supporting 

future preventive or therapeutic strategies for high-quality aging. 
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Zusammenfassung 

Die Frage, wie das Leben verlängert werden kann, besteht seit Menschengedenken. Dabei 

rückt immer mehr ein gesundes Altern in den Fokus. Physische Fitness und kognitive Vitalität 

sind gefragt. Ein hohes Alter ist jedoch der größte Risikofaktor, um an Demenz zu erkranken.  

In meiner Doktorarbeit erforschte ich einige Zusammenhänge von Altern und 

Gedächtnisverlust. Hierbei diente Drosophila melanogaster als idealer Modellorganismus 

aufgrund seiner kurzen Lebenszeit, vieler Möglichkeiten der genetischen Modifikation und 

evolutionär hoch konservierter Alterungsmechanismen. Mit Hilfe der klassischen 

Konditionierung nach Pawlow überprüfte ich aversives olfaktorisches Lernverhalten. Zunächst 

entdeckte ich den positiven Einfluss des natürlich vorkommenden Flavonoids 4,4‘-

Dimethoxychalcon auf Mobilität und Lebensspanne, was jedoch nicht mit einem verbesserten 

Gedächtnis im Alter einherging. Dagegen wirkt Spermidin, ein mit dem Alter abnehmendes 

endogenes Polyamin, als Nahrungsergänzungsmittel lebensverlängernd und 

gedächtniserhaltend. Ich konnte feststellen, dass eine milde Verringerung des Enzyms, das 

den ersten Schritt der Hypusinierung des eukaryotischen Translationsinitationsfaktors 5A 

katalysiert und Spermidin dafür als Co-Faktor benötigt, eine Gedächtnisbeeinträchtigung 

schon bei jungen Fliegen hervorrief. Die Untersuchung weiterer Alterungsprozesse zeigte 

vergleichbare Gedächtnisprobleme bei verminderter körpereigener Autophagozytose und 

erhöhtem Alter. In beiden Szenarien lag das Neuropeptid sNPF (bei Säugetieren: NPY) 

vermindert vor. Analog fand ich massive Erinnerungsschwierigkeiten in juvenilen, sNPF-

defekten Fliegen. Jedoch konnten weder eine sNPF-Hochregulierung noch vermehrte 

Autophagie einen altersinduzierten Gedächtnisverlust verhindern. Zusätzliche Lernversuche 

mit Tieren, die durch Suppression insulin-ähnlicher Peptide langlebiger wurden, zeigten keinen 

bedingten Zusammenhang von Langlebigkeit und Gedächtniserhalt. Darüber hinaus 

untersuchte ich synaptische Aspekte des Alterns. Während der Kommunikation zwischen den 

Neuronen werden Neurotransmitter an der präsynaptischen aktiven Zone ausgeschüttet, 

wodurch an der Postsynapse das Signal weitergeleitet wird. Bestandteile dieser aktiven Zone 

sammeln sich in fordernden Situationen wie dem Altern oder Schlafentzug massiv an, sodass 

das System überladen wird und Prozesse wie das Lernen gestört werden. Jedoch konnte eine 

moderate Erhöhung der präsynaptischen Komponente Bruchpilot die Gedächtnisprobleme 

von chronisch schlaf-defizitären Tieren beheben. Lerntests mit einem weiteren 

präsynaptischen Protein, Unc13, einem Faktor für die Freisetzung synaptischer Vesikel, 

bestätigten dieses als essentiell im Mushroom Body, dem Lernzentrum bei Fliegen. 

Meine Arbeit bringt einen konstruktiven Beitrag für die Altersforschung, um letztlich durch 

Prävention oder auch Therapien ein qualitativ hochwertiges Altern zu ermöglichen. 
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1. Aging, a risk factor for physical and cognitive functions 

Aging is a progressive process happening to all living beings. The time-dependent loss of 

physiological integrity and functionality causes reduced mobility, cognitive decline, and finally, 

the end of the individual’s life (López-Otín et al., 2013; Mattson and Arumugam, 2018). 

However, human life expectancy increased enormously due to medical achievements in the 

last century. According to the World Health Organisation, the old-age dependency ratio 

(OADR), the percentage of persons older than 64 years in a population, will double in Europe 

within the next 30 years (United Nations Department of Economic and Social Affairs, 

Population Division, 2020). This entails several socio-economic challenges since becoming 

older is not automatically accompanied by staying healthy. Advancing age is the highest risk 

factor to suffer from several ailments, followed by a loss of self-determination and 

independence (Kulkarni et al., 2018). Thus, more than half of the age group beyond 65 is 

concerned about their cognitive fitness and life quality (Krivanek et al., 2021). 

 

Aging itself starts in the organs and cells when the operating homeostasis, the equilibrium of 

synthesis and degradation, stumbles due to the accumulation of defective processes and 

damaged structures. The manifold hallmarks behind aging are highly conserved in the different 

species: Loss of proteostasis, cellular senescence, deregulated nutrient sensing, 

mitochondrial dysfunction, stem cell exhaustion, altered intercellular communication, genomic 

instability, and telomere attrition (Figure 1; López-Otín et al., 2013). All these senescence-

promoting states are intertwined, making gerontology so complex.  

Thus, protein homeostasis (proteostasis), a balanced proteome in a functioning and steady 

state, is a crucial player against aging (López-Otín et al., 2013). Its loss effects the 

accumulation of unfolded or misfolded proteins, and also cellular senescence (López-Otín et 

al., 2013). As housekeepers act the ubiquitin-proteasome and the autophagy-lysosome 

systems, which recycle faulty cellular components (more in detail in chapter I.3) (Liang and 

Sigrist, 2018; Loeffler, 2019). A balanced cleansing via autophagy supports neuronal 

maintenance and homeostasis (Liang and Sigrist, 2018). Additionally, autophagy facilitates 

mitochondrial homeostasis via the degradation of defective mitochondria (mitophagy), which 

are the energy factories within the cells (Liang and Sigrist, 2018). Their efficiency decreases 

with time, followed by enhanced electron leak and reduced ATP production (López-Otín et al., 

2013). Regarding the coordination of autophagy, the insulin and insulin-like growth factor-1 

(IGF-1) signaling (IIS) pathway interferes (more in detail in chapter I.2). The nutrient-sensing 

via the IIS coordinates the work of the transcription factor FOXO (forkhead box subgroup O) 

and its counterpart mTORC1 (mammalian target of rapamycin complex 1). Activation of FOXO, 

just like the inhibition of mTORC1, supports autophagy, metabolic control, and stress 
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resistance (Poloz and Stambolic, 2015; Kauwe et al., 2016). Several studies proved age- 

prolonging effects due to diminished IIS, FOXO polymorphism, or inhibition of mTORC1 via 

rapamycin administration in different species from Drosophila to mice and humans (Grönke et 

al., 2010; Cabo et al., 2014; Piper and Partridge, 2018).  

Moreover, age-induced changes in intercellular communication disturb the balance of 

endocrine or neuroendocrine systems (López-Otín et al., 2013). For instance, the amount of 

 

Figure 1:   Hallmarks of aging. 

Senescence is caused by several mechanisms, which are highly conserved in different species. 

They interact with each other and are mutually dependent: the loss of proteostasis, deregulated 

nutrient sensing, mitochondrial dysfunction, cellular senescence, stell cell exhaustion, altered 

intercellular communication, genomic instability, telomere attrition, and epigenetic alterations 

(López-Otín et al., 2013). Image taken from López-Otín et al., 2013. 
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the mammalian neuropeptide Y (NPY; in Drosophila: short neuropeptide F, sNPF), which 

mediates forage, growth, autophagy, and sleep, decreases with age (Lee et al., 2004; Chen et 

al., 2013; Aveleira et al., 2015b; Botelho and Cavadas, 2015). Further, an age-induced faulty 

sensitivity of the hormone insulin promotes insulin resistance of the cells, the first symptom of 

adult-onset diabetes (type-II diabetes; Silbernagl and Despopoulos, 1979). Such altered 

intercellular communications can impair the immunological response to pathogens and 

degenerated cells, and force the development of inflammation foci (López-Otín et al., 2013). 

Directly concerning the DNA sequence, defects in the genomic stability, like replication errors, 

or the wear of telomeres, the repetitive nucleotide sequences at the end of the chromosomes, 

provoke an increase in genetic damage (López-Otín et al., 2013). These hazard signs also 

cause stem cell exhaustion, just like cellular senescence. Moreover, epigenetic alterations, 

such as histone modifications, DNA methylation, or chromatin remodeling, influence the DNA's 

readability (López-Otín et al., 2013). These are affected by life circumstances and 

environmental factors (Fraga et al., 2005). Concomitantly, all these elements of aging 

contribute to stem cell exhaustion, followed by the loss of tissues’ regenerative abilities (López-

Otín et al., 2013). 

 

The question is how to address such a plethora of aging mechanisms. They raise not only with 

advancing age but also with an excessive lifestyle, smoking, continuing stress, inadequate 

sleep, or missing physical activity (Krivanek et al., 2021). Subsequently, several malady factors 

like metabolic syndrome, a cluster of obesity, insulin resistance, hypertension, and 

lipometabolic disorder, occur, followed by cardiovascular diseases, stroke, cancer, and early 

brain aging (Samson and Garber, 2014; Mattson and Arumugam, 2018). Additionally, 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s, or Huntington’s start with mild 

memory impairment and lead to severe physical and cognitive impairments with higher age 

(Mattson and Arumugam, 2018). 

 

Already 1939, the first study about the favorable effects of caloric restriction, the reduction of 

caloric ingestion without malnutrition, on lifespan in mice and rats became published (McCay 

et al., 1939; Campisi et al., 2019; Madeo et al., 2019). Since then age research has discovered 

several underlying modes of action, highly conserved in different species and affecting 

hallmarks of aging like autophagy (López-Otín et al., 2013; Campisi et al., 2019). However, 

compliance with permanent or even intermittent fasting is relatively low.  

Indeed, several substances were found to affect different or even some hallmarks of aging 

(Figure 2). For instance, Spermidine supports heart protection, neuroprotection, and memory 

and boosts the immune system and lifespan from invertebrates to mammals (Eisenberg et al., 

2009; Gupta et al., 2013; Sigrist et al., 2014; Madeo et al., 2018). This endogenous substance 
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decreases with age, yet dietary supplementation can restore, for example, cognitive defects or 

lifespan (Gupta et al., 2013). Further naturally occurring compounds like flavonoids, secondary 

metabolites in plants, work anti-inflammatory, antioxidative, antibacterial, and antiviral 

(Kühnau, 1976; Rice-Evans and Miller, 1996; Badshah et al., 2021). Equally, old 

acquaintances in the human drug therapies such as the non-steroidal anti-inflammatory Aspirin 

 (active ingredient: acetylsalicylic acid), the anti-diabetic Metformin, or the immunosuppressant 

medicament Rapamycin (also named Sirolimus), supports the body in various ways (Cabo et 

al., 2014; Campisi et al., 2019; Madeo et al., 2019).  

 

Figure 2:   Substances interfering in aging pathways. 

Several compounds are found to protect various tissues and combat age-associated diseases. They 

affect different or even some aging pathways. Thus, these substances can aid against inflammation, 

cancer, or misregulated insulin signaling and support the immune system or organs like neurons, 

the heart, or the liver. Image modified from Madeo et al., 2019 
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However, the search for compounds, targeting aging pathways and improving life expectancy, 

continues. In turn, such substances support not only human health but also shed light on the 

mosaic of healthy aging. Thus, more pathways and connections behind the beneficial effects 

become revealed. 
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2. The insulin signaling pathway 

The impact of the insulin and insulin-like growth factor-1 (IGF-1) signaling (IIS) pathway on 

aging is proven in several studies and highly conserved in different species (López-Otín et al., 

2013; Longo et al., 2015; Mattson et al., 2018). A downregulation of specific IIS components 

provides longevity in C. elegans, Drosophila melanogaster, mice, and humans (Piper and 

Partridge, 2018). This pathway regulates the nutritional circuit, especially glucose uptake into 

the cells, but is also involved in the development, reproduction, or stress response (Nässel et 

al., 2013). 

 

Figure 3:   The insulin signaling pathway. 

Free glucose in the hemolymph triggers the release of ILPs (insulin in mammals), which binds to 

the insulin receptor (InR). This, in turn, activates Chico (INSR in mammals), followed by a cascade 

of phosphorylations resulting in AKT activation. Additionally, this enables the glucose transporter to 

bring glucose into the cell. Further, AKT inhibits FOXO and activates TOR indirectly. Thus, insulin 

signaling triggers anabolic processes like cell growth, protein synthesis, and cell proliferation, plus 

it inhibits autophagy and stress resistance (Poloz and Stambolic, 2015; Kauwe et al., 2016; Pan and 

Finkel, 2017). Image modified from Shim et al., 2013. 
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The IIS pathway starts with the sensing of glucose, but also amino acids or fat in the 

hemolymph activate the release of insulin-like peptides (ILP, in Drosophila) (Figure 3; Shim et 

al., 2013). These bind to the insulin receptor (InR; INSR in mammals) on cells, which 

phosphorylates Chico (in mammals: insulin receptor substrate, IRS), followed by the activation 

of the phosphatidylinositol 3-kinase (PI3K) (Shim et al., 2013). This kinase catalyzes the 

phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-

triphosphate (PIP3), in turn, to phosphorylate the 3-phosphoinositide-dependent protein kinase 

1 (PDK1) and then AKT (a protein kinase B) (Poloz and Stambolic, 2015). Through AKT, the 

metabolic effects of the insulin pathway become generated (Poloz and Stambolic, 2015). Thus, 

the glucose transporter (GLUT in mammals) enables glucose intake into the cells. Additionally, 

AKT inhibits the transcription factor forkhead box subgroup O (FOXO), followed by decreased 

gluconeogenesis, reduced apoptosis, lower stress resistance, and less growth suppression 

(Shim et al., 2013). Additionally, FOXO activates the eukaryotic initiation factor 4E binding 

protein (4E-BP), which promotes inhibition of translational processes (Kauwe et al., 2016). 

Furthermore, AKT inhibits the tumor suppressor proteins TSC1 and TSC2 (tuberous sclerosis 

complex), which enables the activity of the GTPase Rheb (Ras homolog enriched in brain), 

followed by a stimulation of the kinase TOR (target of rapamycin; mTORC1 in mammals) 

(Poloz and Stambolic, 2015). TOR boosts transcription, protein synthesis, cell growth, and 

proliferation, but also inflammation, and it inhibits autophagy (Shim et al., 2013; Pan and Finkel, 

2017). It operates as a counterpart to FOXO. 

In this way, the IIS pathway lowers and buffers the blood glucose so that this is directly 

available for the highly glucose-dependent central nervous system, regardless of the food 

intake (Silbernagl and Despopoulos, 1979). Furthermore, IIS promotes anabolic processes like 

protein storage in muscle tissue and lipogenesis, the synthesis and storage of fatty acids in 

the form of triacylglycerides (TAG) (Silbernagl and Despopoulos, 1979). Additionally, IIS 

activates the distribution of potassium (K+) by stimulating the Na+-K+-ATPase, a pump that 

transports K+ into the cells and sodium (Na+) out via the consumption of ATP, to maintain the 

resting potential of the cell membrane (Silbernagl and Despopoulos, 1979). 

 

A lack of insulin (Diabetes mellitus type I) or a reduced insulin efficiency (Diabetes mellitus 

type II), mainly arising with senescence, results in an elevated blood sugar level, increased 

lipolysis, followed by the risk for a fatty liver (Silbernagl and Despopoulos, 1979). Long-term 

issues of diabetes are, inter alia, damage to the veins, the heart, and the nerves (Collaboration, 

2010). Nowadays, connections between the IIS pathway with Alzheimer’s, Parkinson’s, or 

Huntington’s disease are observed (Akhtar and Sah, 2020; Kellar and Craft, 2020). 
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3. Decreased autophagy, an essential parameter of aging 

Autophagy comes from the Greek autóphagos and means ‘self-devouring’. In the context of 

aging, this essential cleaning system in eukaryotes seems to hold a key position (Rubinsztein 

et al., 2011; Liang and Sigrist, 2018). Indeed, it is highly conserved across different species 

(Bishop et al., 2010; Choi et al., 2013). Autophagy functions as the housekeeper of the cells 

and ensures the balance between synthesis and degradation to maintain cellular homeostasis 

(Levine and Kroemer, 2008; Yin et al., 2016). A malfunctioning of its adjusting nature can lead 

to inflammations, neurodegenerative diseases, and cancer (Yin et al., 2016). For instance, 

impaired autophagy is associated with the aggregation of malign proteins in mice, similar to 

accumulations in Alzheimer's or Huntington's disease (Hara et al., 2006; Liang and Sigrist, 

2018). Furthermore, a downregulated expression of mitophagy genes (degradation of 

mitochondria via autophagy) can provoke inflammations (Okamoto, 2014). 

 

Autophagy can be distinguished into three categories (Figure 4): chaperone-mediated 

autophagy (CMA), microautophagy, and macroautophagy. The CMA occurs in the cytosol, 

where the Hsc70 protein (heat shock cognate 70) recognizes proteins with the KFERQ motif 

and delivers them to the lysosome-associated membrane protein 2A (LAMP-2A), which binds 

the cargo. Subsequently, the supplied protein unfolds to cross the lysosomal membrane for its 

degradation (Singh and Cuervo, 2011). At microautophagy, a lysosome directly absorbs the 

substrates. The third and most complex type of autophagy is macroautophagy. In short, 

proteins and organelles, meant for degradation, are absorbed by multi-membrane vesicles, 

named autophagosomes, and transported to lysosomes for degradation (Bento et al., 2016; 

Bhukel and Beuschel et al., 2019). This process is regulated by autophagy-related proteins 

(Atg) (Menzies et al., 2017).  

 

The machinery of macroautophagy starts with an initiation complex involving Atg1 (in 

mammals: Unc51-like kinase 1, Ulk1), which clusters and activates the subsequent complex 

of Atg6 (Beclin1 in mammals) and Vps34 (Figure 4). The latter works as a lipid kinase and 

builds the phagophore source via lipidation (Choi et al., 2013; Menzies et al., 2017). 

Additionally, this protein recruits complex factors from the conjugation cascades. Here, Atg5 

conjugates with Atg12 and Atg16 to act within this formation as a ubiquitin-protein ligase-like 

(E3) complex, which facilitates the generation of activated, lipidated Atg8 (Atg8-II) (Hanada et 

al., 2007; Gelino and Hansen, 2012; Bento et al., 2016; Gui et al., 2019). In the second part of 

the conjugation cascade, Atg8 (in mammals LC3) is activated to its lipidated state Atg8-II, 

needed for elongation and ultimately for the phagophore's closure, forming an autophagosome 

with a double membrane. Here, the Atg5-Atg12-Atg16 complex supports Atg3 activity followed  
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by the conjugation of Atg8-II with phosphatidylethanolamine (PE) (Hanada et al., 2007). 

Another critical component, Atg9, serves as the transmembrane carrier for the required lipid 

bilayers (phosphatidylinositol 3-phosphate, PI3P) within the phagophore formation (Gelino and 

Hansen, 2012; Bento et al., 2016). The mature autophagosome engulfs cargo, marked for 

degradation with receptors like p62 (in Drosophila: Ref(2)p), binding ubiquitinated residues of 

proteins, and transports it to the lysosome. Via fusion with the lysosome, an autolysosome 

arises, where waste is digested (Bento et al., 2016). 

 

 

Figure 4:   The three autophagy categories: macroautophagy, chaperon-mediated autophagy 

(CMA), and microautophagy.  

Within macroautophagy, a phagophore (with a double-layered membrane) engulfs garbage, like 

damaged mitochondria or aggregated prone proteins, with the help of a cascade of autophagy-

related proteins (Atg) and delivers its cargo as matured autophagosome to lysosomes for 

degradation. At chaperon-mediated autophagy (CMA), the cytosolic chaperon Hsc70 recognizes 

misfolded proteins with the KFERQ motif and provides them to the lysosome. At microautophagy, 

substrates are directly absorbed by lysosomes. AA: amino acids. FA: fatty acids. PE: 

phosphatidylethanolamine. Image modified from Singh and Cuervo, 2011. 
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Vice versa, p62/Ref(2)p, along with ubiquitinated proteins, serves as a marker for progressive 

autophagic damage and neuronal aging (Bartlett et al., 2011). Accumulations of these proteins 

are associated with several human diseases, which progress with age. Hence, pathological 

inclusions with these components can be found in tissues of patients with neurological ailments 

such as Alzheimer's disease (Bartlett et al., 2011). Of course, Alzheimer's is not the only 

neurodegenerative disease where autophagy is impaired. Misfolded protein aggregates due 

to reduced autophagy can also be detected for Parkinson's or Huntington's disease and 

amyotrophic lateral sclerosis (Frake et al., 2015; Menzies et al., 2017; Liang and Sigrist, 2018). 

Since these ailments show a link between impaired autophagy and aging, an operating 

cleaning system of the body seems to play a critical role in how we age. 

 

So far, we know several pathways to affect the longevity of organisms, presumably via 

autophagy (Figure 5; Simonsen et al., 2008; Gelino and Hansen, 2012; Leidal et al., 2018). 

Indeed, factors like caloric restriction, the reduced intake of nutrients with simultaneous 

prevention of malnutrition, or the supplementation of the polyamine Spermidine are protective 

against aging effects. Equally, suppression of insulin signaling or TOR (target of Rapamycin) 

 

Figure 5:   Conserved pathways, which induce longevity via autophagy. 

Beneficial effects of increasing longevity are conserved over different species. Within them, 

autophagy plays a critical role. Thus, interventions like reducing insulin/ IGF-1 and TOR signaling, 

reducing ROS (reactive oxygen species) by more efficient mitochondrial respiration, caloric 

restriction, and supplementation of Spermidine show positive effects against aging (Gelino and 

Hansen, 2012). Image modified from Gelino and Hansen, 2012. 
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and a more efficient mitochondrial respiration are beneficial (Gelino and Hansen, 2012). In this 

study, some of these interventions were discussed. 
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4. The olfactory nervous system  

Olfaction is evolutionary one of the oldest sensory systems. It allows to detect potentially 

dangerous situations like rotten food, noxious circumstances, or predators, but also supports 

foraging, mating behavior, or even provokes autobiographical memories (Chu and Downes, 

2000; Asahina et al., 2008; Brattoli et al., 2011). Interestingly, a remarkable homology exists 

in the olfactory nervous system’s fundamental anatomical organization and function between 

different species like invertebrates and mammals (Figure 6; Hildebrand and Shepherd, 1997; 

Matsunami and Amrein, 2003; Davis, 2004). 

 

Figure 6:   The olfactory pathway in Drosophila melanogaster and its mammalian equivalent. 

An odor signal becomes perceived by olfactory receptors in the antennae and the maxillary palps 

and is forwarded by olfactory receptor neurons (ORNs; blue line) via the antennal nerve to the 

antennal lobe (AL). The ORNs synapse with the projection neurons (PNs; orange line) or the local 

interneurons (LNs; purple line). The LNs, multiglomerular branched, transmit inhibiting signals within 

the AL. The PNs convey an excitatory signal via the antennal cerebral tract (ACT) to the mushroom 

body (MB) calyx (C), and the lateral horn. The MB compartments are the peduncle (P) and the 

different lobes, α/ꞵ, α‘/ꞵ‘, and γ. Black: Invertebrates' olfactory pathway. Pink: Equivalents in the 

mammalian olfactory pathway. Axis directions: A = anterior, D = dorsal, M = medial. Image modified 

from Guven-Ozkan and Davis, 2014 and Heisenberg, 2003. 
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The olfactory pathway in adult Drosophila melanogaster starts with the percipience of an odor 

by olfactory receptors (OR; 62 types) and the universal olfactory co-receptor Or83b (Kaupp, 

2010). These are localized on the dendrites of the olfactory receptor neurons (ORNs; ~ 1300 

neurons; Figure 6, cyan track) in the antennae and maxillary palps (in mammals: olfactory 

epithelium) on each hemisphere of the fly head (Davis, 2005; Martin et al., 2013). The ORN 

axons forward the signal via the antennal nerve (AN) and form excitatory synapses with the 

projection neurons (PNs; Figure 6, orange track; in mammals: mitral and tufted cells) and the 

local interneurons (LNs; Figure 6, purple track; in mammals: periglomerular and granule cells) 

within the glomeruli (~ 50 in number), the synaptic areas of the antennal lobe (AL; mammalian 

main olfactory bulb) (Davis, 2005). Thereby, ORNs with one OR type convey to the same 

glomerulus in the AL, which forms a specific activation pattern of glomeruli per odor (Yu et al., 

2004; Berry et al., 2008; Davis, 2011). 

The axonless LNs are multiglomerular branched and provide via GABAergic inhibition an 

additional odor differentiation and intern control of the signal transmission (Davis, 2004; Olsen 

and Wilson, 2008; Amin and Lin, 2019). Analogously, this improved odor discrimination 

happens in the olfactory bulb in mice (Abraham et al., 2010).  

The PNs (~ 180 neurons, cholinergic) convey the input via the antennal cerebral tract (ACT) 

to the mushroom body (MB; in mammals: amygdaloid cortex, sending signals to the dentate 

gyrus/ hippocampus) and the lateral horn (LH; in mammals: perirhinal cortex) (Davis, 2004; 

Berry et al., 2008; Amin and Lin, 2019). Additionally, reciprocal dendrodendritic connections 

between the LNs and the PNs, which are presynaptic and postsynaptic specializations on 

neurites and pervade the glomeruli, indicate a processing and computation location in the AL 

(Didier et al., 2001; Yu et al., 2004; Davis, 2011). 

The MB (~ 2500 intrinsic neurons, also known as kenyon cells, KCs; Figure 6, yellow track) is 

the higher integration center for the generation and storage of memories in invertebrates 

(Heisenberg, 2003; McGuire et al., 2005; Aso et al., 2014; Wolff and Strausfeld, 2015). It is the 

functional homologous to the mammalian hippocampus (Wolff and Strausfeld, 2016). The PNs 

synapse with the KC dendrites in an area named calyx. From here, the KC axons, bundled in 

the peduncle, lead to the three classes of MB lobes, two branched as α’/ꞵ’ and α/ꞵ, and one γ 

lobe (Crittenden et al., 1998; Berry et al., 2008). 

In addition, several classes of extrinsic neurons are relevant to the MB (not indicated in Figure 

6): the dorsal paired medial (DPM) neuron, the anterior paired lateral (APL) neuron, the 

dopaminergic neurons (DANs), and GABAergic neurons from the ellipsoid body (EB) (Berry et 

al., 2008; Liu and Davis, 2009; Mao and Davis, 2009; Davis, 2011; Zhang et al., 2013). 

Thereby, one DPM neuron per brain hemisphere, innervating the MB diffusely, signals mainly 

cholinergic to the MB but partly also GABAergic (sleep-promoting by then) (Yu et al., 2005; 

Haynes et al., 2015). The GABAergic APL neuron (one per hemisphere) provides an inhibitory 
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feedback loop to the MB activating the inhibitory GABAA receptor RDL (resistance to dieldrin) 

on the MB neurons (Liu et al., 2007; Liu and Davis, 2009; Davis, 2011). Further, three types of 

DAN clusters (PAM, PPL1, and PPL2ab) innervate the MB at various positions (Mao and 

Davis, 2009; Aso et al., 2012). They control the signal transmission from the KCs to the 

mushroom body output neurons (MBONs) dependent on the stimulus context (Cohn et al., 

2015; Hige et al., 2015; Amin and Lin, 2019). Several studies found that a DAN inhibition blocks 

memory formation, while an artificial DAN activation together with pure odor stimulation 

triggers the development of memory (Claridge-Chang et al., 2009; Aso et al., 2010; Aso and 

Rubin, 2016; Amin and Lin, 2019). Additionally, DANs can overwrite obsolete memory 

information and regulate forgetting (Berry et al., 2012; Aso and Rubin, 2016; Berry et al., 2018; 

Aso and Rubin, 2020). In the MB, the KCs synapse with the MBON dendrites to forward the 

learned odor information and generate a behavioral reaction (Aso et al., 2014; Owald et al., 

2015; Berry et al., 2018; Aso and Rubin, 2020).  

Contradicting the traditional perception that the MB only coordinates the learning and memory, 

and the LH the innate behavior, newer findings reveal an MB intervention to the LH due to 

control conflict situations in foraging (Lewis et al., 2015; Tsao et al., 2018; Amin and Lin, 2019). 

Additionally, recent findings from Dolan et al., 2018, show a needed link from the MB to the LH 

for memory retrieval (Figure 7). 

The LH is the principal processing center for responses to naïve odors, and controls the innate 

olfactory behavior (Belle and Heisenberg, 1994; Das Chakraborty and Sachse, 2021). 

Thereby, excitatory and inhibitory PNs send their axons to the LH, enabling further 

differentiation between naïve odors (Liang et al., 2013; Amin and Lin, 2019). 

 

The olfactory nervous system in adult Drosophila melanogaster is less complex than the 

mammalian one yet holds remarkable homologies (Hildebrand and Shepherd, 1997; Davis, 

2004; Haynes et al., 2015). A connectome of the olfactory learning circuit reveals widely 

ramified interactions (Figure 7; Amin and Lin, 2019; Li et al., 2020). These biological insights 

with the fruitfly as a suitable model organism can generate valuable points in investigating the 

neurobiology of learning and processes of memory acquisition, consolidation, and retrieval 

(Davis, 2005; van der Voet et al., 2014; Mariano et al., 2020). Several memory assays exist 

for flies, like visual or place memory, yet especially olfactory learning and memory is appealing 

due to its fundamental transferability to higher species (Davis, 2005; Kahsai and Zars, 2011; 

Liu et al., 2011). Additionally, experimental animals like flies or mice are guided through their 

environment, particularly by their olfaction and the resulting behavior (Davis, 2005). 
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Figure 7:   The connectome of the olfactory nervous system in Drosophila melanogaster. 

During the coding of different odors, the olfactory receptor neurons (ORNs) with the same olfactory 

receptor (OR) gather the odor signal to one glomerulus, where they synapse to one projection 

neuron (PN) (the colors green, red and blue signify the different ORs) (Amin and Lin, 2019). 

Together with the local interneurons, pre-processing happens in the antennal lobe. The odor 

information becomes forwarded by the PNs to the mushroom body, where a flexible behavioral 

response together with a rewarded or punished trigger becomes coded, and the lateral horn (LH), 

the center for innate behavior. The dopaminergic neurons (DANs) and the inhibitory anterior paired 

lateral (APL) neuron adjust the odor code, which becomes forwarded by the mushroom body output 

neurons (MBONs). These mediate the response (learning, motor output) to the experienced trigger 

and partially modify innate behavior in the LH concerning conflict situations in foraging (Lewis et al., 

2015). Image taken from Amin and Lin, 2019. 
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5. Learning and the generation of olfactory memory traces 

Learning is the remaining behavioral change due to external circumstances (Kahsai and Zars, 

2011). As a result, memory forms, the maintenance of the learned information over a longer 

period. These adaptations to the environment are essential and have to be adjustable (Kandel 

et al., 2014; Mattson and Arumugam, 2018). They are necessary for the animal’s survival or 

even humans' daily routine. Typically, learning happens due to the connection of a stimulus 

with an experience. Of these associative learning, two types exist: operant and classical 

conditioning. In operant conditioning, the test subject chooses spontaneously between stimuli 

and learns due to the rewarded or punished experience (Skinner, 1950). Thus, learning 

through success via trial and error forms. In contrast, classical conditioning after Pavlov 

combines an unconditioned stimulus (US) with a neutral one, which becomes a conditioned 

stimulus (CS) thereupon (Pavlov, 1927). The US can be rewarding as an appetitive or 

punishing as an aversive assay. In this thesis, I focused on aversive classical conditioning. 

 

On the molecular level, the coincidence of the US and the CS happens in the kenyon cells 

(KCs) of the mushroom body (MB) (Figure 8 for aversive olfactory memory formation) (Zars et 

al., 2000; Heisenberg, 2003; McGuire et al., 2003; Davis, 2005; Busto et al., 2010). Here, the 

projection neurons (PNs) transmit the CS (odor) via cholinergic synapses (neurotransmitter: 

acetylcholine, ACh), which opens voltage-gated calcium channels (VGCC) (Busto et al., 2010). 

The resulting intracellular calcium ion (Ca2+) increase triggers the Ca2+ binding with the second 

messenger calmodulin (CaM), followed by activation of the adenylylcyclase (AC) and a cAMP 

increase. In parallel, the US information becomes transmitted via the dopaminergic neuron 

(DAN) clusters (PPL1 and PPL2ab) to the dopamine receptor (DAr) on the KCs, which is a G-

protein coupled receptor. The following activation of the G-protein stimulates the AC, 

increasing cAMP production. Thus, AC, coded by rutabaga, serves as coincidence detector 

for US and CS (Tomchik and Davis, 2009; Gervasi et al., 2010; Christiansen et al., 2011). A 

cAMP increase activates the protein kinase A (PKA; coded by DCO), which phosphorylates 

transcription factors like the cAMP response element-binding (CREB) protein (important for 

long-term memories), target proteins (likewise for short-term memories), or ion channels 

(Davis, 2005; McGuire et al., 2005; Lee, 2015). Interestingly, the mechanism of cAMP signaling 

and the resulting regulation of synaptic plasticity are conserved in different species (Frey et 

al., 1993; Kandel, 2012; Lee, 2015). 

 



Introduction | 24 

 

 

Figure 8:   Molecular model for aversive olfactory conditioning in a kenyon cell of the 

mushroom body. 

The coincidence of a former naive odor as conditioned stimulus (CS; green) and the electric 

shock as negative unconditioned stimulus (US; red) generates aversive olfactory 

conditioning and learned behavior. The cholinergic projection neurons (neurotransmitter: 

acetylcholine, ACh; green) transmit the CS to the kenyon cells (KCs) in the mushroom 

body. Accordingly, voltage-gated calcium channels (VGCCs) open, and the intracellular 

calcium ion (Ca2+) concentration increases. The second messenger calmodulin (CaM) 

binds the Ca2+, and this complex activates the adenylyl cyclase (AC; rutabaga-encoded), 

followed by an increased cAMP production (Davis, 2005). The US information becomes 

transmitted via the dopaminergic neuron (DAN) clusters (PPL1 and PPL2ab) to the 

dopamine receptor (DAr) on the KCs. This activates the heterotrimeric G-protein, which in 

turn stimulates the AC and generates more cAMP. This double AC induction due to the 

synergistic US and CS input leads to an increased protein kinase A (PKA) operation, which 

initiates downstream pathways to the different memory phases and behavior (Kandel, 

2001; Heisenberg, 2003; Davis, 2005). Image taken from (Busto et al., 2010) 
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Memory traces are cellular and synaptic plasticity regarding changes in the neuronal network 

induced by learning (Christiansen et al., 2011; Davis, 2011). Thereby, a specific spatial code 

in the neurons of the olfactory Drosophila pathway causes different temporal memory phases, 

which are dynamic and can last from minutes to days (Figure 9). 

 
 

Figure 9:   Memory traces in temporal memory phases. 

The different aversive olfactory memory phases in Drosophila melanogaster occur temporally shifted 

from minutes to days. A spatial code in the neurons generates various memory traces, which 

partially coexist during the time. Short-term memory (STM; orange curve) develops in the projection 

neurons (PNs), the mushroom body (MB) a’/ꞵ’ lobes, and γ lobe, and via a reduced activity of the 

anterior paired lateral (APL) neurons (Zars et al., 2000; Yu et al., 2004; Wang et al., 2008; Blum et 

al., 2009; Liu and Davis, 2009; Qin et al., 2012; Bouzaiane et al., 2015). Within the early phase of 

mid-term memory (MTM; red curve), a memory phase in the DPM neurons becomes active, lasting 

from 0.5 until 1.5 hours, and a trace in the ellipsoid body (EB) at around 3 hours (Keene et al., 2004; 

Zhang et al., 2013). The α/ꞵ MB trace generates late MTM and long-term memory (LTM), which 

overlap (yellow curve), while the α branch is the main area for LTM (McGuire et al., 2001; Yu et al., 

2006; Blum et al., 2009). Finally, the late-phase of LTM (LP-LTM; blue curve) in the γ MB lasts from 

18 hours until days (Akalal et al., 2010; Davis, 2011). Image modified from Davis, 2011. 
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Short-term memory (STM; also called initial learning) develops immediately and decreases 

within 30 minutes (Figure 9, orange curve). Its short traces are essential for memory 

acquisition. Yu et al., 2004, found that more glomeruli in the antennal lobes (ALs) were 

activated in response to an aversive conditioned odor compared to the naïve odor stimulus 

pattern. This trace in the PNs adds former inactive synapses and lasts 5 to 7 minutes (Yu et 

al., 2004). Additionally, Yu et al., 2004, detected the PNs as a recipient of electric shock as 

US. These discoveries imply the PNs as convergence areas for US and CS in STM (Davis, 

2005; Berry et al., 2008). Further investigations from Wang et al., 2008, revealed a short-term 

trace in the α’/ꞵ’ lobes of the MB, which lasts up to 1 hour, and depends on G-protein coupled 

receptors. Additionally, GABAergic APL neurons act as a suppressor of memory acquisition 

due to activating the inhibitory GABAA receptors RDL on the MB (Liu and Davis, 2009; Davis, 

2011). Its GABA release decreases within the first 5 minutes after learning and enables 

memory formation (Liu et al., 2007; Liu and Davis, 2009; Davis, 2011). Concomitantly, the 

APLs are seen as a coincidence place for US and CS (Davis, 2011). Further, the γ lobe of the 

MB was also found to be essential for STM (Zars et al., 2000; Blum et al., 2009; Qin et al., 

2012; Bouzaiane et al., 2015). 

Memory can be dissected into two components: anesthesia-sensitive memory (ASM) 

decreases with retrograde anesthesia and is labile, while anesthesia-resistant memory (ARM) 

is consolidated and stays stable after anesthesia (Tamura et al., 2003; Scheunemann et al., 

2012). Both are built after a single conditioning trial, yet ASM decreases with time, and ARM 

lasts several days (Heisenberg, 2003; Isabel et al., 2004). During STM retrieval, the early ASM, 

the major component at this timepoint, needs the γ lobe, while the early consolidated ARM 

trace recruits in the α/ꞵ lobes (Bouzaiane et al., 2015). Indeed, lesions in the human brain can 

extinguish not consolidated anesthesia-sensitive memory components like STMs, leading to 

retrograde amnesia (McGaugh, 2000). 

 

Next, mid-term memory (MTM; also called intermediate-term memory) develops within 30 

minutes and lasts for several hours (Figure 9, early and late MTM) (Davis, 2011). Additional to 

the acquisition and retrieval of memory, a phase of memory maintenance and further 

consolidation happens here (Tully and Quinn, 1985). One early MTM trace (red curve), lasting 

0.5 to 1.5 hours, is generated in the DPM neurons, innervating the MB lobes. The DMPs are 

required in MTM consolidation via amnesiac, which is highly expressed here, and an amnesiac 

mutation in the DMP neurons was found to impair MTM (Quinn et al., 1979; Waddell et al., 

2000; Keene et al., 2004). amnesiac codes the neuropeptide AMN, which stimulates cAMP 

production (Bhattacharya et al., 2004). Recent studies reveal amnesiac as important in the 

DPMs during development, and its protein AMN as necessary for MTM and long-term memory 

(LTM) in the MB α/ꞵ lobes (Turrel et al., 2018). The late MTM trace and the beginning LTM 
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start to overlap here (yellow curve). Memories become consolidated in the α/ꞵ lobes due to 

repeated activation in a loop between α’/ꞵ’ lobes and the DMPs (Krashes et al., 2007). A 

disruption of the a/ꞵ MB trace impairs memory retrieval at 3 hours, while the acquisition and 

retention do not suffer (McGuire et al., 2001).  

MTM consists of ASM and ARM in almost equal parts (Tamura et al., 2003; Scheunemann et 

al., 2012). While ARM is independent of protein synthesis, the ASM trace was found to be 

rutabaga-cAMP-PKA dependent in the MB KCs (Schwaerzel et al., 2007; Scheunemann et al., 

2012). PKA even seems to suppress the building of ARM (Horiuchi et al., 2008). In contrast, 

ARM was found to develop via the signaling of dunce (coding the phosphodiesterase PDE4) 

between the local interneurons (LNs) of antennal lobes and the MB (Scheunemann et al., 

2012). Thereby, PDE4 limits the cAMP signaling to specific areas (Houslay, 2010; 

Scheunemann et al., 2012). Several publications found traces, appearing time-dependent, to 

generate ARM and ASM separately. Thus at 2 hours, the retrieval of the labile ASM is built in 

the α/ꞵ lobes, while ARM consolidates in γ (Bouzaiane et al., 2015). Further, one ASM trace 

is created between the ellipsoid body (EB neurons) and the MB, where a release from the 

GABAergic EB block supports ASM formation (Zhang et al., 2013). Even in the synapses, a 

difference between ASM and ARM is visible. Two additional copies of the presynaptic active 

zone protein Bruchpilot diminish ASM, while a lack of Bruchpilot in the MB affects ARM 

(Knapek et al., 2011; Gupta et al., 2016). A convergence of ARM and ASM was found via the 

GTPase Rgk1, which stabilizes both MTM phases (Murakami et al., 2017). 

 

Consolidated memory phases are longer-lasting. The late ARM develops with massed training 

cycles (no rest in between) but also a single training is sufficient (Heisenberg, 2003; Isabel et 

al., 2004). In contrast, LTM, the other consolidated long-lasting memory phase, requires at 

minimum three training sessions with timed intervals (spaced) and is formed via de-novo 

protein synthesis, typically with CREB (Tully et al., 1994; Heisenberg, 2003; Tully et al., 2003). 

The development of LTM is at the expense of ARM, yet both phases are present at 24 hours 

and later (Isabel et al., 2004). Investigations of Pascual and Préat, 2001, point towards a 

localization of the LTM trace in the vertical lobes α and α’. From these vertical lobes, especially 

the α trace (lasting 9 till 24 hours) was described as the main LTM retrieval area, while late 

ARM is located in the α/ꞵ lobes (Isabel et al., 2004; Yu et al., 2006; Blum et al., 2009). Further, 

the retrieval of ARM at 24 hours needs the α’/ꞵ’ lobes (Bouzaiane et al., 2015). 

At last, a late phase of LTM (LP-LT; blue curve) is formed in the γ lobe, lasting from 18 to days 

(Akalal et al., 2010; Bouzaiane et al., 2015). 

 

A cognitive decline with advancing age is conserved in the different species (Saitoe et al., 

2005; Burke and Barnes, 2010; Morrison and Baxter, 2012). The connectivity between the 
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DPM neurons and the MB α lobe declines with time, impeding the LTM trace in the α/ꞵ lobes 

(Tonoki and Davis, 2015). Additionally, aging erases the DMP memory trace, followed by a 

decrease in the ASM component (Tonoki and Davis, 2012). With age, the labile memory 

phases decrease, while the consolidated ones stay unaffected. Thus, the anesthesia-sensitive 

component in STM, MTM, and LTM is impaired, while ARM stays stable (Tamura et al., 2003; 

Mery, 2007; Tonoki and Davis, 2012; Gupta et al., 2013; Tonoki and Davis, 2015; Bhukel and 

Beuschel et al., 2019). New memories have to be consolidated, which needs neuronal and 

molecular operation (McGaugh, 2000). Advancing age impedes this memory consolidation 

step (Tonoki and Davis, 2015; Sander et al., 2021).  

 

Since memory traces are built in neuronal tissues, they are dependent on modifications or 

reinforcement at the synapses. Cellular and plastic changes are necessary (Christiansen et 

al., 2011; Davis, 2011). 
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6. Neuronal information transfer via the synapse 

The conditioned behavior of Pavlov's dog to bark when it heard a bell ringing was a marvelous 

learning process in the brain of this animal, which had its start in the nerves (Pavlov, 1927). A 

major part of learning happens through the transmission of impulses from neuron to neuron at 

their junction, the synapse. Synapse comes from the Greek syn, which means ‘together’, and 

haptein, translated ‘clasp’. This junction between two nerves or a nerve and a muscle is a 

crucial part of the nervous 

system, and it is evolutionary 

conserved across species 

(Zhai and Bellen, 2004). The 

dendrites of a neuron capture 

stimuli, which are converted to 

electrical impulses due to the 

change of membrane 

properties (Figure 10). As soon 

as these signals sum over a 

threshold in the neuronal 

soma, an action potential is 

built at the axon hillock. This 

action potential is forwarded 

anterograde from the soma of 

the nerve via the axon to the 

synapse. Two types of 

synapses exist: The chemical 

synapse with the signal 

transfer via neurotransmitters, 

and the electrical synapse, 

which directly communicates 

by a current at gap junctions 

(Silbernagl and Despopoulos, 

1979). In the following, I will 

focus on the chemical 

synapse. 

When the action potential 

arrives at the synapse, 

presynaptic voltage-gated 

 

Figure 10:   Scheme of a neuron. 

The dendrites of a neuron receive input from the synapses of 

other neurons. When the sum of the signals comes over a 

threshold, an action potential is built at the axon hillock and 

sent along the axon to the synapse. Here, neurotransmitters 

(red dots) are set free through exocytosis from synaptic 

vesicles into the synaptic cleft and attach to receptors of the 

postsynapse. 



Introduction | 30 

 

calcium channels (VGCC) open for calcium (Ca2+) influx from the synaptic cleft (Figure 11) 

(Südhof, 2012). This provokes the exocytosis of neurotransmitters, carried by synaptic vesicles 

(SVs), which is the essential process to convert an electrical signal (action potential) into a 

chemical signal (neurotransmitter) (Sigrist and Ohtsuka, 2018). The neurotransmitters diffuse 

into the synaptic cleft and bind to receptors in the membrane of the postsynapse, which 

transmits the signal further. 

 

Three pools of SVs exist. The reserve pool with its biggest amount of SVs (around 80 – 90 %) 

maintains the stock of SVs, whereas the recycling pool (circa 10 – 15 %) conserves the SVs 

for release (Rizzoli and Betz, 2005). Finally, the readily releasable pool (RRP; around 1 %) 

supplies SVs, which are already docked near the release sites of the presynapse and primed 

in a mature condition, ready for exocytosis (Rizzoli and Betz, 2005; Reddy-Alla et al., 2017). 

The SV fusion with the presynaptic membrane happens in an electron-dense area, called the 

active zone (AZ) (Südhof, 2012). Here, a cluster of phylogenetically conserved proteins, the 

presynaptic cytomatrix at the AZ (CAZ; Figure 12), orchestrates the process of exocytosis. The 

core CAZ consists of the proteins Bruchpilot (BRP), Rab3-interaction molecules (RIM), RIM-

binding protein (RIM-BP), Liprin-α, and Unc13 (Südhof, 2012). These proteins assemble and 

structure the AZ and coordinate the release of SVs as soon as an action potential arrives at 

the synapse. Thereby, BRP (mammalian homolog: CAST family (CAZ-associated structural 

protein), also ERC) builds the backbone of the CAZ, an electron-dense area with various 

shapes (plaques in C. elegans, T-bars in Drosophila melanogaster, ribbons in rats, pyramids 

 

Figure 11:   Scheme of a synapse (chemical), the synaptic cleft, and the postsynapse. 

An action potential arrives at the synapse and triggers the opening of presynaptic voltage-gated 

Ca2+ channels, followed by Ca2+ influx. This causes the exocytosis of synaptic vesicles at the active 

zone, and thus neurotransmitters are released in the synaptic cleft. At the postsynapse, 

neurotransmitters activate receptors within the postsynaptic density, and the signal is forwarded. 

Image taken from Andlauer, 2013. 
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in humans; see Figure 15) (Wagh et al., 2006). This protein family is, together with RIM, 

responsible for an appropriate clustering of the Ca2+ channels within the AZ, the composition 

of the CAZ, and an operating SV release (Kittel et al., 2006b; Owald and Sigrist, 2009). 

Furthermore, BRP controls the size of the RRP of SVs (Matkovic et al., 2013). RIM proteins 

take part in the organization of the AZ and enable SV priming, thus, adjusting the RRP (Deng 

et al., 2011; Müller et al., 2012; Südhof, 2012). RIM-BP structures the AZ nanoarchitecture 

and anchors BRP within the AZ (Liu et al., 2011; Petzoldt et al., 2020). In addition, it binds Ca2+ 

channels to RIM and controls the SV refilling to release sites (Südhof, 2012; Petzoldt et al., 

2020). Liprin-α assembles nascent AZs and helps to avert the random allocation of synaptic 

material in the axon (Fouquet et al., 2009; Owald et al., 2010; Li et al., 2014). The priming and 

release factor within the CAZ is Unc13 (in mouse Munc13; in humans UNC13) (Aravamudan 

 

Figure 12:   Synaptic vesicle release and the cytomatrix at the active zone. 

After Ca2+ influx through Ca2+ channels within the active zone, synaptic vesicles of the 

readily releasable pool, primed by Unc13, are tethered by Bruchpilot (BRP). The SNARE 

complex links the synaptic vesicle to the presynaptic membrane. Thus, the membranes 

merge, and the neurotransmitters dispense into the synaptic cleft, where they activate 

receptors of the postsynapse (Südhof, 2012). Image modified from Petzoldt et al., 2020. 
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et al., 1999). It makes the SVs fusion-competent and controls short-term plasticity (Südhof, 

2012). Furthermore, Unc13 promotes stability for the number and positions of SV release sites 

and an accurately timed neurotransmitter signaling (Reddy-Alla et al., 2017). Due to its two 

isoforms, Unc13 can cause different synaptic responses, which means a fast phasic answer 

or a slower tonic reply to a signal depending on a differential localization of its isoforms Unc13A 

or Unc13B (Fulterer et al., 2018; Böhme et al., 2019; Woitkuhn and Ender et al., 2020). Thus, 

under the control of the CAZ proteins, SVs of the RRP become activated for exocytosis by the 

Ca2+ sensor Synaptotagmin, located in their membrane, when an action potential triggers the 

Ca2+ influx (Haucke et al., 2011). The energy for the fusion of the vesicular membrane with the 

presynaptic membrane is provided by the SNARE complex (soluble NSF (N-ethylmaleimide-

sensitive factor) attachment protein receptor) (Jahn and Fasshauer, 2012). This complex is 

built of one SV membrane protein, Synaptobrevin (in humans: VAMP (vesicle-associated 

membrane protein)), and two proteins in the presynaptic plasma membrane, Syntaxin-1 and 

SNAP-25 (synaptosomal-associated protein 25) (Haucke et al., 2011). After the SV membrane 

and the presynaptic membrane merge, neurotransmitters can dispense into the synaptic cleft 

and activate receptors at the postsynapse. Thus, the signal is passed on the postsynaptic cell. 

Via endocytosis, the SV membrane becomes recycled (Haucke et al., 2011). 

 

In this way, information becomes transferred between the nervous network. However, learning 

stands for an adaptation to the environment and needs to be adjustable (Kandel et al., 2014). 

The system can react via synaptic plasticity, an experience-dependent modulation within the 

synapse (Ho et al., 2011; Takeuchi et al., 2014; Böhme et al., 2019). Thus, short-term plasticity 

operates within milliseconds to minutes, increases synaptic transmission, and is reversible 

(Alabi and Tsien, 2012; Jackman and Regehr, 2017). Here, an enhanced Ca2+ amount or 

sensitivity can increase exocytosis (Sigrist et al., 2003). Additionally, presynaptic homeostatic 

potentiation, a homeostatic regulation of neurotransmitter release, can adjust release sites 

(Böhme et al., 2019). In contrast, long-term potentiation lasts for hours and days and induces 

a persisting potentiation of synaptic strength (Nicoll and Roche, 2013; Jackman and Regehr, 

2017). It can be adjusted via enrichment of postsynaptic areas, thus, incorporation of further 

postsynaptic receptors or a rise in the volume of dendritic spines (regions with postsynaptic 

density, located in the opposite of AZs) (Ho et al., 2011; Nicoll and Roche, 2013). Though, our 

recent study reveals that long-term potentiation also happens at the presynapse by a 

reconstruction of the AZ (Böhme et al., 2019). Here, more CAZ proteins become incorporated 

into the AZ step by step. Hence, chronic plasticity with augmented neurotransmitter release 

takes place (Böhme et al., 2019). 
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7. Drosophila melanogaster as an optimal model organism to 

investigate phylogenetically conserved aging pathways  

The fruit fly Drosophila melanogaster 

is a long-known genetic model. Since 

discovering the white gene through 

Thomas Hunt Morgan in 1910, this 

model system has helped to explore 

several research fields (Green, 2010). 

Due to straightforward genetics, flies 

are an effective system in the field of 

biology and medicine (Jennings, 

2011). Thus, it was 1999 already 

possible to sequence the whole 

genome of Drosophila melanogaster, 

consisting of almost 13,600 genes on 

only four pairs of chromosomes 

(Adams et al., 2000). In addition, 

working with these animals holds 

benefits like the small amount of 

needed space, the large number of 

progeny, the short life cycle, and the 

brief lifetime (Figure 13). 

As a genetic tool, the UAS-Gal4 

system enables the expression of a 

single gene spatially and temporally. Discovered in yeast, this method uses the enhancer trap 

Gal4 to activate the expression of the gene of interest, targeted with UAS (Brand and Perrimon, 

1993). As a technical improvement, Gal80 serves as a suppressor of Gal4 (Elliott and Brand, 

2008; Roote and Prokop, 2013). Additionally, it is possible to gain the function of a gene 

through its targeted overexpression. Similarly, a reduction or even loss of the activation of a 

gene can be generated with the help of double-stranded RNA (RNA interference, RNAi). In 

this way, RNAi induces a specific posttranscriptional gene silencing (Hannon, 2002). Recently, 

a pioneering novel genetic tool, the enzyme mechanism CRISPR-Cas9 (clustered regularly 

interspaced palindromic repeats; CRISPR associated protein 9), was found with which it is 

possible to target any DNA sequence of interest (Doudna and Charpentier, 2014). This 

remarkable technique can efficiently redact Drosophila, providing many new possibilities 

(Gratz et al., 2015). 

 

Figure 13:   The life cycle of Drosophila 

melanogaster at 25 °C.  

After the egg's eclosion, it takes five days from the 

larva to the pupa, where it goes through three instar 

stages. Finally, ten days after the oviposition, an adult 

fly encloses. Mated females lay around 100 eggs per 

day at 25 °C. Image taken from Roote and Prokop, 

2013. 
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Figure 14:   Conserved systems between humans and Drosophila melanogaster. 

A similar assembly can be observed between humans and flies, starting with the whole body 

organization to the circulation, skeleton and muscles, digestive tract, and nervous system (Patel et 

al., 2017). 

 

Figure 15:   Active zones with their electron-dense structures in synapses of different 

species. 

On the top: Schemata of the cytomatices at the active zones. At the bottom: Electron micrographs 

of the active zones of synapses. From left to right: C. elegans, Drosophila melanogaster, frog, rat 

human. Synaptic vesicles in yellow, electron-dense structures in blue, presynapses in orange, and 

postsynapses in green. Image modified from Zhai and Bellen, 2004. 
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In a large number, biological mechanisms and pathways are conserved across the different 

species (Jennings, 2011). Furthermore, when we compare humans and flies, a similar 

assembly can be found in the body organization, the digestive tract, the circulation, and the 

nervous system. Interestingly, even a look into the most minor parts of the nervous system, 

the synapses, reveal homologous structures across different species (Zhai and Bellen, 2004). 

Exemplarily, Figure 15 pictures the cytomatrices of synapse’ active zones in C. elegans, 

Drosophila melanogaster, frogs, rats, and humans. Thus, even though the electron-dense 

structures in blue possess various shapes, the elemental composition of the active zones (AZs) 

show conserved presynapses across the species. 

Around 75% of genes associated with human malady have orthologues in the flies’ genome 

(Reiter et al., 2001). This state raises fascinating possibilities in researching diseases (van der 

Voet et al., 2014). With the fly, genes’ role can be explored, also in the context of the parameter 

time. The origin of pathology in vitro and in vivo, a potential interaction partner or molecular 

pathways can be revealed (van der Voet et al., 2014). Even a screen for potential medicinal 

products is feasible (Cabo et al., 2014). Thus, the tiny fruit fly is a powerful tool to fight 

senescence-associated ailments. 

 

Figure 16:   Drosophila melanogaster as model organism in the research of human diseases. 

Since many genes associated with human ailments are conserved, the fruit fly serves as a powerful 

tool to explore the function of a gene in vitro and in vivo, just like a temporal context or potential 

interaction partner and molecular pathways. Additionally, it is possible to perform drug screens with 

these animals (van der Voet et al., 2014). This way, the immediate context becomes visible, which 

provides insights into the understanding of various maladies and a future remedy. Image taken from 

van der Voet et al., 2014. 



 

 

  



 

 

 

 

 

 

 

 

 

 

II.   Material and Methods 

  



Material and Methods | 38 

 

1. Fly stocks and their cultivation 

Flies were reared under standard laboratory conditions of around 25 °C and 65 % humidity in 

a 12:12 hours light:dark cycle and kept on food after Bloomington recipe 

(https://bdsc.indiana.edu/information/recipes/bloomfood.html) with minor changes (in the 

following designated as normal food), if not declared otherwise (Sigrist et al., 2003). 

In general, the parental generation was kept at 25 °C for egg deposition and placed on new 

food every second or third day to avoid larval overpopulation. Afterward, the progeny was 

stored until its emergence. Then, the adult flies were collected every other day in an 

appropriate population density. Until they reached their experimental age, the flies were placed 

on fresh food every second or third day. If not declared otherwise, all flies were raised under 

the same conditions. A short compilation of each genotype's method is added next to the 

results in the appendix. 

In some trials, I combined the temperature-sensitive Gal-4 suppressor Gal80 (Gal80ts; McGuire 

et al., 2003) with the Gal4-UAS-system to target the expression of RNA interference (RNAi) 

with UAS and exclude developmental effects due to genetic intervention (Brand and Perrimon, 

1993). Here, the progeny was kept at 18 °C, where the Gal80ts operated until the flies’ eclosion. 

Then, they were shifted to 29 °C so that the suppression of the enhancer trap Gal4 was 

terminated, and the gene of interest could be inhibited via RNAi (McGuire et al., 2003). 

Experimental animals treated under these conditions were designated in this study.  

 

For Spermidine tests (Spd; source: Sigma-Aldrich [No. S4139]), a stock solution of 2 M in 

sterile distilled water was prepared and stored at - 20 °C. As soon as freshly prepared normal 

food cooled down to 40 °C, the Spd was added to the final concentration of 5 mM (designated 

as Spd food, + Spd). The flies were raised and developed on Spd food or the normal food as 

a control since egg deposition. 

 

For tests with 4,4’-Dimethoxychalcone (DMC; source: ABCR [No. 179040], Extrasynthese [No. 

1295]), DMC was freshly diluted in 0.1 % Dimethyl sulfoxide (DMSO; source: Sigma-Aldrich 

[No. 276855]). Afterward, this solution was added to freshly prepared normal food in different 

concentrations at a temperature of 55 °C. These were designated as 0.2 mM DMC (0.0537 

µg/ml), 1.0 mM DMC (0.269 µg/ml), and 2.0 mM DMC (0.537 µg/ml). As control food served 

normal food containing the same concentration of DMSO as the DMC food without any DMC 

(designated as 0.1 % DMSO). The flies were raised and developed on normal food and were 

fed with the respective DMC concentrations or 0.1 % DMSO food after eclosion, if not declared 

otherwise. In an additional experiment to test a potential DMSO toxicity, the DMSO food 

concentrations 0.05 %, 0.1 %, and 0.5 % were used since egg deposition. 

https://bdsc.indiana.edu/information/recipes/bloomfood.html
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Table 1:   Fly lines 

fly stocks          (source) 
chromo-

some 
description / reference 

previously 

described in 

driver lines: 

appl-Gal4 

(SL # 674) 
X pan-neuronal driver Gupta et al., 2016 

ilp2-Gal4 

(SL # 5 / BL # 37516) 
II 

driver in the insulin producing cells 

in the brain 

Bhukel and 

Beuschel et al., 

2019 

elaV(X)-Gal4 

(SL # 10) 
X pan-neuronal driver (elaV-c155) 

Lin and Goodman, 

1994 

gh146-Gal4 

(SL # 1301 / BL # 30026) 
II 

projection neurons driver 

(excitatory projection neurons) 
Stocker et al., 1997 

gmr-Gal4 

(SL # 504 / BL # 1104) 
X optic lobe driver 

Hiesinger et al., 

1999 

mb247-Gal4 

(SL # 2377) 
III 

mushroom body driver  

with α/ꞵ and γ lobes covered 
Zars et al., 2000 

mb247-Gal80 

(SL # 1689 / BL # 64306) 
II 

Gal4-suppressor in the mushroom 

body lobes α/ꞵ and γ 
Aso et al., 2014 

mb247-Gal80;;ok107-Gal4 II ;; IV 

diver profile of ok107-Gal4 minus 

the Gal80 suppression in the 

mushroom body lobes α/ꞵ and γ 

kindly provided by 

Atefeh Pooryasin 

ok107-Gal4 

(SL # 2259 / BL # 854) 
IV 

mushroom body driver with all 

lobes covered (α/ꞵ, α’/ꞵ', γ) plus 

expression in pars intercerebralis, 

optic lobe, antennal lobe, and 

subesophageal ganglion 

Connolly et al., 1996 

or83b-Gal4 

(SL # 1418) 
III 

expression in the odorant receptor 

co-receptors (Orco) 
Fulterer et al., 2018 
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r13f02-Gal4 

(BL # 48571) 

III mushroom body driver, all lobes 

Bloomington 

Drosophila Stock 

Center 

r58h05-Gal4 

(BL # 39198) 
III 

expression in ellipsoid body ring 2 

neurons (now renamed as R5 

neurons) 

Jenett et al., 2012 

tub-Gal80ts ;; ok107-Gal4 II ;; IV 

diver profile of ok107-Gal4 minus 

temperature-sensitive Gal80 

suppression 

kindly provided by 

Atefeh Pooryasin 

vt030559-Gal4 

(VDRC # 206077) 
III 

mushroom body driver  

with α/ꞵ, α’/ꞵ' and γ lobes covered 
Turrel et al., 2018 

marker lines: 

UAS-EGFP 

(BL # 41556) 

III 
enhanced green fluorescent 

protein 

Bloomington 

Drosophila Stock 

Center 

mutants: 

aplip1ek4 , Df(3L)BSC799 

(SL # 2077+215 / BL # 24632) 
III 

App-like interacting protein 1, 

hypomorph (point mutation) in the 

background of Aplip1 deficiency 

(Df(3L)BSC799) 

kindly provided by 

Mathias Böhme 

Horiuchi et al., 

2005; Böhme et al., 

2019 

brp83 III 

two endogenous plus two genomic 

bruchpilot gene copies, coding four 

copies of Bruchpilot (4x BRP) 

Gupta et al., 2016 

brp83 , r13f02-Gal4 III 
4x BRP combined with the 

mushroom body driver r13f02 

kindly provided by 

Sheng Huang 

brpc04298 

(HMS #c04298) 
II null mutation of bruchpilot Huang et al., 2020 

CG8005DG05802 III 

deoxyhypusine synthase, 

necessary in the first step of 

hypusination 

Liang et al., 2021 
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foxoEY11248 

(BL # 20279) 
III 

P-element insertion of foxo, 

overexpression 
Zhao et al., 2008 

ilp2 

(BL # 30881) 
III 

ends-out gene replacement of ilp2 

with w+ 
Grönke et al., 2010 

ilp2-3 

(BL # 30888) 
III 

ends-out gene replacement of ilp2 

and ilp 3 with w+ 
Grönke et al., 2010 

wDah ;; ilp2-3,5 

(SL # 23) 

X ;; III 

ends-out gene replacement of ilp2, 

ilp3, and ilp5 with w+, 

in the background of white 

Dahomey 

kindly provided by 

Partridge lab 

Grönke et al., 2010 

ilp3 

(BL # 30882) 
III 

ends-out gene replacement of ilp3 

with w+ 
Grönke et al., 2010 

ilp5 

(BL # 30884) 
III 

ends-out gene replacement of ilp5 

with w+ 
Grönke et al., 2010 

ilp7 

(BL # 30887) 
X 

ends-out gene replacement of ilp7 

with w+ 
Grönke et al., 2010 

sNPFc00448 

(SL # 2711 / BL # 85000) 
II 

short neuropeptide F (sNPF), 

hypomorph mutation 
Hu et al., 2017 

srpk79DVN 

(SL # 1918) 
III 

serine-arginine protein kinase 79D 

(Srpk79D), null mutant 

Nieratschker et al., 

2009 

sss 

(BL # 16588) 
II 

sleeplessEY04063, also named sssP1; 

P-element insertion; quiver (qvr) is 

an allele of sss 

Koh et al., 2008 

sss ; 4x BRP II ; III 

sleeplessEY04063 ( also named 

sssP1) combined with brp83 (4x 

BRP) 

kindly provided by 

Sheng Huang 

Huang et al., 2020 
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unc13B deletion 

del100Bpacman/+ ; unc13P84200 

(SL # 784) 

 

III ; IV 

unc13A Pacman rescue 

(del100Bpacman) in the 

background of an unc13 null allele 

(unc13P84200, generated via EMS 

mutagenesis) 

 

Böhme et al., 2016 

unc13 rescue 

unc13 pacman full/+ ; unc13P84200 
III ; IV 

unc13 rescue with unc13A and B 

in the background of unc13 null 

allele (unc13P84200) 

Böhme et al., 2016 

overexpression lines: 

UAS-atg16B OE 

(SL # 248 / BL # 51655) 
III 

overexpression of autophagy-

related 1, core component of the 

Atg1 initiation complex within 

macroautophagy 

Mohseni et al., 2009 

UAS-cellubrevin OE III cellubrevin overexpression 
Bhattacharya et al., 

2002 

UAS-hdac6 OE  
histone deacetylase 6 

overexpression 

kindly provided by 

Patrik Verstreken 

UAS-hsc70-4wt OE 

(SL # 2682) 
III 

overexpression of the wild-type 

heat shock protein cognate 4 

(hsc70-4) with functional 

chaperone-mediated autophagy 

and endosomal microautophagy 

Uytterhoeven et al., 

2015 

UAS-hsc70-4D10N OE 

(SL # 2683) 
III 

heat shock protein cognate 4 

(hsc70-4) overexpression where 

the ATPase is not working, only 

the endosomal microautophagy is 

active  

Uytterhoeven et al., 

2015 

UAS-p62/Ref(2)p-GFP OE 

(SL # 2667) 
III 

overexpression of mammalian p62 

protein receptor (Ref(2)p in 

Drosophila) 

 

UAS-skywalker OE 

(SL # 2642) 
III skywalkerVKB3 overexpression  

Uytterhoeven et al., 

2011 
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UAS-sNPF OE  
short neuropeptide F (sNPF) 

overexpression 

kindly provided by 

Peter Soba 

UAS-sNPF OE ; UAS-sNPF OE 

(SL # 2714) 
II ; III 

short neuropeptide F (sNPF) 

overexpression 

kindly provided by 

Ilona Grunewald-

Kadow 

UAS-sss OE 

(BL # 30866) 
III 

overexpression of sleeplessEY04063  

(also named sssP1); quiver (qvr) is 

an allele of sss 

Bloomington 

Drosophila Stock 

Center 

w ;; UAS-n-synaptobrevin-GFP 

OE 

(SL # 2649) 

I ;; III 
overexpression of neuronal 

synaptobrevin (with GFP tag) 

Bhattacharya et al., 

2002 

UAS-unc13A C-term -GFP OE; 

ok107-Gal4                             

(SL # 599) 

III ; IV 

expressing Unc13A without the N-

terminal end, driven by ok107-

Gal4 in the mushroom body 

kindly provided by 

Mathias Böhme 

Böhme et al., 2019 

UAS-unc13A N-termDN -GFP OE III 
dominant negative N-terminal end 

of Unc13A 

Reddy-Alla et al., 

2017 

UAS-unc-104 OE 

(BL # 24786) 
X unc-104 overexpression 

kindly provided by 

Tobias Rasse 

RNAi lines: 

UAS-aplip1 RNAi 

(SL # 2318 / VDRC # 50007) 
III 

App-like interacting protein 

(Aplip1), a scaffold protein with 

tasks in axonal transport 

Böhme et al., 2019 

UAS-atg5 RNAi  

(BL # 34899) 
III 

autophagy-related 5 (atg5); part of 

the Atg12 conjugation system 

within macroautophagy 

Bhukel and 

Beuschel et al., 

2019 

UAS-atg9 RNAi 

(BL # 34901) 
III 

autophagy-related 9 (atg9); part of 

the PI3P binding complex within 

macroautophagy 

Bhukel and 

Beuschel et al., 

2019 

UAS-brpB3 RNAi III 

Bruchpilot (BRP), a main scaffold 

protein of the presynaptic active 

zone 

(Wagh et al., 2006) 
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UAS-CG8005 RNAi 

(VDRC # 103593)  

II 

deoxyhypusine synthase, 

necessary in the first step of 

hypusination 

Liang et al., 2021 

UAS-elp3 RNAi  

(BL # 35488) 
III 

elongator complex protein 3 

(ELP3), a lysine acetyltransferase 

(KAT) 

Bloomington 

Drosophila Stock 

Center 

UAS-elp3 RNAi  

(VDRC # 106128) 
II 

elongator complex protein 3 

(ELP3), encodes a lysine 

acetyltransferase (KAT) 

Vienna Drosophila 

Resource Center 

UAS-hdac6 RNAi  

(BL # 31053) 
III histone deacetylase 6 (hdac6) Gupta et al., 2016 

UAS-hdac6 RNAi  

(BL # 34702) 
III histone deacetylase 6 (hdac6) 

Bloomington 

Drosophila Stock 

Center 

UAS-p62/Ref(2)p RNAi 

(BL # 33978) 
III 

mammalian p62 protein receptor 

(Ref(2)p in Drosophila) 

Bloomington 

Drosophila Stock 

Center 

UAS-sss RNAi 

(BL # 58061) 
II 

sleeplessEY04063, also named sssP1; 

quiver (qvr) is an allele of sss 

Bloomington 

Drosophila Stock 

Center 

UAS-sNPF RNAi 

(SL # 2712) 
X ; II short neuropeptide F (sNPF) Knapek et al., 2013 

UAS-sNPF R RNAi 

(SL # 2717) 
III short neuropeptide F receptor Knapek et al., 2013 

UAS-srpk79D RNAi 

(VDRC # 47544) 
III 

serine-arginine protein kinase 79D 

(Srpk79D) 

Nieratschker et al., 

2009 

UAS-tomosyn RNAi 

(SL # 2670 / VDRC # 43630) 
II RNAi for tomosyn Chen et al., 2011 
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UAS-unc13A RNAi 

(SL # 1521) 
III RNAi for the isoform A of unc13 Fulterer et al., 2018 

UAS-unc13B RNAi 

(SL # 1519) 
III RNAi for the isoform B of unc13 Fulterer et al., 2018 

wild-type: 

Canton S 

(SL # 2136) 
 wild-type 

Tully and Quinn, 

1985 

wDah 

(SL # 22) 
X 

white Dahomey, a natural host of 

the bacterium Wolbachia pipientis 

kindly provided by 

Partridge lab 

(Grönke et al., 

2010) 

w1118 X with a white null allele 

Hazelrigg et al., 

1984; Diegelmann 

et al., 2006 

Table 1:   Fly lines 
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2. Aversive olfactory assays 

All aversive olfactory assays were performed at 25 ± 2 °C and relative humidity of 80 ± 5 % in 

dim red light. The experimental flies have been stored under these conditions for acclimation 

one hour before the tests. As olfactory cues, the odors 3-Octanol (OCT; source: Sigma-Aldrich 

[No. 218405]) and 4-Methylcyclohexanol (MCH; source: Sigma-Aldrich [No. 66360]) were used 

most frequently. The odors were applied in the concentration 1:100, diluted in Paraffin oil 

(source: Sigma-Aldrich [No. 18512]), and presented in 14 mm cups. In these concentrations, 

the odors are repulsive for the flies. In some experiments, different odor combinations were 

used in appropriate concentrations: 3-Octanol was combined with Ethylacetate (EA; source: 

Sigma-Aldrich [No. 270989]) and 4-Methylcyclohexanol with Benzaldehyde (BA; source: 

Sigma-Aldrich [No. 418099]). If necessary, the used concentrations were adapted using equal 

effectiveness between the odors. Each experimental setup and the according measured 

parameters are declared in the appendix, Table 25. 

Following the Pavlovian principle from 1927, classical conditioning was performed to link a 

conditioned stimulus (CS) with punishment (e.g., electrical shock) as an unconditioned 

stimulus (US) (Kahsai and Zars, 2011). In this study, the electric shock as a negative reinforcer 

was used as an unconditioned stimulus with an alternating current of 120 volts (V) twelve times 

within one minute. Around 100 naïve flies were placed in the T-maze (one position; Figure 17) 

or a Tully Wheel (four positions, each with about 100 flies) (Tully and Quinn, 1985). The 

unconditioned stimulus was combined with one odor (A) as the conditioned stimulus (CS+) in 

a single-cycle associative procedure (Figure 17). After one minute of rest, the other odor was 

presented to the flies as the non-shock associated odor (CS-) for one minute. After this training 

session, the flies were either stored under experimental conditions separately to wait for the 

 

Figure 17:   Aversive olfactory memory assay with a T-maze. 

During the training session, one odor (A) is paired with an electric shock (unconditioned stimulus; 

US) to generate a conditioned stimulus (CS+). Afterward, the second odor (B) is presented to the 

flies without reinforcement (CS-). For the test situation, the flies were pushed into the choice position 

between the two odors (Tully and Quinn, 1985). Image taken from Vosshall, 2007. 
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test session or immediately lowered into the test position of the T-maze. In the test phase, the 

flies could choose between the two simultaneously presented odors for one minute (Figure 

17). Afterward, the number of flies in the different tubes was counted, and the performance 

index (PI) was calculated as flies that avoided the shocked odor (CS-) minus flies which choose 

the conditioned odor (CS+), divided by the whole number of flies, and multiplied by 100 for the 

unit percentage. Hence, a distribution of 50:50 would give a PI of 0 %, meaning no learning, 

while a PI of 100 % would result in a distribution of 1:100 as total learning. 

 

PIA/B [%] =  
CS−  −  CS+

CS−  +  CS+
 ∙ 100 

 

To complete the trial, the second odor needs to be combined with the reinforcer within an 

additional reciprocal experiment with fresh flies. The resulting PI shows the learning with the 

second odor. The final performance index can be received via the means of both odors' PIs. 

 

PI =  
PIA  +  PIB

2
 

 

Different memory phases develop after the learning (Figure 18; Tully et al., 2003). At first, 

short-term memory (STM) emerges immediately after the training phase and lasts for minutes. 

Subsequently, mid-term memory (MTM) follows, which develops within minutes and lasts for 

hours. In this study, one and three hours MTM was performed. MTM can further be 

distinguished between anesthesia-resistant memory (ARM), which is the consolidated 

component of MTM, and its labile part, anesthesia-sensitive memory (ASM), which is sensitive 

to anesthesia (Tamura et al., 2003). To isolate these two phases, ARM was tested 

independently of MTM. Here, the training was run out regularly. 30 minutes before the testing, 

the experimental flies were kept in ice-cold water for 90 seconds. During this procedure, the 

labile ASM vanishes. Consequently, it is possible to calculate the value for ASM by subtracting 

the ARM value from the mid-term memory (median). 

 

ASM =   MTM − ARM 

 

Long-term memory (LTM) is tested 24 hours after training. It needs iterated, spaced training to 

develop after hours and persists for more than seven days (Tully et al., 2003). This test was 

not conducted in this thesis. 
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The following tests were conducted to check the experimental groups' innate behavior. First, 

the odor acuity to see the flies could sense the odors. For this, around 100 naïve flies were 

directly placed in the T-maze's choice position, where they could choose between one odor (A 

or B) and air for one minute. Since the odors were presented in aversive concentrations, flies 

should avoid these odors. The performance index for each odor acuity (PIA / PIB) was 

calculated as flies that choose the air (CSair), minus flies from the odor side (CSA / B), divided 

by the sum of the tested flies. The value was multiplied by 100 and stated in percentage. 

 

PIA/B [%] =  
CSair  −  CSA/B

CSair  +  CSA/B
 ∙ 100 

 

 

Figure 18:   Memory phases 

Aversive olfactory learning is assembled in different memory phases, which vary in function and 

genetics. Short-term memory (STM) develops immediately in the learning process but lasts only 

minutes. Mid-term memory (MTM) occurs within minutes and lasts for hours. MTM can be separated 

into anesthesia-resistant memory (ARM) as a more stable component of mid-term memory, which 

lasts for several days, and labile anesthesia-sensitive memory, decreasing with time. With iterated 

training, long-term memory (LTM) evolves after several hours and persists for more than a week. 

Image modified from Tully et al., 2003. 
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For shock reactivity, around 100 naïve flies were put in the choice position between air and the 

running alternating current of 120 volts (V) for one minute. Afterward, the performance index 

(PIshock) was calculated as the flies, which avoided the shock (CSair), minus the shocked ones 

(CSshock), divided by the whole number of tested flies. In the end, the result was multiplied by 

100 and stated in percentage. 

 

PIshock [%] =  
CSair  −  CSshock

CSair  +  CSshock
 ∙ 100 

 

In this study, if not dedicated otherwise, mid-term memory (1 and 3 hours) and anesthesia-

resistant memory (1 and 3 hours) were performed with a T-maze, as well as odor acuity. In 

contrast, short-term memory and shock reactivity were mainly carried out with the Tully Wheel. 

 

To test the experimental conditions, around 100 naïve wild-type flies were placed in the choice 

position, while one odor was presented on one side, the other one on the opposite. In a 

functional setup, equal distribution of around 50:50 for each odor was received (PI = 0). If 

necessary, the odor concentrations were adjusted depending on this direct comparison test in 

the T-maze or Tully Wheel. Usually, a concentration of 1:100 (diluted in paraffin oil) was used, 

if not declared otherwise (appendix, Table 25). 

A short compilation of the methods (age, rearing temperature, apparatus, concentration) for 

each experiment is listed next to the measured parameter in the appendix. 
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3. Longevity assay 

 

These trials were performed as a part of the research for 4,4’-Dimethoxychalcone (DMC). 

Here, wild-type w1118 flies were collected after their eclosion for three days. After one additional 

mating day, the flies were sorted, male and female separate, under CO2 anesthesia, and 

portioned into 20 flies per vial for each cohort and concentration. Besides normal food and 0.1 

% Dimethylsulfoxide (DMSO) food as controls, the following concentrations of DMC were used 

(each dissolved in 0.1 % DMSO): 0.2 mM (0.0537 µg/ml), 1.0 mM (0.269 µg/ml) and 2.0 mM 

(0.537 µg/ml). Subsequently, the flies were placed on fresh food of the appropriate DMC 

concentration every other day. Dead flies were noted and removed. Escaped flies were 

excluded. Additionally, test with different DMSO concentrations (0.05 %, 0.1 % and 0.5 % 

DMSO) were conducted. 

 

 

 

4. Locomotor activity assay (negative geotaxis) 

The locomotion capabilities of flies treated with 4,4’-Dimethoxychalcone (DMC) were tested 

with a locomotion activity assay (also called climbing assay; test for negative geotaxis) after 

Gupta et al., 2013: Wild-type w1118 flies were collected for one day, and sorted by sex under 

CO2 anesthesia on the days 1, 8, 18, or 28. Groups of 15 flies were stored in separate vials 

with the different drug concentrations, split in sex and the different cohorts. After two days of 

recovery, the test animals were transferred into experimental vials, marked by a line at the 

height of seven centimeters from the bottom. Each trial was performed around the same time 

of the day, in natural light at room temperature (23 °C), and videotaped. One after the other, 

the respective flies with the age of 3, 10, 20, and 30 days were tapped down in the vial and 

allowed to climb for 5, 10, or 15 seconds. Thereby, each experimental group was tested only 

once.  

The climbing success for each round was determined after 15 and 30 seconds. It was 

calculated as the whole number of flies plus the subtraction of the ones, which passed the 

seven centimeters (Ntop) within 15 or 30 seconds, substracted by the flies that failed the task 

(Nbottom). The result was divided by the number of flies (Ntotal), split in half, and multiplied by 100 

for the unit percentage. 
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Climbing Success [%] =  
Ntotal + (Ntop  −  Nbottom)

Ntotal
 ∙  

1

2
 ∙  100 

 

In a second locomotion protocol following Inagaki et al., 2009, an apparatus as shown in Figure 

19 was used to perform a negative geotaxis assay. This way, the gravity sensing of 

macroautophagy deficient flies was measured (see chapter III.2.4.1.b, Figure 47). In the trial, 

the flies migrated from the left position with test tube 1 to the right with test tube 6. A bad 

performance in locomotion would be visible with many animals in the left fraction and vice 

versa. In preparation for one test round, 20 female flies were collected and transferred to fresh 

food every second or third day until they reached their experimental age. The tests were 

performed at 25 ± 2 °C and relative humidity of 80 ± 5 % in dim red light. When the experimental 

flies were 10-day old, they were loaded in test tube 1 (step 1 in Figure 19) and fixed to the 

apparatus in its transfer state (slide right). After three minutes of resting time (to step 2), the 

device was strongly tapped down five times, and fast skidded to the testing state (slide left; 

 

Figure 19:   Apparatus and procedure for a negative geotaxis assay. 

First (step 1), the flies were loaded in test tube 1 at the transfer state. After a break of 3 minutes 

(step 2), the whole device is tapped down five times, and the upper frame is fast slid to the testing 

state (test tubes 1 and 1’ are in the opposite of each other; step 3). Now, the flies have 30 seconds 

to climb up into test tube 1’ (step4). The climbing is stopped by sliding the upper frame back to the 

transfer state (step 5). Procedures 3 to 5 are repeated four more times. Image modified from Inagaki 

et al., 2009. 
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step 3). In this testing stage, the flies could climb from test tube 1 into 1’ within 30 seconds 

(step 4). Next, the upper frame of the machine was set to the transfer state as at the beginning 

(slide right), and the apparatus was strongly tapped down five times. Most of the flies were in 

test tube number 2 by then (Figure 19). Once again, the apparatus is tapped down five times. 

Next, steps 3 to 5 were repeated four times until the flies could reach the last test tubes. The 

animals in the six test tubes of the lower row (1-6) were removed and counted. The coefficient 

Cf as the probability of the flies reaching successfully the last test tubes was calculated as 

below. Here, n was the number of the test tube. 

 

𝐶𝑓 =  
𝑛2 +  2 𝑛3 + 3 𝑛4 + 4 𝑛5 + 5 𝑛6

5 (𝑛1 + 𝑛2 +  𝑛3 + 𝑛4 + 𝑛5 + 𝑛6)
 

 

 

 

5. Immunostainings and microscopy 

The brains of female adults of the appropriate age were dissected in an ice-cold hemolymph-

like solution (HL3) and immediately transferred for fixation to 4 % paraformaldehyde (4 % PFA 

in phosphate-buffered saline solution (PBS), pH = 7.4) on a shaker for one hour at room 

temperature. Afterward, the brains were washed in 0.6 % Triton X-100 in PBS solution (0.6 % 

PBT) on a shaker for 20 minutes at room temperature. Next, they were incubated in the 

blocking solution 10 % normal goat serum (NGS) in 0.6 % PBT on a shaker for two hours at 

room temperature. Finally, the primary antibodies were added in the needed concentrations to 

a solution of 0.6 % PBT containing 5 % NGS and 0.1 % sodium azide (NaN3). In the darkness, 

the brains were incubated in this solution on a shaker at 4 °C for 48 hours. The used primary 

antibodies are listed in Table 2. After two days, the brains were washed six times in 0.6 % PBT 

at room temperature for 30 minutes. Next, the secondary antibodies were added in the 

necessary concentrations in a solution of 0.6 % PBT with 5 % NGS. The used secondary 

antibodies are listed in Table 2. In the darkness, the brains were incubated in that solution on 

a shaker at 4 °C for 24 hours. Afterward, the brains were washed six times in 0.6 % PBT at 

room temperature on a shaker for 30 minutes. After incubation in Vectashield® (Vector 

Laboratories) for 24 hours, they were mounted in Vectashield® and stored in darkness at 4 °C 

until the microscopy.  

Images of the whole brain were acquired as described in Bhukel and Beuschel et al., 2019, 

with a 20 x 0.7 NA oil objective with a Leica TCS SP8 confocal microscope (Leica 

Microsystems). The images were acquired with an xy-resolution of 1024x1024, a z-resolution 
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of 0.3 µm, and a scan speed of 600 Hz using 4x line averaging. In this process, the software 

Leica LCS AF was used. Additional whole brain scans (chapter III.3.2.1, Figure 104) were 

performed with minor changes: z-resolution of 1.0 µm, scan speed 400 Hz. Furthermore, scans 

of the mushroom body were conducted with the following modifications (Böhme et al., 2019): 

63 x 1.4 NA oil objective (immersion liquid type T), z-resolution of 0.8 µm, and a scan speed 

of 400 Hz using 2x line averaging. 

For image acquisition, the software Fiji ImageJ 1.53c and Leica Application Suite X was used. 

Whole brain images were maximum projections, while the mushroom body pictures in Figure 

101, chapter III.3.2.1, were single slide projections. 

 

antibody Concentration source 
previously 

described in 

primary antibodies: 

mouse anti-FasII1D4 1:40 

Developmental 

Studies Hybridoma 

Bank: AB_528235 

Bhukel and 

Beuschel et al., 

2019 

mouse anti-BRPNc82 1:50 

Developmental 

Studies Hybridoma 

Bank: AB_2314865 

Bhukel and 

Beuschel et al., 

2019 

rabbit anti-

p62/Ref(2)p 
1:5000 Gabor Juhasz 

Bhukel and 

Beuschel et al., 

2019 

rabbit anti-sNPF 1:2000 Jan Veenstra 

Bhukel and 

Beuschel et al., 

2019 

chicken anti-GFP 
1:2000 (Figure 101) 

1:1500 (Figure 104) 

Sigrist laboratory:  

# ab13970 
Böhme et al., 2019 

guineapig anti-unc13 

AN-terminus 
1:500 

Sigrist laboratory:  

# 14gp18 
Böhme et al., 2019 

  

Table 2:   Antibodies 
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secondary antibodies: 

goat anti-rabbit 

Alexa-488 
1:500 

Sigrist laboratory:  

# ab11008 

Bhukel and 

Beuschel et al., 

2019 

goat anti-chicken 

Alexa-488 
1:500 Sigrist laboratory Huang et al., 2020 

goat anti-guineapig 

Cy3 
1:500 Sigrist laboratory Böhme et al., 2019 

goat anti-mouse Cy3 1:500 
Sigrist laboratory:  

# ab97035 

Bhukel and 

Beuschel et al., 

2019 

goat anti-mouse 

Alexa 633 
1:500 Sigrist laboratory Hussain et al., 2018 

 

 

 

6. Statistics 

To perform the statistic analysis and generate figures, GraphPad Prism 8.0.1 was used. 

Normal distribution was tested with the Shapiro-Wilk test, where all values are unique. Hence, 

if the results were parametric, an unpaired t-test was conducted for two groups to compare. 

For more than two groups, ordinary one-way ANOVA was conducted. As a multiple 

comparisons post hoc test, Sidak’s analysis was performed for the belonging test groups, or 

Tukey’s when comparing all experimental groups. In contrast, a Mann Whitney test was 

performed for two groups to compare, and a Kruskal-Wallis test with Dunn’s multiple 

comparisons post hoc test for more than two groups if the values were distributed 

nonparametrically.  

If more than one variable was included in a trial, the analysis was performed in a grouped table 

with two grouping variables, one parameter determined by rows and the other by columns. 

Then, the data was analyzed via two-way ANOVA and Sidak’s multiple comparisons test. 

Data sets were plotted as columns with the mean ± standard error of the mean (SEM) as the 

error bar and the individual values as points. 
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The survival curves were compared with a Log-rank (Mantel-Cox) test (conservative) for 

survival analyses. 

Asterisks indicate statistical significance via p-values (nsp ≥ 0.05  *p < 0.05; **p < 0.01; ***p < 

0.001; ****p < 0.0001). Each analysis with its used statistical tests and the results (mean ± 

SEM, median (n), p-value) were declared in the appendix.  



 

 

 



 

 

 

 

 

 

 

 

 

 

III.   Results 
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1. The quest for an anti-aging elixir and its advantages beyond 

The search to combat aging and generate a long life with stable physical and mental health is 

as old as humankind. Nowadays, the mortality rate improved, but the increase in healthspan 

does not match the rising lifespan. Thus, the quest for an anti-aging elixir comes into focus. 

 

1.1.   Flavonoids as promising substances to prevent aging effects 

One substance group, which 

consistently comes to the fore, 

is flavonoids. They are the major 

subgroup of polyphenols 

(Carmona-Gutierrez et al., 

2019), and many are ascribed 

as antioxidative, antibacterial 

and antiviral, anti-carcinogen, 

anti-inflammatory, and 

neuroprotective (Kühnau, 1976; 

Rice-Evans and Miller, 1996; 

Badshah et al., 2021). 

Naturally occurring in plants as 

secondary metabolites, 

flavonoids are widespread 

compounds that trap free 

radicals. Due to two phenyl rings 

connected by a carbonyl 

structure, several free pairs of 

its electrons interact with 

reactive oxidative species 

(ROS). Thus, flavonoids are associated with various anti-aging and health-promoting effects, 

wherefore their beneficial value is used as a food supplement, in cosmetics, and even as 

medicine (Panche et al., 2016). 

 
 

Figure 20:   The biosynthesis of flavonoids. 

From the basic module phenylalanine, further subgroups of 

the flavonoids are built. Among them are chalcones, 

flavanones, Isoflavones, and anthocyanins. Image taken 

from Rangarajan et al., 2004. 
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1.1.1. 4,4’-Dimethoxychalcone, a promising additive to delay aging 

One promising flavonoid seemed to be 4,4’-Dimethodychalcone (DMC). Positive effects of this 

natural substance were found in a lifespan screen within various anti-aging flavonoid-

subclasses via yeast in Professor Frank Madeo’s group (Carmona-Gutierrez et al., 2019). 

Here, DMC provided mitigated age-induced apoptosis and necrosis in cells plus a reduced 

impact of reactive oxygen species (ROS). This hints toward reproducible benefits in other 

species (Fontana et al., 2010). Additionally, DMC is a component in Angelica keiskei koidzumi, 

a well-known plant in Asian traditional medicine associated with health and longevity 

(Carmona-Gutierrez et al., 2019). 

To verify these exciting findings, tests in higher organisms were mandatory. Accordingly, I used 

Drosophila melanogaster to perform a longevity assay with DMC. Indeed, I found a highly 

significant benefit for the DMC concentrations of 0.2 mM, 1.0 mM, and 2.0 mM (Figure 21). 

For female animals (Figure 21a), the median survival rose by 19 % from 52 days with the 

control food to 62 days for 0.2 mM DMC. Similarly, the health span improved by 11 % for 1.0 

mM and 15 % for 2.0 mM DMC. The major increase in the maximal lifespan appeared for 0.2 

mM DMC with 98 days compared to 87 days for the control food. Concomitantly, the male 

 

Figure 21:   Lifespan for Drosophila melanogaster fed with different concentrations of 4,4’-

Dimethoxychalcone. 

a) Lifespan for w1118 females showed significant benefits for all DMC concentrations compared to 

the control food 0.1 % DMSO. Median survival: 52 days for control food (n = 581), 62 days for 0.2 

mM DMC (n = 580), 58 days for 0.1 mM DMC (n = 584), 60 days for 2.0 mM (n = 590). Maximal 

lifespan: 87 days for control food, 98 days for 0.2 mM DMC, 93 days for 1.0 mM DMC, 91 days for 

2.0 mM DMC. b) Lifespan for w1118 males showed a benefit for all DMC concentrations compared to 

the control food 0.1 % DMSO. Median survival: 55 days for control food (n = 581), 58 days for 0.2 

mM DMC (n = 580), 58 days for 0.1 mM DMC (n = 584), 61 days for 2.0 mM DMC (n = 590). Maximal 

lifespan: 86 days for control food, 90 days for 0.2 mM DMC, 94 days for 1.0 mM DMC, 93 days for 

2.0 mM DMC. Statistics: Log-rank (Mantel-Cox) test, ****p < 0.0001. Together with Sara Mertel. 
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performance was positive (Figure 21b), yet slightly weaker than the females. The maximal 

lifespan worked the best for 1.0 mM DMC with 91-day survival compared to 86 days for the 

control food. 

The median survival for males 

appeared the best with 61 days for 2 

mM DMC (11 %), followed by 5 % and 

58 days for 0.2 and 1.0 mM DMC, 

compared to 55 days for control food. 

Possibly, the female flies showed a 

higher food intake due to augmented 

presence near the food for egg 

deposition. Differences in the DMC 

concentrations seemed to have less 

influence. Additional tests with a 

concentration of 1.0 mM DMC showed 

that even treatment from the earliest 

development, from the larval stage, 

was beneficial for female flies' health 

(Figure 22). In short, the median 

survival increased from 55 to 62 days 

(13 %), yet the maximal lifespan 

appeared similar with 83 (control food) to 85 days for 1.0 mM DMC. Thus, DMC possessed 

the ability to delay aging. 

 

DMC is a highly lipophilic structure visible 

through the benzene rings and the three 

oxides (Figure 23). Thus, several free pairs 

of electrons are available, intercepting ROS 

and serving as antioxidants. DMC shows 

poor solubility in hydrophilic solvents due to 

its lipophilic characteristics. Accordingly, it 

appeared problematic to dissolve this 

substance in the water-based fly food. Thus, it was necessary to dispense DMC in 0.1 % 

Dimethylsulfoxide (DMSO), a dipolar dissolvent. This implied cytotoxic side effects and 

negative impacts on the reproductive and developmental properties of the experimental 

animals in the conducted longevity tests, since the critical concentration of DMSO seemed to 

be at 0.5 % (Nazir et al., 2003). Thus, the used concentration of 0.1 % DMSO could be non-

 

Figure 22:   Lifespan for female flies treated with 

0.1 mM DMC from the earliest development. 

Significant beneficial effects for 0.1 mM DMC 

treatment since the larval state of w1118 females. 

Median survival: 55 days for control food (n = 390), 61 

days for 1.0 mM DMC (n = 392). Maximal lifespan: 83 

days for control food, 85 days for 1.0 mM DMC. 

Statistics: Log-rank (Mantel-Cox) test, ***p < 0.001. 

O

O

O

 

Figure 23:   Structural formula of 4,4’-

Dimethoxychalcone. 
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toxic. For a toxicity check, I tested the effect of the concentration 0.1 % DMSO, which was the 

same concentration as for the DMC tests. In these longevity trials, I compared them to norma 

food 

(Figure 24a). Flies were treated with 0.1 % DMSO from their eclosion so that the toxic effects 

had no bearing on the development (Figure 24a). Surprisingly, DMSO had a mild significant 

positive effect on the lifespan of females (median survival: 63 days; maximal lifespan: 95 days) 

compared to normal food (median survival: 59 days; maximal lifespan: 85 days). The median 

survival was 7 % better. In contrast, when I fed the experimental animals with different DMSO 

concentrations since their larval state (Figure 24b), the lifespan curves showed a more severe 

malign profile than the normal food (Figure 24b). Thus, the median survival dropped by 44 % 

for the critical concentration 0.5 % DMSO (median survival: 41 days; maximal lifespan: 83 

days). The experimental DMSO concentration, 0.1 %, declined by 7 % (median survival: 55 

days; maximal lifespan: 83 days). Oddly, the lifespan for the lowest concentration, 0.05 % 

DMSO, even falls by 20 % within its median lifespan (median survival: 55 days; maximal 

lifespan: 95 days). However, flies in these tests were already exposed to DMSO in their larval 

stage. The cytotoxic effects of DMSO tipped the scales. However, the adverse effects of DMSO 

 

Figure 24:   Exploration of a possible impact of Dimethylsulfoxide (DMSO), the solvent for 

DMC. 

a) Lifespan for the experimental control food 0.1 % DMSO in comparison to normal food (treatment 

since eclosion of the w1118 female flies).  Median survival: 59 days for normal food (n = 767), 63 days 

for 1.0 % DMSO (n = 383). Maximal lifespan: 85 days for normal food, 95 days for 1.0 % DMSO. b) 

Lifespan for different DMSO concentrations for w1118 female flies (treatment since the larval state). 

Median survival: 59 days for normal food (n = 767), 49 days for 0.05 % DMSO (n = 389), 55 days 

for 0.1 % DMSO (n = 390), 41 days for 0.5 % DMSO (n = 394). Maximal lifespan: 89 days for normal 

food, 95 days for 0.05 % DMSO, 83 days for 0.1 % DMSO, 83 days for 0.5 % DMSO.  Statistics: 

Log-rank (Mantel-Cox) test, ****p < 0.0001, **p < 0.01. 
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did not influence the longevity results 

obtained for DMC, fed since egg 

deposition. Even though DMSO is 

beneficial for survival, specifically at 

the adult stage (Figure 24a), the 

positive influence of the flavonoid had 

a much larger impact (Figure 21a). 

Furthermore, DMC possessed the 

potency to overcome DMSO’s toxic 

effects on flies’ development so that 

the median survival even increased by 

13 % (Figure 22, Figure 24b). 

 

Additionally, brain immunostainings of 

30-day old flies showed reduced 

accumulations of p62/Ref(2) (p62 in 

mammals, Ref(2)p in Drosophila) 

when treated with 2.0 mM DMC 

(Figure 25). The autophagy receptor 

p627Ref(2)p was a marker for a 

functional autophagic system. It binds 

ubiquitinated proteins to label them for 

degradation (Bento et al., 2016). 

Notably, deficient autophagy due to advancing age is accompanied by an accumulation of p62 

aggregates (Bartlett et al., 2011; Gupta et al., 2013; Mauvezin et al., 2014). Thus, DMC 

treatment prevented an age-induced accumulation of damaged proteins. Could DMC induce 

autophagy in aging animals? Tests in aging yeast showed that DMC could raise the autophagic 

flux (Carmona-Gutierrez et al., 2019). Furthermore, DMC supports autophagosome formation 

in C. elegans and conquers malign exposure of chloroquine on autophagosomal clearance in 

human cells (Carmona-Gutierrez et al., 2019). 

To explore DMC’s mechanism of action, macroautophagy deficient animals were tested. The 

autophagy-related gene atg7 codes an E1 ubiquitin conjugase-like enzyme and activates Atg3 

and Atg10 within the conjugation cascades, leading to autophagosome elongation (Figure 4; 

Singh and Cuervo, 2011; Choi et al., 2013). Thus, flies with missing atg7 suffer from diminished 

macroautophagy. Interestingly, the beneficial longevity effects of DMC vanished within these 

animals (Figure 26). Here, the lifespan of female atg7-/- treated with various DMC 

concentrations stayed on the same level as the control food 0.1 % DMSO or was even slightly 

 

Figure 25:   Immunostainings of fly brains, treated 

with 2.0 mM DMC, show a decreased amount of 

p62/Ref(2)p aggregates. 

Immunostainings for p62/Ref(2)p (indicator for aging 

and deficient autophagy) showed reduced intensities 

with 4,4’-Dimethoxychalcone (DMC) treatment for 30-

day old female w1118 flies. 0.1 % DMSO as control 

food, 2.0 mM DMC as treatment. a) Representative 

pictures, scale bar: 50 µm. b) Analysis of the brains as 

p62/Ref(2)p of control (n = 12) versus DMC therapy (n 

= 11) revealed a significant benefit. Statistics: unpaired 

t-test, **p = 0.0026. Immunostainings and analysis by 

Sara Mertel from Carmona-Gutierrez et al., 2019. 
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reduced for 0.1 mM DMC (median survival: 58 days; Figure 26a). The median survival for 

control food was 60 days, just like a treatment with 2.0 mM DMC. For all four different 

compositions, the maximal survival was from 76 until 78 days. Male atg7-/- flies lived shorter 

than the females but showed a similar picture with DMC (Figure 26b). Here, the lifespan was 

even significantly reduced for a DMC-administration of 0.2 mM (median survival: 56 days) and 

1.0 mM (median survival: 50 days). Since no improvement upon DMC treatment could be 

observed in the absence of operating autophagy,  DMC seems to operate via autophagic 

induction. 

 

Notably, DMC showed not only in yeast and flies its potential to combat aging but also in other 

organisms. It decelerates aging in C. elegans and human cell cultures and prevents prolonged 

myocardial ischemia and ethanol-induced damage in mice (Carmona-Gutierrez et al., 2019). 

Interestingly, similar results as in macroautophagy-impaired Drosophila melanogaster 

appeared in macroautophagy reduced yeast and C. elegans, where the beneficial DMC impact 

on the lifespan was erased (Carmona-Gutierrez et al., 2019). Furthermore, a knockdown of 

autophagy in the heart of mice fails to prevent ischemia with DMC administration (Zimmermann 

 

Figure 26:   Flies with deficient macroautophagy demonstrate no improved longevity with 

4,4’-Dimethoxychalcone. 

Lifespan for atg7-/- deficient flies showed no significant benefits with DMC-treatment in comparison 

to 0.1 % DMSO as control food. a) Female median survival: 60 days for control food (n = 327), 62 

days for 0.2 mM DMC (n = 329), 58 days for 0.1 mM DMC (n = 333), 60 days for 2.0 mM (n = 325). 

Female maximal lifespan: 76 days for control food, 78 days for 0.2 mM DMC, 78 days for 1.0 mM 

DMC, 76 days for 2.0 mM DMC. b) Male median survival: 56 days for control food (n = 331), 56 

days for 0.2 mM DMC (n = 328), 50 days for 0.1 mM DMC (n = 330), 54 days for 2.0 mM DMC (n = 

327). Male maximal lifespan: 72 days for control food, 74 days for 0.2 mM DMC, 72 days for 1.0 mM 

DMC, 76 days for 2.0 mM DMC. Statistics: Log-rank (Mantel-Cox) test, ****p < 0.0001, **p < 0.01, 

*p < 0.5, nsp > 0.05. Together with Sara Mertel. 
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et al., 2019a). In short, DMC seemed to work via a phylogenetically conserved mechanism. 

But how does DMC steer macroautophagy? In our 2019 published paper, Carmona-Gutierrez 

et al. of the Madeo group found DMC operates by inhibiting the GATA transcription factor Gln3. 

This one is a transcriptional regulator within the nitrogen catabolite inhibition to intensify the 

biosynthesis of amino acids (Mitchell and Magasanik, 1984; Zimmermann et al., 2019b). In 

fact, deletion of gln3 in yeast, C. elegans (homolog: elt-1), or humans (homolog: gata2) 

eliminated the beneficial effects of DMC (Carmona-Gutierrez et al., 2019). Thus, DMC 

manipulates autophagy via inhibition of Gln3, a phylogenetically conserved mechanism. 

Interestingly, this pathway reacts independently of TORC1 (target of rapamycin complex 1) 

since Rapamycin's autophagy-boosting and cytoprotective impact remained in Gln3 deficient 

yeast (Carmona-Gutierrez et al., 2019). Hence, the two substances DMC and Rapamycin can 

promote synergistic curative effects. 

  

 

Figure 27:   Salutary effects of 4,4’-Dimethoxychalcone in different organisms. 

With the treatment of DMC, the longevity of yeast, C. elegans, and  Drosophila melanogaster is 

extended. Equally, human cell culture survived longer. In mice, the flavonoid protected the heart 

from prolonged myocardial ischemia and the liver from ethanol-induced damage (Carmona-

Gutierrez et al., 2019). DMC operates with versatile principles. Thus, it possesses antioxidative 

effects, induces autophagy and transcriptional regulation, and changes systemic metabolism 

(Zimmermann et al., 2019a). Image taken from Zimmermann et al., 2019a.  
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1.1.2. Behavioral assays reveal an ambivalent potential of 4,4’-

Dimethoxychalcone to combat aging 

A powerful drug for the control of aging should increase the lifetime and provide health during 

aging. Thus, features such as agility and performing memory are prerequisites of an anti-aging 

elixir. To test if 4,4’-Dimethoxychalcone (DMC) possessed such a supportive profile, I 

examined the negative geotaxis following the protocol in Gupta et al., 2013, for different DMC 

concentrations (0.2 mM, 1.0 mM, and 2.0 mM; 0.1 % DMSO as control). This food was used 

 

Figure 28:   Negative geotaxis tests with female w1118 for different 4,4’-Dimethodychalcone 

concentrations. 

a-c) Locomotion activity for female w1118 flies, fed with the DMC concentrations 0.2 mM, 1.0 mM, 

and 2.0 mM DMC compared to 0.1 % DMSO as control. Similar climbing success appeared for all 

tested compositions at 3, 10, and 30 days. A significant benefit compared to the control food 

appeared only at 20 days. a) 5 seconds climbing time. b) 10 seconds climbing time. c) 15 seconds 

climbing time. d) Comparison of the control food 0.1 % DMSO to normal food with female w1118 

and15 seconds climbing time revealed a benefit for normal food at 20 days. Statistics: Mann-

Whitney test, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Significant p-values 

indicated. Error bars: mean ± SEM. Together with Sara Mertel. 
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since the flies’ adult stage. This assay gives a hint about the physical condition of the animals 

fed with varying food compositions. 

Interestingly, DMC only appeared significantly beneficial for animals at 20 days. This was 

evident for all measured intervals in which the flies could succeed the climbing (5, 10, or 15 

seconds). On the contrary, no significant benefit appeared for female w1118 flies with any DMC 

concentration at the age of 3, 10, and 30 days in comparison to control food 0.1 % Dimethyl 

sulfoxide (DMSO) (Figure 28a-c). Actually, 0.2 mM DMC was slightly worse than the control 

food for 5 seconds climbing with the age of three days (Figure 28a). 

 

Figure 29:   Negative geotaxis tests with male w1118 for different 4,4’-Dimethodychalcone 

concentrations. 

a-c) Locomotion activity for male w1118 flies, fed with the DMC concentrations 0.2 mM, 1.0 mM, and 

2.0 mM DMC compared to 0.1 % DMSO as control. Similar climbing success for all tested 

compositions at 3, 10, and 30 days, though with more discrepancies than female animals. A 

significant benefit compared to the control food appeared mostly at 20 days. a) 5 seconds climbing 

time. b) 10 seconds climbing time. c) 15 seconds climbing time. d) Comparison of the control food 

0.1 % DMSO to normal food with male w1118 and15 seconds climbing time revealed no significant 

benefit at any age. Statistics: Mann-Whitney test, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Significant p-

values indicated. Error bars: mean ± SEM. Together with Sara Mertel. 
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It has to be noted that the control food 0.1% DMSO compared to normal food without any 

additive turned out to be highly harmful to the locomotion performance of flies (Figure 28d), 

although only at 20 days. Thus, DMSO seemed to have a detrimental impact on the agility of 

female flies. However, DMC did intercept this and even significantly surpassed the control 

values (Figure 28a-c). 

I observed similar results for male w1118 animals, though these values were more ambiguous 

(Figure 29). Thus, the protective effect of DMC at 20 days was less pronounced for all tested 

climbing times (Figure 29a-c). Only 0.2 mM and 2.0 mM DMC gave a significantly better 

outcome. However, the locomotion performance for these concentrations dropped at 30 days 

for 5 seconds of climbing time. Additionally, a concentration of 0.2 mM DMC slightly worsened 

for 15 seconds climbing at ten days (Figure 29c). In contrast to the female performance, the 

male climbing success occurred at no time point significantly worse for the control food 0.1 % 

DMSO compared to normal food (Figure 29d). DMC probably affected female animals more 

stronger since females generally consume more food due to higher energy requirements in 

reproduction. 

 

Since a performing memory is desirable with advancing age, I explored a possible supportive 

effect of 4,4’-Dimethoxychalcone on the ability to learn and form memories. The flies 

 

Figure 30:   The short-term memory for 4,4’-Dimethoxychalcone fed animals decreases 

similarly to non-fed. 

Aversive olfactory short-term memory (tested 3 min after training) for 3-day versus 30-day old w1118 

flies fed with 0.2 mM, 1.0 mM, or 2.0 mM DMC in comparison to the control 0.1 % DMSO. 3 days: 

n = 29 for control, n = 7 for 0.2 mM DMC, n = 12 for 1.0 mM DMC, n = 17 for 2.0 mM DMC. 30 days: 

n = 44 for control, n = 16 for 0.2 mM DMC, n = 39 for 1.0 mM DMC, n = 42 for 2.0 mM DMC. 

Statistics: two-way ANOVA with Sidak’s post hoc test, ****p < 0.0001, nsp ≥ 0.05. Error bars: mean 

± SEM. 
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developed on normal food and were fed with different DMC concentrations or 0.1% DMSO as 

control after eclosion. 

Short-term memory of w1118 animals showed no beneficial impact in the concentrations of 0.2 

mM, 1.0 mM, and 2.0 mM DMC compared to the control 0.1 % DMSO, neither for three days 

nor 30 days (Figure 30). A highly significant decrease in memory performance was visible for 

all food compositions with age. For each DMC concentration, the memory performance 

dropped with advancing age (Figure 31). The retention gradually decreased from three days 

over ten and 20 days to 30. With 70 days, the memory performance was at circa 10 %. Only 

for 0.2 mM, a drop occurred within ten days, which would intercept with more values (Figure 

31a). At 20 days, the results stabilize at a higher level. On the contrary, no significant decrease 

appeared between three and ten days for 1.0 and 2.0 mM DMC. The memory performance 

falls from age 20 days significantly for all three concentrations (Figure 31). 

 

Additionally, I examined the short-term memory of the control food in the DMC tests, 0.1 % 

DMSO, compared to normal food without any additives (Figure 32). The used control food 

performed similarly to normal food. Thus, 0.1 % DMSO had no additional influence on memory. 

 

 

Figure 31:   Gradual decrease of memory with advancing the age. 

Aversive olfactory short-term memory of w1118 flies (tested 3 min after training) for different 4,4’-

Dimethoxychalcone concentrations at 3, 10, 20, 30, and 70 days. 0.2 mM DMC: n = 7 for 3 d, n = 4 

for 10 d, n = 9 for 20 d, n = 16 for 30 d, n = 3 for 70 d. 1.0 mM DMC: n = 12 for 3 d, n = 8 for 10 

days, n = 14 for 20 d, n = 39 for 30 d, n = 1 for 70 d. 2 mM DMC: n = 17 for 3 d, n = 8 for 10 d, n = 

14 for 20 d, n = 42 for 30 d, n = 2 for 70 d. Statistics: ordinary one-way ANOVA with Sidak's post 

hoc test for 0.2 mM and 1.0 mM DMC, Kruskal-Wallis with Dunn's post hoc test for 2.0 mM DMC, 

****p < 0.0001, ***p < 0.001, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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Even though DMC had significant benefits in extending lifespan, there was no protective effect 

on physical or mental health. An impact on agility was only transient at the age of 20 days 

(Figure 28, Figure 29). Furthermore, exploring DMC-treated flies' cognitive conditions revealed 

no protection from age-induced memory impairment (Figure 30). Additionally, memory tests 

for mid-term or long-term memory could be conducted. However, DMC possibly can not pass 

the blood-brain barrier due to its structure (Figure 23). Despite its lipophilic character, DMC did 

not seem to affect the central nervous system, hence no memory benefit. Its size or active 

efflux transport could be the reason (Begley, 2004). Maybe the link to a vehicle, which reaches 

the brain, could solve that problem. Thus, further investigations of this scenario would reveal 

if DMC is a promising substance only to enhance lifespan or if mobility and memory 

performance benefits as well. 

 

  

 

Figure 32:   No short-term memory difference of the control food to normal food. 

Aversive olfactory short-term memory of w1118 flies (tested 3 min after training) for the control food 

0.1 % Dimethyl sulfoxide (DMSO) compared to normal food without any additive at 3, 10, 20, 30, 

and 70 days. Normal food: n = 38 for 3 d, n = 4 for 10 d, n = 12 for 20 d, n = 40 for 30 d, n = 1 for 70 

d. 0.1 % DMSO: n = 29 for 3 d, n = 8 for 10 days, n = 17 for 20 d, n = 44 for 30 d, n = 2 for 70 d. 

Statistics:  two-way ANOVA with Sidak’s post hoc test, ****p < 0.0001, **p < 0.01, nsp ≥ 0.05. Error 

bars: mean ± SEM. 
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1.2.   The remedy Spermidine is a powerful tool to explore potential 

candidates for anti-aging pathways 

One potent substance, of which anti-aging effects were already proven in a growing body of 

publications, is Spermidine (Spd). This natural polyamine appears endogenous in various 

species like humans, mice, and Drosophila and decreases with age (Pucciarelli et al., 2012; 

Gupta et al., 2013). Dietary sources are, for example, wheat germs, aged cheese, mushrooms, 

or the Japanese nattō (Madeo et al., 2018). Spd could be shown to prolong lifespan in 

invertebrates and mammals (Eisenberg et al., 2009) and protect from age-induced memory 

impairment in fruit flies, mice, and humans (Gupta et al., 2013; Schroeder et al., 2021). 

Thus, Spd can be used as a tool to detect unknown proteins and pathways against aging. 

Combined with a SILAC label (Stable Isotope Labelling of Amino Acids in Cell culture), several 

promising candidates were identified in a screen, which compared the protein turnover rate of 

untreated and Spd-fed flies (Bhukel, 2018). Hence, a higher turnover rate upon Spd treatment 

indicated increased degradation and synthesis of a number of proteins. Among these, I tested 

the memory of some identified candidates’ overexpression (OE). 

 

The presynaptic protein Synaptobrevin is a member of the SNARE (soluble N-ethylmaleimide-

sensitive-factor attachment protein (SNAP) receptor) complex, which is involved in the fusion 

of synaptic vesicles with the presynaptic membrane (Bhattacharya et al., 2002; Böhme et al., 

2021). Thus, it is taking part in the release of neurotransmitters. Synaptobrevin’s mammalian 

orthologue is the vesicle-associated membrane protein (VAMP) (Böhme et al., 2021). This 

family of proteins is associated with neurological disorders, and a lack of these can cause 

diseases like spastic ataxia or congenital myasthenic syndrome (Nystuen et al., 2007; 

Salpietro et al., 2017). 

Since Synaptobrevin showed an increased turnover upon Spd-treatment (Bhukel, 2018), I 

tested the short-term memory of a pan-neuronal overexpression of this protein (Figure 33). 

Interestingly, the neuronal Synaptobrevin demonstrated significantly better memory 

performance than its control at 20 days (Figure 33a). However, a drop with age was still visible 

(5 versus 20 days). The homolog of Synaptobrevin, Cellubrevin, is present in all cells and 

responsible for membrane trafficking (McMahon et al., 1993). In contrast to Synaptobrevin, a 

pan-neuronal overexpression of Cellubrevin could not rescue memory from age-induced 

memory impairment (Figure 33b). Thus, Synaptobrevin seems to affect mental aging in 

neuronal tissue. Newest findings even show that glial Synaptobrevin is involved in the 

myelination of neurons in the peripheral nervous system (Böhme et al., 2021). 



Results | 71 

 

 

Another hit in the 

SILAC screen with 

an accelerated 

turnover rate was 

Unc-104 (in 

humans: KIF1A) 

(Bhukel, 2018). This 

protein is a member 

of the kinesin 

superfamily (KIFs), 

essential for 

intracellular 

transport (Miki et al., 

2005). Unc-104 

itself is involved in 

the axonal 

 

Figure 33:   Aversive olfactory memory of the pan-neuronal lack of the SNARE protein 

Synaptobrevin. 

Short-term memory (test 3 min after training) for the pan-neuronal overexpression (OE) of the 

presynaptic protein a) Synaptobrevin (neuronal; n-syb), and it's equivalent in all cells b) Cellubrevin. 

a) n = 4 for 5-day old and n = 12 for 20-day old n-syb OE / +, n = 2 for 5-day old and n = 17 for 20-

day old appl > n-syb OE. b) n = 9 for 20-day old cellubrevin OE / +, n = 6 for 20-day old appl > 

cellubrevin OE. Statistics: unpaired t-test for 2 genotypes to analyze, for 2 groups two-way ANOVA 

with Sidak’s post hoc test, ****p < 0.0001, ***p < 0.001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± 

SEM. 

 

Figure 34:   Aversive olfactory memory of the pan-neuronal lack of 

the anterograde transport protein Unc-104. 

Short-term memory (test 3 min after training) for the pan-neuronal 

overexpression (OE) of Unc-104: n = 11 for appl / +, n = 14 for unc-104 

OE / +, n = 11 for appl > unc-104 OE. Statistics:  ordinary one-way ANOVA 

with Sidak’s post hoc test, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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anterograde transport, which brings cargo like neurotransmitters or, for example, the 

autophagy protein Atg9 from the cell body to the synapse (Stavoe et al., 2016; Lim et al., 2017). 

Additionally, this motor protein is necessary for presynaptic maturation (Zhang et al., 2016). 

Short-term memory tests with a pan-neuronal overexpression of unc-104 in 20-day old animals 

revealed no rescue from age-induced memory impairment (Figure 34). Even though the 

memory was significantly increased compared to the control unc-104 OE / +, the driver control 

appl / + showed a similar performance index level as appl > unc-104 OE. Thus, Unc-104 failed 

to be protective against age-induced memory impairment. 

 

The mammalian autophagy receptor p62 (in Drosophila: Ref(2)p) binds ubiquitinated residues 

of proteins to label them for autophagosomal degradation (Bento et al., 2016). Indeed, the 

short-term memory performance of the pan-neuronal overexpression of p62/Ref(2)p was 

slightly better than control animals at 20 days, though with no statistical significance (Figure 

35a). The decay with age was still visible with a probability value of p = 0.0690, yet insignificant. 

Oddly, the control p62/Ref(2)p OE / + showed no drop with age. The memory of 5-day old flies 

was probably already too low so a further decrease did not appear with age. 

 

Figure 35:   Aversive olfactory memory of the pan-neuronal lack of the autophagy receptor 

p62/Ref(2)p. 

Short-term memory (test 3 min after training) for pan-neuronal p62/Ref(2)p. a) p62/Ref(2)p 

overexpression (OE) for 5- and 20-day old animals: n = 6 for 5-day old and n = 9 for 20-day old appl 

/ +, n = 10 for 5-day old and n = 11 for 20-day old p62/Ref(2)p OE / +, n = 10 for 5-day old and n = 

7 for 20-day old appl > p62/Ref(2)p OE. b) Reduced p62/Ref(2)p in 5-day old animals: n = 26 for 

appl / +, n = 23 for p62/Ref(2)p RNAi / +, n = 21 for appl > p62/Ref(2)p RNAi. Statistics: Kruskal-

Wallis with Dunn’s post hoc test for the 3 genotypes to analyze, for 2 ages of 3 genotypes two-way 

ANOVA with Sidak’s post hoc test, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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The protein turnover rate of p62 increased in Spd-fed flies (Bhukel, 2018). In contrast, 

accumulations of p62 aggregates were connected to deficient autophagy and neuronal aging 

in several publications (Bartlett et al., 2011; Bhukel and Beuschel et al., 2019). Additionally, 

they are associated with human diseases such as Alzheimer’s, Parkinson’s, or amyotrophic 

lateral sclerosis (Bartlett et al., 2011; Menzies et al., 2017; Liang and Sigrist, 2018). Thus, I 

tested a pan-neuronal reduction of p62/Ref(2)p via RNAi (Figure 35b). The short-term memory 

of 5-day old appl > p62/Ref(2)p RNAi learned significantly better than its RNAi control. In 

contrast, they showed a slightly reduced performance than its driver control, yet not 

substantially. Obviously, less p2/Ref(2)p also did not tip the scales. 

 

However, proteins with a significantly 

decreased metabolic turnover rate upon 

Spd treatment indicated a reduced 

degradation and a slowed synthesis. Here, I 

tested the pan-neuronal reduction of the 

candidate Tomosyn via RNAi (Bhukel, 

2018). This protein (in humans: syntaxin 

binding protein 5, STXBP5) is a negative 

regulator of the SNARE complex, which 

Synaptobrevin, Syntaxin, and SNAP-25 are 

part of (Li et al., 2018). Within the 

exocytosis, Tomosyn is capturing Syntaxin-

1, followed by a block of vesicle priming, 

thus the synaptic transmission (Ashery et 

al., 2009). Consequently, less amount of 

this protein could support synaptic plasticity. 

Indeed, a pan-neuronal reduction revealed 

a significant benefit compared to the RNAi 

control and a trend towards better 

performance than the driver control in 20-

day old animals. Interestingly, Chen et al. 

published in 2011 that the short-term memory of pan-neuronal reduction in Tomosyn was equal 

to its controls in young flies. They observed a 50 % drop in the late memory (3 hours mid-term 

memory), more precisely, in the anesthesia-sensitive memory. This component of longer-

lasting retention is labile with age (Tamura et al., 2003). Since I observed potential protection 

of age-induced memory decline in 20-day old pan-neuronal Tomosyn deficient animals, further 

investigation of aging animals in late memory could be interesting.  

 

Figure 36:   Aversive olfactory memory of the 

pan-neuronal lack of Tomosyn. 

Short-term memory (test 3 min after training) for 

the pan-neuronal reduced Tomosyn in 20-day 

old flies: n = 9 for appl / +, n =  for tomosyn RNAi 

/ +, n = 12 for appl > tomosyn RNAi. Statistics:  

ordinary one-way ANOVA with Sidak’s post hoc 

test, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± 

SEM. 
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2. Approaches to combat aging - Mediation of effects 

To discover further potent therapeutics, basic research is irreplaceable. Several hallmarks of 

aging have been revealed (see chapter I.1, Figure 1; López-Otín et al., 2013), yet the impact 

of these pathways and involved proteins on cognitive decline often remains in the dark. 

Operating neuronal maintenance and homeostasis promote flexible learning and memory as 

an adaptation to the environment (Kandel et al., 2014; Liang and Sigrist, 2018). Here, the 

cleaning systems of the body work as the housekeeper of the cells (Levine and Kroemer, 

2008). Thus, recycling at the synapses, microautophagy, chaperone-mediated autophagy, or 

macroautophagy ensures the balance between synthesis and degradation to maintain cellular 

homeostasis (Yin et al., 2016). The following chapters shall enlighten some junctions in the 

context of age-induced memory impairment. 

 

2.1.   Spermidine protects from age-induced memory impairment via 

hypusination 

One powerful remedy in the fight against aging is Spermidine (Spd). I worked on this naturally 

occurring substance already on a screen to reveal further unknown proteins and pathways 

involved in the aging memory process (see chapter III.1.2). 

Spd is an endogenous polyamine in flies, mice, and humans, and its levels in the body 

decrease with age (Pucciarelli et al., 2012; Gupta et al., 2013). Relatively high Spd amounts 

in food can be found in wheat germs or the Japanese nattō (Madeo et al., 2018). Spd 

supplementation itself can counteract age-induced memory impairment and physical 

degeneration due to aging in flies, mice, and humans (see Figure 37; Gupta et al., 2013; Madeo 

et al., 2018; Schroeder et al., 2021). Additionally, it possesses pleiotropic effects: antioxidant 

and anti-inflammatory skills, protecting mitochondrial functionality, proteostasis, homeostasis, 

and promoting autophagic clearance (Liang and Sigrist, 2018; Madeo et al., 2018). 

During aging, nerves lose their flexible neuroplasticity, neuronal homeostasis, and operating 

network activity (Liang and Sigrist, 2018; Mattson and Arumugam, 2018). This starts already 

in the connections of the nerves, the synapses. Gupta et al. found in 2016 that Spd protects 

from an age-induced severe increase of main components of the presynaptic active zone, such 

as Bruchpilot, followed by relief from an overloading system towards a functional state. Thus, 

the generation of memories recovered (Gupta et al., 2016). 

However, several operating principles of the polyamine Spd can be announced, yet not all 

aspects can be explained. 



Results | 76 

 

 

In this chapter, I focused on the mechanism of hypusination and its importance in age-induced 

memory impairment. Spermidine gives its amino-butyl residue as a co-factor for this unique 

pathway, conserved over different species (Hofer et al., 2021; Schroeder et al., 2021). Here, 

the eukaryotic translation initiation factor 5A (elF5A) becomes reversibly deoxyhypusinated via 

the deoxyhypusine synthase (DHS in mammals; CG8005 in Drosophila) at its lysine chain (see 

Figure 38; Liang et al., 2021). In the second step of the hypusination, the deoxyhypusine 

hydroxylase (DHHO in mammals; nero in Drosophila) hydroxylases elF5A to its activated form 

 

Figure 37:   Beneficial effects of Spermidine on different tissues. 

Spermidine supplementation reveals several positive processes on tissues, which suffer from aging, 

like the brain, the cardiovascular system, or the immune system. These protective effects of 

Spermidine seem to be conserved over various species. Image taken from Madeo et al., 2018. 
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with a hypusine chain. Subsequently, the hypusinated elF5A boosts autophagy and 

mitochondrial function (Hofer et al., 2021). Besides others, these lose their competence with 

age (Liang and Sigrist, 2018). Interestingly, the amount of Sperminide also decreases with 

time, and the same happens to the hypusination mechanism (Gupta et al., 2013; Liang et al., 

2021). 

 

I attenuated the rate-limiting first hypusination step with a loss-of-function allele of CG8005 in 

Drosophila (Templin et al., 2011; Liang et al., 2021). A homozygous lack of this highly 

conserved enzyme led to lethality in the larval state (Liang et al., 2021). In contrast, the 

heterozygous animals CG8005 / + reached adulthood yet showed a reduced amount of 

hypusine in the brain at 5 days already. Aversive olfactory memory tests revealed a 

significantly impaired memory performance for short-term memory (Figure 39a) and decreased 

learning for 3 hours mid-term memory (Figure 39c). An Spd supplementation had no effect in 

5-day old flies. Intriguingly, 30-day old CG8005 / + animals still showed a worse short-term 

memory than the wild-type w1118, and contrary to controls, a supplementation of Spd could not 

improve the performance (Figure 39b). Similarly, dietary Spd had beneficial effects  

 

Figure 38:   Spermidine gives as the co-factor for the hypusination of the translation initiation 

factor elF5A. 

Spermidine spends its amino-butyl residue to the lysine chain of elF5A. Here, the deoxyhypusine 

synthase (DHS in mammals; CG8005 in Drosophila) catalyzes the build of deoxyhypusinated elF5A 

in a reversible way in the first step of hypusination. With the second unreversible step, elF5a 

becomes its hypusinated active form via the deoxyhypusine hydroxylase (DHHO in mammals; nero 

in Drosophila) (Liang et al., 2021). 



Results | 78 

 

on 30-day old w1118 flies in 3 hours mid-term memory, while the hypusination impaired animals 

experienced no protection (Figure 39d). Other positive Spd effects on age, like an increased 

hypusination level, enhanced locomotion, or an improved lifespan, also failed to appear in 

these animals (Liang et al., 2021). 

 

Figure 39:   Heterozygous loss-of-function in the first and rate-limiting hypusination step 

impairs the memory performance of young flies and inhibits a beneficial effect of Spermidine 

at a higher age. 

Aversive olfactory memory of CG8005 / + compared to w1118 as control. a) Short-term memory (test 

3 min after training) for 5-day old flies: n = 12 for w1118 and n = 13 for CG8005 / + without Spd 

supplementation, n = 12  for w1118 and n = 13 for CG8005 / + with Spd supplementation. b) Short-

term memory (test 3 min after training) for 30-day old flies: n = 22 for w1118 and n = 19 for CG8005 / 

+ without Spd supplementation, n = 21  for w1118 and n = 18 for CG8005 / + with Spd 

supplementation. c) 3 hours mid-term memory (test 3 hours after training) for 5-day old flies: n = 25 

for w1118 and n = 26 for CG8005 / + without Spd supplementation, n = 25  for w1118 and n = 26 for 

CG8005 / + with Spd supplementation.  d) 3 hours mid-term memory (test 3 hours after training) for 

30-day old flies: n = 19 for w1118 and n = 18 for CG8005 / + without Spd supplementation, n = 19  for 

w1118 and n = 17 for CG8005 / + with Spd supplementation. Statistics: two-way ANOVA with Sidak’s  

post hoc test, ***p < 0.001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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Additionally, I tested the effects 

of pan-neuronally diminished 

activity of the deoxyhypusine 

synthase (elaV(X) > CG8005 

RNAi; Liang et al., 2021). These 

animals showed a significant 

decrease in short-term memory 

compared to both controls 

(Figure 40a). Immunostainings 

of brains revealed a reduced 

hypusine level (Figure 40b, 

Liang et al., 2021). However, the 

mushroom body, the higher 

integration center for learning in 

the Drosophila brain, where 

learning and memory storage 

happens (Aso et al., 2014), 

showed developmental 

malformations in these flies 

(Liang, 2019). Thus, a functional 

hypusination in the neurons 

seems to be irreplaceable. 

 

In summary, Spd proved to be a limiting factor in hypusination, which is important for memory 

formation and the effects of Spd on older animals. Thus, Spd supplementation shows 

protective effects against aging, partially based on increased hypusination levels.  

 

The innate smell scores for CG8005 deficiencies showed comparable performance indices to 

their controls (Table 3). Both odor acuities for 3-Octanol and 4-Methylcyclohexanol were 

insignificant. Thus, the preconditions for generating memory are present. 

 

 

Figure 40:   Pan-neuronal diminished CG8005 entails a 

reduced memory plus a lower hypusine level in the brain. 

a) Short-term memory (test 3 min after training) for 5-day old 

pan-neuronal reduced CG8005 and its controls: n = 15 for 

elaV(X) / +, n = 11 for CG8005 RNAi / +, n = 12 for elaV(X) > 

CG8005 RNAi. Statistics: ordinary one-way ANOVA with 

Sidak’s post hoc test, ****p < 0.0001, *p < 0.05. Error bars: 

mean ± SEM. b) Immunostainings for hypusine showed a 

reduced intensity in brains of 5-day old elaV(X) > CG8005 

RNAi animals compared to the control elaV(X) / +, scale bar: 

50 µm. Immunostainings by Chengji Piao from Liang et al., 

2021. 
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 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

w1118, - Spd, 5 days 28.89 ± 4.754 (11) 41.46 ± 5.885 (14) 

CG8005 / +, - Spd, 5 days 18.70 ± 4.751 (11) 49.73 ± 7.955 (12) 

w1118, + Spd, 5 days 26.44 ± 5.417 (11) 53.05 ± 5.793 (13) 

CG8005 / +, + Spd, 5 days 31.28 ± 4.123 (11) 48.67 ± 5.068 (16) 

w1118, - Spd, 30 days 41.44 ± 4.111 (14) 59.36 ± 5.680 (22) 

CG8005 / +, - Spd, 30 days 34.59 ± 3.465 (14) 66.10 ± 4.586 (23) 

w1118, + Spd, 30 days 32.81 ± 3.621 (14) 55.00 ± 5.229 (22) 

CG8005 / +, + Spd, 30 days 33.67 ± 2.623 (12) 57.28 ± 4.449 (22) 

Table 3:   Innate behavior of CG8005 / +. 

As tests for innate behavior, olfactory acuity gave no significant difference for the experimental groups. 

Statistics: two-way ANOVA with Sidak’s post hoc test, nsp ≥ 0.05. Mean ± SEM. 
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2.2.   Recycling at the synapse 

Synapses are important institutions in the neuronal network since, based on their dynamics, 

the neurons can convey information through the whole body and the brain (Liang and Sigrist, 

2018). Such a structure needs an operating cleaning system. 

The GTPase activating protein (GAP) Skywalker supports the transport of synaptic vesicles to 

the endosome (Uytterhoeven et al., 2011). It regulates the GTPase activity of Rab35, which in 

turn controls the synaptic versicle cycling (Fernandes et al., 2014). Skywalker mutation leads 

to an uncontrolled movement of the synaptic vesicles to the endosomes, which induces 

disturbed protein turnover and enhanced neurotransmitter release (Uytterhoeven et al., 2011; 

Fischer et al., 2016). In humans, the ortholog to Skywalker is TBC1D24, which mutation is 

associated with epilepsy and the DOORS syndrome (deafness, onychodystrophy, 

osteodystrophy, mental retardation, seizures; Fischer et al., 2016). 

 

The pan-neuronal overexpression (OE) of Skywalker already performed significantly better 

than its control at 5 days (Figure 41a). This increase persisted with even a higher difference at 

20 days. Curiously, neither the control nor the pan-neuronal skywalker overexpression showed 

decay in memory. Though, the performance of the control was already low, with 53 % for 5-

day short-term memory. Hence, more Skywalker in the neurons could protect from age-

 

Figure 41:   A pan-neuronal skywalker overexpression boosts aversive olfactory memory. 

Short-term memory (test 3 min after training) of skywalker overexpression (OE) at 5 and 20 days. 

a) Pan-neuronal overexpression shows increased memory:  n = 10 for 5-day old and n = 18 for 20-

day old skywalker OE / +, n = 14 for 5-day old and n = 15 for 20-day old appl > skywalker OE. b) 

Overexpression in the mushroom body gives no memory benefit:  n = 5 for 5-day old and n = 6 for 

20-day old skywalker OE / +, n = 4 for 5-day old and n = 5 for 20-day old ok107 > skywalker OE. 

Statistics: two-way ANOVA with Sidak’s post hoc test, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± 

SEM. 
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induced memory impairment. Next, I tested the effect on the mushroom body, the principal 

center of learning in the fly brain. In contrast to the pan-neuronal expression, no benefit 

appeared compared to the control, neither at 5 nor 20 days (Figure 41b).  

In the end, the Skywalker recycling system at the synapses seems to be a promising 

mechanism of action for further investigations, since its pan-neuronal overexpression provided 

a boost in short-term memory. 
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2.3.   Chaperone-mediated autophagy and endosomal 

microautophagy 

The central recycling system in the body is autophagy, which is essential for neuronal 

homeostasis and retention (Liang and Sigrist, 2018). Additionally, it is a key regulator to combat 

aging. In this chapter, I focused on chaperon-mediated autophagy, which occurs in the cytosol. 

Here, the heat shock protein family A member 8 (Hspa8, in mammals) recognizes individual 

proteins with the KFERQ motif and delivers them to the lysosome-associated membrane 

protein 2A (LAMP-2A), which binds the cargo (Mukherjee et al., 2016). Subsequently, the 

substrate unfolds to cross the lysosomal membrane for its degradation (Singh and Cuervo, 

2011). 

In Drosophila, six orthologs of the mammalian Hspa8, the heat shock cognate 70 (Hsc70) 

protein family, exist, whereby Hsc70-4 owns the highest similarity to the human Hspa8 

(Mukherjee et al., 2016). Additionally to the activity in chaperon-mediated autophagy, Hsc70-

4 facilitates endosomal microautophagy, where the KFERQ motif also serves as a marker for 

protein embedding within endosomal membrane (Uytterhoeven et al., 2015). This endosomal 

microautophagy via Hsc70-4 supports protein turnover, for example, at the synapse 

(Uytterhoeven et al., 2015).  

 

First, I tested the effects of a pan-neuronal overexpressed chaperone-mediated autophagy 

with the wild-type Hsc70-4 (appl > hsc70-4wt OE) on age-induced memory impairment (Figure 

42a). Here, endosomal microautophagy became also enhanced. This neuronal boost could 

not prevent a memory decline with age, similar to the tested controls. In contrast, an increase 

of HSC70-4wt in the mushroom body, the center of learning and memory storage, showed 

slightly reduced memory in young flies (5 days) and a milder memory drop with age than in the 

control (Figure 42b). Though, this benefit of ok107 > hsc704wt OE could be illusive since these 

flies already suffered in their memory performance at 5 days, and a driver control is missing 

here. 

Additionally, I tested a pan-neuronal overexpression (OE) of a hsc70-4 mutant, which only 

promoted endosomal microautophagy (Figure 43). The short-term memory of appl > hsc70-

4D10N OE presented a reduced memory decay compared to its controls. Thus, a slight benefit 

with age could be possible, yet the driver control appl / + was on the same performance level. 

Taken together, neither augmented chaperone-mediated autophagy nor increased endosomal 

microautophagy could protect from age-induced memory impairment. Certainly, Hsc70-4 

promotes protein turnover and regulates quality control at the synapses, yet this boost seemed 

not enough to counteract a cognitive decline with age (Uytterhoeven et al., 2015; Liang and 

Sigrist, 2018).  
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Figure 42:   Memory of boosted chaperone-mediated autophagy and endosomal 

microautophagy via hsc70-4. 

Short-term memory (test 3 min after training) for wild-type Hsc70-4 at 5 and 20 days. a) Pan-

neuronal overexpression (OE) promotes no memory benefits:  n = 10 for 5-day and n = 22 for 20-

day old appl / +, n = 31 for 5-day and n = 30 for 20-day old hsc70-4wt OE / +, n = 26 for 5-day and 

n = 29 for 20-day old appl > hsc70-4wt OE. b) Overexpression in the mushroom body:  n = 19 for 5-

day and n = 15 for 20-day old hsc70-4wt OE / +, n = 19 for 5-day and n = 11 for 20-day old ok107 > 

hsc70-4wt OE. Statistics: two-way ANOVA with Sidak’s post hoc test, ****p < 0.0001, ***p < 0.001, 

**p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 

 

Figure 43:   Memory of pan-neuronal overexpressed endosomal microautophagy. 

Short-term memory for the  pan-neuronal overexpression (OE) of Hsc70-4D10N: n = 8 for 5-day and 

n = 17 for 20-day old appl / +, n = 7 for 5-day and n = 8 for 20-day old hsc70-4D10N OE / +, n = 4 for 

5-day and n = 5 for 20-day old appl > hsc70-4D10N OE. Statistics: two-way ANOVA with Sidak’s post 

hoc, ***p < 0.001,**p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM.  
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2.4.   Macroautophagy influences the ability to learn and form 

memories 

With the Hsc70-4 overexpression, we already had an impression of chaperone-mediated 

autophagy and endosomal microautophagy on learning and memory. In the following part, I 

will concentrate on another type of autophagy, the macroautophagy. Here, proteins and 

organelles, meant for degradation, are absorbed by multi-membrane vesicles, named 

autophagosomes, and transported to lysosomes for digestion (Bento et al., 2016; Bhukel and 

Beuschel et al., 2019). This process is regulated by a cascade of autophagy-related (Atg) 

proteins (Menzies et al., 2017). In this chapter, I will show the effects on memory of genetically 

compromised macroautophagy in the nervous system of Drosophila melanogaster. I used RNA 

interference (RNAi) to downregulate two independent core components in this degradation 

machinery, atg5 and atg9, to provoke a state of senescence at young age (Bhukel and 

Beuschel et al., 2019). 

 

 

2.4.1. Modification at the level of autophagosome elongation within 

macroautophagy 

The assembling and elongation of an autophagosome is an essential step in the 

macroautophagy machinery (Bento et al., 2016). Thus, Atg8 lipidation via the ubiquitin-protein 

ligase (E3) like complex, built of Atg5 together with Atg12 and Atg16, is essential during 

autophagosome formation (Hanada et al., 2007; Gelino and Hansen, 2012; Bento et al., 2016; 

Gui et al., 2019). In the following chapter, I show, focusing on aversive olfactory memory, the 

consequences of an early impairment in the macroautophagy pathway by an atg5 knockdown 

in diverse neuronal tissues. 

2.4.1.a Pan-neuronal atg5 knockdown affects the ability to form 

memory at young age already 

In the paper Bhukel and Beuschel et al., 2019, we used immunolabelling of the autophagy 

receptor p62 (also named sequestome 1; Drosophila’s homolog: Ref(2)p) as a read-out for 

autophagic inefficiency. p62 binds ubiquitinated residues of proteins to label them for 

degradation (Bento et al., 2016). The lipidated, activated Atg8 binds p62/Ref(2)p to encourage 

the engulfment by the autophagosome (Pankiv et al., 2007; Gelino and Hansen, 2012). Hence, 
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deficient macroautophagy is accompanied by an accumulation of p62 aggregates (Bjørkøy et 

al., 2009; Bartlett et al., 2011; Mauvezin et al., 2014). Accordingly, when we knocked down 

atg5 pan-neuronal (elaV(X)-Gal4) via RNAi, we could observe a dramatic increase of 

p62/Ref(2) in the brain of 10-day old flies (Figure 44a; Bhukel and Beuschel et al., 2019). 

Interestingly, this accumulation of p62/Ref(2)p as a sign of lacking macroautophagy is usually 

associated with the age of 30 days (Gupta et al., 2013). Additionally, a brain-wide increase of 

the presynaptic active zone (AZ) occurs with rising age measurable via immunolabelling of the 

AZ scaffold protein Bruchpilot (Gupta et al., 2016). Intriguingly, a pan-neuronal atg5 

knockdown triggered presynaptic plasticity brain-wide in already 10-day old animals (Figure 

44a; Bhukel and Beuschel et al., 2019). When I tested these flies for their aversive olfactory 

memory performance, I could measure severe deficits (Figure 44b-c). With the loss of Atg5 in 

the nerves, a severe reduction in short-term memory, tested immediately after the memory 

training, was visible (Figure 44b). Furthermore, I found a decline in the longer-lasting 1 hour 

mid-term memory, where the test is conducted 1 hour after the drill (Figure 44c). 

 

Next, I wanted to compare deficient macroautophagy directly to senescence. With increasing 

age, bodily functions gradually decrease, and the ability to form memories is no exception 

 

Figure 44:   Pan-neuronal knockdown of atg5 reduces short-term and mid-term memory at 

young age already. 

a) Immunostainings for p62/Ref(2)p (indicator for deficient macroautophagy) and Bruchpilot 

(BRPNc82; marker for synaptic plasticity) showed increased intensities in brains of 10-day old elaV(X) 

> atg5 RNAi animals compared to the control atg5 RNAi / +, scale bar: 50 µm. b-c) Aversive olfactory 

memory declined for 10-day old flies of elaV(X) > atg5 RNAi compared to the control atg5 RNAi / +. 

b) Performance Index for short-term memory (test 3 min after training): n = 31 for atg5 RNAi / +, n 

= 28 for elaV(X) > atg5 RNAi. c) Performance Index for 1 hour mid-term memory (test 1 hour after 

training): n = 21 for atg5 RNAi / +, n = 20 for elaV(X) > atg5 RNAi. Statistics: unpaired t-test, ***p < 

0.001, *p < 0.05. Error bars: mean ± SEM. Immunostainings by Anuradha Bhukel from Bhukel and 

Beuschel et al., 2019. 
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(Tamura et al., 2003; Gupta et al., 2013). Indeed, the macroautophagy system also becomes 

less functional with time (Gupta et al., 2013; Stavoe et al., 2019). Thus, a comparison of wild-

type like atg5 RNAi / + flies at ten days versus 30 days revealed severe accumulations of 

p62/Ref(2)p aggregates in immunostainings of old brains (Figure 45a.). Additionally, 

presynaptic plasticity, visible as increasing intensity of Bruchpilot (BRPNc82), could be observed  

 

Figure 45:   Anesthesia-sensitive memory of young pan-neuronal atg5 knockdown animals 

drops to a similar low level as aged control flies. 

a) Immunostainings for p62/Ref(2)p (indicator for deficient macroautophagy) and Bruchpilot (BRPNc82; 

marker for synaptic plasticity) showed increased intensities in brains of 30-day old wild-typic atg5 

RNAi / + compared to 10-day young flies, scale bar: 50 µm. b-d) Aversive olfactory memory for 10- 

and 30-day old flies of atg5 RNAi / + and elaV(X) > atg5 RNAi. b) Performance Index for 1 hour mid-

term memory (test 1 hour after training): n = 21 for 10-day old and n = 22 for 30-day old atg5 RNAi / 

+, n = 26 for 10-day old and n = 7 for 30-day old elaV(X) > atg5 RNAi. c) Performance Index for 1-

hour anesthesia-resistant memory (ice-bad 30 min and test 1 hour after training): n = 13 for 10-day 

old and n = 16 for 30-day old atg5 RNAi / +. n = 11 for 10-day old elaV(X) > atg5 RNAi. d) Performance 

Index for 1 hour anesthesia-sensitive memory: Results received via calculation of the median of 1 

hour mid-term memory minus the individual performance indices of 1 hour anesthesia-resistant 

memory. Statistics: two-way ANOVA with Sidak's post hoc test to compare two groups and ordinary 

one-way ANOVA with Tukey's post hoc test, ****p < 0.0001, *p < 0.05, nsp ≥ 0.05. Error bars: mean 

± SEM. Immunostainings by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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 in 30-day old fly brains (Figure 45a). When I had a look at the aversive olfactory memory of 

young versus 30-day old wild-type like flies (atg5 RNAi / +), I could observe a decline in 

memory with age. Furthermore, the performance of 10-day old pan-neuronal atg5 deficient  

flies was comparable to the senescent ones (see Figure 45b-d). While the control atg5 RNAi / 

+ showed a performance index of circa 40 % at the juvenile age of 10-day in 1 hour mid-term 

memory (Figure 45b), this decreased by 50 % for 30-day old flies. In contrast, the pan-neuronal 

atg5 knockdown demonstrated at already the age of ten days a performance index of only 

around 16 %, and at 30 days even less with 6 % (Figure 45b). It was also interesting to see 

that the pan-neuronal knockdown's survival was dramatically reduced at 30 days. Based on 

this, and since the performance index for 1 hour mid-term memory was already near zero, I 

had to abandon further experiments on aging macroautophagy deficient flies. Hence, I had a 

closer look at the aging wild-type like control atg5 RNAi / +. 1 hour mid-term memory can be 

 separated into two components. One is the consolidated component, anesthesia-resistant 

memory (ARM), and the other is anesthesia-sensitive memory (ASM), with its more labile 

nature (DeZazzo and Tully, 1995; Isabel et al., 2004). ASM can be calculated by deducting the 

anesthesia-resistant memory value from the median mid-term memory. Interestingly, these 

two phases can be differentiated by the impact of age. While ARM stays the same with age, 

ASM appears vulnerable to it (Tamura et al., 2003; Gupta et al., 2013). The same I observed 

for atg5 RNAi / + flies. The typically stable 1 hour ARM memory was nearly the same for the 

30-day old wild-typic flies as for the young ones. 

Interestingly, the pan-neuronal atg5 knockdown 

also showed no decrease in the consolidated 

memory (Figure 45c). In contrast, 1 hour ASM was 

impaired with age and lacking macroautophagy 

(Figure 45d). Here, the memory dramatically 

drops from a value around 35 % for 10-day old 

atg5 RNAi / + to a performance index of 10 % for 

30-day old flies. Intriguingly, flies with erased 

macroautophagy already had the same reduced 

memory level at young age as 30-day old control 

flies. In short, a lack of macroautophagy mimicked 

the memory of aged flies in juvenile animals 

already. Even when I tested the elaV(X) > atg5 

RNAi flies at the younger age of 5 days, I still could 

observe a severe impairment of short-term 

memory (Figure 46). Accordingly, a 

 

Figure 46:   Short-term memory for 

younger Atg5 deficient flies. 

Aversive olfactory memory for 5-day old 

flies, measured directly after training: n = 

15 for atg5 RNAi / +, n = 12 for elaV(X) > 

atg5 RNAi. Statistics: unpaired t-test, 

****p < 0.0001. Error bars: mean ± SEM. 
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macroautophagy deficit shows similar changes in p62/Ref(2p) accumulation, presynaptic 

plasticity, and memory performance as aged animals. 

Additionally, I performed a negative geotaxis assay according to Inagaki et al., 2009 to test the 

climbing/ locomotor ability of macroautophagy deficient animals (Figure 47). The final 

distribution of the pan-neuronal atg5 knockdown in the different fractions showed no obvious 

distinction to the control atg5 RNAi / +. The flies showed adequate mobility for the conducted 

memory tests. 

 

The innate behavior scores for the pan-neuronal atg5 knockdown showed comparable 

performance indices to their controls (Table 4). Both odor acuities for 3-Octanol and 4-

Methylcyclohexanol were insignificant, as well as shock reactivity. 

z  

Figure 47:   Negative geotaxis performance for pan-neuronal macroautophagic deficiency. 

Negative geotaxis after Inagaki et al., 2009, for female 10-day old elaV(X) > atg5 RNAi flies plus the 

control atg5 RNAi / +, final distribution of the flies in the different tubes as bar graph: n = 12 for atg5 

RNAi / +, n = 12 for elaV(X) > atg5 RNAi. Cf (partition coefficient for final distribution): Cfmean = 

0.9577 ± 0.01282 for atg5 RNAi / +, Cfmean = 0.9042 ± 0.01467 for elaV(X) > atg5 RNAi.  

  Olfactory acuity 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methylcyclohexanol (n) 

atg5 RNAi / + 77.68 ± 4.012  (9)  22.63 ± 4.085 (9) 24.59 ± 6.726 (13) 

elaV(X) > atg5 RNAi 77.31 ± 2.626 (12) 21.22 ± 5.824 (6) 19.55 ± 6.205 (11) 

Table 4:   Innate behavior of pan-neuronal atg5 knockdown. 

Shock reactivity and olfactory acuity showed no significant difference in the pan-neuronal knockdown 

of atg5, elaV(X) > atg5 RNAi, compared to its control atg5 RNAi / +.  Statistics: unpaired t-test, nsp ≥ 

0.05. Mean ± SEM. 
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2.4.1.b Restriction of Atg5 deficiency to specific neuronal areas 

Next, I asked where the protective 

effects of macroautophagy are 

localized in the brain of Drosophila 

melanogaster. For this, I knocked 

down atg5 with different enhancer 

trap lines. A notable short-term 

memory defect was not visible with 

gmr-Gal4 (Figure 48a) which 

addresses the optic lobes as visual 

centers, filling almost the half brain 

of Drosophila (Hiesinger et al., 

1999). Similarly, I observed no 

memory decay for the atg5 

knockdown with gh146-Gal4 

(Figure 48b), which covers the 

olfactory projection neurons, the 

conveyor of the olfactory cue to the 

higher brain centers (Stocker et al., 

1997). 

 

In contrast, an intervention of missing macroautophagy at the level of autophagosome 

elongation in the mushroom body seemed to have a massive impact on the ability to form 

memories. The mushroom body is a higher integration center in the Drosophila brain, where 

the generation of learning and memory storage happens (Aso et al., 2014; Bhukel and 

Beuschel et al., 2019). Accordingly, as soon as a functioning mushroom body is not available 

anymore, for example, via chemical ablation, associative conditioned odor learning vanishes 

(Belle and Heisenberg, 1994). Here, a restriction of missing macroautophagy to the mushroom 

body with the Gal4 driver vt030559 impacted memory. With a reduction of atg5 in the 

mushroom body, short-term memory dropped dramatically by 20 % (Figure 49b). Similar 

results could be observed for 1 hour mid-term memory (Figure 49c). Additionally, a severe 

buildup of p62/Ref(2)p aggregates in the mushroom body's cell bodies occurred in these flies 

(Figure 49a; Bhukel and Beuschel et al., 2019). Surprisingly, the Bruchpilot intensity level 

(BRPNc82) in the brain’s immunostainings was not only increased in the expression domain of 

vt030559, the mushroom body, but also over the whole brain in a non-cell autonomous manner 

(Figure 49a; Bhukel and Beuschel et al., 2019). A similar brain-wide increase of Bruchpilot  

 

Figure 48:   Decreased macroautophagy does not 

affect short-term memory when restricted to the optic 

lobes or the olfactory projection neurons. 

Aversive olfactory short-term memory (tested 3 min after 

training) for 10-day old flies of gmr > atg5 RNAi and gh146 

> atg5 RNAi and their control atg5 RNAi / +. a) 

Performance Index for atg5 knockdown in the optic lobes: 

n = 8 for atg5 RNAi / +, n = 5 for gmr > atg5 RNAi. b) 

Performance Index for atg5 knockdown in the projection 

neurons: n = 15 for atg5 RNAi / +, n = 12 for gh146 > atg5 

RNAi. Statistics: unpaired t-test, nsp ≥ 0.05. Error bars: 

mean ± SEM. 
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Figure 49:   Deficient macroautophagy in the mushroom body impairs memory formation. 

a) Immunostainings for p62/Ref(2)p (indicator for deficient macroautophagy) and Bruchpilot 

(BRPNc82; marker for synaptic plasticity) showed increased intensities in brains of 10-day old 

vt030559 > atg5 RNAi animals compared to the control atg5 RNAi / +, scale bar: 50 µm. b-c) 

Aversive olfactory memory declined for 10-day old flies of vt030559 > atg5 RNAi compared to the 

control atg5 RNAi / +. b) Performance Index for short-term memory (test 3 min after training): n = 11 

for atg5 RNAi / +, n = 9 for vt030559 > atg5 RNAi. c) Performance Index for 1 hour mid-term memory 

(test 1 hour after training): n = 16 for atg5 RNAi / +, n = 8 for vt030559 > atg5 RNAi. Statistics: 

unpaired t-test, ****p < 0.0001, **p < 0.01. Error bars: mean ± SEM. Immunostainings by Anuradha 

Bhukel from Bhukel and Beuschel et al., 2019. 

 

Figure 50:   Macroautophagy restricted to the mushroom body results in reduced 1 hour 

anesthesia-sensitive memory. 

Aversive olfactory memory for 10-day old flies of vt030559 > atg5 RNAi and the controls vt030559 / 

+ and atg5 RNAi / +. a) Performance Index for 1 hour anesthesia-resistant memory (ice-bad 30 min 

and test 1 hour after training): n = 7 for vt030559 / +, n = 12 for atg5 RNAi / +, n = 3 for vt030559 > 

atg5 RNAi. b) Performance Index for 1 hour anesthesia-sensitive memory: Results received via 

calculation of the median of 1 hour mid-term memory minus the individual performance indices of 1 

hour anesthesia-resistant memory. Statistics: ordinary one-way ANOVA with Sidak’s post hoc test, 

*p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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occurred in pan-neuronal diminished macroautophagy (Figure 44a) and aged animals (Figure 

45a). I was curious about which 1 hour memory phase would be impaired, so I explored 1 hour 

anesthesia-resistant memory (ARM) and 1 hour anesthesia-sensitive memory (ASM). As 

expected, reduced macroautophagy in the mushroom body revealed no significant memory  

deficit for the typically robust ARM (Figure 50a). However, a significant reduction was visible 

when I compared this knockdown’s ASM to its driver control vt030559 / +. Similarly, the 

memory of this cross was reduced compared to its RNAi control atg5 / +, though with a 

tendency of p = 0.0855 (Figure 50b). Here, a larger number of vt030559 > atg5 RNAi tests 

would probably result in a significant outcome. 

 

Indeed, a repetition of associative olfactory memory tests using another mushroom body 

specific driver line, ok107-Gal4, gave similar results for short-term memory, although in a minor 

significance (Figure 51b). Comparable to vt030559, an accumulation of p62/Ref(2)p was 

visible in the area of the mushroom body (Bhukel and Beuschel et al., 2019), as well as a brain-

wide increase in the intensity of Bruchpilot (Figure 51a; Bhukel and Beuschel et al., 2019). 

When I performed short-term memory with 5-day old flies of this genotype, they also showed 

a memory deficit, even at a younger age (Figure 51c). Consequently, autophagy seems crucial 

for associative olfactory memory performance when expressed only in the mushroom body.  

 

Figure 51:   Deficient macroautophagy with a further mushroom body specific driver shows 

reduced short-term memory, even at a very young age. 

a) Immunostainings for Bruchpilot (BRPNc82; marker for synaptic plasticity) showed an increased 

intensity in brains of 10-day old ok107 > atg5 RNAi animals compared to the control atg5 RNAi / +, 

scale bar: 50 µm. a-b) Short-term memory (tested 3 min after training). a) 10-day old flies: n = 32 

for atg5 RNAi / +, n = 29 for ok107 > atg5 RNAi. b) 5-day old flies: n = 19 for atg5 RNAi / +, n = 20 

for ok107 > atg5 RNAi. Statistics: unpaired t-test, **p < 0.01, *p < 0.05. Error bars: mean ± SEM. 

Immunostainings by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 



Results | 93 

 

In addition, this mushroom body-specific driver also showed a brain-wide non-cell autonomous 

increase of the Bruchpilot intensity (Bhukel and Beuschel et al., 2019). With the driver vt030559 

and ok107, the whole mushroom body is aimed (Aso et al., 2009; Plaçais et al., 2017). How 

would an attenuation of macroautophagy in a subset of the mushroom body operate? It 

consists of diverse regions, assigned with partly differential functions in the memory process 

(Krashes et al., 2007). 

First, I aimed only a subset of the mushroom body, the α’/ꞵ' lobes, via expression with ok107-

Gal4 plus its partly suppression with mb247-Gal80 (Figure 52). These lobes are especially 

required for memory acquisition, which lasts up to 1 hour (Wang et al., 2008). In contrast to 

our previous results about the mushroom body, no increase in synaptic plasticity via Bruchpilot 

could be observed (Figure 52a; Bhukel and Beuschel et al., 2019). The short-term memory of 

mb247-Gal80 ;; ok107 > atg5 RNAi only dropped to the driver control mb247-Gal80 / + ;; 

ok107-Gal4 / +, yet a namely difference to the RNAi control atg5 RNAi / + was not apparent 

(Figure 52b). Additionally, the performance for 1 hour mid-term memory showed similar results 

for all tested genotypes, around 50 % (Figure 52c). Thus, is a macroautophagy deficit not 

 

Figure 52:   Sole expression of deficient macroautophagy via atg5 RNAi in the α’/ꞵ’ lobes of 

the mushroom body gives no memory decay. 

a) Brain immunostainings showed similar Bruchpilot intensities (BRPNc82; a marker for synaptic 

plasticity) at 10-day flies with atg5 RNAi expressed in the mushroom body via ok107-Gal4 and 

simultaneous suppression in the α/ꞵ and γ lobes (mb247-Gal80), controls: mb247-Gal80 / + ;; ok107-

Gal4 / +, atg5 RNAi / +. Scale bar: 50 µm. b) Short-term memory (test 3 min after training): n = 8 for 

mb247-Gal80 / + ;; ok107-Gal4 / +, n = 13 for atg5 RNAi / +, n = 12 for mb247-Gal80 ;; ok107-Gal4 

> atg5 RNAi. c) 1 hour mid-term memory (test 1 hour after training): n = 5 for mb247-Gal80 / +;; 

ok107-Gal4 / +, n = 11 for atg5 RNAi / +, n = 13 for mb247-Gal80 ;; ok107-Gal4 > atg5 RNAi. Statistics: 

ordinary one-way ANOVA with Sidak’s post hoc test, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 

Immunostainings by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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crucial for functional memory acquisition in the prime lobes? Or was the Gal4 suppression via 

Gal80 inefficient? p62/Ref(2)p immunostainings showed an operating mb247-Gal80 with 

suppression in the α/ꞵ, and γ lobes, while a strong p62/Ref(2)p aggregation was visible in other 

regions like the pars intercerebralis, which ok107-Gal4 covers (Bhukel, 2018). Consequently, 

suppressing the atg5 deficit in the α/ꞵ and γ lobes seemed to be functional and strong enough 

to prevent a non-cell autonomous increase of presynaptic plasticity via Bruchpilot over the 

whole brain and a memory decay (Figure 52; Bhukel and Beuschel et al., 2019). Only a 

macroautophagy lack in the prime lobes did not show early aging-like effects. 

 

Could it be that active 

macroautophagy, 

particularly in the α/ꞵ 

and γ lobes, is essential 

for working memory 

performance? Hence, I 

tested attenuated 

macroautophagy driven 

by mb247-Gal4 as a 

mushroom body driver 

with expression only in 

the α/ꞵ and γ lobes (Aso 

et al., 2009). Curiously, I 

could not observe any 

memory deficit in short-

term memory and 1 hour 

mid-term memory 

(Figure 53). p62/Ref(2)p 

immunostainings of mb247 > atg5 RNAi showed aggregates in the α/ꞵ and γ lobes, though 

with a weaker expression than ok107-Gal4 (Bhukel, 2018). Aso et al., 2009, also described 

mb247-Gal4 as a relative weak driver. Thus, only an intense inhibition of macroautophagy in 

the α/b and γ lobes seemed to result in the observed memory drop as seen with vt030559-

Gal4 and ok107-Gal4 (Figure 49, Figure 51). A weaker expression with the diver mb247-Gal4 

could be insufficient (Figure 53). Though, maybe an expression of missing macroautophagy in 

all the mushroom body lobes is necessary. 

 

 

Figure 53:   Missing macroautophagy in the α/ꞵ and γ lobes of 

the mushroom body shows no memory deficit. 

Aversive olfactory memory for 10-day old flies with deficient 

macroautophagy expression only in the α/ꞵ and γ lobes. a) 

Performance index for short-term memory (measured directly after 

training): n = 12 for atg5 RNAi / +, n = 13 for mb247 > atg5 RNAi. b) 

Performance Index for 1 hour mid-term memory (test 1 hour after 

training): n = 3 for atg5 RNAi / +, n = 4 for mb247 > atg5 RNAi. 

Statistics: unpaired t-test, nsp ≥ 0.05. Error bars: mean ± SEM. 
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To prevent developmental effects, I 

performed temperature-sensitive Gal80 

experiments, where the macroautophagy 

deficit in the mushroom body (via ok107-

Gal4) was suppressed at 18 °C until the 

adulthood of the flies. By shifting them to 

29 °C after the eclosion, the Gal4 

suppressor Gal80ts was not active 

anymore (McGuire et al., 2003). Curiously, 

this procedure demonstrated no 

detectable accumulation of p62/Ref(2)p 

(Bhukel and Beuschel et al., 2019), and, 

concomitantly, no short-term memory 

deficit could be observed (Figure 54). 

Likely, the knockdown of atg5 could not be 

sufficiently achieved when restricting the 

RNA interference only to the post-eclosion 

adult stages, and a remaining turnover of 

developmentally expressed Atg5 occurred 

(Bhukel and Beuschel et al., 2019). 

 

 

The innate smell scores for the atg5 knockdown in the relevant areas showed comparable 

performance indices to their controls (Table 5). Only for the 3-Octanol acuity of the atg5 

knockdown in the projection neurons (gh146 > atg5 RNAi), a slight significance (*p = 0.0303) 

could be observed compared to its control. Since this cross's memory performance showed no 

memory deficit, this observation did not affect the memory results.  

  

 

Figure 54:   No memory impairment when 

deficient macroautophagy was only 

expressed in adulthood. 

Short-term memory for 10-day old flies with the 

deficient macroautophagy in the mushroom body 

expressed from adulthood (measured directly 

after training): n = 3 for tub-Gal80ts / + ;; ok107-

Gal4 / +, n = 13 for atg5 RNAi / +, n = 10 for tub-

Gal80ts ;; ok107-Gal4 > atg5 RNAi. Statistics: 

Kruskal-Wallis with Dunn's post hoc test, nsp ≥ 

0.05. Error bars: mean ± SEM. 
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 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

atg5 RNAi / + 52.14 ± 5.870 (12) 38.07 ± 5.315 (15) 

gh146 > atg5 RNAi 36.70 ± 3.845 (16) 29.16 ± 5.910 (14) 

atg5 RNAi / + 34.56 ± 10.220 (8) 61.54 ± 6.915 (8) 

vt030559 > atg5 RNAi 39.15 ± 13.200 (6) 54.88 ± 5.965 (4) 

atg5 RNAi / + 22.63 ± 4.085 (9) 24.59 ± 6.726 (13) 

ok107 > atg5 RNAi 20.32 ± 5.798 (5) 18.97 ± 5.136 (11) 

mb247-Gal80 / + ;; ok107-Gal4 / + 52.77 ± 4.117 (7) 57.93 ± 3.425 (8) 

atg5 RNAi / + 44.03 ± 9.636 (6) 58.00 ± 8.286 (8) 

mb247-Gal80 ;; ok107-Gal4 > atg5 

RNAi 

56.24 ± 5.648 (10) 42.31 ± 5.420 (9) 

tub-Gal80ts / + ;; ok107-Gal4 / + 63.74 ± 10.86 (5) 71.80 ± 9.503 (3) 

atg5 RNAi / + 49.46 ± 9.698 (8) 33.43 ± 5.040 (9) 

tub-Gal80ts ;; ok107-Gal4 > atg5 RNAi 42.23 ± 12.33 (6) 46.20 ± 6.229 (7) 

Table 5:   Innate behavior of atg5 knockdown for the experimental groups. 

As tests for innate behavior, olfactory acuity gave no significant difference for the experimental groups 

but gh146 > atg5 RNAi. A significant decay for the 3-Octanol could be observed here. However, since 

an atg5 knockdown in the projection neurons gave no learning deficit, this was inconsequential for the 

memory. Statistics: unpaired t-test for two genotypes and one-way ANOVA with Sidak's multiple 

comparisons post hoc test for three genotypes, *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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2.4.2. Intervening at the phase of phagophore assembly 

To compare two independent steps of macroautophagy, I went on with Atg9, a transmembrane 

protein that assists by transporting lipid bilayers to the emerging phagophore (Gelino and 

Hansen, 2012; Bhukel and Beuschel et al., 2019). In contrast to the earlier discussed Atg5, 

this protein is marginal for the lipidation of Atg8, which is conducted by the E3 ligase-like 

complex, built of Atg5 together with Atg12 and Atg16 (Hanada et al., 2007; Gelino and Hansen, 

2012; Bento et al., 2016; Gui et al., 2019). The lipidated, activated Atg8-II binds p62/Ref(2)p, 

a receptor marking cargo for degradation, to encourage the engulfment by the autophagosome 

(Pankiv et al., 2007; Gelino and Hansen, 2012). However, Atg9 serves as the carrier for the 

required membrane in the process of phagophore elongation (Gelino and Hansen, 2012; Bento 

et al., 2016).  

In the paper Bhukel and Beuschel et al., 2019, we showed that Atg8 had two bands in brain 

Western blots of a pan-neuronal atg9 knockdown, similar to all its controls. In contrast, the 

atg5 deficient brains did not hold the second band of Atg8, its lipidated modification. Thus, the 

effects of an atg9 knockdown suited perfectly as a second strategy to examine the 

consequences of macroautophagy in different neuronal tissues, focusing on aversive olfactory 

memory. 

2.4.2.a Pan-neuronal atg9 knockdown affects the ability to form 

memory at young age already 

As described before, the autophagy receptor p62/Ref(2)p is usable as a marker for 

macroautophagic inefficiency, in this chapter caused by a pan-neuronal knockdown of atg9 

(Bhukel and Beuschel et al., 2019). Missing macroautophagy is associated with an aggregation 

of p62/Ref(2)p since a cluster of this receptor reveals malfunctioning autophagic systems 

(Bjørkøy et al., 2009; Bartlett et al., 2011; Mauvezin et al., 2014). Hence, a severe increase of 

p62/Ref(2)p occurred in the brains of 10-day old elav(X) > atg9 RNAi animals (Figure 55a). An 

accumulation of p62/Ref(2)p aggregates like this were already visible in the pan-neuronal 

knockdown of atg5 (Figure 44) as well as in aging animals (Gupta et al., 2013). Moreover, 

increased intensity of Bruchpilot (BRPNc82), a presynaptic active zone scaffold protein, could 

be detected in the brains of these young animals, comparable to aged 30-day old ones (Figure 

55a; Gupta et al., 2016). Again, this was similar in atg5 deficient 10-day old flies (Figure 44). 

Accordingly, these atg9 deficient flies performed poorly in aversive olfactory memory. At the 

young age of 10 days, they already displayed a memory performance like old animals in short-

term memory (Figure 55c; Figure 48c) and 1 hour mid-term memory (Figure 55d; Figure 45). 
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Moreover, even younger flies like 5-day old ones could not prevent this memory impairment 

(Figure 55b). 

 

Figure 55:   Pan-neuronal knockdown of atg9 reduces aversive olfactory memory. 

a) Immunostainings for p62/Ref(2)p (indicator for deficient macroautophagy) and Bruchpilot 

(BRPNc82; marker for synaptic plasticity) showed increased intensities for brains of 10-day old 

elaV(X) > atg9 RNAi animals compared to the control atg9 RNAi / +, scale bar: 50 µm. b) Aversive 

olfactory memory (short-term memory, measured directly after training) for 5-day old elaV(X) > atg9 

RNAi flies plus its control: n = 9 for atg9 RNAi / +, n = 10 for elaV(X) > atg9 RNAi. c-f) Aversive 

olfactory memory declined for 10-day old flies of elaV(X) > atg9 RNAi compared to its control atg9 

RNAi / +. c) Performance Index for short-term memory: n = 17 for atg9 RNAi / +, n = 15 for elaV(X) 

> atg9 RNAi. d) Performance Index for 1 hour mid-term memory (test 1 hour after training): n = 13 

for atg9 RNAi / +, n = 13 for elaV(X) > atg9 RNAi. e) Performance Index for 1 hour anesthesia-

resistant memory (ice-bad 30 min and test 1 hour after training): n = 11 for atg9 RNAi / +, n = 9 for 

elaV(X) > atg9 RNAi. f) Performance Index for 1 hour anesthesia-sensitive memory: Results 

received via calculation of the median of 1 hour mid-term memory minus the individual performance 

indices of 1 hour anesthesia-resistant memory. Statistics: unpaired t-test, **p < 0.01, *p < 0.05, nsp 

≥ 0.05. Error bars: mean ± SEM. Immunostainings by Anuradha Bhukel from Bhukel and Beuschel 

et al., 2019. 
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To see if the age-sensitive 1 hour memory component, anesthesia-sensitive memory (ASM), 

was comparable to pan-neuronal atg9 deficient animals, I performed 1 hour anesthesia-

resistant memory (ARM). This way, the ASM values could be calculated according to the 

median of 1 hour mid-term memory of this genotype. Similar to the behavior tests for aged 

animals (Figure 45), these flies revealed no behavioral differences for the ARM (Figure 55e), 

which is stable with age (Figure 45c,  Gupta et al., 2013). Consequently, the labile memory 

phase ASM showed a massive memory decrease (Figure 55f), again similar to the behavior of 

aging flies and pan-neuronal atg5 deficient animals (Figure 45Figure 45d; Tamura et al., 2003). 

 

Innate behavior was normal for elaV(X) > atg9 RNAi flies when compared to their controls 

(Table 6). Both odor acuities with 3-Octanol and 4-Methylcyclohexanol were insignificant, as 

well as the shock reactivity. 

 

  

 
 

Shock reactivity (n) 

Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

atg9 RNAi / + 88.62 ± 2.648 (6) 27.26 ± 3.823 (14) 50.28 ± 8.450 (10) 

elaV(X) > atg9 RNAi 85.14 ± 2.302 (8) 23.34 ± 3.853 (17) 49.11 ± 7.583 (13) 

Table 6:   Innate behavior of pan-neuronal atg9 knockdown. 

Shock reactivity and olfactory acuity showed no significant difference in the pan-neuronal atg9 

knockdown elaV(X) > atg9 RNAi compared to its control atg9 RNAi / +.  Statistics: unpaired t-test, nsp 

≥ 0.05. Mean ± SEM. 



Results | 100 

 

2.4.2.b Restriction of Atg9 deficiency to specific neuronal areas 

To locate the protective effects of macroautophagy in specific neuronal populations, I 

investigated deficient macroautophagy in different fly brain divisions (Bhukel and Beuschel et 

al., 2019). Considering the olfactory pathway, an odor's cue is sent via the projection neurons 

to the higher processing centers, the mushroom body and the lateral horn (Stocker et al., 

1997). Moreover, one short-term trace goes through the projection neurons and generates 

short-term memory (Yu et al., 2004). Though, neither an increase of Bruchpilot (BRPNc82, 

Figure 56a) nor any short-term memory deficit could be found in gh146 > atg9 RNAi flies 

(Figure 56b). However, accumulated p62/Ref(2) was visible in these neurons when atg9 was 

downregulated there (Figure 56a). Hence, functional RNAi expression was present in the 

projection neurons. These results were similar to the Atg5 deficiency in the projection neurons 

(Figure 48). The Bruchpilot increase in the brain or the missing memory acquisition due to 

inoperative macroautophagy seemed not to be mediated by these neurons.  

 

 

 

Figure 56:   An atg9 knockdown in the projection neurons reveals no change in presynaptic 

plasticity or short-term memory. 

a) Immunostainings for Bruchpilot (BRPNc82; a marker for synaptic plasticity) showed no increased 

intensity for brains of 10-day old gh146 > atg9 RNAi animals compared to the control atg9 RNAi / +. 

Quantification of BRPNc82 intensity for the brain normalized to the control (Mann Whitney test). 

Immunostaining for p62/Ref(2)p (indicator for deficient macroautophagy) for 10-day old gh146 > 

atg9 RNAi flies, scale bar: 50 µm. b) Short-term memory for 10-day old flies of gh146 > atg9 RNAi 

compared to the control atg9 RNAi / + (test 3 min after training): n = 8 for atg9 RNAi / +, n = 10 for 

gh146 > atg9 RNAi. Statistics: unpaired t-test, nsp ≥ 0.05. Error bars: mean ± SEM. Immunostainings 

and their quantification by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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Focusing on the brain's 

olfactory learning center, 

I performed short-term 

memory for vt030559 > 

atg9 RNAi flies. This 

restriction of deficient 

macroautophagy to the 

mushroom body 

revealed a significant 

memory impairment 

compared to the driver 

control vt030559 / + and 

the RNAi control atg9 

RNAi / + for 10-day old 

flies (Figure 57b). 

Similarly, younger 

animals aged 5 days 

showed a significant 

malfunctioning short-

term memory, in 

contrast to their RNAi control atg9 RNAi / + and their driver control vt030559 / + (Figure 57a). 

 

Further tests on missing Atg9 with an additional mushroom body driver, ok107-Gal4, confirmed 

the importance of an operating macroautophagic system in these neurons to prevent aging's 

malignant effects. Immunostainings for ok107 > atg9 RNAi showed a severe buildup of 

p62/Ref(2)p aggregates in the cell bodies of the mushroom body, a sign of impaired 

macroautophagy (Figure 58a; Mauvezin et al., 2014; Bhukel and Beuschel et al., 2019). 

Interestingly, immunostainings of Bruchpilot (BRP), a core component of the presynaptic active 

zone, showed a massive brain-wide increase of the BRPNc82 intensity in the brains of 10-day 

old flies, beyond the area of the mushroom body brain-wide (Figure 58a). Additionally, 

investigations of this area with transmission emission electron microscopy (EM) and super-

resolution light microscopy (STED) revealed the presynaptic status of the active zones in the 

mushroom body (Bhukel and Beuschel et al., 2019). The active zone's architecture contains 

an electron-dense structure, visible with EM, which appears for Drosophila melanogaster as a 

T-shaped structure, called T-bar (Figure 15; Zhai and Bellen, 2004; Bhukel and Beuschel et 

al., 2019). This T-bar increases massively with age, just like ok107 > atg9 RNAi flies (Figure 

58b; (Gupta et al., 2016)). In Atg9 deficient mushroom body neurons, the T-bar shaped wide  

 

Figure 57:   Deficient macroautophagy via atg9 RNAi, expressed 

in the mushroom body, impairs memory formation. 

Aversive olfactory short-term memory (test 3 min after training) for 

vt030559 > atg9 RNAi and its controls vt030559 / + and atg9 RNAi / 

+. a) Performance Index for 5-day old flies: n = 8 for vt030559 / +, n 

= 5 for atg9 RNAi / +, n = 8 for vt030559 > atg9 RNAi. b) Performance 

Index for 10-day old flies: n = 4 for vt030559 / +, n = 16 for atg9 RNAi 

/ +, n = 15 for vt030559 > atg9 RNAi. Statistics: ordinary one-way 

ANOVA with Sidak’s post hoc test, **p < 0.01, *p < 0.05, nsp ≥ 0.05. 

Error bars: mean ± SEM. 
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Figure 58:   Deficient macroautophagy via atg9 knockdown enlarges presynaptic plasticity 

and decreases the age-sensitive memory component. 

a) Immunostainings for Bruchpilot (BRPNc82; marker for synaptic plasticity) showed increased 

intensity for brains of 10-day old ok107 > atg9 RNAi animals compared to the control atg9 RNAi / +. 

Quantification of BRPNc82 intensity for the brain, normalized to the control (Mann Whitney test, ***p 

< 0.001). Immunostaining for p62/Ref(2)p (indicator for deficient macroautophagy) for 10-day old 

ok107 > atg9 RNAi flies, scale bar: 50 µm. b) Electron micrographs showing the T-bar of the 

mushroom body's calyx for 10-day old ok107 > atg9 RNAi and atg9 RNAi / + flies, scale bar: 100 

nm. c) STED images of BRP uncover ring-shaped structures (arrows) within the calyx of the 

mushroom body for 10-day old ok107 > atg9 RNAi and atg9 RNAi / + flies, scale bar: 500 nm. d-f) 

Aversive olfactory memory for 10-day old ok107 > atg9 RNAi flies plus their control atg9 / +. d) 

Performance Index for 1 hour mid-term memory (test 1 hour after training): n = 11 for atg9 RNAi / +, 

n = 17 for ok107 > atg9 RNAi. e) Performance Index for 1 hour anesthesia-resistant memory (ice-

bad 30 min and test 1 hour after training): n = 15 for atg9 RNAi / +, n = 17 for ok107 > atg9 RNAi. f) 

Performance Index for 1 hour anesthesia-sensitive memory: Results received via calculation of the 

median of 1 hour mid-term memory minus the individual performance indices of 1 hour anesthesia-

resistant memory. Statistics: unpaired t-test, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 

Immunostainings plus their quantification, electron micrographs, and STED images by Anuradha 

Bhukel from Bhukel and Beuschel et al., 2019. 
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and loose at the young age of ten days already, in contrast to the compact and small shape of 

the control ok107 / +. With STED, it is possible to display the nano-architecture of planar-

oriented active zones as a ring-shaped BRP structure, increasing their diameter with age 

(Gupta et al., 2016). However, these BRP rings occurred similarly with a broader ring diameter  

in macroautophagy deficient neurons (arrows in Figure 58c; Bhukel and Beuschel et al., 2019). 

The diameter of BRP rings seemed to correlate with the physical size of the T-bars in the 

corresponding animals as well as the BRP intensity (Figure 58a-c; Gupta et al., 2016). Thus, 

the mushroom body's macroautophagic status appeared to affect ultrastructural conditions, 

the functional state of the active zone, and the olfactory system (Bhukel and Beuschel et al., 

2019). Consequently, I could observe an impairment in 1 hour mid-term memory for ok107 > 

atg9 RNAi flies (Figure 58d). To determine the involved 1 hour memory phase, I performed 1 

hour anesthesia-resistant memory (ARM) and anesthesia-sensitive memory (ASM). Like Atg5 

deficient and aging flies, the atg9 knockdown animals had a stable memory performance for 

ARM (Figure 58e) though a memory impairment with ASM (Figure 58f).  

Though, the enhancer trap like ok107-Gal4 drives not only in the mushroom body but also in 

other neuronal tissues like the median neurosecretory cells (mNSCs), also known as insulin-

producing cells (IPCs) (Aso et al., 2009; Nässel et al., 2013; Bhukel and Beuschel et al., 2019). 

 

 

Figure 59:   Expression of deficit macroautophagy in pars intercerebralis reveals no change 

in presynaptic plasticity nor short-term memory. 

a) Immunostainings for Bruchpilot (BRPNc82; marker for synaptic plasticity) showed increased 

intensity for brains of 10-day old ilp2 > atg9 RNAi animals compared to the control atg9 RNAi / +. 

Quantification of BRPNc82 intensity for the brain normalized to the control (Mann Whitney test). 

Immunostaining for p62/Ref(2)p (indicator for deficient macroautophagy) for 10-day old ilp2 > atg9 

RNAi flies, scale bar: 50 µm. b) Short-term memory for 10-day old flies of ilp2 > atg9 RNAi compared 

to the control atg9 RNAi / + (test 3 min after training): n = 11 for atg9 RNAi / +, n = 8 for ilp2 > atg9 

RNAi. Statistics: unpaired t-test, nsp ≥ 0.05. Error bars: mean ± SEM. Immunostainings and their 

quantification by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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Since the signaling of Drosophila insulin-like peptide (Ilp) could be the reason for the non-cell 

autonomous effects of macroautophagy, additional tests were conducted with ilp2-Gal4, 

expressed in the IPCs (Ulgherait et al., 2014; Minnerly et al., 2017; Bhukel and Beuschel et 

al., 2019). Expression of deficient macroautophagy in the pars intercerebralis via ilp2-Gal4 

revealed no change in the presynaptic plasticity (BRPNc82 in Figure 59a), although a strong 

buildup of p62/Ref(2)p could be observed in the IPCs (Figure 59a; Bhukel and Beuschel et al., 

2019). When these flies were examined with short-term memory, no memory decay could be 

seen. They even performed slightly better with a tendency of p = 0.0597 compared to their 

control (Figure 59b). 

Further aversive olfactory memory 

tests addressed the optic lobes. 

These neurons hold almost half of 

Drosophila’s brain, though there was 

no memory decay for short-term 

memory visible as well (Figure 60; 

Hiesinger et al., 1999). gmr > atg9 

RNAi even performed slightly better 

than its control. 

 

Similar to the Atg5 deficiency tests, I 

aimed only a subset of the mushroom 

body, the α’/ꞵ’ lobes, via expression of 

ok107-Gal4 plus partly its suppression 

with mb247-Gal80 (Figure 61). These 

prime lobes are required for memory 

acquisition, which lasts up to 1 hour 

(Wang et al., 2008). Even though I could observe a significant memory drop of mb247-Gal80 

;; ok107-Gal4 > atg9 RNAi compared to its driver control (mb247-Gal80 / + ;; ok107-Gal4 / +), 

this was not the case for the second control atg9 RNAi /+. Short-term memory (Figure 61a) 

and 1 hour mid-term memory (Figure 61b) of deficient macroautophagy in the α‘/ꞵ‘ lobes were 

non significantly different from both controls. p62/Ref(2)p immunostainings showed an 

operating mb247-Gal80 with suppression in the α/ꞵ, and γ lobes, while a strong p62/Ref(2)p 

aggregation was visible in the pars intercerebralis, which ok107-Gal4 covers (Bhukel, 2018). 

Consequently, suppressing the atg9 deficit in the α/ꞵ and γ lobes seemed to be functional. 

When I tested the opposite situation by attenuating only the α/ꞵ and γ lobes via mb247-Gal4, 

no memory decay appeared for 10- and 5-day old flies (Figure 62). I could observe similar 

results for atg5 RNAi  

 

Figure 60:   Downregulation of atg9 in the optic 

lobes shows no memory deficit. 

Short-term memory for 10-day old flies of gmr > atg9 

RNAi compared to the control atg9 RNAi / + (test 3 min 

after training): n = 12 for atg9 RNAi / +, n = 13 for gmr 

> atg9 RNAi. Statistics: unpaired t-test, nsp ≥ 0.05. 

Error bars: mean ± SEM. 
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Figure 61:   Sole expression of deficient macroautophagy via atg9 RNAi in the α’/ꞵ’ lobes of 

the mushroom body shows no significant memory decay. 

a-b) Aversive olfactory memory for atg9 RNAi, expressed in the mushroom body via ok107-Gal4 

with simultaneous suppression in the α/ꞵ and γ lobes (mb247-Gal80), 10-day old, mb247-Gal80 / + 

;; ok107-Gal4 / + as driver control, atg9 RNAi / + as RNAi control. a) Performance Index for short-

term memory (test 3 min after training): n = 10 for mb247-Gal80 / + ;; ok107-Gal4 / +, n = 14 for atg9 

RNAi / +, n = 16 for mb247-Gal80 ;; ok107-Gal4 > atg9 RNAi. b) Performance Index for 1 hour mid-

term memory (test 1 hour after training): n = 14 for mb247-Gal80 / + ;; ok107-Gal4 / +, n = 9 for atg9 

RNAi / +, n = 8 for mb247-Gal80 ;; ok107-Gal4 > atg9 RNAi. Statistics: ordinary one-way ANOVA 

with Sidak’s post hoc test, ***p < 0.001, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 

 

Figure 62:   Missing macroautophagy in the α/ꞵ and γ lobes of the mushroom shows no 

memory deficit. 

Short-term memory (test 3 min after training) for atg9 RNAi expressed in α/ꞵ and γ lobes of the 

mushroom body via mb247-Gal4. a) Performance Index for 5-day old flies: n = 3 for mb247 / +, n = 

3 for mb247 > atg9 RNAi. b) Performance Index for 10-day old flies: n = 8 for mb247 / +, n = 11 for 

mb247 > atg9 RNAi. Statistics: unpaired t-test, nsp ≥ 0.05. Error bars: mean ± SEM. 
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in this scenario (Figure 52, Figure 53). Indeed, mb247-Gal4 is a mushroom body driver with a 

relatively weak expression (Aso et al., 2009). p62/Ref(2)p immunostainings of mb247 > atg9  

RNAi showed very weak aggregates in the α/ꞵ and γ lobes (Bhukel, 2018). Thus, this driver's 

expression in Figure 62 could be inadequate for successful macroautophagy inhibition in the 

mushroom body. Curiously, BRPNc82 immunostainings with mb247 > atg9 even showed a 

decreased intensity for Bruchpilot (Bhukel, 2018).  

Argumentum e contrario, the α/ꞵ and γ lobes seemed hold the key role in the effect of early 

memory impairment due to deficient macroautophagy, since no memory loss occurred with 

suppression of atg9 RNAi expression in these lobes (Figure 61).  

 

To avert developmental 

effects, I performed 

temperature-sensitive 

Gal80 experiments. 

Here, the atg9 RNAi 

expression was 

suppressed until the 

flies' adulthood by 

shifting them to a higher 

temperature after the 

eclosion. This way, the 

Gal4 activity was 

restricted to these flies' 

maturity (McGuire et al., 

2003). Curiously, these 

flies showed neither a 

detectable accumulation 

of p62/Ref(2)p (Bhukel 

and Beuschel et al., 

2019) nor any memory 

defect in their 

performance (Figure 63). The short-term memory (Figure 63a) and 1 hour mid-term memory 

(Figure 56b) for atg9 knockdown flies exhibited no memory decay compared to their controls. 

Similar was already visible in Atg5 deficient flies (Figure 54). Probably, the degradation of 

developmentally built Atg9 proteins was not completed until the memory testing days (10 days 

after eclosion). The RNAi could only inhibit the atg9 transcription in the post-eclosion adult 

 

Figure 63:   No memory impairment, when atg9 RNAi is only 

expressed in the adulthood. 

Aversive olfactory memory for 10-day old flies of atg9 RNAi 

expressed in the mushroom body only from adulthood on. a) 

Performance Index for short-term memory (test 3 min after training): 

n = 12 for tub-Gal80ts / + ;; ok107-Gal4 / +, n = 11 for atg9 RNAi / +, 

n = 20 for tub-Gal80ts ;; ok107-Gal4 > atg9 RNAi. b) Performance 

Index for 1 hour mid-term memory (test 1 hour after training): n = 13 

for for tub-Gal80ts / + ;; ok107-Gal4 / +, n = 14 for atg9 RNAi / +, n = 

18 for tub-Gal80ts ;; ok107-Gal4 > atg9 RNAi. Statistics: ordinary one-

way ANOVA with Sidak’s post hoc test, nsp ≥ 0.05. Error bars: mean 

± SEM. 
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stages. In this way, a remaining Atg9, expressed during development, was maybe enough to 

fulfill its macroautophagic tasks (Bhukel and Beuschel et al., 2019).  

 

The innate smell scores for Atg9 deficiencies in the relevant areas showed comparable 

performance indices to their controls (Table 7). Both odor acuities for 3-Octanol and 4-

Methylcyclohexanol were insignificant. Only the 3-Octanol and 4-Methylcyclohexanol acuity of 

the atg9 knockdown in the α’/ꞵ’ lobes of the mushroom body displayed significance (3-Octanol: 

*p = 0.0103; MCH: *p = 0.0418) when compared to its control. Since this cross's memory 

performance showed no memory deficits, this observation did not affect the memory results.  

 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

atg9 RNAi / + 22.74 ± 5.672 (17) 36.55 ± 5.867 (22) 

gh146 > atg9 RNAi 23.84 ± 5.540 (16) 33.17 ± 4.863 (19) 

atg9 RNAi / + 27.26 ± 3.823 (14) 50.28 ± 8.450 (10) 

ok107 > atg9 RNAi 23.34 ± 3.853 (17) 49.11 ± 7.583 (13) 

atg9 RNAi / + 31.64 ± 7.345 (14) 27.25 ± 7.087 (14) 

ilp2 > atg9 RNAi 37.08 ± 5.098 (13) 33.94 ± 6.010 (11) 

mb247-Gal80 / + ;; ok107-Gal4 / + 63.03 ± 3.664 (8) 80.33 ± 5.647 (8) 

atg9 RNAi / + 55.01 ± 4.433 (9) 73.10 ± 5.499 (9) 

mb247-Gal80 ;; ok107-Gal4 > atg9 

RNAi 

41.14 ± 4.401 (5) 54.74 ± 8.696 (5) 

tub-Gal80ts /+ ;; ok107-Gal4 / + 74.78 ± 10.05 (5) 78.16 ± 6.858 (7) 

atg9 RNAi / + 61.97 ± 3.831 (9) 57.13 ± 9.724 (9) 

tub-Gal80ts ;; ok107-Gal4 > atg9 RNAi 68.51 ± 1.808 (10) 66.50 ± 6.313 (8) 

Table 7:   Innate behavior of atg9 knockdown for the experimental groups. 

As tests for innate behavior, olfactory acuity gave no significant difference for the experimental groups, 

but for mb247-Gal80 ;; ok107-Gal4 > atg9 RNAi compared to the control mb247-Gal80 / + ;; ok107-

Gal4 / +. Here, a significant decay for the 3-Octanol and 4-Methylcyclohexanol could be observed. 

However, since an atg9 knockdown in the α’/ꞵ’ lobes of the mushroom body gave no learning deficit, 

this is inconsequential for the memory. Statistics: unpaired t-test for two genotypes to analyze, for 

three genotypes one-way ANOVA with Sidak’s multiple comparisons post hoc test (parametric) or 

Kruskal-Wallis with Dunn’s post hoc test (nonparametric), *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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2.4.3. Increased macroautophagy at the level of phagophore 

initiation does not benefit aversive olfactory memory 

In the last chapters, I outlined the effects of deficient macroautophagy on two independent 

steps of its machinery. Knockdowns of macroautophagic core components, especially in the 

mushroom body, mimicked age-typical manifestations like p62/Ref(2)p aggregates, increased 

synaptic plasticity, and memory deficits in 

young animals already (Bhukel and 

Beuschel et al., 2019). Hence, would a 

boost of the cleaning system in the fly 

brain's learning center protect them from 

age-induced memory impairment? An 

interesting target seemed to be Atg1 

(homolog in mammals: Ulk1), which belongs 

to the initiation complex of macroautophagy 

(Gelino and Hansen, 2012). Atg1 clusters 

and activates the subsequent complex 

around Atg6 (homolog in mammals: Beclin 

1), followed by the buildup of the 

phagophore’s source via lipidation (Choi et 

al., 2013; Menzies et al., 2017). With its link 

to mTOR, Atg1 works as a transcriptional 

regulator of macroautophagy (Menzies et 

al., 2017). An increase of nutrients or growth 

factors activates mTOR, which 

subsequently inhibits Atg1, thus 

macroautophagy (Chang and Neufeld, 2009). Additionally, Atg1 affects starvation-induced 

macroautophagy, and the cycling of mammalian Atg9 (Young et al., 2006; Lamb et al., 2013). 

Furthermore, Ulgherait et al., 2014, showed an increased lifespan with a pan-neuronal atg1 

overexpression. Hence, Atg1 appeared a suitable candidate to protect from age-induced 

memory impairment via overexpressed macroautophagy. 

 

When I performed short-term memory for the atg1 overexpression (OE) in the mushroom body 

(ok107-Gal4), I could observe no benefit in these flies' memory performance at 5 days already 

(Figure 64). Even though one trial showed an increased memory with a performance index of 

80 % compared to the control with around 55 %, further tests could not confirm these results. 

In total, the short-term memory appeared with a lower memory tendency for ok107 > atg1 OE. 

 

Figure 64:   atg1 overexpression in the 

mushroom body impairs memory 

performance at an already young age. 

Short-term memory for 5-day old flies with 

overexpression (OE) of macroautophagy in the 

mushroom body (measured directly after 

training): n = 8 for atg1 OE / +, n = 7 for ok107 

> atg1 OE. Statistics: Mann-Whitney test, nsp ≥ 

0.05. Error bars: mean ± SEM. 
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At least via atg1, an up-regulation of macroautophagy resulted in no protective effect for 

memory. Possibly, the intervention at the initial phase of macroautophagy with Atg1 as its 

central figure interfered far too much in the system’s machinery, followed by no memory gains. 

Indeed, an atg1 overexpression could improve lifespan, yet processes to generate memories 

are costly. Strategic considerations about the energy-intensive cognitive abilities and a longer 

life could have interfered here. 
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2.5.   The impact of short Neuropeptide F on age-induced memory 

impairment 

2.5.1. Reduced short neuropeptide F in aging animals 

In the last chapters, aging's effects were mimicked via deficient macroautophagy in the 

mushroom body in young flies (Bhukel and Beuschel et al., 2019). Thus, these animals owned 

overloaded presynaptic plasticity and failed to develop for their age typical aversive olfactory 

memory. To ascertain a putative mechanism underlying the crucial role of operating 

macroautophagy in the mushroom body, I searched for a promising candidate, linking 

autophagy with the emerging effects.  

 

The neuropeptide Y (NPY) occurs in a large amount in the central nervous system of mammals 

(Botelho and Cavadas, 2015) and plays a role in the learning and memory process (Beck and 

Pourié, 2013). Interestingly, NPY also has a massive influence on autophagy. For instance, 

Aveleira et al. have shown in their 2015 paper that NPY acts as an inducer for hypothalamic 

autophagy. They blocked NPY receptors via the antagonist chloroquine with the consequence 

of an accumulation of LC3B-II (in Drosophila: Atg8-II) and SQSTM1 (idem p62; in Drosophila: 

Ref(2)p), both indicators for deficient macroautophagy. Furthermore, they could show 

stimulation of autophagy via elevated NPY-levels in mice. The hypothalami of these animals 

hold increased levels of LC3B-I and a reduced amount of SQSTM1, pointing towards operating 

autophagic flux (Aveleira et al., 2015b). 

The orthologue of NPY in Drosophila is short neuropeptide F (sNPF). In this animal model, the 

gene sNPF expresses the ancestor of the four types of sNPF peptides, which all bind one G-

protein coupled sNPF-specific receptor (Nässel et al., 2008). This causes a cascade of 

reactions affecting odor-driven feeding behavior (Lee et al., 2004; Root et al., 2011), growth 

(Lee et al., 2008), and sleep (Chen et al., 2013). Interestingly, sNPF is generated by manifold 

neurons in the central nervous system of flies, among them the mushroom body (Johard et al., 

2008; Nässel et al., 2008). 

 

As shown before, presynaptic plasticity, denoted via the main scaffold protein Bruchpilot 

(BRP), increases with age in a brain-wide fashion (Figure 45a, Figure 65a, Gupta et al., 2016; 

Bhukel and Beuschel et al., 2019). Contrarily, the amount of sNPF decreases dramatically in 

the mushroom body of 30-day old flies (Figure 65a). Even more intriguingly, 10-day old flies 

with deficient macroautophagy in the mushroom body (vt030550 > atg5 RNAi) also exhibited 

a reduced sNPF intensity in the target area (Figure 65b). This was an intriguing connection 
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between sNPF and macroautophagy (Bhukel and Beuschel et al., 2019). Therefore, sNPF was 

a promising candidate for autocrine signaling in the mushroom body and could help steer 

presynaptic plasticity to a state of operating memory function (Bhukel and Beuschel et al., 

2019). 

 

First, I examined the sNPF-hypomorph sNPFc00448. This mutant possessed a similar reduced 

intensity of sNPF as aging flies plus an increased amount of BRP in the fly brain of 5-day old 

animals (Figure 66a-b; Bhukel and Beuschel et al., 2019). Comparable to a deficit in 

macroautophagy, I could observe a decay in the aversive olfactory memory. Thus, short-term 

memory, tested directly after the training, decreased significantly compared to the wild-type 

control w1118 (Figure 66c). Addressing longer-lasting memory, 1 hour mid-term memory 

performed similarly (Figure 66d). This memory decay had its origin in the reduced 1 hour 

anesthesia-sensitive memory (ASM; Figure 66f) since mid-term memory is the sum of two 

components, the ASM and the anesthesia-resistant memory (ARM). sNPFc00448 flies showed 

no decrease in 1 hour ARM (Figure 66e). 

 

Figure 65:   The neuropeptide sNPF decreases with age and deficient macroautophagy. 

a) Immunostaingings for Bruchpilot (BRPNc82; marker for presynaptic plasticity) showed increased 

intensities for brains of 30-day compared to 3-day old w1118 flies. In contrast, short neuropeptide F 

(sNPF) displayed decreased intensities in the mushroom body, scale bar: 10 µm. b) 

Immunostainings for sNPF showed decreased intensities in the mushroom body for brains of 10-

day old macroautophagy deficient flies (vt030559 > atg5 RNAi) compared to the control atg5 RNAi 

/ +, scale bar: 10 µm. Immunostainings by Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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Figure 66:   The hypomorph sNPFc00448 mutant influences presynaptic plasticity and memory 

formation. 

a-b) Immunostaings for 5-day old hypomorph short neuropeptide F flies (sNPFc00448), w1118 as 

control: a) sNPF intensity decreased in sNPFc00448, scale bar: 50 µm. b) Bruchpilot (BRPNc82; marker 

for presynaptic plasticity) increased in sNPFc00448, scale bar: 50 µm. c-f) Aversive olfactory memory 

for 5-day old hypomorph short neuropeptide F flies (sNPFc00448), w1118 as control: c) Performance 

Index for short-term memory (test 3 min after training): n = 13 for w1118, n = 12 for sNPFc00448. d) 

Performance Index for 1 hour mid-term memory (test 1 hour after training): n = 14 for w1118, n = 13 

for sNPFc00448. e) Performance Index for 1 hour anesthesia-resistant memory (ice-bad 30 min and 

test 1 hour after training): n = 13 for w1118, n = 12 for sNPFc00448. f) Performance Index for 1 hour 

anesthesia-sensitive memory: Results received via calculation of the median of 1 hour mid-term 

memory minus the performance indices of 1 hour anesthesia-resistant memory. Statistics: unpaired 

t-test, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. Immunostaining by Anuradha Bhukel from 

Bhukel and Beuschel et al., 2019. 
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Oddly, the innate behavior of the sNPF-hypomorph sNPFc00448 mutants showed severe defects 

(Table 8). Accordingly, the odor acuity was significantly reduced for 4-Methylcyclohexanol (**p 

= 0.0014) and even more dramatically for 3-Octanol (****p < 0.0001) compared to wild-type 

w1118 animals. These results impede the evaluation of the aversive olfactory memory. The 

appearing deficits in STM, 1 hour MTM and 1 hour ASM could originate in these flies' lack of 

genuine smell ability. Though, 1 hour ARM was unaffected (Figure 66e). Consequently, all 

memory results can be taken as true since this memory phase was not affected by the reduced 

odor acuity. Memory formation seemed to be possible. 

To address the learning center in the fly brain, I attenuated sNPF in the mushroom body via 

the driver ok107-Gal4. Curiously, these flies showed no reduced deficit in short-term memory 

or 1 hour mid-term memory (data in Appendix). Immunostainings revealed a missing reduction 

of the sNPF with this RNAi line (Bhukel, 2018). 

 

To verify our previous results with sNPFc00448 via a different approach, I investigated the sNPF 

receptor (sNPF R) and generated a reduction of this in the mushroom body (Figure 67; Bhukel 

and Beuschel et al., 2019). Similar to deficient macroautophagy in this region and the 

hypomorph sNPF mutant flies, a decimation of the sNPF receptor lead to a dramatically 

increased presynaptic plasticity, visible by an increased Bruchpilot (BRPNc82) intensity in 10-

day young flies (Figure 58a, Figure 66b, Figure 67a). As a further look into the presynaptic 

state of the active zone, I inspected the T-bars in the mushroom body. These electron-dense 

structures, visible via transmission emission electron microscopy (EM), enlarged with age 

(Gupta et al., 2016) and defective macroautophagy (Figure 58b). Just the same, I saw in 10-

day old animals with a reduced sNPF receptor in the mushroom body (Figure 67b; Bhukel and 

Beuschel et al., 2019). The T-bar shapes were wide and loose compared to the compact and  

 

 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

w1118 33.21 ± 6.258 (17) 48.33 ± 3.852 (12) 

sNPFc00448 - 4.118 ± 4.783 (17) 27.83 ± 4.110 (11) 

Table 8:   Innate behavior of sNPFc00448. 

Olfactory acuity of 5-day old sNPF-hypomorph sNPFc00448 animals was significantly reduced for 3-

Octanol and 4-Methylcyclohexanol compared to wild-type w1118 flies. These results impeded the 

analysis of the memory phases. Statistics: unpaired t-test, ****p < 0.0001, **p < 0.01. Mean ± SEM. 
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Figure 67:   Reduced sNPF receptor in the mushroom body increases presynaptic plasticity 

and impairs memory formation. 

a) Immunostaings for Bruchpilot (BRPNc82; marker for presynaptic plasticity) showed an increased 

intensity for brains of 10-day old ok107 > sNPF R RNAi animals compared to the control sNPF R 

RNAi / +, scale bar: 50 µm. b) Electron micrographs showing the T-bar of the mushroom body’s 

calyx for 10-day old ok107 > sNPF R RNAi and sNPF R RNAi / + flies, scale bar: 100 nm. c-f) 

Aversive olfactory memory for 10-day old ok107 > sNPF R RNAi animals plus their controls ok107 

/ + and sNPF R RNAi / +. c) Performance Index for short-term memory (test directly after the 

training): n = 10 for sNPF R RNAi / +, n = 10 for ok107 > sNPF R RNAi. d) Performance Index for 1 

hour mid-term memory (test 1 hour after training): n = 4 for ok107 / +, n = 13 for sNPF R RNAi / +, 

n = 18 for ok107 > sNPF R RNAi. e) Performance Index for 1 hour anesthesia-resistant memory 

(ice-bad 30 min and test 1 hour after training): n = 8 for ok107 / +, n = 11 for sNPF R RNAi / +, n = 

14 for ok107 > sNPF R RNAi. f) Performance Index for 1 hour anesthesia-sensitive memory: Results 

received via calculation of the median of 1 hour mid-term memory minus the individual performance 

indices of 1 hour anesthesia-resistant memory. Statistics: unpaired t-test for 2 genotypes to analyze, 

for 3 genotypes one-way ANOVA with Sidak’s multiple comparisons post hoc test, ****p < 0.0001, 

**p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. Immunostainings and electron micrographs by 

Anuradha Bhukel from Bhukel and Beuschel et al., 2019. 
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sharp contours in the controls. Next, I tested aversive olfactory memory for these flies. They 

performed poorly at the young age of ten days already. Short-term memory showed a 30 %  

lower performance index than its control. Similarly, 1 hour mid-term memory (MTM) and its 

labile component 1 hour anesthesia-sensitive memory (ASM) hold severe defects, for ASM 

even around zero (Figure 67d, f). In contrast, these animals possessed stable 1 hour 

anesthesia-resistant memory (ARM) (Figure 67e). Thereupon, I reproduced these memory 

results with another mushroom body-specific diver, vt030559-Gal4. Short-term memory 

decreased grossly by 20 % and 1 hour mid-term memory by 12 % performance index (Figure 

68a-b). Contrarily, sNPF receptor loss in the mushroom body revealed no significant memory 

deficit in the ARM, the more robust component with age (Figure 68c). Again, 1 hour ASM 

 

Figure 68:   Memory of deficient sNPF receptor with another mushroom body Gal4 driver. 

Aversive olfactory memory for 10-day old vt030559 > sNPF R RNAi animals plus their control sNPF 

R RNAi / +. a) Performance Index for short-term memory (test directly after the training): n = 14 for 

sNPF R RNAi / +, n = 12 for vt030559 > sNPF R RNAi. b) Performance Index for 1 hour mid-term 

memory (test 1 hour after training): n = 22 for sNPF R RNAi / +, n = 26 for vt030559 > sNPF R RNAi. 

c) Performance Index for 1 hour anesthesia-resistant memory (ice-bad 30 min and test 1 hour after 

training): n = 21 for sNPF R RNAi / +, n = 18 for vt030559 > sNPF R RNAi. d) Performance Index 

for 1 hour anesthesia-sensitive memory: Results received via calculation of the median of 1 hour 

mid-term memory minus the individual performance indices of 1 hour anesthesia-resistant memory. 

Statistics: unpaired t-test, ****p < 0.0001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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dropped, comparable to the labile memory of 30-day old flies and macroautophagy-missing 

10-day old flies (Figure 68d, Figure 45d, Figure 50b). 

 

To nail down these effects of attenuated 

memory as a consequence of missing sNPF 

signaling in the mushroom body, I examined 

other sNPF receptor expressing tissues like 

the pars intercerebralis. This region in the 

central nervous system of adult Drosophila 

possesses sNPF receptors, comparable to 

the mushroom body (Nässel et al., 2008; 

Nässel et al., 2013). When I attenuated the 

sNPF receptor in the pars intercerebralis via 

ilp2-Gal4, no deficit in short-term memory 

could be observed (Figure 69). Additionally, 

these flies showed even a significantly 

reduced presynaptic plasticity, visible via a 

decreased intensity of Bruchpilot in 

immunostainings (Bhukel, 2018). Thus, the 

effects of lowered sNPF signaling seemed 

to originate in the mushroom body. 

 

Within a further dissection of the mushroom body, I suppressed the lobes α, ꞵ, and γ with 

mb247-Gal80 so that the focus was set on the prime lobes α’ and ꞵ’. In contrast to my previous 

results about the mushroom body signaling, I could find no decrease in the memory 

performance. Even though the short-term memory was significantly reduced compared to the 

driver control mb247-Gal80 ;; ok107-Gal4, a namely difference to the RNAi control sNPF R 

RNAi / + was missing (Figure 70a). Furthermore, 1 hour mid-term memory and 1 hour 

anesthesia-resistant memory showed no salience (Figure 70b-c). For 1 hour anesthesia-

sensitive memory, a significant rise could be observed compared to the driver control. 

However, the RNAi control appeared with a similar performance index as the sNPF receptor 

reduction in the a’ and ꞵ’ lobes (Figure 70d). Thus, the prime lobes seemed to be no key area 

for sNPF signaling, although these parts of the mushroom body are required to obtain and 

maintain aversive olfactory memory (Krashes et al., 2007). 

 

 

Figure 69:   Reduced sNPF receptor in pars 

intercerebralis shows no memory decay. 

Short-term memory for 10-day old flies of ilp2 > 

sNPF R RNAi compared to the control sNPF R 

RNAi / + (test 3 min after training): n = 21 for 

sNPF R RNAi / +, n = 21 for ilp2 > sNPF R RNAi. 

Statistics: Mann-Whitney test, nsp ≥ 0.05. Error 

bars: mean ± SEM. 
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Figure 70:   Deficient sNPF signaling, only diminished in the α’/ꞵ’ lobes of the mushroom 

body, shows no memory decay. 

Aversive olfactory memory for sNPF R RNAi expressed in the mushroom body via ok107-Gal4 with 

simultaneous suppression in the α/ꞵ and γ lobes (mb247-Gal80), 10-day old, mb247-Gal80 / + ;; 

ok107-Gal4 / + as driver control, sNPF R RNAi / + as RNAi control. a) Performance Index for short-

term memory (test 3 min after training): n = 11 for mb247-Gal80 / + ;; ok107-Gal4 / +, n = 13 for 

sNPF R RNAi / +, n = 15 for mb247-Gal80 ;; ok107-Gal4 > sNPF R RNAi. b) Performance Index for 

1 hour mid-term memory (test 1 hour after training): n = 16 for mb247-Gal80 / + ;; ok107-Gal4 / +, n 

= 19 for sNPF R RNAi / +, n = 16 for mb247-Gal80 ;; ok107-Gal4 > sNPF R RNAi. c) Performance 

Index for 1 hour anesthesia-resistant memory (ice-bad 30 min and test 1 hour after training):  n = 21 

for mb247-Gal80 / + ;; ok107-Gal4 / +, n = 21 for sNPF R RNAi / +, n = 19 for mb247-Gal80 ;; ok107-

Gal4 > sNPF R RNAi . b) Performance Index for 1 hour anesthesia-sensitive memory: Results 

received via calculation of the median of 1 hour mid-term memory minus the individual performance 

indices of 1 hour anesthesia-resistant memory.Statistics: ordinary one-way ANOVA with Sidak’s 

post hoc test, **p < 0.01, *p > 0.05 , nsp ≥ 0.05. Error bars: mean ± SEM. 
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To avert developmental effects, I 

performed temperature-sensitive 

Gal80 memory experiments. Here, 

the sNPF receptor RNAi was 

suppressed until the flies’ adulthood 

by shifting them to a higher 

temperature after the eclosion. This 

way, the Gal4 suppression was 

restricted to these flies’ maturity 

(McGuire et al., 2003). Oddly, these 

flies showed no detectable defect in 

their short-term memory performance 

(Figure 71). Thus, the depletion of 

downregulation of the sNPF receptor 

could probably not be sufficiently 

achieved when restricting the RNA 

interference to only the post-eclosion 

adult stages. In this way, a remaining 

turnover of developmentally 

expressed sNPF receptors could 

remain, and interfere with the results. 

 

 

Oddly, the innate smell behavior with both odors showed severe defects for the mushroom 

body-specific sNPF R attenuation, and slightly with 4-Methylcyclohexanol for the 

downregulation in the pars intercerebralis. I already saw similar results with sNPF-hypomorph 

sNPFc00448 flies (Table 9). This made the interpretation of the memory findings complicated 

since the measured defects could be reasoned by the missing genuine smell ability. However, 

the 1 hour ARM was unaffected for sNPF receptor reduced flies, comparable to sNPFc00448, 

indicating general learning and memory formation was possible (Figure 67e, Figure 68c; Figure 

66e). 

             

Figure 71:   No memory impairment when deficient 

sNPF signaling was only expressed to adulthood. 

Short-term memory for 10-day old flies with the 

deficient sNPF receptor in the mushroom body 

expressed from adulthood on (measured directly after 

training): n = 15 for tub-Gal80ts / + ;; ok107-Gal4 / +, n 

= 18 for sNPF R RNAi / +, n = 18 for tub-Gal80ts ;; 

ok107-Gal4 > sNPF R RNAi. Statistics: ordinary one-

way ANOVA with Sidak’s post hoc test, nsp ≥ 0.05. Error 

bars: mean ± SEM. 
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 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

sNPF R RNAi / + (2 replicates) 70.44 ± 3.513 (17) 87.04 ± 2.267 (12) 

 72.00 ± 8.729 (8) 88.22 ± 1.790 (9) 

ok107 > sNPF R RNAi (2 replicates) 37.40 ± 3.636 (22) 59.03 ± 4.683 (28) 

 24.71 ± 7.449 (9) 40.14 ± 4.157 (9) 

sNPF R RNAi / + 70.33 ± 5.857 (12) 76.08 ± 4.885 (14) 

vt030559 > sNPF R RNAi 36.94 ± 6.466 (12) 53.26 ± 8.863 (12) 

sNPF R RNAi / + 60.39 ± 5.068 (9) 93.88 ± 1.076 (8) 

ilp2 > sNPF R RNAi 49.50 ± 6.892 (12) 86.66 ± 2.830 (8) 

mb247-Gal80 / + ;; ok107-Gal4 / + 54.87 ± 7.412 (10) 63.94 ± 7.238 (10) 

sNPF R RNAi / + 57.13 ± 5.541 (7) 65.40 ± 6.073 (8) 

mb247-Gal80 ;; ok107-Gal4 > sNPF R 

RNAi 

39.01 ± 10.41 (12) 33.02 ± 13.41 (12) 

tub-Gal80ts / + ;; ok107-Gal4 / + 79.16 ± 4.305 (14) 70.43 ± 7.699 (16) 

sNPF R RNAi / + 67.02 ± 5.510 (16) 69.30 ± 6.143 (16) 

tub-Gal80ts ;; ok107-Gal4 > sNPF R 

RNAi 

73.55 ± 5.054 (13) 82.03 ± 4.681 (13) 

Table 9:   Innate behavior of the attenuated sNPF receptor in different tissues. 

Olfactory acuities for 3-Octanol (OCT) and 4-Methylcyclohexanol (MCH) for a deficient sNPF receptor 

in different tissues in 10 day-old flies. Both odor acuities were significantly impaired with a 

downregulation in the mushroom body, and additionally MCH in the pars intercerebralis (ilp2-Gal4) 

(see Table 25). Relevant p-values compared to the controls: ok107 > sNPF R RNAi: replicate 1: OCT 

****p < 0.0001, MCH ***p = 0.0005; replicate 2: OCT ***p = 0.0009, MCH ****p < 0.0001. vt030559 > 

sNPF R RNAi: OCT ***p = 0.0009, MCH *p = 0.0277. ilp2 > sNPF R RNAi: MCH *p = 0.0319.  

Statistics: unpaired t-test for 2 genotypes to analyze, for 3 genotypes one-way ANOVA with Sidak’s 

multiple comparisons post hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc test 

(nonparametric), ****p < 0.0001, ***p < 0.001 *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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2.5.2. An overexpression of short neuropeptide F fails to protect 

from age-induced memory impairment 

When sNPF decreases with age and an early memory impairment occurs in sNPF-deficient 

flies (Figure 65, Figure 66), could a genetic increase of this protein protect from age-induced 

 

Figure 72:   An overexpression of sNPF does not prevent age-induced memory impairment. 

Aversive olfactory memory for an overexpression (OE) of sNPF in the mushroom body. a) Short-

term memory (test directly after training) for 10-day old flies:  n = 4 sNPF OE / +, n = 13 for old ok107 

> sNPF OE. b) Performance Index for 1 hour mid-term memory (test 1 hour after training): n = 9 for 

5-day old, n = 4 for 10-day and n = 11 for 20-day old sNPF OE / +, n = 16 for 5-day old, n = 4 for 10-

day old and n = 15 for 20-day old ok107 > sNPF OE. c) Performance Index for 1-hour anesthesia-

resistant memory (ice-bad 30 min and test 1 hour after training) of 20-day old flies: n = 15 for ok107 

/ +, n = 17 for sNPF OE / +, n = 18 for ok107 > sNPF OE. d) Performance Index for 1 hour anesthesia-

sensitive memory: Results received via calculation of the median of 1 hour mid-term memory minus 

the individual performance indices of 1 hour anesthesia-resistant memory. Statistics: unpaired t-test 

for a, two-way ANOVA with Sidak's post hoc test for b, ordinary one-way ANOVA with Sidak's post 

hoc test for c and d, ****p < 0.0001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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memory decay? For this reason, we examined an overexpression (OE) of short neuropeptide 

F (sNPF) in the mushroom body, which is the center of generating learning and memory 

storage. Interestingly, brain immunostainings of 5- versus 20-day old ok107 > sNPF OE flies 

showed a similar intensity for Bruchpilot, which serves as a marker for age-induced increased 

synaptic plasticity (Gupta et al., 2016; Bhukel, 2018). In contrast, the control sNPF OE / + had 

more Bruchpilot in 20-day than in 5-day old animals (Bhukel, 2018). Thus, protection could be 

possible. When I examined the short-term memory, flies with an sNPF overexpression in the  

mushroom body already performed worse than their control at 10 days (Figure 72a). 

Additionally, these animals showed slightly decreased 1 hour mid-term memory at 5 days, 

which drops significantly further at 10 days and stays lower than the control at 20 days (Figure 

72b). At 20 days, the performance of the tested groups could not be distinguished for 1 hour 

anesthesia-resistant and anesthesia-sensitive memory (Figure 72c-d). Hence, an sNPF 

overexpression seems valid to block the age-induced Bruchpilot increase, yet not enough to 

protect the memory from aging effects. 

 

Thus, I tested the flies' memory with two copies sNPF overexpression in the mushroom body 

(Figure 73). Again, the memory could not be protected. It already dropped significantly for 1 

hour mid-term memory at 5 days and was still reduced with more age (Figure 73a). Curiously, 

neither the control sNPF OE/+;sNPF OE/+ nor ok107 > sNPF OE;sNPF OE showed a decay 

with age. Though, the performance of the control was already low with 46 % for 5-day 1 hour 

memory. Furthermore, no difference to the control appeared in 1 hour anesthesia-resistant 

memory (Figure 73b), and only a drop could be observed for 5-day old animals, yet not at 20 

days (Figure 73c). Oddly, 1 hour anesthesia-resistant memory decreases for both groups with 

age, plus the anesthesia-sensitive component stays the same for the control and even 

increases for the sNPF overexpression.  

Taken together, overexpression of sNPF in the mushroom body could not prevent age-induced 

memory impairment, neither with one nor with two overexpression constructs. 
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Figure 73:   No memory benefit with two copies of sNPF overexpression. 

Aversive olfactory memory for a two copies overexpression (OE) of sNPF in the mushroom body. 

a) Performance Index for 1 hour mid-term memory (test 1 hour after training): n = 23 for 5-day old, 

n = 13 for 10-day and n = 16 for 20-day old sNPF OE/+;sNPF OE/+, n = 18 for 5-day old, n = 7 for 

10-day old and n = 16 for 20-day old ok107 > sNPF OE;sNPF OE. c) Performance Index for 1-hour 

anesthesia-resistant memory (ice-bad 30 min and test 1 hour after training): n = 20 for 5-day old and 

n = 25 for 20-day old sNPF OE/+;sNPF OE/+, n = 21 for 5-day old and n = 21 for 20-day old ok107 

> sNPF OE;sNPF OE. d) Performance Index for 1 hour anesthesia-sensitive memory: Results 

received via calculation of the median of 1 hour mid-term memory minus the individual performance 

indices of 1 hour anesthesia-resistant memory. Statistics: two-way ANOVA with Sidak's post hoc 

test, ****p < 0.0001, ***p < 0.001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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2.6.   A reduced insulin signaling pathway protects from aging yet 

does not have any benefit on memory 

Several laboratories have proven that reducing the insulin signaling pathway can extend 

lifetime. Thus, the lifespan can be increased due to a mutation in the insulin receptor or its 

substrate Chico (Clancy et al., 2001; Tatar et al., 2001). Furthermore, the ablation of the 

median neurosecretory cells (MNC) in the pars intercerebralis, which harbor the insulin-

producing cells (IPC), shows similar results (Figure 74; Broughton et al., 2005). The IPCs are 

homolog to the pancreatic beta cells in mammals, and the Drosophila insulin-like peptides (ILP) 

of the brain, 2, 3, and 5, become produced here (Nässel et al., 2013). In flies, one insulin 

receptor (InR) exists while eight ILPs are active in flies (Nässel et al., 2013). Thereby, each 

 

Figure 74:   Insulin-producing cells (IPC) in the fly brain, a homolog to the pancreatic beta 

cells in mammals. 

Embedded in the pars intercerebralis,  the IPCs (orange) produce the brain insulin-like peptides (ILP 

2, 3, and 5) and some the saturation hormone drosulfakinin (DSK) (Söderberg et al., 2012). The 

IPCs are controlled by the dorsal lateral peptidergic neurons (DLP, blue), expressing short 

neuropeptide F (sNPF) and corazonin (CRZ), and the lateral neurosecretory cells (LNC, purple), 

which release the ion transport peptide (ITP), Drosophila tachykinin (DTK), and also sNPF (Kahsai 

et al., 2010; Kapan et al., 2012; Gáliková et al., 2018). Additionally, GABAergic neurons (GSN, 

green) inhibit the IPCs, which, in turn, are suppressed by the postprandial from the fat body released 

Upd2 (Enell et al., 2010). Image modified from Nässel et al., 2013. 
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ILP has its individual spatio-temporal expression in the tissues and different answers to 

nutritional stimulation (Grönke et al., 2010; Piper and Partridge, 2018).  

 

Interestingly, within longevity experiments of lacking ILPs, solely a mutation in ILP2, plus its 

combination with an ILP3 mutation, could delay aging (Grönke et al., 2010). Thus, only some 

ILPs seem to be involved in aging processes. Do they also possess different memory patterns? 

Could lifespan protection be accompanied by a robust memory performance at an older age? 

Instead, short-term memory (STM) tests revealed a severe memory decrease for ilp2 and ilp2-

3 at the young age of 5 days already (Figure 75a, b). The sole ilp3 mutation showed a similar 

severe memory drop as ilp2 (Figure 75c). Interestingly, the combined ilp2-3 demonstrated no 

 

Figure 75:   Various short-term memory profiles of the different ilp mutants. 

Aversive olfactory short-term memory (test directly after training) of different ILP deficient mutants 

with their isogenetic background as control, 5-day old: a) n = 20 for w1118, n = 19 for ilp2. b) n = 19 

for w1118, n = 15 for ilp2-3. c)  n = 16 for w1118, n = 17 for ilp3. d) n = 15 for w1118, n = 14 for ilp5. e) n 

= 13 for wDah, n = 14 for wDah ;; ilp2-3,5. f) n = 15 for w1118, n = 13 for ilp7. Statistics: unpaired t-test 

(parametric) or Mann-Whitney test (nonparametric), ****p < 0.0001, *p < 0.05, nsp ≥ 0.05. Error bars: 

mean ± SEM. 
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additive memory decay of its two missing components (see Table 10). Among the brain ILPs, 

only the STM for ilp5 stayed on the same level as its wild-type control w1118 (Figure 75d, Table 

10). It seems like a lack of ILP5 could be compensated by the other two brain ILPs. Grönke et 

al., 2010, saw a raised expression level of ILP3 in ilp5, yet ILP2 stayed the same (Table 10). 

Was ILP3 the driving force for a wild-type memory performance? In ilp2, the mutant with the 

enhanced lifespan, ILP3 and 5 are dramatically increased, though more ILP3 could not 

compensate the memory issues of ilp2 (Figure 75a, Table 10; Grönke et al., 2010). In contrast, 

an ilp3 knockout entails a decreased expression of ILP2 and 5 (Table 10; Grönke et al., 2010). 

Accordingly, ILP2 is automatically down here. In conclusion, ILP2 could be the critical player 

for memory, and maybe a standard ILP2 amount in ilp5 is adequate to reach a wild-type 

memory level. Likewise, ILP5 is perhaps not needed for memory acquisition. 

 

Grönke et al., 2010, also observed an immensely increased longevity through the 

downregulation of all brain ILPs, ilp2-3,5, combined with a Wolbachia-infection, whereas 

uninfected ilp2-3,5 mutants did not hold this effect. Here, the used wild-type strain white 

Dahomey (wDah) served as a natural host of the endosymbiotic bacterium Wolbachia pipientis 

(Grönke et al., 2010). However, STM tests of ilp2-3,5 in wDah background revealed worse 

memory than wDah alone (Figure 75e), though this memory drop turned out to be lower than for 

knockout mutants ilp2 ilp2-3 ilp3 ilp5 
wDah ; 

ilp2-3,5 
ilp7 

Short-term memory ↓ ↓ ↓ = ↓ ↓ 

Relative STM change - 45 % - 37 % - 37 % + 4 % - 19 % - 40 % 

Relative expression 

level of the brain ILPs 

(Grönke et al., 2010) 

3 ↑, 5 ↑ 5 ↑ 2 ↓, 5 ↓ 2 =, 3 ↑ - (2↓), 3↓ 

Lifespan 

(Grönke et al., 2010) 
↑ ↑ = = ↑ = 

localization 

(Nässel et al., 2013) 
brain brain brain 

brain, 

renal 

tubules 

brain 

ventral 

nerve 

cord 

Table 10:   Overview of the tested ilp knockouts. 

Short-term memory (STM) trend and its relative change (each STM mean normalized to the 

respective control mean performance index (see Table 25)), plus some parameters from the literature. 

‘ = ’ means no change, ‘ ( ) ‘ means change but not significant. 
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ilp2 or ilp2-3 mutants (Table 10). Could the better STM, compared to ilp2 or ilp3 mutations, 

result from the additional downregulation of ilp5 or the Wolbachia infection? The Wolbachia-

positive control wDah and the uninfected w1118 performed similarly. Thus, a reduction of ILP5 

could support memory acquisition, as we saw for the ilp5 knockout (Figure 75d). Interestingly, 

a lack of ILP7, expressed outside of the brain by IPCs in the abdominal ventral nerve cord, 

showed severe STM deficits as well (Figure 75f, Table 10; Nässel et al., 2013).  

 

A look into 1 hour mid-term memory (MTM) revealed a similar performance as in STM. The 1 

hour MTM decayed dramatically by 30 % performance index (PI) for ilp2 mutants (Figure 76a) 

and by 22 % PI for ilp2-3 mutants (Figure 76b). Contrarily, the ilp5 mutation again owned the 

same memory level as w1118 (Figure 76c). The differentiation of 1 hour MTM in its components, 

anesthesia-resistant (ARM) and anesthesia-sensitive memory (ASM), exhibited a massive 

ARM drop for ilp2-3 (17 % PI, Figure 76e) and a moderate one for ilp2 (9 % PI, Figure 76d). 

Consequently, 1 hour ASM was severely reduced for ilp2 (17 % PI, Figure 76f), and no deficit 

could be observed for ilp2-3 (Figure 76g). Thus, a lack of ILP2 could namely prolong life 

(Grönke et al., 2010), yet memory acquisition and maintenance were dramatically reduced in 

all memory phases at a young age already. ARM and especially ASM decreased significantly. 

On the contrary, the combined mutation of ilp2-3 suffered only in STM and the normally 

consolidated ARM, yet not in the labile ASM component. Possibly, a lack of ILP3 stabilizes 

ASM, and ILP3 is especially needed for ARM. This was also seen in flies with downregulated 

ILP3 in the IPCs (Tanabe et al., 2017), where a significant decrease occurred in repetitive 

massed training ARM after 24 hours. 
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Figure 76:   ilp mutants exhibit similar long-lasting memory as their short-term pattern. 

a-c) 1 hour Mid-term memory (test 1 hour after training) for 5 -day old ILP mutants with their isogenic 

background as control. a) n = 11 for w1118, n = 13 for ilp2. b) n = 9 for w1118, n = 11 for ilp2-3. c) n = 

8 for w1118, n = 7 for ilp5. d-e) 1 hour anesthesia-resistant memory (ice-bad 30 min and test 1 hour 

after training) for  5-day old ilp2 and ilp2-3 mutants: d) n = 11 for w1118, n = 15 for ilp2. e) n = 12 for 

w1118, n = 13 for ilp2-3. f-g) 1 hour anesthesia-sensitive memory for  5-day old ilp2 and ilp2-3 

mutants.: Results were received via calculation of the median of 1 hour mid-term memory minus the 

individual performance indices of 1 hour anesthesia-resistant memory. Statistics: unpaired t-test 

(parametric) or Mann-Whitney test (nonparametric), ****p < 0.0001, ***p < 0.001, **p < 0.01 nsp ≥ 

0.05. Error bars: mean ± SEM. 
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Next, I explored the memory of aged animals. Only a lack of ILP5 demonstrated no memory 

decay (Figure 75d, Figure 76c). Though, this mutant could not profit from an improved longevity 

effect (Grönke et al., 2010). Investigations of 30-day old ilp5 mutants revealed neither 

increased nor decreased STM and 1 hour MTM compared to aged w1118 (Figure 77, c).  

To test if an enhanced life expectancy could protect memory at a higher age, I tried the 

Wolbachia-positive ilp2-3,5 animals. Their STM appeared less severe dropped than ilp2 or 

ilp2-3 mutants in young animals (Figure 75; Table 10). However, tests with 30-day old flies 

showed no benefit as well. Similar to young animals (Figure 75e), older Wolbachia-positive 

ilp2-3,5  had decreased STM (Figure 77b), and 1 hour MTM dropped as well (Figure 77d). Like 

for an ilp2 mutation, a connection between increased longevity and better memory at higher 

 

Figure 77:   ilp mutations can not protect from age-induced memory impairment. 

The aversive olfactory memory of ilp5 or ilp2-3,5 show similar reduced memory at 30 days as their 

isogenic background control. a-b) Short-term memory (test directly after training): a) n = 11 for w1118, 

n = 11 for ilp5. b) n = 13 for wDah, n = 14 for ilp2-3,5. c-d) 1 hour mid-term memory (test 1 hour after 

training): c) n = 7 for w1118, n = 7 for ilp5. d) n = 4 for wDah, n = 4 for ilp2-3,5. Statistics: unpaired t-

test, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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age via a restriction of the brain ILPs could not be confirmed. Additionally, the investigated ILP 

mutations could not prevent age-induced memory impairment. 

 

Of course, the tested mutants missed the respective ILPs during the developmental stages, 

and the insulin and insulin-like growth factor-1 (IGF-1) signaling pathway is essential during 

larval growth (Kannan and Fridell, 2013). Even if the other ILPs could compensate for the 

missing ones, some functions seem to be connected to single ILPs (Broughton et al., 2008; 

Grönke et al., 2010). However, the innate behavior showed comparable performance indices 

to the controls (Table 11). Both odor acuities for 3-Octanol and 4-Methylcyclohexanol were 

insignificant, just like the shock reactivities. The ilp5 mutants revealed a reduced MCH olfactory 

acuity, yet this was not significant. Additionally, a lack of ILP5 showed no memory decay 

(Figure 75e, Figure 76c), thus the slightly decreased odor perception was not relevant. 

 

  Olfactory acuity 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methylcyclohexanol (n) 

w1118 

ilp2 

91.02 ± 1.666 (9) 

91.00 ± 1.946 (10) 

61.74 ± 6.908 (10) 

57.78 ± 7.608 (10) 

70.10 ± 4.717 (13) 

80.13 ± 4.757 (10) 

w1118 

ilp3 

83.40 ± 3.929 (12) 

86.80 ± 3.857 (10) 

46.74 ± 3.025 (14) 

39.92 ± 2.709 (13) 

60.41 ± 6.641 (15) 

56.37 ± 4.231 (15) 

w1118 

ilp2-3 

78.30 ± 1.713 (21) 

70.05 ± 2.173 (24) 

78.38 ± 3.615 (10) 

75.65 ± 4.301 (10) 

81.51 ± 3.140 (10) 

87.35 ± 1.703 (10) 

w1118 

ilp5 

71.85 ± 3.686 (10) 

80.01 ± 3.309 (10) 

43.78 ± 3.843 (14) 

51.90 ± 5.535 (12) 

60.58 ± 5.883 (17) 

46.13 ± 7.443 (18) 

wDah 

ilp2-3,5 

89.16 ± 2.562 (10) 

92.44 ± 1.145 (9) 

39.36 ± 8.668 (8) 

40.61 ±7.387 (10) 

69.28 ± 7.964 (10) 

73.98 ± 3.572 (9) 

Table 11:   Innate behavior of ILP mutations. 

Shock reactivity and olfactory acuities showed no significant differences in their controls. Statistics: 

unpaired t-test (parametric) or Mann-Whitney test (nonparametric), nsp ≥ 0.05. Error bars: mean ± 

SEM. 
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3.    Presynaptic aspects of age protection strategies 

Aging is not only accompanied by decreased autophagy (Bishop et al., 2010; Bhukel and 

Beuschel et al., 2019) or changes in insulin sensitivity (Frazier et al., 2019) but also by changes 

in the synapses of neurons. Here, the transmission of signals becomes impaired due to 

inoperable presynaptic plasticity (Gupta et al., 2016) or a reduced postsynaptic density (Burke 

and Barnes, 2010). For instance, T-bars, electron-dense structures of the presynaptic active 

zone in Drosophila melanogaster, enlarge dramatically with age to a broad and loose shape 

(Gupta et al., 2016). They are composed of Bruchpilot, a key player within the presynaptic 

scaffold, and this protein increases with age drastically over the whole fly brain, accompanied 

by severe memory deficits (Gupta et al., 2016; Bhukel and Beuschel et al., 2019). 

Concomitantly, the connection to BRP stabilizes Unc13A, priming and release factor for 

synaptic vesicles, and the amount of Unc13A in the brain increases with age as well 

(Aravamudan et al., 1999; Fulterer et al., 2018; Huang et al., 2020). In the following, I will focus 

on the presynaptic scaffold and how changes in its structure can affect age-induced effects 

like memory decay. 
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3.1.   Bruchpilot as potential modulator of aging conditions 

The protein Bruchpilot (BRP) is 

a central component of the 

presynaptic active zone (AZ) in 

Drosophila melanogaster. As a 

member of the CAST family 

(cytomatrix at the AZ associated 

structural proteins), it is highly 

conserved in different species 

and possesses homologies to 

the mammalian ERC (ELKS/ 

RAB6-interacting/ CAST family) 

and ELKS in C. elegans (Wagh 

et al., 2006). A null mutation of 

BRP results in a lack of T-bars 

and lethality at the larval stage 

(Kittel et al., 2006b; Fouquet et 

al., 2009). Additionally, the BRP 

null mutant possesses a 

reduced density of Ca2+ 

channels and a larger distance 

of them to the synaptic vesicles (SVs) due to the inhibited Ca2+ channel clustering in the 

presynaptic membrane, regularly mediated through BRP (Kittel et al., 2006a; Kittel et al., 

2006b). Accordingly, it shows an impaired SV release probability, hence changes in the short-

term plasticity (Kittel et al., 2006b). Concerning the composition of a T-bar, the two isoforms, 

BRP-190 and BRP-170, are equally distributed in an alternating array, both needed to form an 

AZ scaffold (Figure 78; Matkovic et al., 2013). Their N-termini, responsible for an ordinary, 

complete T-bar, are oriented to the Ca2+ channels within the presynaptic membrane (Fouquet 

et al., 2009). In contrast, the C-terminus, common in both isoforms and the location of the 

antibody BRPNc82 epitope, reaches towards the interior of the presynapse (Fouquet et al., 

2009). This end is necessary for the T-bar assembly, and it tethers SVs to the presynaptic 

membrane (Fouquet et al., 2009; Hallermann et al., 2010). Additionally, BRP controls the SV’s 

readily releasable pool size and is responsible for accessible release slots (Matkovic et al., 

2013).  

With age, the T-bar becomes more broad and loose, and BRP increases (Figure 79; Gupta et 

al., 2016; Bhukel and Beuschel et al., 2019). In parallel, different phases of memory decrease  

 

Figure 78:   Model of Bruchpilot at the presynapse. 

Bruchpilot (BRP) organizes the active zone scaffold and 

builds the T-bar structure, with the N-terminus near the Ca2+ 

channels (red) and the C-terminus towards the inner cell. Its 

two isoforms, BRP-170 (purple) and BRP-190 (blue), are 

equally distributed in an alternating array and tether synaptic 

vesicles (yellow) to the presynaptic membrane (grey) 

(Hallermann et al., 2010; Matkovic et al., 2013). 



Results | 133 

 

 

Figure 79:   BRP increases with age. 

Columns: a) 3-day old flies. b) 30-day old flies. First row: The T-bar becomes more broad and loose 

with age; electron micrographs of the calyx region, scale bar: 50 nm. Second row: BRP ring diameter 

increase with age; STED images with BRPNc82 antibody in the calyx, scale bar: 500 nm. Third row: 

The BRP intensity raises with age; whole-brain confocal immunostainings with BRPNc82, scale bar: 

50 µm. All images taken from Gupta et al., 2016. 

 

Figure 80:   Memory decreases with age. 

Aversive olfactory memory of w1118 for 5, 20, and 30 days. a) Short-term memory (test directly after 

training): n = 176 for 5-day, n = 29 for 20-day, n = 107 for 30-day old animals. b) 1 hour Mid-term 

memory (test 1 hour after training): n = 38 for 5-day, n = 27 for 20-day, n = 15 for 30-day old animals. 

c) 3 hours id-term memory (test 3 hours after training): n = 107 for 5-day, n = 56 for 20-day, n = 97 

for 30-day old animals. Statistics: one-way ANOVA with Tukey’s multiple comparisons post hoc test 

(parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), ****p < 0.0001, ***p < 

0.001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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(Tamura et al., 2003; Gupta et al., 2013). The memory formation of 20- and 30-day old animals 

dropped dramatically in short-term memory (STM), 1 and 3 hours mid-term memory (MTM), 

compared to 5-day old flies (Figure 80). Furthermore, all tested memory phases also 

decreased between 20 and 30 

days, yet not significantly for 1 

hour mid-term memory. 

Thus, could a higher amount of 

BRP be associated with aging? 

Could a reduced amount of it 

prevent aging-accompanied 

conditions? To test this, I 

conducted short-term memory 

for animals with only one BRP 

copy (1x BRP) and found these 

flies’ memory was not protected 

from age-induced memory 

impairment (Figure 81). The 

memory decrease appeared 

comparable to 2x BRP (two 

endogenous copies in wild-type) 

at 20 days. However, the BRP 

intensity in 1x BRP stayed 

similarly low for 3- and 30-days old flies (Gupta et al., 2016). Therefore, a reduced amount of 

BRP seemed not to compensate the adverse effects of aging. 

 

Worthy of note, premature aging can be induced by adding two additional gene copies of BRP 

to the two endogenous copies (Gupta et al., 2016). This 4x BRP mutant mimics aged flies in 

several aspects: an increase of BRP in the whole brain, a bigger BRP ring diameter, and 

reduced memory (Gupta et al., 2016). Here, STM and 3 hours MTM drop at a young age and 

stay low for 30 days (Gupta et al., 2016). This can be traced to the labile anesthesia-sensitive 

memory (ASM) component of 3 hours MTM, which decreases for 4x BRP, similar to ASM’s 

decrease with age (Tamura et al., 2003; Gupta et al., 2016).  

Could a BRP elimination in the higher integration center for generation and storage of memory, 

the mushroom body (MB) (Aso et al., 2014), rescue a memory deterioration? Knapek et al., 

2011, attenuated brp in the mushroom body and found reduced STM, 3 hours MTM, and 

anesthesia-resistant memory (ARM), the consolidated component of MTM, while the ASM 

component stayed unaffected. This is intriguing since the two components of MTM seem to be 

 

Figure 81:   One copy of BRP does not prevent age-

induced memory impairment. 

Aversive olfactory short-term memory of 1x BRP and as the 

control w1118 (2x BRP) for the age 5 and 20 days (test directly 

after training):  n = 9 for 5-day and n = 10 for 20-day old 2x 

BRP, n = 6 for 5-day old and n = 8 for 20-day old 1x BRP. 

Statistics: two-way ANOVA with Sidak’s post hoc test, *p < 

0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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dosage-dependent on BRP. ASM vanished with a high BRP amount (4x BRP animals), 

generating early aging-like memory impairment, while a lack of BRP in the learning center 

diminished ARM (Knapek et al., 2011; Gupta et al., 2016).  

 

Interestingly, a state of sleep deprivation causes dramatically increased BRP levels, plus 

sleep-deprived flies as well as 4x BRP show an extreme sleep drive (Gilestro et al., 2009; 

Huang et al., 2020). The ‘synaptic homeostasis hypothesis’ says that sleep is needed to 

reinforce what has been learned and sleeping allows to form new memories via changes in 

brain plasticity (Tononi and Cirelli, 2016). Thus, like 4x BRP mutants, sleep-deprived flies seem 

to bring the synapses to an operating peak and overload the system (Gilestro et al., 2009; 

Gupta et al., 2016; Huang et al., 2020). In this state, memory generation seems inoperable.  

Notably, the BRP amount in sleep-deprived flies raises dramatically in the R2 neurons (now 

renamed as R5 neurons; aimed with the driver r58h05-Gal4), a subset of the fly brain’s ellipsoid 

body (Liu et al., 2016). These neurons are responsible for homeostatic sleep drive after sleep 

depression (Liu et al., 2016). What effect on 4x BRP flies would a lack of BRP in these neurons 

reveal? Our recent study shows that the sleep phenotype of 4x BRP was partially rescued 

when brp was knocked down in the R2 neurons (Huang et al., 2020). 4x BRP, r58h05 > brpB3 

RNAi could partly rebuild the sleep pattern of 4x BRP to a normal level (Huang et al., 2020). 

4x BRP animals show an extreme sleep drive, comparable to the sleep rebound of sleep-

deprived flies, and have extra sleep, especially during the daytime (Huang et al., 2020). Thus, 

a homeostatic sleep drive, seeming to be continuously present in 4x BRP, could be regulated 

down due to absent presynaptic plasticity by BRP in the R2 neurons (Liu et al., 2016; Huang 

et al., 2020). Thus, I tested the aversive olfactory memory of 4x BRP, r58h05 > brpB3 RNAi 

(Figure 82). Indeed, no BRP in the R2 neurons could negate the severe STM deficits of 4x 

BRP, restored to the wild-type level of w1118 (2x BRP) (Figure 82a). Equally, 1 hour MTM could 

be rescued, yet not to the same level as the wild-type 2x BRP (Figure 82b). Even if deficient 

BRP in R2 neurons in a 2x BRP background could not reach the wild-typic memory, it 

performed similarly to its genetic controls (Figure 82c-d). Indeed, this scenario did rescue the 

memory of 4x BRP (Figure 82). 
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Figure 82:   A lack of BRP in the R2 neurons improves the memory of 4x BRP. 

Aversive olfactory memory tests for 5-day old animals with no BRP in the R2 neurons in a 4x BRP 

background. a) Short-term memory (test directly after training): n = 36 for 2x BRP, n = 23 for 4x 

BRP, n = 23 for 4x BRP , r58h05 > brpB3 RNAi. b) Performance Index for 1 hour mid-term memory 

(test 1 hour after training):  n = 16 for 2x BRP, n = 16 for 4x BRP, n = 16 for 4x BRP , r58h05 > brpB3 

RNAi.  c-d) 4x BRP , r58h05 > brpB3 RNAi compared to its genetic controls: c) Short-term memory: 

n = 12 for r58h05 / +, n = 11 for brpB3 RNAi / +, n = 11 for r58h05 > brpB3 RNAi, n = 9 for 4x BRP , 

r58h05 > brpB3 RNAi. d) 1 hour mid-term memory:  n = 8 for r58h05 / +, n = 8 for brpB3 RNAi / +, n = 

14 for r58h05 > brpB3 RNAi, n = 14 for 4x BRP , r58h05 > brpB3 RNAi. Statistics: one-way ANOVA 

with Sidak’s multiple comparisons post hoc test, ****p < 0.0001, ***p < 0.001, **p < 0.01, nsp ≥ 0.05. 

Error bars: mean ± SEM. 
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Intriguingly, via genetics chronically sleep-deprived flies show a drastic BRP increase in 

themselves (Huang et al., 2020). Chronic sleep loss is particularly predominant in the gene 

mutation sleepless (sss), which causes a severe reduction in sleep (more than 80 %) (Koh et 

al., 2008). The protein SSS is a glycosylphosphatidylinositol-anchored membrane protein, 

enriched in Drosophila melanogaster's brain, promoting sleep and rebound sleep after sleep 

deprivation (Koh et al., 2008). SSS facilitates sleep by regulating the level and function of the 

voltage-gated potassium (K+) channel Shaker, followed by an attenuation of neuronal 

excitability (Koh et al., 2008). 

Examining the chronically sleep-deprived sss mutant for their memory performance (Figure 

83, left column), I found the STM normal but dramatically reduced 3 hours MTM (Figure 83a, 

d). The decreased longer-lasting memory resulted from an extreme lack of 3 hours anesthesia-

sensitive memory (ASM), which even became appetitive towards the shocked odor (Figure 

83j). The 3 hours anesthesia- resistant memory (ARM) stayed unchanged (Figure 83g). As the 

only one of the tested short sleep mutants in Huang et al., 2020, this one lost its intrinsic ability 

to undergo presynaptic scaling via BRP.  

Huang et al., 2020, found that the combination of sss with 4 x BRP could compensate the 

extreme contrary sleep patterns of these two genotypes. Thus, especially daytime sleep was 

normalized to the level of 2x BRP (wild-type) in sss ; 4x BRP (Huang et al., 2020). Could a 

restoration with 4x BRP help sss to balance its intrinsic plasticity with missing presynaptic 

plasticity? Could the memory deficit in 3 hours ASM be rebuilt in these animals? Conversely, 

the STM of sss ; 4x BRP dropped dramatically by 20 % (Figure 83b). Thus, the upper level of 

homeostatic plasticity via 4x BRP negated the regular STM performance of sss (Figure 83a). 

Next, I tested longer-lasting memory. Similar to sss, its combination with 4x BRP could not 

bring the 3 hours MTM back (Figure 83e). The performance indices of 4x BRP, sss, and sss ; 

4x BRP ranged all low around 19 %, whereas the wild-type 2x BRP reacted 9 % higher at 28 

%. Here, 4x BRP was lower than 2x BRP, yet not significantly. However, a significant decrease 

was evident in the direct comparison via unpaired t-test (*p = 0.0331). In Figure 83e, sss’s 3 

MTM occurred better than in Figure 83d, which could stem from slight variations in behavioral 

performances during the different seasons since the tests were conducted at different times of 

the year (Dubruille and Emery, 2008; Ferguson and Maier, 2013; Gleason et al., 2019). The 3 

hours ARM was for all tested genotypes similar, sss ; 4x BRP only slightly reduced but 

insignificantly (Figure 83h). Consequently, the combination of sss with 4x BRP performed 

marginally better than 2x BRP in 3 hours ASM due to the calculative property of ASM (Figure 

83k).  

Taken together, the combination of sss with 4x BRP impaired the STM and could not improve 

longer-lasting memory. Possibly, 4x BRP reaches the ceiling of the operational range and  
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Figure 83:   One additional BRP copy restores the memory deficits in the sleep-deprived 

mutant sleepless. 

Aversive olfactory memory tests for the chronically sleep-deprived sss mutants and its combinations 

with 4x BRP or 3x BRP for 5-day old flies. a-c) Short-term memory (test directly after training): a) n 
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results in an overload of the system, which could be incompatible with memory generation 

(Gupta et al., 2016; Huang et al., 2020). 

Thus, I examined 3x BRP in combination with sss (Figure 83, right column). The STM of sss ; 

3x BRP, as well as the pure 3x BRP, appeared with a similar performance index as 2x BRP or 

sss (Figure 83c). Astonishingly, sss ; 3x BRP’s 3 hours MTM increased dramatically with a 

highly significant improvement to sss and 3x BRP and even a better performance than the 

wild-type 2x BRP (Figure 83f). This effect came from the massive gain in 3 hours ASM, while 

3x BRP stayed similar to 2x BRP (Figure 83l). 3 hour ARM was equal for all tested genotypes 

(Figure 83i). Accordingly, one additional BRP copy to the two endogenous ones (3x BRP) 

seemed to increase the synaptic plasticity of sss to an operational level, which supported the 

ability to form memories. 

 

The next question was if this improvement was still present with higher age. STM appeared at 

the same level for 30-days old 2x BRP and sss ; 3x BRP and was significantly higher for these 

two genotypes than 3x BRP (Figure 84a). Longer-lasting memory phases were similar between 

all tested groups (Figure 84b-d). 3x BRP seemed to perform slightly better in 3 hours ASM 

(around 6 %), yet this could be due to the calculative property of ASM (Figure 84d). Therefore, 

neither 3x BRP nor the combination of sss and 3x BRP could prevent age-induced memory 

impairment.  

 

= 14 for 2x BRP, n = 12 for sss. b) n = 17 for 2x BRP, n = 18 for 4x BRP, n = 15 for sss, n = 16 for 

sss ; 4x BRP. c) n = 10 for 2x BRP, n = 8 for 3x BRP, n = 8 for sss, n = 10 for sss ; 3x BRP. d-f) 

Performance Index for mid-term memory (test 3 hours after training): d) n = 12 for 2x BRP, n = 12 

for sss. e) n = 18 for 2x BRP, n = 16 for 4x BRP, n = 15 for sss, n = 21 for sss ; 4x BRP. f) n = 16 

for 2x BRP, n = 11 for 3x BRP, n = 11 for sss, n = 11 for sss ; 3x BRP. g-i) Performance Index for 

anesthesia-resistant memory (ice-bad 2.5 hours and test 3 hours after training): g) n = 10 for 2x 

BRP, n = 10 for sss. h) n = 12 for 2x BRP, n = 12 for 4x BRP, n = 12 for sss, n = 12 for sss ; 4x BRP. 

i) n = 17 for 2x BRP, n = 11 for 3x BRP, n = 12 for sss, n = 12 for sss ; 3x BRP. j-l) Performance 

Index for anesthesia-sensitive memory: Results received via calculation of the median of 3 hours 

mid-term memory minus the individual performance indices of 3 hours anesthesia-resistant memory. 

Statistics: unpaired t-test for two genotypes, one-way ANOVA with Sidak’s multiple comparisons 

post hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric) for four 

genotypes, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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Figure 84:   3x BRP can not protect from age-induced memory impairment. 

Aversive olfactory memory tests for sss ; 3x BRP and its controls for 30-day old flies. a) Short-term 

memory (test directly after training): n = 7 for 2x BRP, n = 8 for 3x BRP, n = 5 for sss ; 3x BRP. b) 

Performance Index for mid-term memory (test 3 hours after training): n = 9 for 2x BRP, n = 8 for 3x 

BRP, n = 5 for sss ; 3x BRP.c) Performance Index for anesthesia-resistant memory (ice-bad 2.5 

hours and test 3 hours after training): n = 8 for 2x BRP, n = 8 for 3x BRP, n = 4 for sss ; 3x BRP. d) 

Performance Index for anesthesia-sensitive memory: Results received via calculation of the median 

of 3 hours mid-term memory minus the individual performance indices of 3 hours anesthesia-

resistant memory. Statistics: one-way ANOVA with Tukey’s multiple comparisons post hoc test, **p 

< 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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Could 3x BRP combined with reduced SSS in the mushroom body, the higher integration 

center for learning and memory, mimic the results of sss ; 3x BRP? As expected STM of this 

combination revealed a similar performance compared to the wild-type 2x BRP or the driver 

control 3xBRP <, r13f02 / + (Figure 85a). Only the RNAi control sss RNAi / + ; 3x BRP 

performed significantly lower than r13f02 > sss RNAi ; 3x BRP. Interesting was if 3 hours MTM 

would go down as for the sss mutant or if a memory boost would appear like for sss ; 3x BRP. 

However, all tested genotypes performed at the same level in 3 hours MTM (Figure 85b). The 

overshooting beneficial memory effect via slightly increased plasticity with 3x BRP was not 

present when sss RNAi was only expressed in the mushroom body, but also not the memory 

defects of sss. Interesting would be if the memory deficits of missing SSS are located in the 

mushroom body (via r13f02 > sss RNAi). That would reveal if the sss knockdown in the 

mushroom body did profit from higher presynaptic plasticity via 3x BRP, at least to the level of 

the controls. Or came the sss mutant’s 3 hours MTM deficits due to missing SSS in another 

region than the mushroom body? Further investigations would be interesting. 

 

 

 

 

Figure 85:   The deficiency of SSS only in the mushroom body with 3x BRP background can 

not mimic sss ; 3x BRP. 

Aversive olfactory memory tests for deficient sss only in the mushroom body with 3x BRP 

background and its controls for 5-day old flies. a) Short-term memory (test directly after training): n 

= 12 for 2x BRP, n = 10 for 3x BRP , r13f02 / +, n = 10 for sss RNAi / +; 3x BRP, n = 10 for r13f02 

> sss RNAi ; 3x BRP. b) Performance Index for mid-term memory (test 3 hours after training):  n = 

14 for 2x BRP, n = 11 for 3x BRP , r13f02 / +, n = 12 for sss RNAi / +; 3x BRP, n = 14 for r13f02 > 

sss RNAi ; 3x BRP. Statistics: one-way ANOVA with Sidak’s multiple comparisons post hoc test, nsp 

≥ 0.05. Error bars: mean ± SEM. 
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Surprisingly, an 

overexpression (OE) of 

sss only in the mushroom 

body with sss ; 3x BRP 

background possessed 

impaired STM compared 

to the controls (Figure 

86a). The sole expression 

of the SSS protein, 

especially in the 

mushroom body as the 

learning center, maybe 

attenuated neuronal 

excitability due to a higher 

K+ channel activity in this 

neuropile via SSS’s 

control, (Zars et al., 2000; 

Koh et al., 2008; Blum et 

al., 2009). 

 

The innate behavior for this chapter is listed in Table 12 and in more detail in the appendix, 

Table 25. All genotypes of interest showed comparable or even higher performance indices to 

at least one of their controls in both odor acuities (3-Octanol, OCT, and 4-Methylcyclohexanol, 

MCH) and the shock reactivity. Only the chronically sleep-deprived mutant sss possessed 

severe avoidance problems with MCH. However, sss’ ability to learn and form memories is 

available since its performance in STM appeared at the same height as the wild-type 2x BRP 

(Figure 83a). Notably, 4x BRP and its combination with sss obtained a 20 % higher OCT odor 

acuity than 2x BRP and pure sss. This increase vanished for 3x BRP and sss ; 3x BRP. The 

highest range of BRP (4x BRP) maybe supports the detection of the odor OCT. Gupta et al., 

2016, showed a higher odor-evoked synaptic vesicle release in 30-day old animals, which 

possess a similarly high level of BRP as 4x BRP. Though, this was visible for OCT and MCH 

(Gupta et al., 2016). 

 

   

Figure 86:   sss overexpression restricted to the mushroom 

body in an sss ; 3xBRP background shows decreased short-

term memory. 

Short-term memory (test directly after training) for the 

overexpression (OE) of sss in the mushroom body with sss ; 3x BRP 

background and its controls for 5-day old flies: n = 10 for 2x BRP, n 

= 12 for sss ; 3x BRP , r13f02 / +, n = 12 for sss ; 3x BRP , r13f02 

> sss OE. Statistics: one-way ANOVA with Tukey’s multiple 

comparisons post hoc test, **p < 0.01, *p < 0.05. Error bars: mean 

± SEM. 
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  Olfactory acuity 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methyl- 

cyclohexanol (n) 

2x BRP (w1118) 

4x BRP 

4x BRP , r58h05 > brpB3 RNAi 

r58h05 / + 

brpB3 RNAi / + 

r58h05 > brpB3 RNAi 

4x BRP , r58h05 > brpB3 RNAi 

- 

- 

- 

- 

- 

- 

- 

38.37 ± 4.341 (23) 

40.29 ± 5.220 (13) 

44.44 ± 5.013 (14) 

35.50 ± 3.838 (12) 

46.17 ± 6.096 (13) 

35.20 ± 5.837 (13) 

38.26 ± 5.476 (8) 

65.09 ± 5.586 (15) 

64.20 ± 5.220 (13) 

76.25 ± 5.356 (14) 

70.43 ± 3.206 (11) 

63.90 ± 7.265 (12) 

73.07 ± 2.873 (11) 

73.07 ± 9.182 (3) 

2x BRP (w1118) 

sss 

- 

- 

36.98 ± 2.556 (32) 

31.36 ± 4.062 (30) 

38.17 ± 3.411 (41) 

27.20 ± 3.907 (31) 

2x BRP (w1118) 

4x BRP 

sss 

sss ; 4x BRP 

79.76 ± 2.863 (14) 

81.61 ± 3.886 (10) 

73.80 ± 1.296 (12) 

76.80 ± 4.467 (10) 

17.39 ± 4.873 (16) 

41.12 ± 5.237 (13) 

16.66 ± 3.862 (9) 

43.52 ± 4.635 (12) 

71.31 ± 5.086 (14) 

51.24 ± 7.933 (12) 

38.46 ± 7.043 (12) 

62.75 ± 7.376 (12) 

2x BRP (w1118) 

3x BRP 

sss 

sss ; 3x BRP 

78.48 ± 3.831 (10) 

82.79 ± 2.698 (8) 

74.58 ± 2.216 (8) 

81.82 ± 3.154 (10) 

18.66 ± 4.771 (16) 

24.82 ± 6.386 (12) 

13.00 ± 6.447 (9) 

22.22 ± 6.054 (11) 

50.55 ± 7.643 (14) 

44.31 ± 8.520 (13) 

5.250 ± 7.603 (10) 

51.63 ± 9.293 (12) 

2x BRP (w1118) 

3x BRP , r13f02 / + 

sss RNAi / + ; 3x BRP 

r13f02 > sss RNAi ; 3x BRP 

50.01 ± 4.289 (10) 

57.69 ± 4.474 (10) 

60.01 ± 3.439 (10) 

67.33 ± 3.095 (10) 

27.61 ± 6.400 (10) 

34.50 ± 4.813 (12) 

47.05 ± 4.399 (10) 

27.59 ± 4.975 (10) 

48.38 ± 11.91 (12) 

48.63 ± 8.200 (12) 

44.59 ± 9.340 (14) 

48.98 ± 10.07 (12) 

2x BRP (w1118) 

sss ; 3x BRP , r13f02 / + 

sss ; 3x BRP , r13f02 > sss OE 

74.89 ± 4.109 (7) 

71.68 ± 3.523 (8) 

70.25 ± 3.465 (8) 

18.21 ± 7.434 (14) 

24.71 ± 4.958 (14) 

17.48 ± 4.578 (14) 

64.45 ± 4.255 (8) 

80.01 ± 4.504 (10) 

71.47 ± 7.796 (10) 

Table 12:   Innate behavior for the examined memory tests regarding BRP. 

Shock reactivity and olfactory acuity of the genotypes of interest showed no significant differences 

than at least one of their control. Only the mutant sss performed significantly worse in the MCH odor 

acuity. Since sss’s STM stayed similar high as the wild-type 2x BRP, the flies seemed able to learn 

(Figure 83a). Statistics: one-way ANOVA with Sidak’s/ Tukey’s  multiple comparisons post hoc test 

(parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), **p < 0.01 *p < 0.05, nsp ≥ 

0.05. Mean ± SEM. 
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3.1.1. Deacetylation of the T-bar induces an aging-like 

configuration 

With age, the T-bar, located at the presynaptic active zone and composed of Bruchpilot (BRP), 

enlarges dramatically to a broad and loose shape (Gupta et al., 2016). This age-induced 

increase is accompanied by severe memory deficits (Gupta et al., 2016; Bhukel and Beuschel 

et al., 2019). The elongator protein 3 (ELP3) is a lysine acetyltransferase (KAT), which 

acetylates lysine 

sites of the BRP C-

terminus, leading to 

a bundled and 

compact shape of 

the T-bar and a 

reduced synaptic 

vesicle (SV) 

release, similar to 

young flies (Figure 

87; Miśkiewicz et 

al., 2011; Gupta et 

al., 2016). A lack of 

ELP3 results in a T-

bar phenotype like 

old animals or 4x 

BRP (see Figure 

87) and is 

associated with 

amyotrophic lateral 

sclerosis (ALS) 

(Simpson et al., 

2009; Miśkiewicz et 

al., 2011; Gupta et al., 2016). Its counterpart, the histone deacetylase 6 (HDAC6), increases 

the deacetylation of BRP, followed by a broader and looser shape of the T-bar with more SV 

tethering and release (Figure 87; Miskiewicz et al., 2014). This was also seen in old flies and 

4x BRP animals (Gupta et al., 2016). Notably, HDAC6 inhibitors act neuroprotective and 

improve memory in rodents (Toonen and Verhage, 2011). 

 

 

Figure 87:   Deacetylation of the T-bar causes a broad and loose 

shape comparable to old animals 

In young animals, the C-termini of Bruchpilot (BRP) are acetylated by 

ELP3, followed by a sharp and condensed structure at the presynaptic 

active zone (Gupta et al., 2016). In contrast, aged animals possess a wide 

and loose T-bar, accompanied by increased synaptic vesicle release. 

HDAC6 mediates this deacetylation. Similar to young versus old flies are 

wildtype and 4x BRP with a rampant T-bar for 4x BRP. Image modified 

from Toonen and Verhage, 2011. 
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Like HDAC inhibitors, a pan-neuronal reduction of HDAC6 did improve memory at 5 and 30 

days significantly, yet the age-induced memory impairment was still apparent, here from a 

higher memory level (Figure 88). The short-term memory (STM) performance was 15 % higher 

for appl > hdac6 RNAi in young and old flies (Figure 88a). This positive effect did not appear 

when the diminished HDAC6 was restricted to the mushroom body (Figure 88b). A second 

tested hdac6 RNAi line could not enhance the memory, neither pan-neuronal nor in the 

mushroom body (Figure 88c-d). The innate shock reactivity was significantly decreased for all 

 

Figure 88:   A pan-neuronal lack of HDAC6 improves memory in young and old flies. 

Short-term memory (test directly after training) for deficient HDAC6 (two different RNAi lines), 5- 

and 30-days old flies. a-b) RNAi line 1 (BL # 31503): a) pan-neuronal: n = 14 for 5-day and n = 18 

for 30-day old hdac6 RNAi / +, n = 15 for 5-day and n = 14 for 30-day old appl > hdac6 RNAi. b) 

mushroom body: n = 14 for 5-day and n = 18 for 30-day old hdac6 RNAi / +, n = 15 for 5-day and n 

= 16 for 30-day old ok107 > hdac6 RNAi. c-d) RNAi line 2 (BL # 34702): c) pan-neuronal: n = 6 for 

5-day and n = 11 for 30-day old hdac6 RNAi / +, n = 6 for 5-day and n = 6 for 30-day old appl > 

hdac6 RNAi. d) mushroom body: n = 6 for 5-day and n = 11 for 30-day old hdac6 RNAi / +, n = 4 for 

5-day and n = 5 for 30-day old ok107 > hdac6 RNAi. Statistics: two-way ANOVA with Sidak’s multiple 

comparisons post hoc test, ****p < 0.0001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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aged flies compared to the young ones in these tests (Table 13; Appendix, Table 25). Thus, 

the aged flies seemed less sensitive to electrical punishment. It could be possible that the aged 

flies could perform even better without that detriment. Further, a drop with age appeared in the 

4-Methylcyclohexanol (MCH) innate acuity tests for mushroom body driven hdac6 RNAi flies 

(ok107-Gal4). It could be that the nonexistent memory protection in these flies came from their 

decreased smell ability. Though this can be excluded since both parts of the memory tests, the 

results of the memory performances for 3-Octanol (OCT) and  MCH were equally high. Thus, 

the flies learned with shocked MCH just like with OCT. Taken together, pan-neuronal 

diminished hdac6 could boost memory but not protect from an age-induced decline. hdac6 

RNAi driven in den mushroom body could not improve memory. 

 

Would an increase 

of HDAC6, thus 

enhanced 

deacetylation of the 

T-bar, negatively 

influence the 

memory 

performance? STM 

tests with a pan-

neuronal 

overexpression 

(OE) revealed no 

detrimental effects 

(Figure 89). Neither 

hdac6 OE driven 

with appl-Gal4 nor 

with elaV(X)-Gal4 

showed any benefit 

compared to their 

controls. 

 

Taken together, the pan-neuronal hdac6 attenuation positively affected aversive olfactory 

memory at all ages (Figure 88a). An overloaded T-bar, occurring with aging, seemed to burden 

the operational state of the presynapse. Thus, its relief due to reduced HDAC6 activity in all 

neurons brought boosted the memory acquisition phase, interestingly also in young flies. A 

pan-neuronal elevation via hdac6 OE gave no changes in memory. 

 

Figure 89:   More deacetylation via overexpressed hdac6 does not 

affect memory. 

Short-term memory (test directly after training) for the pan-neuronal 

overexpression (OE) hdac6 for 5-days old flies. a) n = 20 for appl / +, n = 

23 for hdac6 OE / +, n = 24 for appl > hdac6 OE. b) n = 21 for elaV(X) / +, 

n = 23 for hdac6 OE / +, n = 20 for elaV(X) > hdac6 OE. Statistics: one-

way ANOVA with Sidak’s multiple comparisons post hoc test (parametric) 

or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), **p < 0.01, 

nsp ≥ 0.05. Error bars: mean ± SEM. 
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Surprisingly, reducing ELP3, which acetylates the T-bar to its more compact configuration, 

thus it is the antagonistically operating enzyme of HDAC6,  showed no memory defects. 5-day 

old flies of one tested pan-neuronally expressed elp3 RNAi line performed even better in STM 

than their controls, while 3 hours mid-term memory (MTM) showed no improvement (Figure 

90a). In contrast, the second elp3 RNAi line showed no memory improvement in STM, neither 

 

Figure 90:   Memory for pan-neuronal and in the mushroom body attenuated elp3. 

Aversive olfactory memory tests of diminished ELP3 (two different RNAi lines, 1: BL # 35488, 2: 

VDRC # 106128), pan-neuronal and in the mushroom body, for 5-day old flies. a-c) Short-term 

memory (test directly after training): a) RNAi line 1, pan-neuronal: n = 9 for appl > EGFP, n = 13 for 

elp3 RNAi / +, n = 13 for appl > elp3 RNAi. b) RNAi line 2, pan-neuronal: n = 8 for elaV(X) / +, n = 7 

for elp3 RNAi / +, n = 6 for elaV(X) > elp3 RNAi. c) RNAi line 2, in the mushroom-body: n = 10 for 

ok107 / +, n = 7 for elp3 RNAi / +, n = 8 for ok107 > elp3 RNAi. d-f) 3 hours mid-term memory (test 

3 hours after training): d) RNAi line 1, pan-neuronal: n = 16 for appl > EGFP, n = 20 for elp3 RNAi / 

+, n = 22 for appl > elp3 RNAi. e) RNAi line 2, pan-neuronal: n = 2 for elaV(X) / +, n = 13 for elp3 

RNAi / +, n = 6 for elaV(X) > elp3 RNAi. f) RNAi line 2, in the mushroom-body: n = 12 for ok107 / +, 

n = 11 for elp3 RNAi / +, n = 9 for ok107 > elp3 RNAi. Statistics: one-way ANOVA with Sidak’s 

multiple comparisons post hoc test, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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pan-neuronal (Figure 90b) nor in the mushroom body (Figure 90c). Further examinations with 

longer-lasting 3 hours MTM revealed no defect or improvement for elp3 RNAi line 2, pan-

neuronal or in the mushroom body driven, similar to line 1 (Figure 90d-f). 

The STM benefit in 5 day old appl > elp3 RNAi flies was surprising, since the T-bar would be 

less acetylated here. Maybe in particular the repulsion of the BRP C-termini in their 

deacetylated state gave more space for synaptic vesicle tethering. With age (similar T-bar 

confirmation), a higher synaptic vesicle release could be seen (Gupta et al., 2016). Possibly, 

especially memory acquisition with STM was boosted this way, while these flies were enabled 

to react otherwise normally in the remaining system due to their young age and no further 

detrimental scenarios. Further examinations, like tests of longer-lasting memory, would be 

interesting. 

 

The shock reactivity and MCH acuity decreased for 5- compared to 30-day old hdac6 RNAi 

animals (Table 13). These results were discussed in specific above. In short, age-induced 

memory impairment appeared severely. Thus, the minor innate behavior deficits did not affect 

the memory results. elp3 RNAi’s innate behavior occurred unobtrusively (Table 13). 

  Olfactory acuity 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methylcyclohexanol (n) 

hdac6 RNAi line 1: 

hdac6 RNAi / +  

(5 days) 

appl > hdac6 RNAi 

(5 days) 

hdac6 RNAi / +  

(30 days) 

appl > hdac6 RNAi  

(30 days) 

 

85.97 ± 2.050 (10) 

 

94.86 ± 1.020 (9) 

 

65.10 ± 5.303 (9) 

 

82.88 ± 4.993 (8) 

 

25.30 ± 6.071 (6) 

 

29.67 ± 8.024 (6) 

 

20.98 ± 6.292 (6) 

 

25.10 ± 5.526 (6) 

 

53.15 ± 5.467 (6) 

 

40.92 ± 4.859 (6) 

 

21.28 ± 5.857 (6) 

 

23.02 ± 6.656 (6) 

hdac6 RNAi line 1: 

hdac6 RNAi / +  

(5 days) 

ok107 > hdac6 RNAi 

(5 days) 

hdac6 RNAi / +  

(30 days) 

ok107 > hdac6 RNAi  

(30 days) 

 

85.97 ± 2.050 (10) 

 

94.86 ± 1.020 (9) 

 

65.10 ± 5.303 (9) 

 

82.88 ± 4.993 (8) 

 

25.30 ± 6.071 (6) 

 

10.73 ± 6.931 (6) 

 

20.98 ± 6.292 (6) 

 

16.10 ± 2.722 (7) 

 

53.15 ± 5.467 (6) 

 

36.04 ± 9.411 (5) 

 

21.28 ± 5.857 (6) 

 

6.586 ± 6.971 (7) 
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elp3 RNAi line 1: 

appl > EGFP 

elp3 RNAi / + 

appl > elp3 RNAi 

 

- 

- 

- 

 

28.23 ± 4.983 (4) 

24.88 ± 8.481 (4) 

26.40 ± 7.938 (8) 

 

22.85 ± 5.818 (4) 

43.05 ± 10.22 (4) 

31.29 ± 8.162 (8) 

Table 13:   Innate behavior to the conducted HDAC6 and ELP3 crosses. 

Shock reactivity and olfactory acuity of the genotypes of interest showed no significant difference from 

at least one of their control or were performed even better. Only the hdac6 RNAi animals showed 

decreased shock reactivity with age (discussed in the text).  hdac6 RNAi driven in the mushroom body 

showed reduced MCH acuity at all ages compared to the controls (discussed in the text). Statistics: 

two-way (genotypes and ages to compare) or one-way ANOVA (genotypes to compare) with Sidak’s 

multiple comparisons post hoc test, ***p < 0.001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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3.1.2. Anterograde transport of presynaptic scaffold proteins 

Functional synaptic plasticity is dependent on the transport of the scaffold compounds from 

the soma over the axon to the presynaptic active zone. The co-transport of Bruchpilot (BRP), 

RIM-binding protein (RIM-BP), and Unc13 along the axon is coordinated by transport proteins, 

thus a lack of proteins like Aplip1 or SRPK79D lead to a block of rapid presynaptic homeostatic 

potentiation (PHP) (Siebert et al., 2015; Böhme et al., 2019; Driller et al., 2019). This 

mechanism is necessary for an immediate adjustment of the neurotransmitter release, the 

presynaptic plasticity, and a fast answer to changes in the environment (Ortega et al., 2018). 

 

The APP (β-amyloid precursor protein) -like protein interacting protein 1 (Aplip1) is involved in 

the fast axonal transport (Taru et al., 2002; Böhme et al., 2019). Its mammalian homolog, JNK 

(c-jun NH2 terminal kinase) interacting protein 1 (JIP1), is taking part in the modulation of APP 

phosphorylation, thus associated with Alzheimer’s disease and diabetes (Taru et al., 2002; 

Beeler et al., 2009). Additionally, it links the cargo to the kinesin family motor protein (here: 

Unc104) for anterograde transport along the axon (Siebert et al., 2015; Driller et al., 2019). 

Within the co-transport of BRP-Unc13-RIM-BP, Aplip1 serves as an adapter to RIM-BP for 

complex' transportation, yet the BRP delivery is not inhibited in the absence of RIM-BP (Siebert 

et al., 2015; Driller et al., 2019). However, since mutant aplip1ek4 possesses severe problems 

in rapid presynaptic homeostatic potentiation, I tested its aversive olfactory short-term memory. 

 

Figure 91:   The short-term memory is reduced with a lack of Aplip1. 

Short-term memory (test directly after training) of deficient Aplip1 for 5-days old flies. a) point 

mutation: n = 14 for w1118, n = 12 for aplipek4. b-c) aplip1 RNAi in the mushroom body: b) n = 9 for 

ok107 / +, n = 12 for aplip1 / +, n = 11 for ok107 > aplip1 RNAi. c) n = 7 for mb247 / +, n = 9 for 

aplip1 / +, n = 9 for mb247 > aplip1 RNAi. Statistics: unpaired t-test for two, and one-way ANOVA 

with Sidak’s multiple comparisons post hoc test for three genotypes, ****p < 0.0001, ***p < 0.001, 

nsp ≥ 0.05. Error bars: mean ± SEM. 
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Indeed, the memory was dramatically reduced, while the innate smell behavior appeared 

unremarkable (Figure 91a, Table 14). Next, I examined the effect of deficient aplip1 in the 

mushroom body, the learning center of the fly brain, with two driver lines (Figure 91b-c; Aso et 

al., 2014). ok107-Gal4 covers all lobes, while mb247-Gal4 drives in the α/ ꞵ and γ lobes 

(Connolly et al., 1996; Zars et al., 2000). Both knockdowns of aplip1 learned significantly 

poorer than their controls, yet ok107 > aplip1 RNAi was only slightly reduced than its RNAi 

control. Thus, a fast cognitive reaction was dependent on the mushroom body functional 

transport adapter protein Aplip1. Though, further experiments to exclude developmental 

defects would be interesting. 

 

The innate smell scores with diminished aplip1 showed comparable performance indices to at 

least one of their controls (Table 14Table 16). Both odor acuities for 3-Octanol and 4-

Methylcyclohexanol were insignificant. Only mb247 > aplip1 RNAi was slightly reduced, yet 

not significantly. 

 

  

 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

w1118 40.78 ± 5.316 (17) 86.90 ± 1.418 (9) 

aplip1ek4 , Df(3L)BSC799 47.31 ± 6.886 (11) 88.20 ± 2.660 (9) 

ok107 / + 24.60 ± 3.504 (37) 76.28 ± 3.656 (9) 

aplip1 RNAi / + 37.87 ± 3.493 (57) 71.21 ± 76.70 (15) 

ok107 > aplip1 RNAi 23.91 ± 3.254 (54) 72.90 ± 3.360 (14) 

mb247 / + 16.26 ± 4.200 (32) 70.02 ± 6.238 (9) 

aplip1 RNAi / + 37.87 ± 3.493 (57) 71.21 ± 76.70 (15) 

mb247 > aplip1 RNAi 29.45 ± 3.947 (36) 57.40 ± 7.355 (9) 

Table 14:   Innate behavior to the conducted Aplip1 tests. 

The olfactory acuities for diminished aplip1 showed no significant differences than at least one of its 

controls. Statistics: one-way ANOVA with Sidak’s multiple comparisons post hoc test (parametric) or 

Kruskal-Wallis with Dunn’s post hoc test (nonparametric), **p < 0.01 *p < 0.05, nsp ≥ 0.05. Mean ± 

SEM. 
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Another protein involved in the axonal transport of presynaptic scaffold proteins is the serine-

arginine protein kinase 79D (SRPK79D) (Siebert et al., 2015). Its null mutation srpk79DVN 

evokes aggregates of BRP-RIM-BP-Unc13 accompanied by a reduced life span and an 

impaired flight ability, whereas the synaptic transmission seems normal (Nieratschker et al., 

2009; Driller et al., 2019). Driller et al., 2019, found that SRPK79D phosphorylates the N-

terminus of the isoform BRP-190, which is evolutionary conserved in mammals and C. elegans. 

This post-translational adjustment enables an ensured transport to the presynaptic active zone 

along the axon (Driller et al., 2019). Interestingly, a complete lack of SRPK showed severe 

memory problems (Figure 92). In aversive olfactory memory tests, the short-term memory 

 

Figure 92:   A null mutation of srpk79D possesses severe memory deficits. 

Aversive olfactory memory tests for 5-day old srpk79DVN. a) Short-term memory (test directly after 

training): n = 14 for w1118, n = 11 for sprk79DVK. b-c) Odor acuity. b) 3-Octanol: n = 13 for w1118, n = 

12 for sprk79DVK. c) 4-Methylcyclohexanol: n = 13 for w1118, n = 15 for sprk79DVK. d-f) 1 hour 

memory. d) Mid-term memory (test 1 hour after training): n = 8 for w1118, n = 11 for sprk79DVK . e) 

Anesthesia-resistant memory (ice-bad 30 min and test 1 hour after training): n = 10 for w1118, n = 11 

for sprk79DVK. f) Anesthesia-sensitive memory: Results received via calculation of the median of 1 

hour mid-term memory minus the individual performance indices of 1 hour anesthesia-resistant 

memory. Statistics: unpaired t-test (parametric) or Mann-Whitney test (nonparametric), , ****p < 

0.0001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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(STM) of the srpk79DVN null mutation was severely impaired by 36 % compared to the wild-

type control (Figure 92a). Similarly, the 1 hour mid-term memory dropped by 41 %, whereby 

its component anesthesia-sensitive memory dropped by 25 %, and anesthesia-resistant 

memory appeared near zero (Figure 92d-f). Of course, these memory defects could be caused 

by a reduced odor acuity (Figure 92b-c). The innate smell behavior declined significantly for 3-

Octanol, yet this drop occurred less grave than the memory deficits (Figure 92b). Additionally, 

the performance index against 4-Methylcyclohexanol (MCH) was slightly decreased, 

nevertheless insignificant (Figure 92c). Notably, Nieratschker et al., 2009, saw no issues for 

olfactory conditioning with larvae, though a walking deficit in adult srpk79DVN animals. 

However, the flies seemed mobile enough for the behavior tests with the T-maze since the 

MCH avoidance occurred insignificantly. Overall, the memory decay was so dramatic a 

memory deficit can be taken for sure. 

 

Further tests with 

diminished srpk79D 

restricted to the 

mushroom body 

demonstrated no short-

term memory defects 

(Figure 93a-b) or any 

innate smell deficits 

(Table 15). Thus, the 

memory defects were only 

apparent in the srpk79D 

mutant (Figure 92).  

Obviously, SRPK79D 

missing only in the 

mushroom body was not 

sufficient to reach the 

memory deficits of the null 

mutant. It could be that 

SRPK79D was necessary 

in other neurons. Developmental deficits must be considered since SRPK79D was lacking in 

the null mutant. Further tests with a restricted reduction in different tissues or Gal80ts, forcing 

the srpk79D knockdown to adulthood, would be interesting. Longer-lasting memory phases 

could be examined as well. 

 

 

Figure 93:   A restriction of attenuated srpk79D to the 

mushroom body shows no memory deficits. 

Short-term memory (test directly after training) of deficient Aplip1 in 

the mushroom body for 5-days old flies. a) n = 10 ok107 / +, n = 11 

for srpk79D RNAi / +, n = 11 for ok107 > srpk79D RNAi. b) n = 10 

mb247 / +, n = 11 for srpk79D RNAi / +, n = 10 for mb247 > srpk79D 

RNAi. Statistics: one-way ANOVA with Sidak’s multiple 

comparisons post hoc test, **p < 0.01, nsp ≥ 0.05. Error bars: mean 

± SEM. 



Results | 154 

 

  

 Olfactory acuity 

Genotype 3-Octanol (n) 4-Methylcyclohexanol (n) 

ok107 / + 28.73 ± 7.479 (7) 53.71 ± 8.064 (8) 

srpk79D RNAi / + 33.84 ± 8.324 (8) 78.73 ± 7.558 (7) 

ok107 > sprk79D RNAi 61.82 ± 6.944 (6) 82.86 ± 4.263 (7) 

mb247 / + 28.73 ± 10.18 (8) 50.40 ± 7.226 (8) 

srpk79D RNAi / + 33.84 ± 8.324 (8) 78.73 ± 7.558 (7) 

mb247 > srpk79D RNAi 44.53 ± 4.616 (7) 73.89 ± 6.490 (7) 

Table 15:   Innate behavior of diminished srpk79D in the mushroom body. 

The olfactory acuities for diminished srpk79D in the mushroom body revealed no smell deficit 

compared to the controls. ok107 > srpk79D RNAi performed significantly better against 3-Octanol 

than controls. Statistics: one-way ANOVA with Sidak’s multiple comparisons post hoc test (parametric) 

or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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3.2.   Unc13, a regulating factor for the synaptic vesicle release at the 

presynapse 

The gene unc13 was first identified as ‘uncoordinated mutant number 13’ with an EMS-induced 

(Ethyl methanesulphonate) mutant screen in C. elegans in 1974 (Brenner, 1974). Unc13 was 

found to be highly conserved across different species, explicitly expressed in the nervous 

system, and as a critical synaptic vesicle (SV) release factor at the presynaptic active zone 

(AZ) (Aravamudan et al., 1999; Südhof, 2012). Unc13 makes SVs fusion-competent (priming) 

and defines the number and positions of SV release sites for an accurately timed 

neurotransmitter release (Reddy-Alla et al., 2017). Mutations in its mammalian ortholog 

(MUnc13) are associated with alcohol abuse and a higher risk for amyotrophic lateral sclerosis 

(Xu et al., 2018; Yang et al., 2019). 

The ortholog in Drosophila melanogaster, DUnc13 (here referred to as Unc13), holds one lipid-

binding C1 domain (reducing the energy-need for SV fusion), two calcium-binding C2 motifs 

(C2B binding Ca2+, C2C bridging SVs to the plasma membrane), and one MUN domain, 

responsible for SV priming (Figure 94; Aravamudan et al., 1999; Stevens et al., 2005; Basu et 

al., 2007; Quade et al., 2019; Piao and Sigrist, 2021). Two dominant isoforms of Unc13 exist, 

Unc13A and B, which differ at their N-termini. During the genesis of an AZ, BRP clusters 

Unc13A, while Syd-1 gathers Unc13B (Fulterer et al., 2018). In contrast to Unc13B, Unc13A 

possesses a calmodulin-binding site (CaM) which controls the SV refilling from the readily 

releasable pool (RRP) and thus short-term plasticity (STP) (Lipstein et al., 2013). This process 

is a fast adaptation within the synapse to alterations in action potential transmissions due to 

learning, and adjustment to the environment (Kandel et al., 2014; Böhme et al., 2019). 

 

 

Figure 94:   The two dominant isoforms of Unc13. 

The C-termini of Unc13 A and Unc13B are equal with one C1 domain plus the two C2 motifs and 

the MUN domain. In contrast, the N-termini differ, and Unc13A possesses an additional calmodulin 

(CaM) motif in it (Aravamudan et al., 1999; Stevens et al., 2005). Epitopes for antibodies of Unc13A, 

Unc13B, or the Unc13 C-terminus are indicated. Schemes taken from Pooryasin et al., 2021. 
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Additionally, Unc13A localizes at around 70 nm from the AZ center (marked by calcium 

channels). Unc13B clusters further away from the center at a distance of about 120 nm (Böhme 

et al., 2016; Fulterer et al., 2018). Taken together, Unc13A supports a fast, phasic probability 

of release to individual action potentials, whereas Unc13B promotes a slower, tonic release 

(Böhme et al., 2016; Fulterer et al., 2018; Woitkuhn and Ender et al., 2020). My question was 

how reducing such a crucial component of the presynaptic AZ interfered with learning and 

memory. 

 

A null mutant of unc13 does not survive beyond the embryonal stage (Aravamudan et al., 

1999). Its synaptic transmission vanishes, accompanied by SV clusters near the AZ 

(Aravamudan et al., 1999; Böhme et al., 2016). Equally, unc13A null mutants show an impaired 

SV release with a decreased Bruchpilot amount (Böhme et al., 2016). The larvae can barely 

move but sometimes develop into a few weak adults (Böhme et al., 2016). In contrast, unc13B 

deletions survive easily until adulthood and possess only a slightly reduced evoked excitatory 

current (Böhme et al., 2016). An unc13 Pacman rescue in the background of the unc13 null 

allele, reexpressing both isoforms, was vital and developed until the adult phase. Equally, only 

the reexpression of unc13A (from now on named unc13B deletion) was vital. Thus, it was 

possible to conduct behavioral experiments with the unc13B deletion and the unc13 rescue (A 

and B) (Figure 95; Böhme et al., 2016).  

First, tests of innate behavior revealed a 3-Octanol odor acuity deficit for the Unc13 rescue, 

though recovery of only Unc13A (unc13B deletion) did not show this problem (Figure 95a). 

Similar with 4-Methylcyclohexanol, a significant failure in the smell ability of the Unc13 rescue 

occurred, yet no deficit could be observed between the wild-type w1118 and the unc13B deletion 

(Figure 95b). Results from Pooryasin et al., 2021, revealed Unc13A as necessary for appetitive 

and aversive innate smell behavior, while Unc13B was only essential for aversive smell 

abilities. Thus, the odor avoidances in Figure 95 appeared odd. Notably, the Pacman 

constructs brought only one unc13A and unc13B copy in the unc13 rescue and one copy of 

unc13A in the unc13B deletion (Böhme et al., 2016). The wild-type typical two copies were not 

inserted. 

Additionally, I tested short-term memory (STM) of these animals (Figure 95c). Here, the unc13 

rescue did not perform as well as the wild-type. Possibly, this was the impact of the missing 

gene copies, or the reason was the defect innate behavior so that these flies could not 

distinguish between the odors as well as w1118. Interestingly, the bare unc13A component 

(unc13B deletion) performed even worse and showed a significant memory decrease 

compared to the rescue with both isoforms. Since this construct had no problems with its smell 

abilities, the memory decay to the full rescue (unc13A and B) was evident. Thus, mainly 
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Unc13A influenced the memory formation in STM, yet both isoforms seemed essential to reach 

the memory of the full rescue.  

 

Next, I separately attenuated unc13A or unc13B expression with RNAi, specifically in different 

regions involved in the olfactory memory system. First, I tested the STM of these animals 

(Figure 96). To target the first step of the odor recognition pathway, I drove unc13A RNAi and 

unc13B RNAi with or83b-Gal4. This olfactory co-receptor generates an olfactory signal with 

the olfactory receptors due to an odor (Fulterer et al., 2018). Neither attenuated unc13A (Figure 

96a) nor unc13B (Figure 96d) showed a different memory performance than the control. The 

innate smell was slightly reduced for both deficient isoforms, yet not significantly (Table 16). 

Next, I targeted excitatory projection neurons, which forward the olfactory signal to the higher 

integration center for learning (Pooryasin et al., 2021). Interestingly, the reduced unc13A 

expression showed a significant loss of STM (Figure 96b). On the contrary, gh146 > unc13B 

RNAi demonstrated no significant reduction in memory performance compared to the driver 

control (gh146 / +) (Figure 96e). Thus, only Unc13A seemed to affect the memory formation 

in the projection neurons. 

Furthermore, I examined the effect of missing Unc13A (Figure 96c) or B (Figure 96f) in the 

mushroom body, the memory formation region. Interestingly, both isoforms were essential for 

 

Figure 95:   Behavior tests for unc13 rescues in an unc13 null mutation background. 

Behavioral tests for rescues of unc13 (with each one copy A and B) and its isoform unc13A (unc13B 

deletion) in the background of unc13 null mutation. a-b) odor acuity tests. a) against 3-Octanol: n = 

16 for w1118, n = 14 for unc13 rescue, n = 9 for unc13B deletion. b) against 4-Methylcyclohexanol: n 

= 19 for w1118, n = 14 for unc13 rescue, n = 10 for unc13B deletion. c) Short-term memory (test 

directly after training): n = 42 for w1118, n = 74 for unc13 rescue, n = 20 for unc13B deletion. Statistics: 

one-way ANOVA with Sidak’s multiple comparisons post hoc test (parametric) or Kruskal-Wallis with 

Dunn’s post hoc test (nonparametric), ****p < 0.0001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: 

mean ± SEM. 
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the STM, which is the critical phase for memory acquisition. ok107 > unc13A RNAi dropped 

by half, and ok107 > unc13B RNAi by one-third. 

 

 

 

Figure 96:   Short-term memory of unc13A or B RNAi in different regions of the olfactory 

learning pathway. 

Aversive olfactory short-term memory (test directly after training) of 5- to 7-day old animals with 

reduced Unc13 A or B.  a-c) unc13A RNAi with its controls. a) in the olfactory co-receptors: n = 10 

for or83b / +, n = 10 for unc13A RNAi / +, n = 10 for or83b > unc13A RNAi. b) in the projection 

neurons: n = 9 for gh146 / +, n = 10 for unc13A RNAi / +, n = 10 for gh146  > unc13A RNAi. c) in 

the mushroom body: n = 6 for ok107 / +, n = 11 for unc13A RNAi / +, n = 12 for ok107 > unc13A 

RNAi. d-f) unc13B RNAi with its controls. d) in the olfactory co-receptors: n = 10 for or83b / +, n = 

10 for unc13B RNAi / +, n = 10 for or83b > unc13B RNAi. e) in the projection neurons: n = 11 for 

gh146 / +, n = 11 for unc13B RNAi / +, n = 10 for gh146 > unc13B RNAi. f) in the mushroom body: 

n = 17 for ok107 / +, n = 21 for unc13B RNAi / +, n = 17 for ok107 > unc13B RNAi. Statistics: ordinary 

one-way ANOVA with Sidak's post hoc test, ****p < 0.0001, ***p < 0.001, **p < 0.01, nsp ≥ 0.05. Error 

bars: mean ± SEM. 
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Since attenuated unc13A in the projection neurons decreased memory performance, I 

examined longer-lasting memory in these flies. Indeed, significantly worse 3 hours mid-term 

memory (MTM) could be observed compared to the RNAi control (unc13A RNAi / +), yet there 

was no difference to the driver control (gh146 / +) (Figure 97a). Neither 3 hours anesthesia- 

 

Figure 97:   Longer-lasting memory shows no deficit for attenuated unc13 isoforms in the 

projection neurons. 

Aversive olfactory memory for 7-day old animals with reduced Unc13 A or B in the projection 

neurons.  a-c) unc13A RNAi in the projection neurons. a) 3 hours mid-term memory (MTM; test 3 

hours after training): n = 10 for gh146 / +, n = 10 for unc13A RNAi / +, n = 10 for gh146 > unc13A 

RNAi. b) 3 hours anesthesia-resistant memory (ARM; ice-bad 2.5 and test 3 hours after training): n 

= 10 for gh146 / +, n = 10 for unc13A RNAi / +, n = 10 for gh146 > unc13A RNAi. c) 3 hours 

anesthesia-sensitive memory (ASM): Results received via calculation of the median of 3 hours MTM 

minus the individual performance indices of 3 hours ARM.  d-f) unc13B RNAi in the projection 

neurons. d) 3 hours MTM: n = 10 for gh146 / +, n = 10 for unc13B RNAi / +, n = 10 for gh146 > 

unc13B RNAi. e)  3 hours ARM: n = 8 for gh146 / +, n = 10 for unc13B RNAi / +, n = 10 for gh146 > 

unc13B RNAi. f) 3 hours ASM of gh146 > unc13B RNAi and its controls. Statistics: one-way ANOVA 

with Sidak’s multiple comparisons post hoc test, ****p < 0.0001, ***p < 0.001, nsp ≥ 0.05. Error bars: 

mean ± SEM. 
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resistant memory (ARM) nor 3 hours anesthesia-sensitive memory (ASM) showed a 

significantly diverging performance from both controls (Figure 97b-c). Additionally, I tested the 

3 hours MTM, ARM, and ASM for unc13B RNAi in the projection neurons (Figure 97d-f). The 

longer-lasting memories did not differ from the controls. Thus, Unc13A seemed to be essential 

for the STM in the projection neurons (Figure 96b), while long-time memory phases were not 

affected (Figure 97a-c). Additionally, a reduction of Unc13’s isoform B possessed no influence 

on any memory phase when expressed in the projection neurons (Figure 96e, Figure 97d-f). 

 

Next, I focused on the mushroom body, the higher integration center for the generation and 

storage of memory in the brain of Drosophila melanogaster (Aso et al., 2014). Here, the mean 

performance index (PI) of 3 hours MTM was under zero (– 3.7 %) for ok107 > unc13A RNAi 

(Figure 98a). This dramatic decrease resulted from severe memory impairment in 3 hours ASM 

(Figure 98c) and a lower performance in 3 hours ARM (Figure 98b). Despite using electric 

shock as a negative reinforcer, the 3 hours ASM even turned from aversive into appetitive 

behavior (mean PI – 7.8 %). According to Quinn et al., 1974, this behavior is called masochism. 

Interestingly, reduced Unc13 B showed a different memory profile. Even though its 3 hours 

MTM was significantly lower than the controls by 50 %, ok107 > unc13B RNAi flies still avoided 

the negative connotated odor (Figure 98d). Additionally, neither the 3 hours ARM nor the 3 

hours ASM showed any significant memory impairment compared to the controls (Figure 98e-

f). 
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Figure 98:   A deficit of Unc13 A in the learning center of the fly brain results in severe loss 

of 3 hours mid-term memory, while reduced Unc13 B shows milder defects. 

Aversive olfactory memory for 6-day old animals with reduced Unc13 A or B in the mushroom body.  

a-c) unc13A RNAi in the mushroom body. a) 3 hours mid-term memory (MTM; test 3 hours after 

training): n = 10 for ok107 / +, n = 16 for unc13A RNAi / +, n = 17 for ok107 > unc13A RNAi. b) 3 

hours anesthesia-resistant memory (ARM; ice-bad 2.5 hours and test 3 hours after training): n = 10 

for ok107 / +, n = 12 for unc13A RNAi / +, n = 12 for ok107 > unc13A RNAi. c) 3 hours anesthesia-

sensitive memory (ASM): Results received via calculation of the median of 3 hours MTM minus the 

individual performance indices of 3 hours ARM. d-f) unc13B RNAi in the mushroom body. d) 3 hours 

MTM: n = 14 for ok107 / +, n = 17 for unc13B RNAi / +, n = 17 for ok107 > unc13B RNAi. e) 3 hours 

ARM: n = 14 for ok107 / +, n = 12 for unc13B RNAi / +, n = 14 for ok107 > unc13B RNAi.  f) 3 hours 

ASM for ok107 > unc13B RNAi and its controls. Statistics: one-way ANOVA with Sidak’s multiple 

comparisons post hoc test, ****p < 0.0001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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In addition, I examined 1 hour MTM for each Unc13 isoform’s RNAi expressed in the 

mushroom body. ok107 > unc13A RNAi had severe memory problems, yet still above zero 

(Figure 99a). Similarly, animals with reduced unc13B in the mushroom body showed a 

significantly lower 1 h MTM than the controls (Figure 99d), though a milder drop than unc13A 

RNAi. Overall, even though the memory values were higher, the memory profile was similar to 

the 3 hours memory tests. Thus, 1 hour ARM and 1 hour ASM were both significantly lower 

after diminished unc13A knockdown in the mushroom body (Figure 99b-c). In contrast, ok107 

> unc13B RNAi appeared comparable to its controls in 1 hour ARM and 1 hour ASM (Figure 

99e-f). Notably, 1 hour ARM was in both attenuated isoforms near zero, but only for ok107 > 

unc13A RNAi significantly (Figure 99b, e). Interestingly, 1 hour ASM behavior showed a much 

clearer aversive memory performance than the 3 hours ASM values, especially visible in 3 

hours ASM of ok107 > unc13A RNAi appeared appetitive towards the negatively conditioned 

odor (Figure 98c). Though, memory performances also decreased for the controls from 1 to 3-

hours tests. 

 

The shock reactivities for unc13A RNAi and unc13B RNAi in the mushroom body appeared 

insignificant compared to the controls (Table 16). Additionally, the innate smell scores for 

Unc13A and Unc13B deficiencies in the relevant areas showed comparable performance 

indices to at least one of their controls for the used learning concentrations (Table 16). All odor 

acuities appeared insignificant. 

Notably, Pooryasin et al., 2021, examined unc13A RNAi and unc13B RNAi in the projection 

neurons and found significantly decreased odor acuities to 4-Methylcyclohexanol and 

Benzaldehyde for both downregulations Though, they also demonstrated that enhanced odor 

concentrations could improve the smell acuity. The odor concentrations used for the memory 

tests were higher and saturated. The here conducted odor acuity tests (Table 16) were 

performed with these higher concentrations and appeared insignificant to at least one control. 



Results | 163 

 

 

  

 

Figure 99:   Decreased Unc13 isoforms in the mushroom body show a similar memory profile 

for 1 hour and 3 hours mid-term memory. 

Aversive olfactory memory for 6-day old animals with reduced Unc13 A or B in the mushroom body.  

a-c) unc13A RNAi in the mushroom body. a) Performance Index for 1 hour mid-term memory (test 

1 hour after training): n = 14 for ok107 / +, n = 13 for unc13A RNAi / +, n = 12 for ok107 > unc13A 

RNAi. b)  Performance Index for 1 hour anesthesia-resistant memory (ice-bad 30 min and test 1 

hour after training): n = 12 for ok107 / +, n = 12 for unc13A RNAi / +, n = 14 for ok107 > unc13A 

RNAi. c) Performance Index for 1 hour anesthesia-sensitive memory: Results received via 

calculation of the median of 1 hour mid-term memory minus the individual performance indices of 1 

hour anesthesia-resistant memory.  d-f) ) unc13B RNAi in the mushroom body. d) Performance 

Index for 1 hour mid-term memory (test 1 hour after training): n = 10 for ok107 / +, n = 13 for unc13B 

RNAi / +, n = 16 for ok107 > unc13B RNAi. e)  Performance Index for 1 hours anesthesia-resistant 

memory (ice-bad 30 min and test 1 hour after training): n = 13 for ok107 / +, n = 13 for unc13B RNAi 

/ +, n = 14 for ok107 > unc13B RNAi.  f) Performance Index for 1 hour anesthesia-sensitive memory: 

Results received via calculation of the median of 1 hour mid-term memory minus the individual 

performance indices of 1 hour anesthesia-resistant memory. Statistics: one-way ANOVA with 

Sidak’s multiple comparisons post hoc test, ****p < 0.0001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error 

bars: mean ± SEM. 
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  Olfactory acuity 

Genotype Shock reactivity (n) Benzaldehyde (n) 4-Methylcyclohexanol (n) 

or83b / + 

unc13A RNAi / + 

or83b > unc13A RNAi 

- 

- 

- 

45.53 ± 8.583 (6) 

42.82 ± 5.614 (6) 

34.20 ± 7.071 (6) 

49.60 ± 9.651 (4) 

41.50 ± 12.63 (4) 

27.88 ± 12.38 (4) 

or83b / + 

unc13B RNAi / + 

or83b > unc13B RNAi 

- 

- 

- 

45.53 ± 8.583 (6) 

36.58 ± 7.290 (6) 

31.87 ± 8.460 (6) 

49.60 ± 9.651 (4) 

41.15 ± 7.609 (6) 

36.77 ± 9.811 (6) 

gh146 / + 

unc13A RNAi / + 

gh146 > unc13A RNAi 

- 

- 

- 

42.00 ± 7.004 (19) 

65.33 ± 5.361 (18) 

44.88 ± 5.857 (18) 

43.86 ± 5.224 (24) 

66.03 ± 5.432 (22) 

42.46 ± 6.325 (22) 

gh146 / + 

unc13B RNAi / + 

gh146 > unc13B RNAi 

- 

- 

- 

42.00 ± 7.004 (19) 

65.33 ± 5.361 (18) 

44.88 ± 5.857 (18) 

43.86 ± 5.224 (24) 

66.03 ± 5.432 (22) 

42.46 ± 6.325 (22) 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methylcyclohexanol (n) 

ok107 / + 

unc13A RNAi / + 

ok107 > unc13A RNAi 

90.95 ± 2.387 (12) 

87.07 ± 2.445 (13) 

89.42 ± 2.045 (13) 

45.52 ± 5.280 (10) 

44.90 ± 4.163 (10) 

49.83 ± 3.048 (10) 

71.71 ± 4.584 (16) 

64.60 ± 5.519 (21) 

71.40 ± 4.197 (19) 

ok107 / + 

unc13B RNAi / + 

ok107 > unc13B RNAi 

90.95 ± 2.387 (12) 

91.46 ± 1.530 (13) 

95.05 ± 1.188 (13) 

45.40 ± 3.920 (14) 

37.24 ± 3.330 (14) 

38.54 ± 5.680 (14) 

71.71 ± 4.584 (16) 

67.12 ± 4.763 (18) 

71.16 ± 4.233 (16) 

Table 16:   Innate behavior of unc13A and B RNAi in different areas of the olfactory memory 

system. 

Shock reactivity and olfactory acuities for attenuated unc13A or unc13B showed no significant 

differences than at least one of their controls when expressed in the specific regions involved in 

olfactory memory (olfactory co-receptor with or83b-Gal4, projection neurons with gh146-Gal4, 

mushroom body with ok107-Gal4). Statistics: one-way ANOVA with Sidak’s multiple comparisons post 

hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), ***p < 0.001, **p < 

0.01 *p < 0.05, nsp ≥ 0.05. Mean ± SEM. 
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3.2.1. The isoform Unc13A in focus 

Since Unc13A was the more crucial isoform to build memories in all tested categories of 

aversive olfactory memory, I conducted further experiments with constructs missing either the 

N- or C-terminal region of the protein. The Unc13A C-terminus construct possesses the lipid-

binding C1 domain, two calcium-binding C2 motifs, and one MUN domain, responsible for the 

priming of synaptic vesicles (SVs) and the generation of SV release sites (Figure 100; 

Aravamudan et al., 1999; Stevens et al., 2005; Reddy-Alla et al., 2017). The N-terminus 

construct holds the calmodulin site (CaM) of Unc13A, which controls the SV refilling of the 

readily releasable pool (Lipstein et al., 2013). Additionally, the N-terminus anchors Unc13A to 

the active zone (Reddy-Alla et al., 2017). Both constructs were tagged with a GFP tag. 

First, I examined a rescue with the Unc13A C-terminus in the background of unc13A RNAi in 

the mushroom body. This area is a higher integration center, where learning and memory 

storage happens (Aso et al., 2014). Immunostainings demonstrated a typical shaped 

mushroom body for all tested groups and validated the presence of the respective 

compositions in the experimental flies (Figure 101). Here, Bruchpilot’s (BRP) C-terminus,  

labeled with the antibody Nc82, served as the marker for the mushroom body structure (Figure 

101, first column, cyan). The second column (Figure 101, magenta) indicated the GFP-tag, 

 

Figure 100:   Schemes of Unc13A and its constructs from the C- and N-termini. 

The C-terminus of Unc13A possesses one lipid-binding C1 motif, two calcium-binding C2 domains, 

and the MUN domain, responsible for the synaptic vesicle priming activity and the generation of 

release sites  (Aravamudan et al., 1999; Stevens et al., 2005). In contrast, Unc13A’s N-terminus 

holds a calmodulin site (CaM), which controls the synaptic vesicle refilling of the readily releasable 

pool (Lipstein et al., 2013). Additionally, it anchors Unc13A to the active zone (Reddy-Alla et al., 

2017). Schemes taken from Pooryasin et al., 2021. 
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thus the presence of the C-terminus. The third column (Figure 101, yellow) with 

immunostainings against the N-terminus of Unc13A demonstrated the existence of 

endogenous Unc13A (no GFP-tag). Curiously, the overexpression of the C-terminus in the 

mushroom body seemed to hold no endogenous Unc13A (last row, third column). Only the 

heel of the mushroom body was visible in the lower left, but vaguely. Likely, the genetically 

overexpressed C-terminus overlayed the endogenous Unc13A and disturbed the labeling of 

its N-terminus. The last column was a merge of the other three. 

 

 

Figure 101:   Immunostainings of the mushroom body, indicating the different experimental 

situations. 

Immunostainings of the Unc13A C-terminus rescue in the mushroom body, with unc13A RNAi as 

background. Rows show the genotypes (from top to bottom): ok107 > unc13A C-term-GFP,unc13A 

RNAi (only Unc13A C-terminus driven in the mushroom body, endogenous unc13A downregulated), 

ok107 / + (endogenous Unc13A present), unc13A RNAi / + (endogenous Unc13A present), ok107 

> unc13A C-term-GFP (overexpression of Unc13A C-terminus, endogenous Unc13A present). 

Columns show the used antibodies (from left to right): Bruchpilot (BRPNc82; marker for the mushroom 

body), GFP, Unc13A N-terminus (marker for the endogenous Unc13A), and merge of the three 

antibodies. Images: single slide. Scale bar: 20 µm.  
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I already showed that a deficit of Unc13A in the mushroom body could reduce all tested 

memory components (Figure 96c, Figure 98, Figure 99). Next, I wanted to know if the 

reexpression of the Unc13A C-terminus could rescue this memory impairment. The pur C-

terminus in the mushroom body (ok107 > unc13A C-term-GFP,unc13A RNAi) could not bring 

the short-term memory (STM) back. The driver control (ok107 / +), the RNAi control (unc13A 

RNAi / +), and the Unc13A C- terminus overexpression in the mushroom body (ok107 > 

unc13A C-term-GFP) performed comparable around 50 % (Figure 102a). A similar profile was 

visible for longer-lasting memory. 1 and 3 hours mid-term memory (MTM) was significantly 

reduced for the C-terminus rescue in the unc13A RNAi background. The other tested flies 

possessed normal memory (Figure 102d, g). These findings were consistent with the memory 

for unc13A knockdown in the mushroom body (Figure 96c, Figure 98a, Figure 99a). Just like 

the full unc13A knockdown, the consolidated 1 hour anesthesia-resistant memory (ARM) and 

the labile 1 hour anesthesia-sensitive memory (ASM) went down (Figure 102e-f, Figure 99b-

c). Thus, the C-terminus in the mushroom body alone could not rescue the earlier memory 

impairment. In contrast, 3 hours ARM and ASM were severely reduced, yet there was no 

significant drop to one control in each case (Figure 102h-i, Figure 98b-c). Maybe the memory 

phases after 3 hours become less affected. Interestingly, the genetically expressed C-terminus 

on the top of the endogenous Unc13A increased 1 hour ARM massively but impaired 1 hour 

ASM to the same height as the C-terminus alone (Figure 102e-f). Likewise, 3 hours ARM was 

raised due to the C-terminus overexpression, again increased significantly to its control (Figure 

102h). Concomitantly, 3 hours ASM was low, yet the control unc13A RNAi / + as well (Figure 

102i). According to Reddy-Alla et al., 2017, an expression of only the C-terminus fragment 

increases the release sites dramatically but shows a low release probability and inefficient 

transmission at the synapses. Possibly, the additional C-terminus construct, with endogenous 

Unc13A in its background, facilitated further SV release sites, here improving the signal 

transfer, which affected the ARM component positively yet not the ASM. Notably, the innate 

smell behavior was comparable among all tested groups (Figure 102b-c). 
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Figure 102:   Memory phases and innate behavior of the Unc13A C-terminus rescue. 

Aversive olfactory memory tests for 6-day old animals with Unc13A C-terminus in the mushroom 

body. a) Short-term memory (test directly after training): n = 32 for ok107 / +, n = 27 for unc13A 

RNAi / +, n = 25 for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 29 for ok107 > unc13A C-

term-GFP. b-c) Odor acuity. b) 3-Octanol: n = 16 for ok107 / +, n = 18 for unc13A RNAi / +, n = 18 

for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 19 for ok107 > unc13A C-term-GFP. c) 4-

Methylcyclohexanol: n = 15 for ok107 / +, n = 18 for unc13A RNAi / +, n = 18 for ok107 > unc13A 

C-term-GFP , unc13A RNAi, n = 16 for ok107 > unc13A C-term-GFP. d-f) 1 hour memory: d) Mid-

term memory (MTM; test 1 hour after training): n = 9 for ok107 / +, n = 11 for unc13A RNAi / +, n = 

11 for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 7 for ok107 > unc13A C-term-GFP. e) 
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Next, I focused on the N-terminus of Unc13A. The N-terminal Unc13A construct displaces the 

endogenous Unc13A due to competition within the AZ (Reddy-Alla et al., 2017). Thus, the 

endogenous Unc13A does not function normally, and the Unc13A N-terminus operates 

dominant negatively. I expressed this construct in the mushroom body. These flies performed 

dramatically worse in short-term memory than the controls (Figure 103a). Though, a severe 

impairment appeared also in the innate smell behavior (Figure 103b-c). The olfactory acuity of 

3-Octanol dropped significantly compared to both controls and was decreased for 4-

Methylcyclohexanol as well, although not significantly. Accordingly, the results for the short-

term memory could be due to defective odor acuity. Additionally, immunostainings of these 

flies revealed a misshaped mushroom body (Huang, 2019). 

 

Anesthesia-resistant memory (ARM; ice-bad 30 min and test 1 hour after training): n = 13 for ok107 

/ +, n = 14 for unc13A RNAi / +, n = 12 for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 13 for 

ok107 > unc13A C-term-GFP. f) Anesthesia-sensitive memory (ASM): Results received via 

calculation of the median of 1 hour MTM minus the individual performance indices of 1 hour ARM. 

g-i) 3 hours memory: g) MTM (test 3 hours after training): n = 10 for ok107 / +, n = 10 for unc13A 

RNAi / +, n = 11 for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 10 for ok107 > unc13A C-

term-GFP. h) ARM (ice-bad 2.5 hours and test 3 hours after training):  n = 12 for ok107 / +, n = 12 

for unc13A RNAi / +, n = 12 for ok107 > unc13A C-term-GFP , unc13A RNAi, n = 12 for ok107 > 

unc13A C-term-GFP. i) ASM: Results received via calculation of the median of 3 hours MTM minus 

the individual performance indices of 3 hours ARM. Statistics: one-way ANOVA with Sidak’s multiple 

comparisons post hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), 

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 
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In contrast, the odor acuity was not diminished when I expressed Unc13A N-terminus solely 

during the flies’ adulthood via temperature-sensitive inhibition of the expression during 

development (tub-Gal80ts) (Table 17). Immunostainings of the fly brains with FasII as 

mushroom body marker revealed a typically shaped mushroom body in confocal images 

(Figure 104a). The expression of the Unc13A N-terminus was indicated through its GFP tag. 

Interestingly, short-term memory was no longer significantly reduced in these flies. Thus, the 

former memory deficit for ok107 > unc13A N-termDN-GFP resulted from the deformed 

mushroom body or the diminished odor acuity (Figure 103). However, tub-Gal80ts ;; ok107-

Gal4 > unc13A N-termDN-GFP performed significantly lower than the driver control in the 1 hour 

mid-term memory and slightly lower than unc13A N-termDN-GFP/+ (Figure 104c). 1 hour ARM 

appeared comparable to the controls (Figure 104d). Intriguingly, these animals possessed 

clearly reduced 1 hour ASM with a lower memory than both controls (Figure 104e). Reddy-Alla 

et al., 2017, showed the presence of the pure N-terminus of Unc13A inhibits functional SV 

release sites and has adverse effects on synaptic transmission. Thus, the impeded labile 

memory, 1 h ASM, could come from a decreased availability of SV release sites. Taken 

together, the sole Unc13A N-terminus in the mushroom body, restricted to adulthood, impaired 

only 1 h ASM. 

 

Figure 103:   Only Unc13A N-terminus in the mushroom body shows odor acuity and memory 

deficits. 

Aversive olfactory memory tests for 6-day old animals with only the N-terminus of Unc13A active in 

the mushroom body. a) Short-term memory (test directly after training): n = 7 for ok107 / +, n = 7 for 

unc13A N-termDN -GFP / +, n = 8 for ok107 > unc13A N-termDN -GFP. b) 3-Octanol odor acuity: n = 

18 for ok107 / +, n = 18 for unc13A N-termDN -GFP / +, n = 18 for ok107 > unc13A N-termDN -GFP. 

c) 4-Methylcyclohexanol odor acuity: n = 18 for ok107 / +, n = 18 for unc13A N-termDN -GFP / +, n 

= 18 for ok107 > unc13A N-termDN -GFP. Statistics: one-way ANOVA with Sidak’s multiple 

comparisons post hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), 

****p < 0.0001, ***p < 0.001, **p < 0.01, nsp ≥ 0.05. Error bars: mean ± SEM. 
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Figure 104:   Restricted to adulthood, only the Unc13A N-terminus active in the mushroom 

shows a drop in anesthesia-sensitive memory. 

Immunostainings and aversive olfactory memory tests, restricted to adulthood, only the Unc13A N-

terminus active in the mushroom body, 6-day old. a) Immunostainings: First row with the inactive 

unc13A N-termDN-GFP as control. Second row with the active unc13A N-termDN-GFP expressed in 

the mushroom body. Columns present with FasII (a marker for the mushroom body) and GFP 

(showing the Unc13A N-terminus), plus their merge. Scale bar: 50 µm. b) Short-term memory (test 

directly after training): n = 12 for tub-Gal80ts / + ;; ok107 / +, n = 12 for unc13A N-termDN-GFP / +, n 

= 12 for tub-Gal80ts ;; ok107 > unc13A N-termDN-GFP. c) 1 hour mid-term memory (test 1 hour after 

training): n = 16 for tub-Gal80ts / + ;; ok107 / +, n = 15 for unc13A N-termDN-GFP / +, n = 16 for tub-

Gal80ts ;; ok107 > unc13A N-termDN-GFP. d) 1 hour anesthesia-resistant memory (ice-bad 30 min 

and test 1 hour after training): n = 14 for tub-Gal80ts / + ;; ok107 / +, n = 14 for unc13A N-termDN-

GFP / +, n = 16 for tub-Gal80ts ;; ok107 > unc13A N-termDN-GFP. e) 1 hour anesthesia-sensitive 

memory: Results received via calculation of the median of 1 hour mid-term memory minus the 

individual performance indices of 1 hour anesthesia-resistant memory. Statistics: one-way ANOVA 

with Sidak’s multiple comparisons post hoc test (parametric) or Kruskal-Wallis with Dunn’s post hoc 

test (nonparametric), , ****p < 0.0001, *p < 0.05, nsp ≥ 0.05. Error bars: mean ± SEM. 

Immunostainings by Sheng Huang. 
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Since diminished Unc13A in the mushroom body possessed drastically reduced 1 hour 

memory for all components (Figure 99a-c), both termini of Unc13A could have an additive 

effect. The N-terminus affected only the labile memory (Figure 104e), while the C-terminus 

impacted all memory phases (Figure 102) to a lesser degree than the unc13A knockdown in 

the mushroom body. However, the C-terminus’ expression was not restricted to the adulthood 

of the flies as the N-terminus in Figure 104, and the defective memory could have its origin in 

developmental stages (Figure 102). In contrast to a life-long expression of the N-terminus in 

the mushroom body (Figure 103, Huang, 2019), the life-long C-terminus expression did not 

evoke a misshaped mushroom body nor any deficits in innate smell behavior (Figure 101, 

Figure 102b-c). Thus, the preconditions for functional learning and memory acquisition existed. 

Additionally, it would be interesting to reexpress both constructs, the Unc13A C- and N-

terminus, in the background of ok107 > unc13A RNAi to see if they could fulfill all functions of 

full-length Unc13A. 

 

All residual innate behavior showed comparable performances to at least one of their controls 

for the used learning concentrations (Table 17). Both odor acuities for 3-Octanol and 4-

Methylcyclohexanol were insignificant, except for the former mentioned chronically expressed 

Unc13A N-terminus in the mushroom body (ok107 > unc13A N-termDN -GFP; Figure 103b-c). 

Additionally, the shock reactivities appeared normal compared to at least one control (Table 

17). 
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  Olfactory acuity 

Genotype Shock reactivity (n) 3-Octanol (n) 4-Methylcyclohexanol (n) 

1) ok107 / + 

2) unc13A RNAi / + 

3) ok107 > unc13A C-

term-GFP, unc13A RNAi 

4) ok107 > unc13A C-

term -GFP 

85.49 ± 1.639 (12) 

73.70 ± 2.689 (12) 

79.52 ± 2.734 (12) 

 

79.48 ± 3.372 (12) 

 

48.03 ± 4.372 (16) 

41.32 ± 6.658 (18) 

36.84 ± 4.578 (18) 

 

45.76 ± 6.002 (19) 

61.65 ± 4.438 (15) 

50.72 ± 5.599 (18) 

54.14 ± 4.945 (18) 

 

71.03 ± 3.557 (16) 

1) ok107 / + 

2) unc13A N-termDN -

GFP / + 

3) ok107 > unc13A N-

termDN -GFP 

91.42 ± 2.136 (6) 

81.85 ± 3.155 (6) 

 

88.91 ± 1.691 (10) 

 

43.80 ± 5.499 (18) 

49.91 ± 5.386 (18) 

 

18.08 ± 5.476 (18) 

72.81 ± 4.607 (18) 

71.22 ± 3.272 (18) 

 

58.41 ± 5.403 (18) 

1) tub-Gal80ts / + ;; 

ok107 / + 

2) unc13A N-termDN-

GFP / + 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 

95.08 ± 1.045 (10) 

85.13 ± 1.794 (10) 

 

93.32 ± 1.068 (10) 

44.03 ± 9.953 (12) 

38.93 ± 8.790 (12) 

 

26.60 ± 10.15 (12) 

 

43.23 ± 5.946 (12) 

42.79 ± 3.546 (12) 

 

44.72 ± 5.438 (12) 

Table 17:   Innate behavior of the conducted  C- or N-terminus of Unc13A, expressed in the 

mushroom body. 

The shock reactivities were not significantly different from at least one of the belonging controls. The 

olfactory acuities appeared insignificant, but ok107 > unc13A N-termDN-GFP appeared significantly 

lower for 3-Octanol. Statistics: one-way ANOVA with Sidak’s multiple comparisons post hoc test 

(parametric) or Kruskal-Wallis with Dunn’s post hoc test (nonparametric), ***p < 0.001, **p < 0.01 *p 

< 0.05, nsp ≥ 0.05. Mean ± SEM. 



  

 



  

 

 

 

 

 

 

 

 

 

IV.    Discussion 
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1. Learning and memory formation in the context of aging 

Learning is a fundamental ability to deal with the environment and external circumstances to 

survive. Depending on the importance and repetition, this learned information becomes 

consolidated and lasts longer, or fades with time. Though, the older we get, the harder it 

becomes to form new memories. The problem is how to address age-induced memory 

impairment in research. One solution is using a relatively simpler animal model like Drosophila 

melanogaster due to its short lifespan, easy genetic access, and evolutionary conserved aging 

mechanisms between flies and humans (Tamura et al., 2003; Davis, 2005; Mery, 2007; Bishop 

et al., 2010). With aversive olfactory conditioning, I investigated the impact of several aging 

mechanisms on memory formation. The olfactory system in adult Drosophila melanogaster is 

less complex than the mammalian one yet holds remarkable homologies in the fundamental 

anatomical organization and function (Hildebrand and Shepherd, 1997; Davis, 2004). 

Memories themselves can be seen as traces in the neuronal tissues, cellular and synaptic 

plasticity regarding changes in the neuronal network induced by experiences (Christiansen et 

al., 2011; Davis, 2011). Thereby, presynaptic plasticity is the flexibility of the synaptic 

organization to adjust itself for the needed transmission strength. Though with aging, the 

presynaptic plasticity changes with dramatic increases of active zone components like 

Unc13A, Bruchpilot (BRP), and RIM-binding protein (RIM-BP) (Gupta et al., 2016; Huang et 

al., 2020). Thus, the transmission of signals becomes impaired, and the generation of 

memories is hindered (Gupta et al., 2016; Huang et al., 2020). 
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2. The nano-architecture in the presynapse 

The probability of releasing synaptic vesicles (SVs), thus transmitting signals can vary 

extremely between different neuronal tissues, even though the elementary composition of the 

presynaptic active zones (AZs) stays the same (Akbergenova et al., 2018; Piao and Sigrist, 

2021). Unc13 is the SV priming and release factor within the presynaptic AZ and generates 

SV release sites (Reddy-Alla et al., 2017). Several studies revealed a nanoscopic stable 

distribution of Unc13’s two dominant isoforms, Unc13A and B, to the presynaptic AZ center: 

Unc13A clusters closer to the Ca2+ channels while Unc13B localizes at a larger distance 

(Böhme et al., 2016; Fulterer et al., 2018; Woitkuhn and Ender et al., 2020; Pooryasin et al., 

2021). Interestingly, this goes along with Unc13A, supporting a high phasic release probability 

to individual action potentials, and Unc13B, promoting a lower tonic release (Fulterer et al., 

2018; Woitkuhn and Ender et al., 2020). A varying ratio of Unc13A and B in the different tissues 

promotes an adjustable system with different functions in release probability and short-term 

plasticity (Fulterer et al., 2018; Woitkuhn and Ender et al., 2020). Since Unc13A was found to 

increase with age, what principle role play the Unc13 isoforms for memory formation? 

 

 

Figure 105:   The memory impact of Unc13’s isoforms along the olfactory nervous system. 

An odor cue is sensed by the olfactory receptor neurons (ORNs), which synapse the projection 

neurons (PNs) in the antennal lobe. The PNs forward the signal to higher integration centers like 

the mushroom body (MB) or the lateral horn (not included in the image).  

Knockdowns (KD) of unc13 A or B in the different tissues revealed various behaviors for aversive 

olfactory conditioning. The ORNs’ short-term memory (STM) was not inhibited, while the unc13A 

KD in the PNs decreased STM. Severe deficits in all measured memory phases showed unc13A 

KD in the MB. Here, STM, mid-term memory (MTM; 1 and 3 hours), and its components, labile 

anesthesia-resistant memory (ASM; 1 and 3 hours) and anesthesia-resistant memory (ARM; 1 and 

3 hours) dropped dramatically. unc13B KD in the MB also performed with reduced STM and MTM 

(1 and 3 hours), though the deficits were milder. ASM and ARM were not affected. 
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I investigated the relevance of Unc13’s isoforms in different neuronal tissues involved in the 

olfactory pathway to gather aversive conditioned memories (Figure 105). In a first step, the 

olfactory receptors perceive an odor cue at the olfactory receptor neurons (ORNs). Here, 

neither a knockdown of unc13A nor unc13B generated a short-term memory (STM) deficit. 

Additionally, the scores for innate smell behavior were slightly reduced in these flies, yet did 

not differ from their controls significantly. The ORNs synapse in the antennal lobe (AL) with the 

projection neurons (PNs). These strengthen weak ORN signals while attenuating an 

overshooting firing, and convey the received signal less roaring, to avoid sensory noise and 

support odor differentiation (Bhandawat et al., 2007; Amin and Lin, 2019). Possibly, one 

isoform was enough to transmit the signal when knocking down unc13A or B in the ORNs, and 

the PNs processed this weaker information like a faint odor, still recognizable to generate 

memories. 

From the AL, the odor cue is forwarded via the PNs, which convey their signal to higher 

integration centers like the mushroom body (MB). Interestingly, Unc13A seemed necessary in 

the PNs during STM formation. Generally, due to the stimulus of an aversive conditioned odor, 

a spatial code of activated glomeruli in the ALs creates a short-term trace in the PNs, involving 

former inactive synapses (Yu et al., 2004). Likely, since Unc13A promotes a high phasic 

release probability, facilitating short-term plasticity, the knockdown of unc13A in the PNs 

inhibited STM (Lipstein et al., 2013; Jackman and Regehr, 2017; Woitkuhn and Ender et al., 

2020). On the contrary, longer-lasting memory phases did not suffer (Figure 105). Unc13B, 

supporting a lower SV release probability, showed no memory decay when it was reduced in 

the PNs. Notably, the belonging innate smell behavior tests revealed no deficits for these 

animals in the used odor concentrations. Pooryasin et al., 2021 showed a significant odor 

acuity decrease for the same genotypes, though with lower concentrations. Further, they 

demonstrated a normalized smell acuity with higher concentrations. The used odor 

concentrations in my conducted innate behavior and memory tests were relatively high and 

saturated, thus they had normal smell abilities. Such odor intensities provide the greatest 

chance to receive optimal memory performances (Yarali et al., 2009).  

 

In my Unc13 memory tests, I found the strongest effects with the Unc13A deficiency in the MB, 

the principle integration center for generating and storing memories (Heisenberg, 2003; 

McGuire et al., 2005; Aso et al., 2014). Here, Unc13A seemed to play a fundamental role in 

memory formation since all measured memory phases decreased dramatically for ok107 > 

unc13A RNAi. STM, MTM (1 and 3 hours), plus its components, the labile anesthesia-sensitive 

memory (ASM), and even the typically stable anesthesia-resistant memory (ARM) declined. 

Partially, this correlated with the Unc13A expression pattern in the MB lobes, enriched in the 

α’/ꞵ’ and γ lobes (Woitkuhn and Ender et al., 2020). The initial learning phase, where the 
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memory is acquired, needs the γ lobe immediately, but also a memory trace in the α’/ꞵ’ lobes 

is built, which lasts up to 1 hour (Wang et al., 2008; Bouzaiane et al., 2015). Accordingly, I 

found STM and 1 hour MTM severely reduced. However, the most severe memory lack 

occurred for 3 hours MTM and ASM, where the flies even showed a so-called masochistic 

behavior (Quinn et al., 1974), preferring the shocked odor. Of course, the ASM values were 

calculated by the subtraction of the ARM values from the median MTM, thus the flies did not 

perform the received masochistic behavior actively. Still, the performance indices were so low 

for MTM and ARM that the ASM component was erased. 

In contrast, Unc13B seemed to have a less fundamental role in memory formation. The unc13B 

knockdown in the MB possessed milder memory deficits for STM and MTM (1 and 3 hours) 

than the unc13A knockdown. ASM and ARM (1 and 3 hours) were not affected.  

 

Further dismantling the Unc13A’s influence on memory, I found that its C-terminus alone in the 

MB could not restore STM or 1 hour MTM, nor its components ASM and ASM were also 

reduced. This was surprising since the unc13A C-terminus reexpression could largely restore 

the dramatic decrease of evoked exocytosis with the unc13A null mutant at the NMJ (Böhme 

et al., 2016; Böhme et al., 2019). Indeed, the 3 hours MTM decline seemed milder than for the 

complete unc13A knockdown, and 3 hours ASM and ARM showed no significant differences 

from the controls. Reddy-Alla et al., 2017, revealed that a pure C-terminus expression 

increases the release sites dramatically, but they were allocated in the presynapse, often 

further away from the AZ’s center. Thus, the SV release probability was low, the release time 

changed massively, and an imprecise, inefficient transmission happened due to this 

uncoordinated release site positioning (Reddy-Alla et al., 2017; Pooryasin et al., 2021). In the 

sole C-terminus neurons,  rapid presynaptic homeostatic potentiation was hindered, which 

impeded the immediate plastic increase of SV release (Böhme et al., 2019).  

Interestingly, the C-terminus construct on the top of the endogenous Unc13A (thus a C-

terminus overexpression) increased 1 hour ARM massively but impaired 1 hour ASM to the 

same lowness as the C-terminus alone in the MB. This boost of ARM was also visible at 3 

hours. Possibly, the C-terminus overexpression primed additional SVs and facilitated further 

SV release site expressions, which improved the signal transfer and affected the ARM 

positively, yet inhibited the ASM component. Could this increased ARM intensity be at the 

expense of ASM? Pooryasin et al., 2021, saw that the C-terminus overexpression in the PNs 

possessed no smell response anymore, neither aversive nor appetitive, thus they performed 

even more worse than the pure C-terminus in the PNs. Seemingly, the proper localization of 

Unc13A at the AZ, defined by its N-terminus, is crucial for sensory information processing, and 

excessive release sites generated by an overshooting Unc13A C-terminus block the sensory 
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coding for innate smell behavior. The sensible ASM component maybe suffered from this 

Unc13A C-terminus proliferation as well. 

Furthermore, my analyses of only the Unc13A N-terminus active in the MB revealed problems 

with innate behavior and a misshaped MB. Thus, I restricted this scenario to the flies’ 

adulthood. Interestingly, only 1 hour ASM declined, while STM, 1 hour MTM and ARM were 

not significantly different from their controls. The N-terminus anchors Unc13A to the AZ, thus 

a precise, synchronise signal transmission is possible (Reddy-Alla et al., 2017). The used 

Unc13A N-terminus construct blocks the accessibility of SV release sites due to its competition 

with the endogenous Unc13A binding slots, which reduces the SV release probability in NMJs 

(Reddy-Alla et al., 2017; Pooryasin et al., 2021). Thus, the impeded labile 1 h ASM could result 

from a decreased availability of functional SV release sites. Does the ASM formation need a 

robust signal transmission? Knapek et al., 2010, saw for a mutant of synapsin, a 

phosphoprotein involved in the SV release under high-frequency nerve stimulation, in 

particular, the ASM component decreased. However, the number of active release slots 

seemed enough to rescue STM and ARM. 

Taken together, a lack of the full-length Unc13A in the mushroom body showed severe deficits 

for all memory components, which a sole expression of the C-terminus seemed to copy. The 

MB’s intrinsic neurons, the kenyon cells, filter the broader input from the PNs due to a sparse 

coding, where only a few KCs become activated (Honegger et al., 2011; Amin and Lin, 2019).  

A precise, synchronized SV release seemed required to forward a proper memory signal to 

the MB output neurons. N-terminus tests supported this since STM, ARM, and partially MTM 

were restored. Only the labile memory phase at 1 hour, ASM,  decreased. An appropriate 

amount of functional release sites is possibly needed for this memory component, though the 

C-terminus overexpression showed ASM deficits as well. Overshooting SV release site 

expressions seemed to facilitate and strengthen the consolidated memory component ARM, 

maybe at the expense of ASM. The wild-typic combination of both parts seems indispensable 

to restore ASM, which appears to need a strong and precise release. It would be interesting to 

reexpress both constructs in one fly to see if each part could rescue the memory totally to 

mimic this additive effect. Notably, the unc13A knockdown and C-terminus manipulations were 

chronic. Developmental deficits could interfere with the observed results. Further tests would 

be interesting, restricting the treatment to the flies’ adulthood. 

 

My findings indicate Unc13A as a general switch for memory formation in the mushroom body.  

Interestingly, this seems to be the case in the sensory information processing. Pooryasin et 

al., 2021, found the fundamental odor detection decreased, with missing sensory coding for 

aversive and appetitive scents, upon an unc13A knockdown in the PNs (Pooryasin et al., 
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2021). By contrast, PN deficient Unc13B caused only a lacking avoidance to aversive odors, 

indicating Unc13B is implementing “go-away” information (Pooryasin et al., 2021). 

Even though the basic memory formation is dependent on Unc13A, the B isoform modified the 

memory behavior in the mushroom body in a milder form as well. The presynaptic nano-

architecture, causing different competencies to conduct short-term plasticity, generated a 

diverse memory pattern with the fast, phasic release component as the main actor in memory 

formation. Further investigation on long-term memory could be promising to see a possible 

role for the slower, tonic release factor Unc13B. 

  



Discussion | 182 

 

3. Learning is dependent on plastic adjustments at the synapses 

With advancing age, the ability to form new memories decreases dramatically, which is 

conserved in the different species (Mery, 2007; Tonoki and Davis, 2012; Konar et al., 2016). 

Short-term memory (STM), mid-term memory (MTM), and in particular anesthesia-sensitive 

memory (ASM) decrease, while the consolidated anesthesia-resistant memory (ARM) stays 

the same (Tamura et al., 2003; Gupta et al., 2013; Bhukel and Beuschel et al., 2019). 

Notably, memory formation but also the inability to get new ones is highly dependent on the 

condition of the synapses. Gupta et al., 2016, found a massive upregulation of the presynaptic 

active zone (AZ) scaffold upon aging. This presynaptic upscaling is visible in dramatically 

increased intensities for AZ proteins like Bruchpilot (BRP), Unc13A, or RIM-binding protein 

(RIM-BP) in aged brains (Gupta et al., 2016). Aging neurons show enlarged BRP rings in the 

nano-architecture of planar-oriented AZs (STED), and broad and loose T-bars, the electron-

dense structures at the AZ, composed of BRP (electron microscopy) (Zhai and Bellen, 2004; 

Wagh et al., 2006; Gupta et al., 2016). Argumentum e contrario, these findings revealed aging-

typical conditions, which can serve as a suitable marker for aging and help to define aging 

pathways and connections on cellular levels (Figure 106). Equally, accumulations of 

p62/Ref(2)p, an autophagy receptor marking cargo for degradation, occur with advancing age, 

thus they can be exploited as a perfect aging indicator (more on page 186; Bartlett et al., 2011; 

Gupta et al., 2013; Mauvezin et al., 2014). 

Astonishingly, Gupta et al., 2016, mimicked some of these aging-typical effects by adding two 

additional gene copies of BRP to the two endogenous copies in young animals already. Thus, 

they could link presynaptic increase with memory impairment in young animals. The 4x BRP 

mutant possesses a premature aging state with symptoms like BRP increase in the whole 

brain, an aging-typical T-bar shape, and severely reduced memory in STM, MTM, and ASM 

(Gupta et al., 2016). In these mutants, the presynaptic plasticity seems to become non-

malleable, followed by impaired signal transmission and hindered memory generation. 

 

One question appeared upon these findings, which is fundamental in age research: How can 

we differentiate between age-induced defects and the compensation by the system to 

counteract aging? What is beneficial, what is detrimental? 

 

I investigated different scenarios. First, I examined the acetylation status of the T-bars since 

the more they become deacetylated with advancing age, the broader and looser their structure 

is (Figure 106; Miskiewicz et al., 2014). I found that a pan-neuronal knockdown of the BRP 

deacetylase hdac6 boosted the STM in young and old flies immensely. Notably, HDAC6 

inhibitors act neuroprotective, support the genesis of dendrites and synapses, and improve 
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memory in rodents (Fischer et al., 2007; Toonen and Verhage, 2011; Krukowski et al., 2017). 

They are promising substances against neurodegenerative diseases like Alzheimer’s or 

Parkinson’s (Li et al., 2021; Onishi et al., 2021). Even though I observed age-induced memory 

impairment in HDAC6 diminished flies, the substantial protective effect on memory was equally 

present in young and old animals. 

 

 

Further, assuming that the current state of presynaptic plasticity for 4x BRP or aging was 

harmful, I wanted to see if a reduced BRP expression could prevent age-induced memory 

impairment. Thus, I examined STM for young and old 1x BRP animals. Surprisingly, they 

tended towards lower memory values than the wild-type 2x BRP at the young state already, 

which decreased further with higher age. A reason could the reduced sleep level of 1x BRP be 

(Huang et al., 2020). Our recent study detected a gradual increase in the sleep quantity 

according to a dosage-dependent enhancement of presynaptic plasticity via BRP (Huang et 

al., 2020): 1x BRP showed less sleep than the wild-type 2x BRP, followed by more with 3x 

BRP and an extreme sleep drive for 4x BRP. The harmful effects of sleep withdrawal on 

cognitive performances are familiar (Goel et al., 2009; Diekelmann and Born, 2010; Dissel et 

al., 2015; Donlea, 2019). Thus, was there a connection between the lower sleep in 1x BRP 

 

Figure 106:   Indicators for aging. 

How to define aging? In Drosophila melanogaster, age-typical changes in the brain like a broad and 

loose T-bar, increased presynaptic plasticity (more Bruchpilot, Unc13A, and RIM-BP), and multiplied 

p62/Ref(2)p aggregates are accompanied by reduced short-term memory (STM), mid-term memory 

(MTM), and its component anesthesia-sensitive memory (ASM) (Tamura et al., 2003; Gupta et al., 

2013; Gupta et al., 2016; Bhukel and Beuschel et al., 2019). 
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animals and the tendency to lower memory? Reversely, sleep deprivation causes dramatically 

increased BRP levels, and sleep-deprived flies show an extreme sleep drive, comparable to 

4x BRP (Gilestro et al., 2009; Huang et al., 2020). The ‘synaptic homeostasis hypothesis’ says 

that sleep is needed to reinforce what has been learned, and sleeping allows to form new 

memories via changes in brain plasticity (Tononi and Cirelli, 2016). Could the massive amount 

of BRP, like in 4x BRP mutants or sleep-deprived flies, hold the synapse at an operating peak 

and overload the system (Gilestro et al., 2009; Gupta et al., 2016; Huang et al., 2020)? And 

the high sleep drive is the try of the system to reset? Was the maximum of BPR maybe not the 

detrimental aspect but an adaptation of the synapse to a challenging scenario? With age, a 

higher SV release could be observed (Foster et al., 1991; Rosenzweig and Barnes, 2003; 

Gupta et al., 2016). Thus, an age-induced high tuning of the presynaptic AZ facilitates synaptic 

vesicle release, likely keeping it in an operating state and providing synaptic plasticity (Peled 

and Isacoff, 2011; Gupta et al., 2016). Typically, a system reacts with this experience-

dependent modulation within the synapse as an adaptation to the environment, which needs 

to stay adjustable (Ho et al., 2011; Kandel et al., 2014; Takeuchi et al., 2014; Böhme et al., 

2019). Though, when the compensatory upregulation reaches the upper limit of a functional 

system, it becomes overloaded and seems to block neuronal flexibility (Gilestro et al., 2009; 

Gupta et al., 2016; Huang et al., 2020). In this state of presynaptic metaplasticity, memory 

formation becomes inoperable. 

Thus, I tested the memory for animals, where the presynaptic plasticity was seemingly not at 

the operational limit. In sleep examinations, 3x BRP shows slightly increased sleep per day, 

yet the sleep performance resembled more the wild-type 2x BRP than the extreme sleep 

quantity of 4x BRP (Huang et al., 2020). Additionally, 3x BRP boosts the life expectancy over 

the level of 2x BRP in male and female flies (Huang et al., in submission). Though, my memory 

tests revealed no benefit with 3x BRP animals compared to the wild-type 2x BRP. 

 

Intriguingly, I found a link between a beneficial impact of presynaptic plasticity and memory in 

another context. Typically, chronic sleep-deprived flies show a presynaptic upscaling innately 

(Huang et al., 2020). However, Huang et al., 2020, found the sleep-deprived mutant sleepless 

as unable to undergo such a presynaptic scaling. Notably, this mutant possesses, in particular, 

a severe sleep reduction of more than 80 %, and I found dramatic memory deficits in MTM and 

ASM (Koh et al., 2008). Indeed, the combination of sleepless with 4x BRP compensates the 

extreme converse sleep characteristics of these two genotypes. Thus, especially daytime 

sleep was normalized to the level of 2x BRP (wild-type) (Huang et al., 2020). However, their 

memory performance was low to the level of sole 4x BRP.  

Astonishingly, a moderate upscaling of the presynaptic plasticity improved 3 hours MTM and 

even boosted the ASM component. One additional BRP copy to the two endogenous ones (3x 
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BRP) seemed to restore the missing presynaptic plasticity of sleepless and balance its intrinsic 

plasticity to a functional level, which facilitated memory formation. 

 

Interestingly, the loss of the overshooting presynaptic plasticity in neurons responsible for 

homeostatic sleep drive can create a remedy scenario. Thus, the sleep phenotype of 4x BRP 

is partially rescued when brp is knocked down in the R5 neurons (Huang et al., 2020). Notably, 

the BRP amount in sleep-deprived flies raises dramatically in this subset of the ellipsoid body, 

which is, in particular, responsible for homeostatic sleep drive after sleep depression (Liu et 

al., 2016). Thus, the continuous sleep drive in 4x BRP was regulated down due to absent 

presynaptic plasticity by BRP in the R5 neurons (Liu et al., 2016; Huang et al., 2020). How 

would these flies behave in memory tests? Indeed, this scenario rescued the severe memory 

defects of 4x BRP. STM and 1 hour MTM improved to the levels of their controls. 

 

Taken together, presynaptic upregulation seems to be a try of the system to confront 

challenging circumstances like sleep loss or aging. Such plastic processes are crucial for 

adaptations to the environment and animals need to stay adjustable to generate new memories 

(Kandel et al., 2014). However, sleep resets presynaptic plasticity to an operational level 

(Spano et al., 2019; Vivo et al., 2019; Huang and Sigrist, 2021). 
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4. Missing autophagy provokes early cognitive decline in an age-

typical manner 

The autophagic pathway is one of the most important targets to prevent aging effects 

(Rubinsztein et al., 2011; Liang and Sigrist, 2018). Autophagic clearance, which is highly 

conserved in the different species, functions as the cellular housekeeper and ensures the 

balance between synthesis and degradation to maintain cellular homeostasis (Levine and 

Kroemer, 2008; Bishop et al., 2010; Yin et al., 2016). Though, autophagic efficiency declines 

with higher age, increasing the risk for accumulations of misfolded proteins like the aggregates 

in Alzheimer's (amyloid-beta plaques and tau neurofibrillary tangles) or Parkinson’s (Lewy 

bodies) disease (Gupta et al., 2013; Yang et al., 2014; Yu et al., 2017; Liang and Sigrist, 2018; 

Mattson and Arumugam, 2018; Bhukel and Beuschel et al., 2019).  

One type of autophagy, macroautophagy, is essential for the degradation of proteins and 

organelles. Here, the receptor p62 (also named sequestome 1; Drosophila’s homolog: Ref(2)p) 

binds ubiquitinated residues of these proteins, which marks them to become absorbed by 

multi-membrane vesicles, named autophagosomes. Afterward, the autophagosomes fuse with 

lysosomes for their cargo’s digestion (Bento et al., 2016; Bhukel and Beuschel et al., 2019). 

This macroautophagic machinery is regulated by a cascade of autophagy-related (Atg) 

proteins (Menzies et al., 2017). 

 

In my thesis, I used two strategies, Atg5 and Atg9, to investigate the influence of deficient 

macroautophagy on memory. These two proteins interfere in independent phases of 

macroautophagy: Atg5 is involved in the autophagosome assembly and elongation (Gelino 

and Hansen, 2012; Gui et al., 2019). In contrast, Atg9 serves as the carrier for the required 

lipid bilayers to the autophagosome construction site (Singh and Cuervo, 2011; Gelino and 

Hansen, 2012; Bento et al., 2016). Brain Western blots detecting Atg8 showed two bands for 

the pan-neuronal atg9 knockdown (just like the controls), while pan-neuronal atg5 deficient 

brains did not possess the second band of the lipidated Atg8 modification (Bhukel and 

Beuschel et al., 2019). Thus, the effects of the atg5 and atg9 knockdowns targeted different 

autophagic steps to examine the consequences of attenuated macroautophagy in neuronal 

tissues, focusing on aversive olfactory memory. 

Concomitantly, a sufficient downregulation of the macroautophagy machinery in the respective 

areas was monitored via immunolabelling with p62/Ref(2)p. Deficient macroautophagy is 

accompanied by accumulations of p62/Ref(2)p, and such aggregates also occur with 

advancing age (Bjørkøy et al., 2009; Bartlett et al., 2011; Gupta et al., 2013; Mauvezin et al., 

2014). As further readout served the immunolabelling of Bruchpilot. Gupta et al., 2016, found 
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a dramatic increase of the Bruchpilot (BRPNc82) intensity in fly brains with higher age. Thus, 

p62/Ref(2)p and BRPNc82 labeling served as markers for age-like changes in the fly brain. 

 

My results revealed that reduced macroautophagy was accompanied by early memory 

impairment. Deficits occurred in short-term memory (STM), essential for the acquisition of 

memory, and 1 hour mid-term memory (MTM), where memory maintenance and consolidation 

happen (Tully and Quinn, 1985). Intriguingly, even though I downregulated macroautophagy 

in two different ways, the observed memory decline was similar. These cognitive defects 

appeared in pan-neuronal downregulations of atg5 and atg9, accompanied by p62/Ref(2)p 

accumulations in the whole brain and an increased BRPNc82 intensity brain-wide. 

Interestingly, functional macroautophagy in the mushroom body seemed to be crucial for 

memory formation. The memory performance dropped with the expression of atg5 or atg9 

RNAi using the mushroom body drivers ok107-Gal4 or vt030559-Gal4. Both STM and MTM 

were affected. More precisely, MTM's anesthesia-sensitive, labile component (ASM) vanished, 

while the stable, consolidated anesthesia-resistant memory (ARM) remained. Thus, deficient 

macroautophagy in the mushroom body mimicked the memory performance of aged animals 

(Tamura et al., 2003; Scheunemann et al., 2012; Bhukel and Beuschel et al., 2019). Cellular 

observations with p62/Ref(2)p immunostainings revealed massive aggregates in the area of 

the mushroom body (Bartlett et al., 2011; Bhukel and Beuschel et al., 2019). Astonishingly, the 

presynaptic plasticity indicated by BRP levels increased not only in the mushroom body region 

but brain-wide. This non-cell autonomous upregulation of BRP seemed dependent on the 

mushroom body's autophagic status (Bhukel and Beuschel et al., 2019). 

 

Could a subset of the mushroom body be necessary for these effects in particular? The 

different memory phases are generated due to the co-activation of memory traces, cellular and 

plasticity changes in the neurons induced by learning (Christiansen et al., 2011; Davis, 2011). 

Here, the three classes of mushroom body lobes, α’/ꞵ’, α/ꞵ, and γ, entail various traces and 

memory processes (Krashes et al., 2007; Davis, 2011). An attenuation of macroautophagy 

only in the prime lobes, especially required for memory acquisition and maintenance until 1 

hour (Wang et al., 2008), caused no memory deficits or presynaptic increases. The readout 

with p62/Ref(2)p demonstrated accumulations in other brain regions like pars intercerebralis, 

where ok107-Gal4 also expresses. Though the α/ꞵ and γ lobes seemed free from p62/Ref(2)p 

aggregates, likely due to functional macroautophagy (Bhukel, 2018). Thus, these lobes 

appeared to hold a key position for functional macroautophagy to prevent a brain-wide non-

cell autonomous BRP increase and memory decay. 

The opposing experiment with deficient Atg5 or Atg9 in the α/ꞵ and γ lobes also showed no 

memory impairment. Here, p62/Ref(2)p immunostainings with mb247-Gal4 showed 
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aggregates in the α/ꞵ and γ lobes, though with a weaker expression than ok107-Gal4 (Bhukel, 

2018). Indeed, Aso et al., 2009, also described mb247-Gal4 as a relative weak driver. Thus, 

only an intense inhibition of macroautophagy in the α/b and γ lobes seemed to result in the 

effects of early memory impairment due to deficient macroautophagy.  

 

To exclude developmental defects due to chronic downregulation of atg5 or atg9, I restricted 

macroautophagic attenuation to the adulthood of the flies via Gal80ts. In this test situation, I 

could not observe a memory decrease in STM or 1 hour MTM. Though, immunostainings with 

p62/Ref(2)p revealed an insufficient suppression of macroautophagic processes since no 

p62/Ref(2)p aggregates were visible in the kenyon cells of the mushroom body (Bhukel and 

Beuschel et al., 2019). Deficient macroautophagy would be accompanied by accumulations of 

p62/Ref(2)p, which were massively present in the pan-neuronal and mushroom-body specific 

downregulations of macroautophagy. Likely, the turnover of the proteins Atg5 or Atg9 was not 

sufficiently achieved when restricting missing macroautophagy via RNAi to only the post-

enclosing adult stages. The stability period of these two proteins could be longer lasting than 

the 10 days when the flies were tested, and developmentally expressed remainings of Atg5 

and Atg9 could generate a functional macroautophagic machinery. Kinetic analysis of the 

protein stability could reveal a suitable moment to test memory in these animals, yet the age-

induced decrease of memory starts around day 15 in Drosophila melanogaster and would 

interfere with the results at this age (Gupta et al., 2013; Liang et al., 2021). Similarly, missing 

macroautophagy could be no longer important for memory formation in the mushroom body at 

the timepoint of the adult stages. Thus, limiting deficient macroautophagy only to the adult 

stage did not answer the question of developmental deficits. Indeed, these findings could also 

support that an intense inhibition of macroautophagy is needed to entail early memory 

impairment. 

In conclusion, inoperative macroautophagy provoked severe conditions at a young age 

already. The synapse suffered from premature aging, triggering presynaptic metaplasticity, 

followed by early memory impairment. Thereby, the current macroautophagic status in the 

mushroom body seemed to affect the ultrastructural situation of the presynaptic active zone 

brain-wide (Bhukel and Beuschel et al., 2019). 
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5. Mediation of early memory impairment by reduced short 

neuropeptide F signaling? 

How could a mediation from a small neuropile region to the whole brain work? Intercellular 

communication happens via messenger molecules like hormones or neuropeptides (Silbernagl 

and Despopoulos, 1979). The mammalian neuropeptide Y (NPY; in Drosophila: short 

neuropeptide F, sNPF) was a promising candidate since it expresses broadly in the central 

nervous system, mediating foraging, inducing autophagy, and decreasing with age (Lee et al., 

2004; Aveleira et al., 2015a; Botelho and Cavadas, 2015). Additionally, the hypothalamus in 

mammals, or rather the mushroom body (MB) in Drosophila melanogaster was shown as NPY/ 

sNPF secreting tissues (Hahn et al., 1998; Johard et al., 2008; Nässel et al., 2008). 

 

My results revealed that early memory impairment seems to be caused by a mechanism of 

deficient macroautophagy in the MB, which depressed sNPF signaling to an aging-typical 

state. Young flies, missing Atg5 in the MB, showed dramatically reduced amounts of sNPF. 

Moreover, reduced sNPF via a hypomorph mutant (sNPFc00448) possessed a dramatic brain-

wide increase of presynaptic plasticity and decreased short- (STM), mid-term (MTM), and 

anesthesia-sensitive memory (ASM), all aging-typical indicators (Figure 106). This mutant 

mimicked the missing macroautophagy phenotype and aging. Though the animals showed 

severe problems with innate smell behavior, thus I looked for another option to decrease sNPF 

signaling. However, the anesthesia-resistant memory (ARM) appeared similar to the wild-type, 

indicating general learning and memory formation was possible. 

Nailing the effect on the MB, I downregulated the sNPF receptor with RNAi in this neuropile. 

This receptor is, inter alia, expressed on the MB, generating autocrine signaling to this tissue 

(Nässel et al., 2008; Bhukel and Beuschel et al., 2019). Intriguingly, the investigations with 

MB-specific lines copied the results of diminished macroautophagy in the MB: the missing 

sNPF receptor in this neuropile increased the presynaptic plasticity and the T-bar size 

dramatically, accompanied by a massive drop of STM, MTM, and ASM (near zero %). Notably, 

this memory decrease was even more massive than the memory phenotype of the decreased 

macroautophagy MB-specific examinations. Again, innate smell behavior also occurred 

critically here. However, general memory formation seemed possible since ARM was 

functional.  

Indeed, a reduced smell ability in the hypomorph sNPF mutant was not surprising since sNPF 

signaling mediates foraging (Lee et al., 2004). A low level of insulin signaling, like during 

starvation or caloric restriction, mediates the expression of sNPF receptors in the olfactory 

receptor neurons (ORNs) to induce the food search (Root et al., 2011). Thus, odor perception 

is boosted via sNPF signaling’s increase of presynaptic transmission from the ORNs to the 
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projection neurons. The intrinsic sNPF signaling mediates the innate smell behavior, and the 

sNPFc00448 mutants seemed unable to go through this upregulation in the ORNs. However, why 

could the flies also not smell properly when the sNPF receptor knockdown was restricted to 

the MB? Newer findings reveal an influence of the MB in the lateral horn, the principle 

processing center for naïve odor perception, to control the food-search and conflict situations 

in foraging (Lewis et al., 2015; Tsao et al., 2018; Amin and Lin, 2019; Das Chakraborty and 

Sachse, 2021). 

Notably, reducing the sNPF receptor expression in other brain regions like the pars 

intercerebralis showed no memory decay. Indeed, Bruchpilot intensity in immunostainings was 

even significantly reduced (Bhukel, 2018). Investigations on rodents reveal that NPY’s effects 

on memory can be highly divergent, depending on the region where NPY was increased (Beck 

and Pourié, 2013). In aged animals, the hippocampal areas dentate gyrus and CA1-CA3 lose 

their NPY amount (Hattiangady et al., 2005). Furthermore, NPY injection in the rostral (mouth 

direction) or the causal (tail direction) region of the hippocampus improved or impaired memory 

(Flood et al., 1989). My examinations of sNPF overexpression in the MB revealed no benefits 

for memory, neither with one nor with two additional sNPF transgenic copies. The STM and 

MTM tests showed instead declined performance values. Even though sNPF decreases with 

age in the mushroom body, boosted sNPF in this neuropile was detrimental to memory 

formation. Possibly, other regions along the olfactory memory pathway would be interesting, 

like the projection neurons, where an STM trace is built, or earlier, in the ORNs, thus they could 

boost the signal transmission to the PNs (Yu et al., 2004; Root et al., 2011). Of course, the 

missing beneficial effect could also be the sole boost of sNPF, which may not obstruct the age-

induced autophagy reduction. p62/Ref(2)p immunostainings would be interesting to see the 

flies’ autophagic status. However, the presynaptic plasticity in sNPF overexpressions was at a 

young level, showing at least a partial benefit (Bhukel 2018). Could these flies possess higher 

life expectancy? Michalkiewicz et al., 2003, saw a boosted lifespan in rats overexpressing 

NPY. Actually, caloric restriction (CR) increases the levels of NPY, and the favorable effects 

seem to be mediated through the NPY stimulation on autophagy (Aveleira et al., 2015b; 

Botelho and Cavadas, 2015; Ferreira-Marques et al., 2016). Chiba et al., 2014, could not find 

a CR-mediated lifespan extension in NPY deficient flies. Additionally, NPY/ sNPF signaling 

interacts with the insulin-signaling pathway, and higher levels of sNPF decrease the 

expression of insulin-like peptides and vice versa (Lee et al., 2008; Root et al., 2011). 

Possibly, the MB controls the costly ability of memory formation depending on the energy level 

in the body via crosstalk of sNPF signaling and the autophagic status in the MB (Plaçais et al., 

2017; Bhukel and Beuschel et al., 2019). With age, autophagy decreases, also in the MB, 

which reduces the sNPF signaling and brings the whole brain to the state of the presynaptic 
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plasticity increase in a non-cell autonomous manner, which impairs memory formation (Gupta 

et al., 2013; Liang and Sigrist, 2018; Bhukel and Beuschel et al., 2019). 

 

Another aspect is that sNPF signaling is a negative regulator of sleep (Chen et al., 2013; Shang 

et al., 2013). The hypomorph mutant sNPFc00448 and sNPF receptor knockdowns in the 

mushroom body rest more, while a gain of function in the mushroom body via two sNPF copies 

decreased the total sleep amount (Chen et al., 2013). Though, another paper shows sNPF 

expressing neurons as sleep-promoting (Shang et al., 2013). However, in sleep-deprived flies, 

sNPF transcription levels increased (Chen et al., 2013). sNPF signaling raises cAMP, possibly 

driving sleep via the cAMP-PKA-CREB pathway (Chen et al., 2013). It could be that the sleep 

in the sNPF diminished flies is the try of the system to reset. Sleep-deprived flies show 

overshooting presynaptic plasticity, scaling during the waking state (Gilestro et al., 2009; 

Bushey et al., 2011; Vivo et al., 2017; Huang et al., 2020). Maybe, the boosted cAMP-PKA-

CREB pathway due to increased sNPF signaling enables the improvement of longer-lasting 

memory since long-term memories (LTM) are dependent on CREB activation (Tully et al., 

1994; Heisenberg, 2003; Tully et al., 2003). Further trials investigating sNPF overexpression 

in different tissues with LTM could be promising.  
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6. Longevity at the expense of memory formation? 

During my investigations about aging and memory, I examined several mechanisms involved 

in aging processes. Surprisingly, counteracting these aging hallmarks, which were shown to 

prolong the lifespan, could often not improve memory performances. 

Thus, a moderate increase of presynaptic plasticity, 3x BRP, boosts lifespan (Huang et al., in 

submission), yet could not prevent a cognitive decline with age. The STM of 30 days old 3x 

BRP animals was significantly reduced compared to the same-aged wild-type 2x BRP. 

Seemingly, their presynapses could not achieve the needed short-term plasticity to generate 

memories anymore. 

Equally, missing macroautophagy induced premature aging like early memory impairment. 

Vice versa, Shen and Ganetzky, 2009, found an intense synaptic development upon boosted 

Atg1, and Ulgherait et al., 2014, could improve lifespan via atg1 overexpression. Atg1 (in 

mammals: Ulk1) is a critical player in the macroautophagic initiation complex (Gelino and 

Hansen, 2012). Though, short-term memory (STM) of atg1’s overexpression in the mushroom 

body had lower values than its control in young animals already. The flies did not benefit from 

additional autophagy in this neuropile. Possibly, the intervention at this initial phase of 

macroautophagy, with Atg1 as its central figure, interfered too much in the system’s machinery, 

followed by no memory gains. However, enhancing other types of autophagy, like chaperone-

mediated autophagy via Hsc70-4, could also not prevent age-induced memory impairment. 

 

Indeed, several studies proved the beneficial effects on life expectancy by downregulating the 

insulin signaling pathway (Clancy et al., 2001; Tatar et al., 2001; Broughton et al., 2005; 

Grönke et al., 2010; Piper and Partridge, 2018; Fabian et al., 2021). However, the memory did 

not profit from the reduction of any insulin-like peptide (ILP). Almost all ilp mutants suffered 

from early memory impairment (Figure 75), and ilp5 mutants finally experienced an age-

induced cognitive decline as well. Actually, several neurological ailments like stroke, 

Alzheimer’s, or Parkinson’s disease are linked to insulin resistance and type-II diabetes 

(Frazier et al., 2019; Akhtar and Sah, 2020). Insulin resistance causes inflammation, oxidative 

stress, and neurodegeneration, whereas intranasal insulin administration supports 

neurogenesis, synaptic density, and transmission (Ott et al., 2012; Verdile et al., 2015; Akhtar 

and Sah, 2020). However, hyperinsulinemia also causes an increase in misfolded proteins 

(Qiu and Folstein, 2006). A balanced household of insulin signaling seems to be important.  

Moreover, the flavonoid 4,4’-Dimethoxychalcone improves the lifespan in C. elegans, 

Drosophila melanogaster, and human cell cultures and shows protective effects in mice 

against myocardial ischemia and ethanol-induced damage (Carmona-Gutierrez et al., 2019). 

However, a benefit against the aging effect did not appear for STM nor locomotion at 30 days. 
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Even though DMC had significant advantages in extending lifespan and is cardioprotective 

and cytoprotective, there was no protective effect on physical or mental health (Carmona-

Gutierrez et al., 2019). 

 

In summary, beneficial effects on longevity are not automatically accompanied by memory 

improvement. The processes to form memories need energy and are costly. Indeed, Plaçais 

et al., 2017, showed the need for a high energy level in the brain to obtain long-term memory. 

Indeed, under starvation, the system prefers survival at the expense of the energy-intensive 

formation of long-term memories, and Ca2+ oscillations from two specific dopamine neurons 

on the mushroom body vanish in this scenario (Pierre-Yves Plaçais et al., 2012; Plaçais and 

Preat, 2013). Strategic considerations about the “expensive” cognitive abilities or a more 

extended life seem to interfere. Indeed, Burger et al., 2008, found in fly populations with 

improved learning abilities a 15 % shorter lifespan in females and 10 % in male flies, while 

another long-lived population showed a 15 % lower memory performance index. What is the 

consequence of these results? Could there be a timeframe when the question, what to favor, 

cognitive flexibility or survival, is still open? However, a strategy, which boosts both the energy 

level and the life-supporting aspects, could allow for healthy aging with a conserved ability to 

form memories. 

 

One promising allrounder in healthy aging seems to be the endogenous polyamine Spermidine 

(Spd). It decreases with age, but dietary Spd supplementation was shown to boost autophagy, 

improve mitochondrial respiration, and lower insulin signaling (Gupta et al., 2013; Tain et al., 

2020; Liang et al., 2021). Aiming at these aging hallmarks, it boosts life expectancy, and it is 

cardioprotective and neuroprotective from invertebrates to mammals (Eisenberg et al., 2009; 

Gupta et al., 2013; Sigrist et al., 2014; Madeo et al., 2018; Wirth et al., 2018; Maglione et al., 

2019; Hofer et al., 2021; Schroeder et al., 2021). Additionally, dietary Spd also prevents age-

induced memory impairment (Gupta et al., 2013; Sigrist et al., 2014; Wirth et al., 2018; Wirth 

et al., 2019; Hofer et al., 2021; Schroeder et al., 2021).  

I investigated the underlying mechanism of the beneficial Spermidine effects. Spd serves as a  

co-factor in the hypusination of the eukaryotic translation initiation factor 5A (elF5A), which is 

a unique pathway conserved in the different species (Hofer et al., 2021; Liang et al., 2021; 

Schroeder et al., 2021). Hypusinated elF5A boosts autophagy and mitochondrial function 

(Hofer et al., 2021). In this mechanism, I attenuated the rate-limiting first step with Spd as co-

factor, where the deoxyhypusine synthase (DHS; in Drosophila: CG8005) catalyzes the built 

of deoxyhypusinated elF5A. Already with a mild reduction of this mechanism via the 

heterozygous CG8005 mutants, STM and MTM decreased at a young age, and Spd treatment 

could not bring the memory back. In contrast, dietary Spd improved STM and MTM of old wild-
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type flies in the same trials. Thus, this first step of hypusination, where Spd is a rate-limiting 

donor, seems to be the crucial mechanism for memory formation in this scenario. The Spd 

supplementation prolongs lifespan and seems to promote a healthy high energy level via 

boosted mitochondrial respiration and autophagy, enabling the ability to form memories (Liang 

et al., 2021). Notably, the hypusination activity decreases with age, just like endogenous Spd 

levels do. Both, the availability of the enzymatic function and Spd as a co-factor, were important 

to protect from age-induced memory impairment. 

However, the exact pathway, how the hypusinated elF5A improves mitochondrial and 

autophagic functions still needs to be explored. Further analysis will help to understand the 

whole picture and support potential preventive or therapeutic strategies for healthy aging. 
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sNPF short neuropeptide F 

SL Sigrist laboratory 

Spd Spermidine 

Srpk79D serine-arginine protein kinase at location 79D 

STED stimulated emission depletion microscopy 

STM short-term memory 

STP short-term plasticity 

SVs synaptic vesicles 

TAG triacylglyceride 

TOR target of rapamycin 

ts temperature sensitive 

TSC tuberous sclerosis complex 

Ulk1 Unc51-like kinase 1 

Upd2 unpaired 2 

US unconditioned stimulus 

V volt 

VAMP vesicle-associated membrane protein 

VGCC voltage-gated calcium channel 

vs. versus 

VDRC Vienna Drosophila Resource Center 
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4. Replicates of the lifespan experiments 

 

food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Female w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 115 46 64 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 114 72 94 

3) 1.0 mM DMC 117 58 88 

4) 2.0 mM DMC 115 58 87 

Replicate 2 - Female w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 117 58 80 

1-2:      nsp = 0.3695 

1-3:   ****p < 0.0001 

1-4:      nsp = 0.7772 

2) 0.2 mM DMC 116 58 89 

3) 1.0 mM DMC 115 52 82 

4) 2.0 mM DMC 119 58 83 

Replicate 3 - Female w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 118 57 87 

1-2:   ****p < 0.0001 

1-3:       *p = 0.0116 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 117 70 96 

3) 1.0 mM DMC 116 58 93 

4) 2.0 mM DMC 119 75 91 

Replicate 4 - Female w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 116 42 62 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 117 55 88 

3) 1.0 mM DMC 120 62 89 

4) 2.0 mM DMC 117 52 80 

Replicate 5 - Female w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 115 58 77 

1-2:  **** p > 0.0001 

1-3:       *p = 0.0473 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 116 68 98 

3) 1.0 mM DMC 116 60 85 

4) 2.0 mM DMC 120 66 88 

Table 18:   Details of lifespan experiments regarding Figure 21a. 
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Description:   Lifespan of female w1118 flies fed with the concentrations 0.2, 1.0, and 2.0 mM DMC 

since adulthood (each dissolved in 0.1% DMSO). 0.1 % DMSO food served as control. 

Figure 107:   Replicates of the lifespan experiments for female w1118 with DMC. 
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food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Male w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 118 54 85 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 115 64 88 

3) 1.0 mM DMC 117 64 90 

4) 2.0 mM DMC 115 61 86 

Replicate 2 - Male w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 119 58 86 

1-2:   ****p < 0.0001 

1-3:      nsp = 0.1118 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 114 62 88 

3) 1.0 mM DMC 111 56 94 

4) 2.0 mM DMC 114 64 86 

Replicate 3 - Male w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 118 51.5 80 

1-2:      **p = 0.0015 

1-3:      nsp = 0.0958 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 116 56 84 

3) 1.0 mM DMC 118 56 80 

4) 2.0 mM DMC 119 64 93 

Replicate 4 - Male w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 117 50 68 

1-2:      nsp = 0.3566 

1-3:   ****p < 0.0001 

1-4:    ***p = 0.0002 

2) 0.2 mM DMC 114 50 89 

3) 1.0 mM DMC 116 62 87 

4) 2.0 mM DMC 118 57 90 

Replicate 5 - Male w1118 lifespan with 4,4’-Dimethoxychalcone. 

1) control food 113 58 82 

1-2:      **p = 0.0058 

1-3:      nsp = 0.8523 

1-4:   ****p < 0.0001 

2) 0.2 mM DMC 117 60 90 

3) 1.0 mM DMC 113 58 87 

4) 2.0 mM DMC 115 62 88 

Description:   Lifespan of male w1118 flies fed with the concentrations 0.2, 1.0, and 2.0 mM DMC 

since adulthood (each dissolved in 0.1% DMSO). 0.1 % DMSO food served as control. 

Table 19:   Details of lifespan experiments regarding Figure 21b.  
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Figure 108:   Replicates of the lifespan experiments for male w1118 with DMC. 

 

 

 

food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Female w1118 lifespan with 4,4’-Dimethoxychalcone from egg deposition. 

1) control food 96 55 77 
nsp = 0.2616 

2) 1.0 mM DMC 97 53 83 

Table 20:   Details of lifespan experiments regarding Figure 22. 
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Replicate 2 - Female w1118 lifespan with 4,4’-Dimethoxychalcone from egg deposition. 

1) control food 98 53 77 

****p < 0.0001 
2) 1.0 mM DMC 99 69 85 

Replicate 3 - Female w1118 lifespan with 4,4’-Dimethoxychalcone from egg deposition. 

1) control food 96 65 83 

****p < 0.0001 
2) 1.0 mM DMC 99 43 67 

Replicate 4 - Female w1118 lifespan with 4,4’-Dimethoxychalcone from egg deposition. 

1) control food 100 43 65 

****p < 0.0001 
2) 1.0 mM DMC 97 65 83 

Description:   Lifespan of female w1118 flies fed with the concentration 1.0 mM DMC since egg 

deposition (dissolved in 0.1% DMSO). 0.1 % DMSO food served as control. 

Figure 109:   Replicates of the lifespan experiments for female w1118 with 1.0 mM DMC since 

egg deposition. 
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food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Female w1118 lifespan with 0.1 % Dimethylsulfoxide (control food) versus normal 

food since egg deposition. 

1) normal food 99 41 79 

****p < 0.0001 
2) 0.1 % DMSO 98 65 91 

Replicate 2 - Female w1118 lifespan with 0.1 % Dimethylsulfoxide (control food) versus normal 

food since egg deposition. 

1) normal food 97 51 85 

****p < 0.0001 
2) 0.1 % DMSO 96 43 91 

Replicate 3 - Female w1118 lifespan with 0.1 % Dimethylsulfoxide (control food) versus normal 

food since egg deposition. 

1) normal food 97 55 81 
nsp = 0.2152 

2) 0.1 % DMSO 99 71 95 

Replicate 4 - Female w1118 lifespan with 0.1 % Dimethylsulfoxide (control food) versus normal 

food since egg deposition. 

1) normal food 93 65 89 
****p < 0.0001 

2) 0.1 % DMSO 90 63 85 

Description:   Lifespan of female w1118 flies fed with 0.1 % DMSO since adulthood. Normal food 

served as control. 

  

Table 21:   Details of lifespan experiments regarding Figure 24a.     
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Figure 110:   Replicates of the lifespan experiments for female w1118 with 0.1 % DMSO versus 

normal food since adulthood. 

 

 

food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Female w1118 lifespan with Dimethylsulfoxide from egg deposition. 

1) normal food 94 63 87 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.05 % DMSO 99 47 73 

3) 0.1 % DMSO 96 55 77 

4) 0.5 % DMSO 100 41 69 

Replicate 2 - Female w1118 lifespan with Dimethylsulfoxide from egg deposition. 

1) normal food 95 71 87 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.05 % DMSO 98 45 83 

3) 0.1 % DMSO 98 53 77 

4) 0.5 % DMSO 99 44 72 

Table 22:   Details of the lifespan experiments regarding Figure 24b. 



Appendix - Replicates of the lifespan experiments | 255 

 

Replicate 3 - Female w1118 lifespan with Dimethylsulfoxide from egg deposition. 

1) normal food 94 70 89 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:   ****p < 0.0001 

2) 0.05 % DMSO 96 49 69 

3) 0.1 % DMSO 96 65 83 

4) 0.5 % DMSO 98 48 75 

Replicate 4 - Female w1118 lifespan with Dimethylsulfoxide from egg deposition. 

1) normal food 98 46 85 

1-2:       *p = 0.0101 

1-3:       *p = 0.0143 

1-4:   ****p < 0.0001 

2) 0.05 % DMSO 96 57 81 

3) 0.1 % DMSO 100 43 65 

4) 0.5 % DMSO 97 35 69 

Description:   Lifespan of female w1118 flies fed with 0.05 %, 0.1 %, and 0.5 % DMSO since egg 

deposition. Normal food served as control. 

Figure 111:   Replicates of the lifespan experiments for female w1118 with different DMSO 

concentrations since egg deposition. 
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food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Female atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 90 49 64 

1-2:      nsp = 0.0637 

1-3:      nsp = 0.0805 

1-4:      nsp = 0.2514 

2) 0.2 mM DMC 94 48 58 

3) 1.0 mM DMC 95 52 64 

4) 2.0 mM DMC 94 50 69 

Replicate 2 - Female atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 119 64 76 

1-2:      nsp = 0.1189 

1-3:      nsp = 0.3408 

1-4:      nsp = 0.2190 

2) 0.2 mM DMC 116 66 78 

3) 1.0 mM DMC 119 66 78 

4) 2.0 mM DMC 115 62 76 

Replicate 3 - Female atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 118 62 76 

1-2:      nsp = 0.0598 

1-3:   ****p < 0.0001 

1-4:      nsp = 0.3308 

2) 0.2 mM DMC 119 64 78 

3) 1.0 mM DMC 119 56 72 

4) 2.0 mM DMC 116 64 76 

Description:   Lifespan of female atg7-/- flies fed with the concentrations 0.2, 1.0, and 2.0 mM DMC 

since adulthood (each dissolved in 0.1% DMSO). 0.1 % DMSO food served as control. 

  

Table 23:   Details of lifespan experiments regarding Figure 26a. 
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Figure 112:   Replicates of the lifespan experiments for female atg7-/- with DMC. 

 

 

 

food 
number of 

animals 

median 

survival 

maximal 

lifespan 
p-value 

Replicate 1 - Male atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 96 49 64 

1-2:      nsp = 0.3245 

1-3:      nsp = 0.0731 

1-4:      **p = 0.0059 

2) 0.2 mM DMC 95 46 62 

3) 1.0 mM DMC 95 50 64 

4) 2.0 mM DMC 96 52.5 68 

Replicate 2 - Male atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 117 56 72 

1-2:    ***p = 0.0003 

1-3:      nsp = 0.3633 

1-4:      nsp = 0.3224 

2) 0.2 mM DMC 114 60 74 

3) 1.0 mM DMC 117 56 72 

4) 2.0 mM DMC 113 58 72 

Table 24:   Details of lifespan experiments regarding Figure 26b. 
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Replicate 3 - Male atg7-/- lifespan with 4,4’-Dimethoxychalcone. 

1) control food 118 58 72 

1-2:      nsp = 0.1558 

1-3:   ****p < 0.0001 

1-4:    ***p < 0.0009 

2) 0.2 mM DMC 119 58 72 

3) 1.0 mM DMC 118 50 66 

4) 2.0 mM DMC 118 54 76 

Description:   Lifespan of male atg7-/- flies fed with the concentrations 0.2, 1.0, and 2.0 mM DMC 

since adulthood (each dissolved in 0.1% DMSO). 0.1 % DMSO food served as control. 

Figure 113:   Replicates of the lifespan experiments for male atg7-/- with DMC. 
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5. Data list of locomotor activity assays 

 

food 
number 

of trials 

mean 

climbing 

success 

test p-value 

Figure 28a: 

5 seconds climbing with 3-day old female w1118. 

1) control food (0.1 % DMSO) 30 78.65 % 

Mann-Whitney 

test 

1-2:       *p = 0.0177 

1-3:      nsp = 0.6825 

1-4:      nsp = 0.2597 

2) 0.2 mM DMC 30 69.49 % 

3) 1.0 mM DMC 30 77.16 % 

4) 2.0 mM DMC 30 74.74 % 

5 seconds climbing with 10-day old female w1118. 

1) control food (0.1 % DMSO) 30 54.02 % 

Mann-Whitney 

test 

1-2:      nsp = 0.3382 

1-3:      nsp = 0.8683 

1-4:      nsp = 0.8108 

2) 0.2 mM DMC 30 59.03 % 

3) 1.0 mM DMC 30 53.73 % 

4) 2.0 mM DMC 30 51.97 % 

5 seconds climbing with 20-day old female w1118. 

1) control food (0.1 % DMSO) 20 3.38 % 

Mann-Whitney 

test 

1-2:    ***p = 0.0005 

1-3:   ****p < 0.0001 

1-4:       *p = 0.0133 

2) 0.2 mM DMC 20 18.91 % 

3) 1.0 mM DMC 20 18.38 % 

4) 2.0 mM DMC 20 9.41 % 

5 seconds climbing with 30-day old female w1118. 

1) control food (0.1 % DMSO) 29 0.493 % 

Mann-Whitney 

test 

1-2:      nsp = 0.5402 

1-3:      nsp > 0.9999 

1-4:      nsp = 0.4238 

2) 0.2 mM DMC 30 1.177 % 

3) 1.0 mM DMC 29 0.246 % 

4) 2.0 mM DMC 30 1.143 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 

  



Appendix - Data list of locomotor activity assays | 260 

 

Figure 28b: 

10 seconds climbing with 3-day old female w1118. 

1) control food (0.1 % DMSO) 30 90.09 % 

Mann-Whitney 

test 

 

1-2:      nsp = 0.1714 

1-3:      nsp = 0.8214 

1-4:      nsp = 0.5251 

2) 0.2 mM DMC 30 86.34 % 

3) 1.0 mM DMC 30 90.35 % 

4) 2.0 mM DMC 30 88.94 % 

10 seconds climbing with 10-day old female w1118. 

1) control food (0.1 % DMSO) 30 83.73 % 

Mann-Whitney 

test 

1-2:      nsp = 0.9380 

1-3:      nsp = 0.8906 

1-4:      nsp = 0.3614 

2) 0.2 mM DMC 30 84.60 % 

3) 1.0 mM DMC 30 84.19 % 

4) 2.0 mM DMC 30 79.95 % 

10 seconds climbing with 20-day old female w1118. 

1) control food (0.1 % DMSO) 20 15.49 % 

Mann-Whitney 

test 

1-2:    ***p = 0.0002 

1-3:   ****p < 0.0001 

1-4:      **p = 0.0011 

2) 0.2 mM DMC 20 41.13 % 

3) 1.0 mM DMC 20 50.45 % 

4) 2.0 mM DMC 20 34.26 % 

10 seconds climbing with 30-day old female w1118. 

1) control food (0.1 % DMSO) 29 8.08 % 

Mann-Whitney 

test 

1-2:      nsp = 0.9658 

1-3:      nsp = 0.7359 

1-4:      nsp = 0.7146 

2) 0.2 mM DMC 30 9.11 % 

3) 1.0 mM DMC 29 9.98 % 

4) 2.0 mM DMC 30 8.36 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 

Figure 28c: 

15 seconds climbing with 3-day old female w1118. 

1) control food (0.1 % DMSO) 30 93.06 % 

Mann-Whitney 

test 

1-2:      nsp = 0.2779 

1-3:      nsp = 0.6311 

1-4:      nsp = 0.9395 

2) 0.2 mM DMC 30 91.86 % 

3) 1.0 mM DMC 30 93.85 % 

4) 2.0 mM DMC 30 94.21 % 
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15 seconds climbing with 10-day old female w1118. 

1) control food (0.1 % DMSO) 30 88.17 % 

Mann-Whitney 

test 

1-2:      nsp = 0.7325 

1-3:      nsp = 0.2913 

1-4:      nsp = 0.4417 

2) 0.2 mM DMC 30 90.16 % 

3) 1.0 mM DMC 30 89.79 % 

4) 2.0 mM DMC 30 85.54 % 

15 seconds climbing with 20-day old female w1118. 

1) control food (0.1 % DMSO) 20 20.51 % 

Mann-Whitney 

test 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

1-4:    ***p = 0.0002 

2) 0.2 mM DMC 20 50.52 % 

3) 1.0 mM DMC 20 62.81 % 

4) 2.0 mM DMC 20 45.31 % 

15 seconds climbing with 30-day old female w1118. 

1) control food (0.1 % DMSO) 29 13.49 % 

Mann-Whitney 

test 

1-2:      nsp = 0.3144 

1-3:      nsp = 0.3349 

1-4:      nsp = 0.1842 

2) 0.2 mM DMC 30 16.64 % 

3) 1.0 mM DMC 29 17.48 % 

4) 2.0 mM DMC 30 16.85 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 

Figure 28d: 

15 seconds climbing with 3-day old female w1118, fed with normal versus control food. 

normal food 30 93.47 % Mann-Whitney 

test 

nsp = 0.4177 
control food (0.1 % DMSO) 30 93.06 % 

15 seconds climbing with 10-day old female w1118, fed with normal versus control food. 

normal food 30 86.21 % Mann-Whitney 

test 

nsp = 0.7961 
control food (0.1 % DMSO) 30 88.17 % 

15 seconds climbing with 20-day old female w1118, fed with normal versus control food. 

normal food 20 49.46 % Mann-Whitney 

test 
****p < 0.0001 

control food (0.1 % DMSO) 20 20.51 % 

15 seconds climbing with 30-day old female w1118, fed with normal versus control food. 

normal food 30 17.90 % Mann-Whitney 

test 

nsp = 0.3284 
control food (0.1 % DMSO) 29 13.49 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 
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Figure 29a: 

5 seconds climbing with 3-day old male w1118. 

1) control food (0.1 % DMSO) 30 78.89 % 

Mann-Whitney 

test 

 

1-2:      nsp = 0.5381 

1-3:      nsp = 0.6086 

1-4:      nsp = 0.8799 

2) 0.2 mM DMC 30 77.31 % 

3) 1.0 mM DMC 30 78.47 % 

4) 2.0 mM DMC 30 79.55 

5 seconds climbing with 10-day old male w1118. 

1) control food (0.1 % DMSO) 30 71.90 % 

Mann-Whitney 

test 

1-2:      nsp = 0.1053 

1-3:      nsp = 0.7427 

1-4:      nsp = 0.9127 

2) 0.2 mM DMC 30 66.75 % 

3) 1.0 mM DMC 30 70.78 % 

4) 2.0 mM DMC 29 73.01 % 

5 seconds climbing with 20-day old male w1118. 

1) control food (0.1 % DMSO) 20 34.29 % 

Mann-Whitney 

test 

1-2:      **p = 0.0064 

1-3:      nsp = 0.2656 

1-4:       *p = 0.0402 

2) 0.2 mM DMC 20 50.35 % 

3) 1.0 mM DMC 20 42.10 % 

4) 2.0 mM DMC 20 47.08 % 

5 seconds climbing with 30-day old male w1118. 

2) control food (0.1 % DMSO) 28 31.89 % 

Mann-Whitney 

test 

1-2:      **p = 0.0042 

1-3:      nsp = 0.0527 

1-4:       *p = 0.0447 

3) 0.2 mM DMC 30 15.51 % 

4) 1.0 mM DMC 29 20.80 % 

5) 2.0 mM DMC 30 19.52 % 

Figure 29b: 

10 seconds climbing with 3-day old male w1118. 

1) control food (0.1 % DMSO) 30 88.87 % 

Mann-Whitney 

test 

1-2:      nsp = 0.5035 

1-3:      nsp = 0.7632 

1-4:      nsp = 0.6418 

2) 0.2 mM DMC 30 89.56 % 

3) 1.0 mM DMC 30 89.27 % 

4) 2.0 mM DMC 30 89.37 % 
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10 seconds climbing with 10-day old male w1118. 

1) control food (0.1 % DMSO) 30 88.86 % 

Mann-Whitney 

test 

1-2:      nsp = 0.1077 

1-3:      nsp = 0.6592 

1-4:      nsp = 0.7499 

2) 0.2 mM DMC 30 85.87 % 

3) 1.0 mM DMC 30 86.11 % 

4) 2.0 mM DMC 29 89.21 % 

10 seconds climbing with 20-day old male w1118. 

1) control food (0.1 % DMSO) 20 56.49 % 

Mann-Whitney 

test 

 

1-2:       *p = 0.0122 

1-3:      nsp = 0.2970 

1-4:     **p = 0.0015 

2) 0.2 mM DMC 20 70.52 % 

3) 1.0 mM DMC 20 63.14 % 

4) 2.0 mM DMC 20 73.90 % 

10 seconds climbing with 30-day old male w1118. 

1) control food (0.1 % DMSO) 28 52.23 % 

Mann-Whitney 

test 

1-2:      nsp = 0.0670 

1-3:      nsp = 0.6708 

1-4:      nsp = 0.0975 

2) 0.2 mM DMC 30 40.90 % 

3) 1.0 mM DMC 29 49.65 % 

4) 2.0 mM DMC 30 42.81 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 

Figure 29c: 

15 seconds climbing with 3-day old male w1118. 

1) control food (0.1 % DMSO) 30 91.60 % 

Mann-Whitney 

test 

1-2:      nsp = 0.6253 

1-3:      nsp = 0.4046 

1-4:      nsp = 0.6325 

2) 0.2 mM DMC 30 92.05 % 

3) 1.0 mM DMC 30 93.32 % 

4) 2.0 mM DMC 30 91.83 % 

15 seconds climbing with 10-day old male w1118. 

1) control food (0.1 % DMSO) 30 93.76 % 

Mann-Whitney 

test 

1-2:       *p = 0.0333 

1-3:      nsp = 0.4026 

1-4:      nsp = 0.4669 

2) 0.2 mM DMC 30 89.93 % 

3) 1.0 mM DMC 30 90.54 % 

4) 2.0 mM DMC 29 93.45 % 
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15 seconds climbing with 20-day old male w1118. 

1) control food (0.1 % DMSO) 20 64.22 % 

Mann-Whitney 

test 

1-2:       *p = 0.0390 

1-3:      nsp = 0.3785 

1-4:      **p = 0.0027 

2) 0.2 mM DMC 20 75.82 % 

3) 1.0 mM DMC 20 69.95 % 

4) 2.0 mM DMC 20 80.69 % 

15 seconds climbing with 30-day old male w1118. 

1) control food (0.1 % DMSO) 28 60.58 % 

Mann-Whitney 

test 

1-2:      nsp = 0.0561 

1-3:      nsp = 0.6026 

1-4:      nsp = 0.1023 

2) 0.2 mM DMC 30 50.69 % 

3) 1.0 mM DMC 29 59.22 % 

4) 2.0 mM DMC 30 53.33 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 

Figure 29d: 

15 seconds climbing with 3-day old male w1118, fed with normal versus control food. 

normal food 30 89.67 % Mann-Whitney 

test 

nsp = 0.7548 
control food (0.1 % DMSO) 30 91.60 % 

15 seconds climbing with 10-day old male w1118, fed with normal versus control food. 

normal food 30 89.67 % Mann-Whitney 

test 

nsp = 0.4744 
control food (0.1 % DMSO) 30 91.60 % 

15 seconds climbing with 20-day old male w1118, fed with normal versus control food. 

normal food 20 71.64 % Mann-Whitney 

test 

nsp = 0.2657 
control food (0.1 % DMSO) 20 64.22 % 

15 seconds climbing with 30-day old male w1118, fed with normal versus control food. 

normal food 30 57.65 % Mann-Whitney 

test 

nsp = 0.8739 
control food (0.1 % DMSO) 28 60.58 % 

Method after Gupta et al., 2013: 15 flies per trial. Test tube with 7 cm label used. 
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column / genotype 
number 

of trials 

Cf-value 

mean 

Cf-value 

median 
SEM 

Figure 47: 

Negative geotaxis performance for elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 12 0.9577 0.9680 0.01282 

2) elaV(X) > atg5 RNAi 12 0.9042 0.8945 0.01467 

Method after Inagaki et al., 2009: 20 flies per trial. Apparatus for negative geotaxis assay. 
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6. Data list of memory experiments 

 

column / genotype mean ± SEM 
median 

(number) 
test p-value 

Figure 30:   Short-term memory of w1118 with different 4,4’-Dimethoxychalcone 

concentrations. 

1) control food (0.1 % DMSO) 

(3 d) 
62.94 ± 2.687 67.20 (29) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

3 days: 

1-2:      nsp = 0.5816 

1-3:      nsp = 0.8239 

1-4:      nsp = 0.2113 

30 days: 

5-6:      nsp > 0.9999 

5-7:      nsp = 0.9990 

5-8:      nsp = 0.4902 

3 versus 30 days: 

1-5:   ****p < 0.0001 

2-6:   ****p < 0.0001 

3-7:   ****p < 0.0001 

4-8:   ****p < 0.0001 

2) 0.2 mM DMC (3 d) 69.55 ± 4.152 72.85 (7) 

3) 1.0 mM DMC (3 d) 67.07 ± 3.612 70.18 (12) 

4) 2.0 mM DMC (3 d) 60.59 ± 2.054 70.00 (17) 

5) control food (0.1 % DMSO) 

(30 d) 
46.85 ± 1.258 45.70 (44) 

6) 0.2 mM DMC (30 d) 47.12 ± 2.604 49.95 (16) 

7) 1.0 mM DMC (30 d) 47.79 ± 1.546 49.25 (39) 

8) 2.0 mM DMC (30 d) 43.19 ± 1.538 45.90 (42) 

Method: 3 and 30 days. Raised at 25 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 31a:   Short-term memory of w1118 for 0.2 mM 4,4’-Dimethoxychalcone. 

1) 3 days 69.55 ± 4.152 72.85 (7) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:    ***p = 0.0004 

1-3:       *p = 0.0185 

1-4:    ***p = 0.0003 

1-5:   ****p < 0.0001 

2) 10 days 39.04 ± 9.578 39.20 (4) 

3) 20 days 52.84 ± 2.880 54.75 (9) 

4) 30 days 47.12 ± 2.604 49.95 (16) 

5) 70 days 26.30 ± 1.909 25.60 (3) 

Figure 31b:   Short-term memory of w1118 for 1.0 mM 4,4’-Dimethoxychalcone. 

1) 3 days 67.07 ± 3.612 70.18 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.5629 

1-3:    ***p = 0.0008 

1-4:   ****p < 0.0001 

1-5:   ****p < 0.0001 

2) 10 days 61.14 ± 2.359 60.75 (8) 

3) 20 days 52.07 ± 2.313 52.63 (14) 

4) 30 days 47.79 ± 1.546 49.25 (39) 

Table 25:   Details of the memory experiments. 
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5) 70 days 10.40 ± 0.000 10.40 (1) 

Figure 31c:   Short-term memory of w1118 for 2.0 mM 4,4’-Dimethoxychalcone. 

1) 3 days 69.59 ± 2.054 70.00 (17) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-2:      nsp = 0.6578 

1-3:    ***p = 0.0005 

1-4:   ****p < 0.0001 

1-5:    ***p = 0.0005 

2) 10 days 59.97 ± 4.467 60.23 (8) 

3) 20 days 48.08 ± 2.106 48.95 (14) 

4) 30 days 43.19 ± 1.538 45.90 (42) 

5) 70 days 15.40 ± 0.600 15.40 (2) 

Method: 3, 10, 20, 30, and 70 days. Raised at 25 °C. Tully Wheel. OCT :150, MCH 1:60. 

Figure 32:   Short-term memory of w1118 for the control food compared to normal food. 

1) 3 days, normal food 

 
57.62 ± 2.648 61.65 (38) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

normal food: 

1-3:      nsp > 0.9999 

1-5:      nsp = 0.6102 

1-7:   ****p < 0.0001 

1-9:      **p = 0.0056 

 

0.1 % DMSO: 

2-4:      nsp = 0.9452 

2-6:      nsp = 0.1282 

2-8:   ****p < 0.0001 

2-10: ****p < 0.0001 

 

normal food versus 

0.1 % DMSO: 

1-2:      nsp = 0.3022 

3-4:      nsp = 0.9997 

5-6:      nsp = 0.9895 

7-8:      nsp = 0.9409 

9-10:    nsp = 0.9983 

2) 3 days, 0.1% DMSO 

 
62.94 ± 2.687 67.10 (29) 

3) 10 days, normal food 

 
57.55 ± 2.167 57.65 (4) 

4) 10 days, 0.1 % DMSO 

 
59.42 ± 3.551 59.03 (8) 

5) 20 days, normal food 

 
52.03 ± 2.362 53.01 (12) 

6) 20 days, 0.1 % DMSO 

 
54.39 ± 2.336 55.30 (17) 

7) 30 days, normal food 

 
44.82 ± 1.607 45.40 (40) 

8) 30 days, 0.1 % DMSO 

 
46.85 ± 1.258 45.07 (44) 

9) 70 days, normal food 

 
16.00 ± 0.000 16.00 (1) 

10) 70 days, 0.1 % DMSO 

 
21.15 ± 6.250 21.15 (2) 

Method: 3, 10, 20, 30, and 70 days. Raised at 25 °C. Tully Wheel. OCT :150, MCH 1:60. 
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Figure 33a:   Short-term memory of appl-Gal4 > UAS- n-synaptobrevin overexpression 

1) n-synaptobrevin OE / + 

(5 d) 
70.30 ± 1.621 70.45 (4) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.8594 

3-4:    ***p = 0.0002 

1-3:   ****p < 0.0001 

2-4:   **p = 0.0.0093 

2) appl > n-synaptobrevin OE 

(5 d) 
74.30 ± 0.900 74.30 (2) 

3) n-synaptobrevin OE / + 

 (20 d) 
37.22 ± 3.615 36.05 (12) 

4) appl > n-synaptobrevin OE 

(20 d) 
52.97 ± 1.874 52.30 (17) 

Two-way ANOVA: Interaction: nsp = 0.1933; Row Factor: ****p < 0.0001; Column Factor: *p = 0.0328 

Method: 5 and 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 33b:   Short-term memory of 20-day old appl-GAl4 > UAS-cellubrevin overexpression 

1) cellubrevin OE / + 31.07 ± 4.303 34.50 (9) 

unpaired t-test nsp = 0.8605 

2) appl > cellubrevin OE 29.65 ± 7.275 30.85 (6) 

Method: 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 34:   Short-term memory of 20-day old appl-Gal4 > UAS- unc-104 overexpression (BL # 

24786) 

1) appl / + 42.42 ± 3.160 46.70 (11) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.8730 

2-3:      **p = 0.0016 
2) unc-104 OE / + 30.89 ± 1.868 33.25 (14) 

3) appl > unc-104 OE 44.20 ± 2.877 41.70 (11) 

Method: 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 35a:   Short-term memory of appl-Gal4 > UAS-p62/Ref(2)p overexpression 

1) appl / + (5 d) 

 
68.33 ± 3.752 67.25 (6) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

5 days: 

1-2:       *p = 0.0375 

1-3:      nsp = 0.9985 

2-3:       *p = 0.0164 

20 days: 

4-5:      nsp = 0.7873 

4-6:      nsp = 0.5717 

5-6:      nsp = 0.2269 

5 versus 20 days: 

2) p62/Ref(2)p OE / + (5 d) 

 
52.76 ± 5.690 54.85 (10) 

3) appl > p62/Ref(2)p OE (5 d) 

 
68.01 ± 3.404 70.30 (10) 

4) appl / + (20 d) 

 
48.27 ± 2.882 49.80 (9) 
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5) p62/Ref(2)p OE / + (20 d) 44.75 ± 2.993 46.10 (11) 1-4:      **p = 0.0072 

2-5:      nsp = 0.3385 

3-6:      nsp = 0.0690 
6) appl > p62/Ref(2)p OE (20 d) 

 
54.33 ± 3.929 53.10 (7) 

Two-way ANOVA: Interaction: nsp = 0.3389; Row Factor: ***p = 0.0001; Column Factor: **p = 0.0062 

Method: 5 and 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 35b:   Short-term memory of 5-day old appl-Gal4 > UAS-p62/ref(2)p RNAi (BL # 33978) 

1) appl / + 67.08 ± 3.901 67.15 (26) 
Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp = 0.1110 

2-3:       *p = 0.0308 
2) p62/Ref(2)p RNAi / + 43.16 ± 3.004 43.16 (23) 

3) appl > p62/Ref(2)p RNAi 55.58 ± 4.140 56.50 (21) 

Method: 5 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:55 and 1:60. 

Figure 36:   Short-term memory of 20-day old appl-Gal4 > UAS-tomosyn RNAi (VDRC # 43630) 

1) appl / + 39.61 ± 2.370 39.30 (9) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.1367 

2-3:       *p = 0.0214 
2) tomosyn RNAi / + 36.52 ± 2.584 36.60 (11) 

3) appl > tomosyn RNAi 47.83 ± 3.619 46.15 (12) 

Method: 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 39a:   Short-term memory of 5-day old CG8005 / + with and without Spermidine 

1) w1118 (- Spd) 63.74 ± 2.552 64.10 (12) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      **p = 0.0058 

1-3:      nsp = 0.7405 

2-4:      nsp = 0.9881 

3-4:    ***p = 0.0005 

2) CG8005 / + (- Spd) 51.20 ± 2.980 53.10 (13) 

3) w1118 (+ Spd) 66.57 ± 2.411 66.90 (12) 

4) CG8005 / + (+ Spd) 50.66 ± 3.151 51.70 (13) 

Two-way ANOVA: Interaction: nsp = 0.5537; Row Factor: nsp = 0.6869; Column Factor: ****p < 

0.0001 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 39b:   Short-term memory of 30-day old CG8005 / + with and without Spermidine 

1) w1118 (- Spd) 28.90 ± 2.209 31.45 (22) two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:       *p = 0.0339 

1-3:       *p = 0.0264 

2-4:      nsp = 0.0638 

3-4:       *p = 0.0251 

2) CG8005 / + (- Spd) 19.50 ± 3.562 22.70 (19) 

3) w1118 (+ Spd) 38.41 ± 2.035 39.30 (21) 
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4) CG8005 / + (+ Spd) 28.32 ± 3.218 26.35 (18) 

Two-way ANOVA: Interaction: nsp = 0.8998; Row Factor: **p = 0.0014; Column Factor: ***p = 0.0007 

Method: 30 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 39c:   3 hours Mid-term memory of 5-day old CG8005 / + with and without Spermidine 

1) w1118 (- Spd) 36.88 ± 2.132 35.00 (25) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.0616 

1-3:      nsp = 0.8022 

2-4:      nsp = 0.9993 

3-4:       *p = 0.0142 

2) CG8005 / + (- Spd) 29.33 ± 2.155 30.60 (26) 

3) w1118 (+ Spd) 38.94 ± 2.753 39.70 (25) 

4) CG8005 / + (+ Spd) 29.45 ± 2.660 31.90 (26) 

Two-way ANOVA: Interaction: nsp = 0.6907; Row Factor: nsp = 0.6564; Column Factor: ***p = 0.0007 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 39d:   3 hours Mid-term memory of 30-day old CG8005 / + with and without Spermidine 

1) w1118 (- Spd) 11.96 ± 2.530 11.00 (19) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.9488 

1-3:       *p = 0.0114 

2-4:      nsp = 0.7322 

3-4:       *p = 0.0437 

2) CG8005 / + (- Spd) 10.86 ± 2.770 11.60 (18) 

3) w1118 (+ Spd) 22.71 ± 2.854 21.20 (19) 

4) CG8005 / + (+ Spd) 13.63 ± 2.704 14.60 (17) 

Two-way ANOVA: Interaction: nsp = 0.1473; Row Factor: *p = 0.0154; Column Factor: nsp = 0.0657 

Method: 30 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Table 3:   Innate behavior of CG8005DG05802 / + 

Olfactory acuity:   OCT 

1) w1118, - Spd, 5 days 

2) CG8005 / +, - Spd, 5 days 

3) w1118, + Spd, 5 days 

4) CG8005 / +, + Spd, 5 days 

 

Olfactory acuity:   MCH 

1) w1118, - Spd, 5 days 

2) CG8005 / +, - Spd, 5 days 

3) w1118, + Spd, 5 days 

4) CG8005 / +, + Spd, 5 days 

 

28.89 ± 4.754 

18.70 ± 4.751 

26.44 ± 5.417 

31.28 ± 4.123 

 

 

41.46 ± 5.885 

49.73 ± 7.955 

53.05 ± 5.793 

48.67 ± 5.068 

 

34.50 (11) 

20.00 (11) 

22.00 (11) 

33.30 (11) 

 

 

37.95 (14) 

49.90 (12) 

50.00 (13) 

51.20 (16) 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

- / + Spd: 

1-3:      nsp = 0.9208 

2-4:      nsp = 0.1356 

w1118 vs. CG8005/+: 

1-2:      nsp = 0.2600 

3-4:      nsp = 0.7275 

- / + Spd: 

1-3:      nsp = 0.3423 

2-4:      nsp = 0.9906 

w1118 vs. CG8005/+: 

1-2:      nsp = 0.5869 

3-4:      nsp = 0.8444 
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Olfactory acuity:   OCT 

1) w1118, - Spd, 30 days 

2) CG8005 / +, - Spd, 30 days 

3) w1118, + Spd, 30 days 

4) CG8005 / +, + Spd, 30 days 

 

 

Olfactory acuity:   MCH 

1) w1118, - Spd, 30 days 

2) CG8005 / +, - Spd, 30 days 

3) w1118, + Spd, 30 days 

4) CG8005 / +, + Spd, 30 days 

 

41.44 ± 4.111 

34.59 ± 3.465 

32.81 ± 3.621 

33.67 ± 2.623 

 

 

 

59.36 ± 5.680 

66.10 ± 4.586 

55.00 ± 5.229 

57.28 ± 4.449 

 

44.65 (14) 

31.15 (14) 

29.55 (14) 

30.45 (12) 

 

 

 

62.80 (22) 

61.90 (23) 

57.15 (22) 

57.10 (22) 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

- / + Spd: 

1-3:      nsp = 0.2382 

2-4:      nsp = 0.8318 

w1118 vs. CG8005/+: 

1-2:      nsp = 0.3985 

3-4:      nsp = 0.6343 

 

- / + Spd: 

1-3:      nsp = 0.7903 

2-4:      nsp = 0.3812 

w1118 vs. CG8005/+: 

1-2:      nsp = 0.5650 

3-4:      nsp = 0.9373 

Method: 30 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 40a:   Short-term memory of 5-day old elaV(X)-Gal4 > UAS-CG8005 RNAi (VDRC # 

103593) 

1) elaV(X) / + 41.81 ± 4.067 41.80 (15) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:       *p = 0.0146 

2-3:   ****p < 0.0001 
2) CG8005 RNAi / + 51.92 ± 2.101 52.10 (11) 

3) elaV(X) > CG8005 RNAi 29.13 ± 2.261 30.40 (12) 

Method: 5 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 41a:   Short-term memory of appl-Gal4 > UAS-skywalker overexpression 

1) skywalker OE / (5 days) 53.80 ± 4.733 50.10 (10) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:       *p = 0.0121 

1-3:      nsp = 0.6492 

2-4:      nsp = 0.9980 

3-4:    ***p = 0.0001 

2) appl > skywalker OE (5 

days) 
71.64 ± 4.265 70.45 (14) 

3) skywalker OE / (20 days) 48.84 ± 3.912 48.80 (18) 

4) appl > skywalker OE (20 

days) 
72.96 ± 3.109 68.20 (15) 

Two-way ANOVA: Interaction: nsp = 0.5209; Row Factor: nsp = 0.5720; Column Factor: ****p < 0.0001 

Method: 5 and 20 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100 and MCH 1:100, or 

OCT 1:150 and MCH 1:55 and 1:75, or OCT 1:150 and EA 1:100. 
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Figure 41b:   Short-term memory of ok107-Gal4 > UAS-skywalker overexpression 

1) skywalker OE / (5 days) 45.28 ± 4.249 47.50 (5) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.6216 

1-3:      nsp = 0.5761 

2-4:      nsp = 0.9889 

3-4:      nsp = 0.9905 

2) ok107 > skywalker OE (5 

days) 
39.30 ± 7.156 39.95 (4) 

3) skywalker OE / (20 days) 39.45 ± 3.831 40.50 (6) 

4) ok107 > skywalker OE (20 

days) 
40.20 ± 2.974 38.30 (5) 

Two-way ANOVA: Interaction: nsp = 0.4663; Row Factor: nsp = 0.5921; Column Factor: nsp = 0.5700 

Method: 5 and 20 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100 and MCH 1:100. 

Figure 42a:   Short-term memory of appl-Gal4 > UAS-hsc70-4wt overexpression 

1) appl / + (5 days) 66.30 ± 2.574 66.15 (10) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.2143 

2-3:       *p = 0.0133 

4-6:      nsp = 0.9988 

5-6:      **p = 0.0012 

1-4:   ****p < 0.0001 

2-5:   ****p < 0.0001 

3-6:   ****p < 0.0001 

2) hsc70-4wt OE / + (5 days) 51.42 ± 2.195 52.40 (31) 

3) appl > hsc70-4wt OE (5 days) 59.41 ± 1.935 57.80 (26) 

4) appl / + (20 days) 47.20 ± 1.375 47.25 (22) 

5) hsc70-4wt OE / + (20 days) 36.98 ± 1.763 36.70 (30) 

6) appl > hsc70-4wt OE (20 

days) 
46.80 ± 2.295 47.20 (29) 

Two-way ANOVA: Interaction: nsp = 0.4099; Row Factor: ****p < 0.0001; Column Factor: ****p < 

0.0001 

Method: 5 and 20 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150 and EA 1:100, or 

OCT 1:100 and MCH 1:100. 

Figure 42b:   Short-term memory of ok107-Gal4 > UAS-hsc70-4wt overexpression 

1) hsc70-4wt OE / + (5 days) 55.02 ± 2.456 56.00 (19) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.0822 

1-3:   ****p < 0.0001 

2-4:      nsp = 0.5490 

3-4:      nsp = 0.2672 

2) ok107 > hsc70-4wt (5 days) 47.88 ± 2.628 45.90 (19) 

3) hsc70-4wt OE / + (20 days) 37.71 ± 2.523 36.20 (15) 

4) ok107 > hsc70-4wt (20 days) 43.93 ± 2.958 45.90 (11) 

Two-way ANOVA: Interaction: *p = 0.0167; Row Factor: ***p = 0.0002; Column Factor: nsp = 0.8665 

Method: 5 and 20 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100 and MCH 1:100. 
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Figure 43:   Short-term memory of appl-Gal4 > UAS-hsc70-4D10N overexpression 

1) appl / +  

(5 days) 
66.91 ± 2.879 66.15 (8) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.9904 

2-3:      nsp = 0.1808 

4-6:      nsp = 0.9483 

5-6:       *p = 0.0289 

1-4:    ***p = 0.0002 

2-5:      **p = 0.0034 

3-6:      nsp = 0.1033 

2) hsc70-4D10N OE / + 

(5 days) 
33.86 ± 7.657 51.30 (7) 

3) appl > hsc70-4D10N OE 

(5 days) 
65.18 ± 4.490 64.60 (4) 

4) appl / + 

(20 days) 
47.38 ± 1.505 48.00 (17) 

5) hsc70-4D10N OE / + 

(20 days) 
33.86 ± 3.513 36.05 (8) 

6) appl > hsc70-4D10N OE (20 

days) 
49.98 ± 3.285 54.10 (5) 

Two-way ANOVA: Interaction: nsp = 0.8697; Row Factor: ****p < 0.0001; Column Factor: ***p = 

0.0005 

Method: 5 and 20 days. Raised at 29 °C. Tully Wheel. OCT 1:150 and EA 1:100. 

Figure 44b:   Short-term memory of elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 

replicate 1: 

replicate 2: 

41.98 ± 1.797 

41.32 ± 3.263 

42.47 ± 2.086 

43.80 (31) 

 

 

unpaired t-test ***p = 0.0003 
2) elaV(X) > atg5 RNAi 

replicate 1: 

replicate 2: 

32.60 ± 1.642 

30.89 ± 3.969 

33.41 ± 1.591 

31.70 (28) 

 

 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 44c:   1 hour Mid-term memory of elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 48.16 ± 3.537 48.80 (21) 

unpaired t-test *p = 0.0111 

2) elaV(X) > atg5 RNAi 36.77 ± 2.316 37.00 (20) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:150, MCH 1:60. 
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Figure 45b:   1 hour Mid-term memory of elaV(X)-Gal4 > UAS-atg5 RNAi for 10 and 30 days 

(BL # 34899) 

1) atg5 RNAi / + 

(10 days) 
40.94 ± 2.760 38.30 (21) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:  ****p < 0.0001 

1-3:  ****p < 0.0001 

2-3:     nsp = 0.6878 

2-4:      nsp = 0.1880 

3-4:       *p = 0.0202 

2) elaV(X) > atg5 RNAi  

(10 days) 
16.68 ± 2.351 16.05 (26) 

3) atg5 RNAi / +  

(30 days) 
21.32 ± 2.118 21.50 (22) 

4) elaV(X) > atg5 RNAi  

(30 days) 
5.90 ± 4.970 8.60 (7) 

Two-way ANOVA: Interaction: nsp = 0.1546; Row Factor: ****p < 0.0001; Column Factor: ****p < 

0.0001      

Method: 10 and 30 days. Raised at 29 °C. T-maze. OCT 1.100, MCH 1:100. 

Figure 45c:   1 hour Anesthesia-resistant memory of elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 

34899) 

1) atg5 RNAi / +  

(10 days) 
7.29 ± 3.434 5.60 (13) 

one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:      nsp = 0.9623 

1-3:      nsp = 0.6599 

2-3:      nsp = 0.4807 

2) elaV(X) > atg5 RNAi  

(10 days) 
6.39 ± 1.570 6.05 (16) 

3) atg5 RNAi / +  

(30 days) 
10.55 ± 2.415 10.80 (11) 

Method: 10 and 30 days. Raised at 29 °C. T-maze. OCT 1.100, MCH 1:100. 

Figure 45d:   1 hour Anesthesia-sensitive memory of elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 

34899) 

1) atg5 RNAi / +  

(10 days) 
33.65 ± 3.434 35.34 (13) 

one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:  ****p < 0.0001 

1-3:  ****p < 0.0001 

2-3:      nsp = 0.9901 

2) elaV(X) > atg5 RNAi  

(10 days) 
10.29 ± 1.570 10.63 (16) 

3) atg5 RNAi / +  

(30 days) 
10.77 ± 2.415 10.52 (11) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 
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Figure 46:   Short-term memory of 5-day old elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 59.69 ± 2.086 59.80 (15) 

unpaired t-test ****p < 0.0001 

2) elaV(X) > atg5 RNAi 41.35 ± 3.167 41.05 (12) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1.150, MCH 1:55 and 1:75. 

Table 4:   Innate behavior of elaV(X)-Gal4 > UAS-atg5 RNAi (BL # 34899) 

Shock reactivity: 

1) atg5 RNAi / + 

2) elaV(X) > atg5 RNAi 

 

77.68 ± 4.012 

77.31 ± 2.626 

 

78.80 (9) 

79.40 (12) 

 

unpaired t-test 

 

nsp = 0.9368 

Olfactory acuity:   OCT 

1) atg5 RNAi / + 

2) elaV(X) > atg5 RNAi 

Olfactory acuity:   MCH 

1) atg5 RNAi / + 

2) elaV(X) > atg5 RNAi 

 

22.63 ± 4.085 

21.22 ± 5.824 

 

24.59 ± 6.726 

19.55 ± 6.205 

 

22.20 (9) 

20.65 (6) 

 

21.20 (13) 

12.70 (11) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.8402 

 

 

nsp = 0.5927 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 48a:   Short-term memory of gmr-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 49.31 ± 3.576 45.95 (8) 

unpaired t-test nsp = 0.3963 

2) gmr > atg5 RNAi 55.66 ± 5.128 52.70 (5) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 48b:   Short-term memory of gh146-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 52.64 ± 1.642 52.00 (15) 

unpaired t-test nsp = 0.1017 

2) gh146 > atg5 RNAi 58.73 ± 3.456 57.35 (12) 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:55. 

Figure 49b:   Short-term memory of vt030559-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 47.54 ± 2.795 46.40 (11) 

unpaired t-test ****p < 0.0001 

2) vt030559 > atg5 RNAi 28.43 ± 1.977 28.70 (9) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 49c:   1 hour Mid-term memory of vt030559-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 38.37 ± 1.993 38.70 (16) 

unpaired t-test **p = 0.0033 

2) vt030559 > atg5 RNAi 24.34 ± 4.568 20.55 (8) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 50a:   1 hour Anesthesia-resistant memory of vt030559-Gal4 > UAS-atg5 RNAi (BL # 

34899) 

1) vt030559 / + 14.70 ± 3.217 14.10 (7) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9783 

2-3:    nsp = 0.5105 
2) atg5 RNAi / + 21.30 ± 2.735 18.50 (12) 

3) vt030559 > atg5 RNAi 15.83 ± 1.923 16.90 (3) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 50b:   1 hour Anesthesia-sensitive memory of vt030559-Gal4 > UAS-atg5 RNAi (BL # 

34899) 

1) vt030559 / + 22.80 ± 3.217 23.40 (7) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     *p = 0.0145 

2-3:    nsp = 0.0855 
2) atg5 RNAi / + 21.80 ± 2.936 20.20 (12) 

3) vt030559 > atg5 RNAi 4.717 ± 1.923 3.650 (3) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 51a:   Short-term memory of ok107-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 

replicate 1: 

replicate 2: 

42.29 ± 1.767 

42.07 ± 3.114 

42.47 ± 2.086 

44.35 (32) 

 

 

unpaired t-test *p = 0.0209 
2) ok107-Gal4 > atg5 RNAi 

replicate 1: 

replicate 2: 

36.05 ± 1.956 

34.76 ± 2.915 

36.84 ± 2.646 

37.90 (29) 

 

 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 51b:   Short-term memory of 5-day old ok107-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 57.10 ± 2.256 55.50 (19) 

unpaired t-test **p = 0.0091 

2) ok107 > atg5 RNAi 46.99 ± 2.867 45.70 (20) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:55 and 1:75. 
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Figure 52b:   Short-term memory of mb247-Gal80 ;; ok107-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
52.63 ± 2.933 49.75 (8) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    **p = 0.0013 

2-3:    nsp = 0.3585 
2) atg5 RNAi / + 32.38 ± 2.543 31.30 (13) 

3) mb247-Gal80 ;; ok107-Gal4 

> atg5 RNAi 
37.08 ± 2.620 39.05 (12) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 52c:   1 hour Mid-term memory of mb247-Gal80 ;; ok107-Gal4 > UAS-atg5 RNAi (BL # 

34899) 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
52.70 ± 5.428 56.80 (5) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.7069 

2-3:    nsp = 0.9226 
2) atg5 RNAi / + 46.42 ± 4.124 49.70 (11) 

3) mb247-Gal80 ;; ok107-Gal4 

> atg5 RNAi 
48.12 ± 2.549 47.10 (13) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 53a:   Short-term memory of mb247-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 35.07 ± 2.704 38.20 (12) 

unpaired t-test nsp = 0.3514 

2) mb247-Gal4 > atg5 RNAi 38.99 ± 3.080 39.80 (13) 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 53b:   1 hour Mid-term memory of mb247-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) atg5 RNAi / + 53.40 ± 8.669 54.20 (3) 

unpaired t-test nsp = 0.7644 

2) mb247-Gal4 > atg5 RNAi 56.00 ± 3.260 54.75 (4) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:150, EA 1:100. 

Figure 54:   Short-term memory of tub-Gal80ts ;; ok107-Gal4 > UAS-atg5 RNAi (BL # 34899) 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 
33.03 ± 5.281 29.60 (3) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:    nsp > 0.9999 

2-3:    nsp > 0.9999 
2) atg5 RNAi / + 34.73 ± 1.631 35.70 (13) 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg5 RNAi 
32.46 ± 3.614 32.00 (10) 
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Method: 10 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Table 5:   Innate behavior of atg5 knockdown in specific neuronal areas (BL # 34899) 

Olfactory acuity:   OCT 

1) atg5 RNAi / + 

2) gh146 > atg5 RNAi 

Olfactory acuity:   MCH 

1) atg5 RNAi / + 

2) gh146 > atg5 RNAi 

 

52.14 ± 5.870 

36.70 ± 3.845 

 

38.07 ± 5.315 

29.16 ± 5.910 

 

54.90 (12) 

39.65 (16) 

 

37.00 (15) 

28.30 (14) 

 

unpaired t-test 

 

 

unpaired t-test 

 

*p = 0.0303 

 

 

nsp = 0.2710 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) atg5 RNAi / + 

2) vt030559 > atg5 RNAi 

Olfactory acuity:   MCH 

1) atg5 RNAi / + 

2) vt030559 > atg5 RNAi 

 

34.56 ± 10.22 

39.15 ± 13.20 

 

61.54 ± 6.915 

54.88 ± 5.965 

 

46.80 (8) 

37.20 (6) 

 

58.40 (8) 

52.60 (4) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.7845 

 

 

nsp = 0.5507 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) atg5 RNAi / + 

2) ok107 > atg5 RNAi 

Olfactory acuity:   MCH 

1) atg5 RNAi / + 

2) ok107 > atg5 RNAi 

 

22.63 ± 4.085 

20.32 ± 5.798 

 

24.59 ± 6.726 

18.97 ± 5.136 

 

22.20 (9) 

18.50 (5) 

 

21.20 (13) 

17.20 (11) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.7457 

 

 

nsp = 0.5258 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:60. 

Olfactory acuity:   OCT 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) atg5 RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> atg5 RNAi 

Olfactory acuity:   MCH 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) atg5 RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> atg5 RNAi 

 

52.77 ± 4.117 

 

44.03 ± 9.636 

56.24 ± 5.648 

 

 

57.93 ± 3.425 

 

58.00 ± 8.286 

42.31 ± 5.420 

 

 

54.30 (7) 

 

48.65 (6) 

58.05 (10) 

 

 

58.75 (8) 

 

58.80 (8) 

43.20 (9) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    nsp = 0.9085 

2-3:    nsp = 0.3603 

 

 

 

 

1-3:    nsp = 0.1488 

2-3:    nsp = 0.1463 

 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Olfactory acuity:   OCT 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) atg5 RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg5 RNAi 

Olfactory acuity:   MCH 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) atg5 RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg5 RNAi 

 

63.74 ± 10.86 

 

49.46 ± 9.698 

42.23 ± 12.33 

 

 

71.80 ± 9.503 

 

33.43 ± 5.040 

46.20 ± 6.229 

 

 

55.90 (5) 

 

55.85 (8) 

40.30 (6) 

 

 

62.70 (3) 

 

31.70 (9) 

50.00 (7) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

1-3:    nsp = 0.3860 

2-3:    nsp = 0.8662 

 

 

 

1-3:    nsp = 0.1766 

2-3:    nsp = 0.3806 

 

Method: 10 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 

Figure 55b:   Short-term memory of 5-day old elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 64.01 ± 3.409 65.00 (9) 

unpaired t-test *p = 0.0498 

2) elaV(X) > atg9 RNAi 53.86 ± 3.374 51.60 (10) 

Method: 5 days. Raised at 29 °C. Tully Wheel: OCT 1:150, MCH 1:55. T-maze: OCT 1:150, MCH 

1:75. 

Figure 55c:   Short-term memory of elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 51.84 ± 2.467 51.30 (17) 

unpaired t-test *p = 0.0103 

2) elaV(X) > atg9 RNAi 37.95 ± 4.629 38.90 (15) 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60 and 1:55. 

Figure 55d:   1 hour Mid-term memory of elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 53.23 ± 4.582 52.90 (13) 

unpaired t-test *p = 0.0267 

2) elaV(X) > atg9 RNAi 40.22 ± 3.068 39.00 (13) 

Method: 10 days. Raised at 29 °C. T-maze (and Tully Wheel). OCT 1:150 and MCH 1:75, or OCT 

1:100 and MCH 1:100. 

Figure 55e:   1 hour Anesthesia-resistant memory of elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 

34901) 

1) atg9 RNAi / + 25.47 ± 4.083 22.00 (11) 

unpaired t-test nsp = 0.6757 

2) elaV(X) > atg9 RNAi 27.81 ± 3.455 27.40 (9) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 55f:   1 hour Anesthesia-sensitive memory of elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 27.43 ± 4.083 30.90 (11) 

unpaired t-test **p = 0.0085 

2) elaV(X) > atg9 RNAi 11.19 ± 3.455 11.60 (9) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Table 6:   Innate behavior of elaV(X)-Gal4 > UAS-atg9 RNAi (BL # 34901) 

Shock reactivity: 

1) atg9 RNAi / + 

2) elaV(X) > atg9 RNAi 

 

88.62 ± 2.648 

85.14 ± 2.302 

 

89.70 (6) 

85.85 (8) 

unpaired t-test nsp = 0.3412 

Olfactory acuity:   OCT 

1) atg9 RNAi / + 

2) elaV(X) > atg9 RNAi 

Olfactory acuity:   MCH 

1) atg9 RNAi / + 

2) elaV(X) > atg9 RNAi 

 

27.26 ± 3.823 

23.34 ± 3.853 

 

50.28 ± 8.450 

49.11 ± 7.583 

 

24.40 (14) 

23.30 (17) 

 

52.00 (10) 

58.80 (13) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.4809 

 

 

nsp = 0.9190 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 56b:   Short-term memory of gh146 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 51.97 ± 7.183 54.65 (8) 

unpaired t-test nsp = 0.2231 

2) gh146 > atg9 RNAi 61.57 ± 3.636 63.10 (10) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:55 and 1:75. 

Figure 57a:   Short-term memory of 5-day old vt030559-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) vt030559 / + 48.48 ± 2.980 46.30 (8) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     *p = 0.0371 

2-3:   **p = 0.0091 
2) atg9 RNAi / + 54.26 ± 5.380 54.40 (5) 

3) vt030559 > atg9 RNAi 34.98 ± 3.986 33.70 (8) 

Method: 5 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 57b:   Short-term memory of 10-day old vt030559-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) vt030559 / + 47.25 ± 1.344 46.30 (4) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     *p = 0.0212 

2-3:   **p = 0.0026 
2) atg9 RNAi / + 45.30 ± 2.222 43.85 (16) 

3) vt030559 > atg9 RNAi 35.81 ± 1.679 37.00 (15) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 58d:   1 hour Mid-term memory of ok107-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 54.27 ± 5.316 52.90 (11) 

unpaired t-test *p = 0.0175 

2) ok107 > atg9 RNAi 39.35 ± 3.263 39.40 (17) 

Method: 10 days. Raised at 29 °C. T-maze (and Tully Wheel). OCT 1:150 and MCH 1:75, or OCT 

1:100 and MCH 1:100. 

Figure 58e:   1 hour Anesthesia-resistant memory of ok107-Gal4 > UAS-atg9 RNAi (BL # 

34901) 

1) atg9 RNAi / + 23.38 ± 3.468 22.00 (15) 

unpaired t-test nsp = 0.5349 

2) ok107 > atg9 RNAi 20.86 ± 2.197 19.90 (17) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:150 and MCH 1:75, or OCT 1:100 and MCH 

1:100. 

Figure 58f:   1 hour Anesthesia-sensitive memory of ok107-Gal4 > UAS-atg9 RNAi (BL # 

34901) 

1) atg9 RNAi / + 29.52 ± 3.468 30.90 (15) 

unpaired t-test *p = 0.0102 

2) ok107 > atg9 RNAi 18.54 ± 2.197 19.50 (17) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 59:   Short-term memory of ilp2-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 52.78 ± 4.254 53.70 (11) 

unpaired t-test nsp = 0.0597 

2) ilp2 > atg9 RNAi 63.73 ± 2.411 62.45 (8) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 60:   Short-term memory of gmr-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 50.85 ± 4.077 45.10 (12) 

unpaired t-test nsp = 0.2302 

2) gmr > atg9 RNAi 57.28 ± 3.317 56.50 (13) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 61a:   Short-term memory of mb147-Gal80 ;; ok107-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
55.33 ± 4.366 53.70 (10) one-way 

ANOVA with 

1-3:     *p = 0.0149 

2-3:    nsp = 0.9347 

2) atg9 RNAi / + 41.29 ± 2.351 41.60 (14) 
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3) mb247-Gal80 ;; ok107-Gal4 

> atg9 RNAi 
42.63 ± 2.788 44.40 (16) 

Sidak’s post 

hoc test 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 61b:   1 hour Mid-term memory of mb147-Gal80 ;; ok107-Gal4 > UAS-atg9 RNAi (BL # 

34901) 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
53.34 ± 3.424 50.20 (14) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:  ***p = 0.0005 

2-3:    nsp = 0.1581 
2) atg9 RNAi / + 42.50 ± 4.061 42.40 (9) 

3) mb247-Gal80 ;; ok107-Gal4 

> atg9 RNAi 
32.79 ± 1.505 33.85 (8) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 62a:   Short-term memory of 5-day old mb247-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 64.60 ± 6.901 62.40 (3) 

unpaired t-test nsp = 0.4171 

2) mb247 > atg9 RNAi 72.33 ± 5.055 73.90 (3) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:55 or 1:75. 

Figure 62b:   Short-term memory of 10-day old mb247-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) atg9 RNAi / + 51.97 ± 7.183 54.65 (8) 

unpaired t-test nsp = 0.3236 

2) mb247 > atg9 RNAi 59.87 ± 4.124 60.40 (11) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:150, MCH 1:55 or 1:75. 

Figure 63a:   Short-term memory of tub-Gal80ts ;; ok107-Gal4 > UAS-atg9 RNAi (BL # 34901) 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 
40.03 ± 3.146 42.35 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.2743 

2-3:    nsp = 0.2040 
2) atg9 RNAi / + 29.22 ± 2.856 25.10 (11) 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg9 RNAi 
35.00 ± 1.847 35.40 (20) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 63b:   1 hour Mid-term memory of tub-Gal80ts ;; ok107-Gal4 > UAS-atg9 RNAi (BL # 

34901) 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 
30.75 ± 2.670 32.50 (13) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.2067 

2-3:    nsp = 0.9997 
2) atg9 RNAi / + 37.03 ± 2.736 39.95 (14) 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg9 RNAi 
37.11 ± 2.751 34.60 (18) 

Method: 10 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Table 7:   Innate behavior of atg9 knockdown in specific neuronal areas (BL # 34901) 

Olfactory acuity:   OCT 

1) atg9 RNAi / + 

2) gh146 > atg9 RNAi 

Olfactory acuity:   MCH 

1) atg9 RNAi / + 

2) gh146 > atg9 RNAi 

 

22.74 ± 5.672 

23.84 ± 5.540 

 

36.55 ± 5.867 

33.17 ± 4.863 

 

28.60 (17) 

19.10 (16) 

 

36.50 (22) 

37:20 (19) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.8905 

 

 

nsp = 0.6661 

Method. 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:00. 

Olfactory acuity:   OCT 

1) atg9 RNAi / + 

2) ok107 > atg9 RNAi 

Olfactory acuity:   MCH 

1) atg9 RNAi / + 

2) ok107 > atg9 RNAi 

 

27.26 ± 3.823 

33.79 ± 5.352 

 

50.28 ± 8.450 

49.11 ± 7.583 

 

24.40 (14) 

23.30 (17) 

 

52.00 (10) 

58.80 (13) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.4809 

 

 

nsp = 0.9190 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60 

Olfactory acuity:   OCT 

1) atg9 RNAi / + 

2) ilp2 > atg9 RNAi 

Olfactory acuity:   MCH 

1) atg9 RNAi / + 

2) ilp2 > atg9 RNAi 

 

31.64 ± 7.345 

37.08 ± 5.098 

 

27.25 ± 7.087 

33.94 ± 6.010 

 

32.20 (14) 

33.30 (13) 

 

28.50 (14) 

31.10 (11) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.5546 

 

 

nsp = 0.4940 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

  



Appendix - Data list of memory experiments | 284 

 

Olfactory acuity:   OCT 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) atg9 RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> atg9 RNAi 

Olfactory acuity:   MCH 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) atg9 RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> atg9 RNAi 

 

62.03 ± 3.664 

 

55.01 ± 4.433 

41.14 ± 4.401 

 

 

80.33 ± 5.647 

 

73.10 ± 5.499 

54.74 ± 8.696 

 

 

61.55 (8) 

 

55.00 (9) 

45.90 (5) 

 

 

85.60 (8) 

 

73.30 (9) 

53.30 (5) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

 

1-3:     *p = 0.0103 

2-3:    nsp = 0.0882 

 

 

 

 

1-3:     *p = 0.0418 

2-3:    nsp = 0.2785 

 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) atg9 RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg9 RNAi 

Olfactory acuity:   MCH 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) atg9 RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

atg9 RNAi 

 

74.78 ± 10.05 

 

61.97 ± 3.831 

68.51 ± 1.808 

 

 

78.16 ± 6.858 

 

57.13 ± 9.724 

66.50 ± 6.313 

 

 

81.30 (5) 

 

63.30 (9) 

70.25 (10) 

 

 

85.50 (7) 

 

48.30 (9) 

74.60 (8) 

 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

1-3:    nsp = 0.4596 

2-3:    nsp = 0.3677 

 

 

 

 

1-3:    nsp = 0.1863 

2-3:    nsp > 0.9999 

 

Method: 10 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 64:   Short-term memory of ok107-Gal4 > UAS-atg1 overexpression (BL # 51655) 

1) ok107 / + 58.91 ± 4.174 58.95 (8) Mann-Whitney 

test 

nsp = 0.1893 

2) ok107 > atg1 OE 37.94 ± 11.88 20.00 (7) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 66c:   Short-term memory of sNPFc00448 (BL # 85000) 

1) w1118 66.42 ± 2.355 57.50 (13) 

unpaired t-test **p = 0.0017 

2) sNPFc00448 55.18 ± 2.091 57.50 (12) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 



Appendix - Data list of memory experiments | 285 

 

Figure 66d:   1 hour Mid-term memory of sNPFc00448 (BL # 85000) 

1) w1118 60.29 ± 4.203 62.45 (14) 

unpaired t-test *p = 0.0100 

2) sNPFc00448 44.37 ± 3.828 44.37 (13) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 66e:   1 hour Anesthesia-resistant memory of sNPFc00448 (BL # 85000) 

1) w1118 26.07 ± 3.016 32.30 (13) 

unpaired t-test nsp = 0.3684 

2) sNPFc00448 23.01 ± 1.163 23.00 (12) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 66f:   1 hour Anesthesia-sensitive memory of sNPFc00448 (BL # 85000) 

1) w1118 36.38 ± 3.016 30.15 (13) 

unpaired t-test ***p = 0.0002 

2) sNPFc00448 21.36 ± 1.163 21.37 (12) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Table 8:   Innate behavior of sNPFc00448 (BL # 85000) 

Olfactory acuity:   OCT 

1) w1118 

2) sNPFc00448 

Olfactory acuity:   MCH 

1) w1118 

2) sNPFc00448 

 

33.21 ± 6.258 

-4.118 ±4.783 

 

48.33 ± 3.852 

27.83 ± 4.110 

 

35.10 (17) 

-1.600 (17) 

 

47.80 (12) 

30.90 (11) 

 

unpaired t-test 

 

 

unpaired t-test 

 

****p < 0.0001 

 

 

**p = 0.0014 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Chapter II.2.5.1:   Short-term memory of ok107-Gal4 > UAS- sNPF RNAi  

1) ok107 / + 53.55 ± 1.667 54.15 (12) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.3602 

2-3:    nsp = 0.9508 
2) sNPF RNAi / + 49.82 ± 3.158 52.80 (9) 

3) ok107 > sNPF RNAi 48.67 ± 3.137 50.30 (14) 

Method: 10 days. Raised at 29 °C. Tully Wheel. OCT 1:100, MCH 1:100. 
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Chapter II.2.5.1:   1 hour Mid-term memory of ok107-Gal4 > UAS- sNPF RNAi 

1) ok107 / + 65.73 ± 0.367 66.10 (3) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.0825 

2-3:    nsp = 0.7577 
2) sNPF RNAi / + 50.08 ± 3.307 50.95 (6) 

3) ok107 > sNPF RNAi 53.14 ± 3.381 53.00 (8) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 67c:   Short-term memory of ok107-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 49.58 ± 3.229 47.35 (10) 

unpaired t-test ****p < 0.0001 

2) ok107 > sNPF R RNAi 20.83 ± 2.715 23.20 (10) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 67d:   1 hour Mid-term memory of ok107-Gal4 > UAS- sNPF R RNAi 

1) ok107 / + 43.73 ± 3.103 44.00 (4) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0011 

2-3: ****p < 0.0001 
2) sNPF R RNAi / + 53.54 ± 4.257 51.50 (13) 

3) ok107 > sNPF R RNAi 18.77 ± 2.204 16.25 (18) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 67e:   1 hour Anesthesia-resistant memory of ok107-Gal4 > UAS- sNPF R RNAi 

1) ok107 / + 21.84 ± 3.597 21.60 (8) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.2738 

2-3:    nsp = 0.0976 
2) sNPF R RNAi / + 23.22 ± 2.615 23.50 (11) 

3) ok107 > sNPF R RNAi 16.30 ± 1.882 15.85 (14) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 67f:   1 hour Anesthesia-sensitive memory of ok107-Gal4 > UAS- sNPF R RNAi 

1) ok107 / + 22.16 ± 3.597 22.40 (8) 
one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 

2) sNPF R RNAi / + 28.28 ± 2.615 28.00 (11) 

3) ok107 > sNPF R RNAi 
-0.0533 ± 

1.752 
0.250 (15) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 
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Figure 68a:   Short-term memory of vt030559-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 45.54 ± 2.835 43.30 (14) 

unpaired t-test ****p < 0.0001 

2) vt030559 > sNPF R RNAi 24.59 ± 2.484 24.95 (12) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 68b:   1 hour Mid-term memory of vt030559-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 35.98 ± 2.904 34.60 (22) 

unpaired t-test **p = 0.0010 

2) vt030559 > sNPF R RNAi 23.20 ± 2.273 22.10 (26) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 68c:   1 hour Anesthesia-resistant memory of vt030559-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 13.24 ± 1.929 13.00 (21) 

unpaired t-test nsp = 0.6828 

2) vt030559 > sNPF R RNAi 14.38 ± 1.967 15.90 (18) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 68d:   1 hour Anesthesia-sensitive memory of vt030559-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 21.36 ± 1.929 21.60 (21) 

unpaired t-test ****p < 0.0001 

2) vt030559 > sNPF R RNAi 7.722 ± 1.967 6.20 (18) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 69:   Short-term memory of ilp2-Gal4 > UAS- sNPF R RNAi 

1) sNPF R RNAi / + 46.91 ± 4.033 44.60 (21) Mann-Whitney 

test 

nsp = 0.4284 

2) vt030559 > sNPF R RNAi 46.39 ± 4.684 51.70 (21) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 70a:   Short-term memory of mb247-Gal80 ;; ok107-Gal4 > UAS- sNPF R RNAi 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
53.52 ± 3.044 53.50 (11)  

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    *p = 0.0169 

2-3:    nsp = 0.5558 

2) sNPF R RNAi / + 46.02 ± 3.208 43.00 (13) 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 
42.22 ± 2.323 41.80 (15) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 70b:   1 hour Mid-term memory of mb247-Gal80 ;; ok107-Gal4 > UAS- sNPF R RNAi 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
38.23 ± 3.366 38.75 (16) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.1464 

2-3:    nsp = 0.2469 
2) sNPF R RNAi / + 36.78 ± 2.518 34.80 (19) 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 
30.58 ± 2.843 30.55 (16) 

Method:   10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 70c:   1 hour Anesthesia-resistant memory of mb247-Gal80 ;; ok107-Gal4 > UAS- sNPF 

R RNAi 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
18.47 ± 1.610 17.60 (21) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.7944 

2-3:    nsp = 0.3733 
2) sNPF R RNAi / + 13.24 ± 1.929 13.00 (21) 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 
16.78 ± 2.313 18.10 (19) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 70d:   1 hour Anesthesia-sensitive memory of mb247-Gal80 ;; ok107-Gal4 > UAS- sNPF 

R RNAi 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 
12.08 ± 1.610 12.95 (21) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0015 

2-3:    nsp = 0.9865 
2) sNPF R RNAi / + 21.56 ± 1.929 21.80 (21) 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 
21.97 ± 2.313 20.65 (19) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 71:   Short-term memory of tub-Gal80ts ;; ok107-Gal4 > UAS- sNPF R RNAi 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 
27.71 ± 3.368 23.60 (15) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   nsp = 0.1676 

2-3:    nsp = 0.3228 
2) sNPF R RNAi / + 25.80 ± 2.861 27.75 (18) 

3) tub-Gal80ts ;; ok107-Gal4 > 

sNPF R RNAi 
20.11 ± 2.861 20.50 (18) 

Method: 10 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Table 9:   Innate behavior of sNPF receptor knockdown in different areas 

Replicate 1 

Olfactory acuity:   OCT 

1) sNPF R RNAi / + 

2) ok107 > sNPF R RNAi 

Olfactory acuity:   MCH 

1) sNPF R RNAi / + 

2) ok107 > sNPF R RNAi 

 

 

70.44 ± 3.513 

37.40 ± 3.636 

 

87.04 ± 2.267 

59.03 ± 4.683 

 

 

68.80 (17) 

34.75 (22) 

 

88.20 (12) 

62.35 (28) 

 

 

unpaired t-test 

 

 

unpaired t-test 

 

 

****p < 0.0001 

 

 

***p = 0.0005 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Replicate 2 

Olfactory acuity:   OCT 

1) sNPF R RNAi / + 

2) ok107 > sNPF R RNAi 

Olfactory acuity:   MCH 

1) sNPF R RNAi / + 

2) ok107 > sNPF R RNAi 

 

 

72.00 ± 8.729 

24.71 ± 7.449 

 

88.22 ± 1.790 

40.14 ± 4.157 

 

 

80.75 (8) 

31.60 (9) 

 

85.90 (9) 

35.20 (9) 

 

 

unpaired t-test 

 

 

unpaired t-test 

 

 

***p = 0.0009 

 

 

****p < 0.0001 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) sNPF R RNAi / + 

2) vt030559 > sNPF R RNAi 

Olfactory acuity:   MCH 

1) sNPF R RNAi / + 

2) vt030559 > sNPF R RNAi 

 

70.33 ± 5.857 

36.94 ± 6.466 

 

76.08 ± 4.885 

53.26 ± 8.863 

 

69.60 (12) 

37.30 (12) 

 

83.35 (14) 

61.90 (12) 

 

unpaired t-test 

 

 

unpaired t-test 

 

***p = 0.0009 

 

 

*p = 0.0277 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) sNPF R RNAi / + 

2) ilp2 > sNPF R RNAi 

Olfactory acuity:   MCH 

1) sNPF R RNAi / + 

2) ilp2 > sNPF R RNAi 

 

60.39 ± 5.068 

49.50 ± 6.892 

 

93.88 ± 1.076 

86.66 ± 2.830 

 

61.20 (9) 

53.10 (12) 

 

94.55 (8) 

85.70 (8) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.2469 

 

 

*p = 0.0319 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Olfactory acuity:   OCT 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) sNPF R RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 

Olfactory acuity:   MCH 

1) mb247-Gal80 / + ;; ok107-

Gal4 / + 

2) sNPF R RNAi / + 

3) mb247-Gal80 ;; ok107-Gal4 

> sNPF R RNAi 

 

54.87 ± 7.412 

 

57.13 ± 5.541 

39.01 ± 10.41 

 

 

63.94 ± 7.238 

 

65.40 ± 6.073 

33.02 ± 13.41 

 

 

50.30 (10) 

 

61.50 (7) 

32.40 (12) 

 

 

67.85 (10) 

 

62.50 (8) 

36.85 (12) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.3584 

2-3:    nsp = 0.3389 

 

 

 

 

1-3:    nsp = 0.0800 

2-3:    nsp = 0.0865 

 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity   OCT 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) sNPF R RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

sNPF R RNAi 

Olfactory acuity:   MCH 

1) tub-Gal80ts / + ;; ok107-Gal4 

/ + 

2) sNPF R RNAi / + 

3) tub-Gal80ts ;; ok107-Gal4 > 

sNPF R RNAi 

79.16 ± 4.305 

 

67.02 ± 5.510 

73.55 ± 5.054 

 

 

70.43 ± 7.699 

 

69.30 ± 6.143 

82.03 ± 4.681 

82.90 (14) 

 

64.50 (16) 

77.10 (13) 

 

 

82.80 (16) 

 

69.55 (16) 

89.50 (13) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-3:    nsp = 0.9778 

2-3:    nsp = 0.9519 

 

 

 

1-3:    nsp > 0.9999 

2-3:    nsp = 0.8625 

 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 72a:   Short-term memory for 10-day old ok107 > sNPF overexpression 

1) sNPF OE / + 58.20 ± 6.239 67.50 (4) 

unpaired t-test **p = 0.0010 

2) ok107 > sNPF OE 34.39 ± 2.662 49.20 (13) 

Method: 10 days. Raised at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 
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Figure 72b:   1 hour Mid-term memory of ok107 > sNPF overexpression 

1) sNPF OE / +  

(5 days) 
67.20 ± 3.554 63.30 (9) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

days: 

1-2:      nsp = 0.0841 

3-4:      nsp = 0.2039 

5-6:       *p = 0.0285 

 

sNPF OE / +: 

1-3:      nsp = 0.0745 

1-5:   ****p < 0.0001 

3-5:      nsp = 0.5851 

 

ok107 > sNPF OE: 

2-4:      **p = 0.0090 

2-6:   ****p < 0.0001 

4-6:      nsp = 0.8149 

2) ok107 > sNPF OE 

(5 days) 
57.21 ± 3.080 55.15 (16) 

3) sNPF OE / + 

(10 days) 
52.45 ± 1.932 51.65 (4) 

4) ok107 > sNPF OE 

(10 days) 
38.65 ± 2.521 37.65 (4) 

5) sNPF OE / + 

(20 days) 
45.26 ± 2.944 44.00 (11) 

6) ok107 > sNPF OE 

(20 days) 
33.87 ± 2.911 35.90 (15) 

Two-way ANOVA: Interaction: nsp = 0.9077; Row Factor: ****p < 0.0001; Column Factor: ***p = 

0.0007 

Method: 5, 10, and 20 days. Raised at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 

Figure 72c: 1 hour Anesthesia-resistant memory of 20-day old ok107 > sNPF overexpression 

1) ok107 / + 18.11 ± 2.771 17.80 (15) 
Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp > 0.9999 

2-3:      nsp > 0.9999 
2) sNPF OE / + 16.82 ± 2.659 16.60 (17) 

3) ok107 > sNPF OE 18.03 ± 3.496 14.30 (18) 

Method: 20 days. Raised at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 

Figure 72d:   1 hour Anesthesia-resistant memory of 20-day old ok107 > sNPF 

overexpression 

1) ok107 / + 17.54 ± 2.771 17.85 (15) 
Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp = 0.9039 

2-3:      nsp = 0.1858 
2) sNPF OE / + 27.18 ± 2.659 27.40 (17) 

3) ok107 > sNPF OE 17.87 ± 3.496 21.60 (18) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 
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Figure 73a:   1 hour Mid-term memory for two copies sNPF overexpression in the mushroom 

body 

1) sNPF OE / + ; sNPF OE / + 

(5 days) 
46.10 ± 2.410 47.00 (23) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

days: 

1-2:      **p = 0.0033 

3-4:      nsp = 0.1404 

5-6:      nsp = 0.0535 

2x sNPF OE / +: 

1-3:      nsp = 0.5063 

1-5:      nsp = 0.5228 

3-5:      nsp = 0.9996 

ok107 >  

2x sNPF OE: 

2-4:      nsp = 0.8652 

2-6:      nsp = 0.9250 

4-6:      nsp = 0.9996 

2) ok107 > sNPF OE ; sNPF 

OE (5 days) 
32.87 ± 4.220 32.30 (18) 

3) sNPF OE / + ; sNPF OE / + 

(10 days) 
40.64 ± 2.804 40.60 (13) 

4) ok107 > sNPF OE ; sNPF 

OE (10 days) 
29.00 ± 4.742 31.20 (7) 

5) sNPF OE / + ; sNPF OE / + 

(20 days) 
41.08 ± 2.857 30.10 (16) 

6) ok107 > sNPF OE / + ; sNPF 

OE / + (20 days) 
30.48 ± 1.995 31.90 (16) 

Two-way ANOVA: Interaction: nsp = 0.9029; Row Factor: nsp = 0.3002; Column Factor: ****p < 

0.0001 

Method: 5, 10, and 20 days. Raised at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 

Figure 73b:   1 hour Anesthesia-resistant memory for two copies sNPF overexpression in the 

mushroom body 

1) sNPF OE / + ; sNPF OE / + 

(5 days) 
27.90 ± 2.352 26.35 (20) 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    ***p = 0.0003 

2-4:   ****p < 0.0001 

1-2:      nsp = 0.9910 

3-4:      nsp = 0.2603 

2) ok107 > sNPF OE ; sNPF 

OE (5 days) 
28.27 ± 2.460 29.50 (21) 

3) sNPF OE / + ; sNPF OE / + 

(20 days) 
16.15 ± 2.096 16.90 (25) 

4) ok107 > sNPF OE ; sNPF 

OE (20 days) 
11.81 ± 1.348 9.800 (21) 

Two-way ANOVA: Interaction: nsp = 0.2696; Row Factor: ****p < 0.0001; Column Factor: nsp = 

0.3507 

Method: 5 and 20 days. Raised at 29 °C. T-maze. OCT 1:100 and MCH 1:100. 
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Figure 73c:   1 hour Anesthesia-sensitive memory for two copies sNPF overexpression in the 

mushroom body 

1) sNPF OE / + ; sNPF OE / + 

(5 days) 
19.11 ± 2.351 20.65 (20) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.5634 

2-4:   ****p < 0.0001 

1-2:   ****p < 0.0001 

3-4:      nsp = 0.7748 

2) ok107 > sNPF OE ; sNPF 

OE (5 days) 
4.033 ± 2.460 2.800 (21) 

3) sNPF OE / + ; sNPF OE / + 

(20 days) 
21.95 ± 2.096 21.20 (25) 

4) ok107 > sNPF OE ; sNPF 

OE (20 days) 
20.09 ± 1.348 22.10 (21) 

Two-way ANOVA: Interaction: **p = 0.0025; Row Factor: ****p < 0.0001; Column Factor: ***p = 

0.0001 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 74a:   Short-term memory of ilp2 (BL # 30881) 

1) w1118 55.74 ± 2.218 56.75 (20) 

unpaired t-test ****p < 0.0001 

2) ilp2 31.21 ± 2.326 31.60 (19) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 74b:   Short-term memory of ilp2-3 (BL # 30888) 

1) w1118 64.12 ± 2.339 64.30 (19) 

unpaired t-test ****p < 0.0001 

2) ilp2-3 40.25 ± 3.084 41.50 (15) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 74c:   Short-term memory of ilp3 (BL # 30882) 

1) w1118 52.39 ± 3.148 51.55 (16) Mann-Whitney 

test 
****p < 0.0001 

2) ilp3 32.55 ± 3.275 36.40 (17) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 74d:   Short-term memory of 5-day old of ilp5 flies (BL # 30884) 

1) w1118 54.03 ± 2.456 53.20 (15) 

unpaired t-test nsp = 0.5483 

2) ilp5 56.12 ± 2.390 57.55 (14) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 74e:   Short-term memory of 5-day old wDah ;; ilp2-3,5 flies 

1) wDah 57.29 ± 2.933 60.50 (13) 

unpaired t-test *p = 0.0148 

2) wDah ;; ilp2-3,5 46.44 ± 2.919 44.75 (14) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 74f:   Short-term memory of ilp7 (BL # 30887) 

1) w1118 54.99 ± 2.825 55.70 (15) 

unpaired t-test ****p < 0.0001 

2) ilp7 33.34 ± 2.942 33.50 (13) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 76a:   1 hour Mid-term memory of ilp2 (BL # 30881) 

1) w1118 57.96 ± 4.028 56.20 (11) 

unpaired t-test ****p < 0.0001 

2) ilp2 28.17 ± 2.299 29.60 (13) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 76b:   1 hour Mid-term memory of ilp2-3 (BL # 30888) 

1) w1118 65.94 ± 4.893 69.50 (9) 

unpaired t-test ***p = 0.0009 

2) ilp2-3 44.02 ± 2.986 42.30 (11) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 76c:   1 hour Mid-term memory of 5-day old ilp5 flies (BL # 30884) 

1) w1118 41.78 ± 5.413 46.75 (8) 

unpaired t-test nsp = 0.3806 

2) ilp5 48.34 ± 4.632 51.40 (7) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 76d:   1 hour Anesthesia-resistant memory of ilp2 (BL # 30881) 

1) w1118 24.00 ± 2.248 25.10 (11) 

unpaired t-test **p = 0.0090 

2) ilp2 14.65 ± 2.279 13.30 (15) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 76e:   1 hour Anesthesia-resistant memory of ilp2-3 (BL # 30888) 

1) w1118 28.58 ± 3.293 29.25 (12) Mann-Whitney 

test 
****p < 0.0001 

2) ilp2-3 6.154 ± 3.698 7.100 (13) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 76f:   1 hour Anesthesia-sensitive memory of ilp2 (BL # 30881) 

1) w1118 32.44 ± 2.484 29.40 (11) 

unpaired t-test ****p < 0.0001 

2) ilp2 14.95 ± 2.279 16.30 (15) 

Method: ASM values are calculated as the MTM median minus the particular ARM values. 

Figure 76g:   1 hour Anesthesia-sensitive memory of ilp2-3 (BL # 30888) 

1) w1118 37.37 ± 3.293 36.69 (12) Mann-Whitney 

test 

nsp = 0.7283 

2) ilp2-3 36.15 ± 3.698 35.20 (13) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 77a:   Short-term memory of 30-day old ilp5 (BL # 30884) 

2) w1118 (30 days) 45.84 ± 3.903 52.00 (11) 

unpaired t-test nsp = 0.4006 

3) ilp5 (30 days) 42.10 ± 1.921 42.10 (11) 

Method: 5 and 30 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 77b:   Short-term memory of 30-day old wDah ;; ilp2-3,5 flies 

1) wDah 45.12 ± 2.887 45.80 (13) 

unpaired t-test *p = 0.0148 

2) wDah ;; ilp2-3,5 29.47 ± 5.093 33.45 (14) 

Method: 30 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 77c:   1 hour Mid-term memory of aged ilp5 (BL # 30884) 

2) w1118 (30 days) 27.89 ± 3.766 25.50 (7) 

unpaired t-test nsp = 0.9543 

3) ilp5 (30 days) 28.16 ± 2.714 28.80 (7) 

Method: 5 and 30 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 77d:   1 hour Mid-term memory of 30-day old wDah ;; ilp2-3,5 flies 

1) wDah 26.35 ± 4.438 26.25 (4) 

unpaired t-test nsp = 0.1762 

2) wDah ;; ilp2-3,5 18.65 ± 2.351 19.10 (4) 

Method: 30 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Table 11:   Innate behavior of the experimental insulin-like peptide groups 

Shock reactivity: 

1) w1118 

2) ilp2 

 

91.02 ± 1.666 

91.00 ± 1.946 

 

92.20 (9) 

91.20 (10) 

 

Mann-Whitney 

test 

 

nsp = 0.9838 

Method: 5 days. Raised at 25 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) w1118 

2) ilp2 

Olfactory acuity:   MCH 

1) w1118 

2) ilp2 

 

61.74 ± 6.908 

57.78 ± 7.608 

 

70.10 ± 4.717 

80.13 ± 4.757 

 

63.60 (10) 

65.35 (12) 

 

74.60 (13) 

85.30 (10) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.7086 

 

 

nsp = 0.1558 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Shock reactivity: 

1) w1118 

2) ilp3 

 

83.40 ± 3.929 

86.80 ± 3.857 

 

88.05 (12) 

91.20 (10) 

 

Mann-Whitney 

test 

 

nsp = 0.5273 

Method: 5 days. Raised at 25 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) w1118 

2) ilp3 

Olfactory acuity:   MCH 

1) w1118 

2) ilp3 

 

46.74 ± 3.025 

39.92 ± 2.709 

 

60.41 ± 6.641 

56.37 ± 4.231 

 

45.30 (14) 

39.10 (13) 

 

65.20 (15) 

51.10 (15) 

 

unpaired t-test 

 

 

Mann-Whitney 

test 

 

nsp = 0.1074 

 

 

nsp = 0.3094 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Shock reactivity: 

1) w1118 

2) ilp2-3 

 

78.30 ± 1.713 

74.05 ± 2.173 

 

78.00 (21) 

72.50 (24) 

 

unpaired t-test 

 

nsp = 0.1396 

Method: 5 days. Raised at 25 °C. T-maze. 
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Olfactory acuity:   OCT 

1) w1118 

2) ilp2-3 

Olfactory acuity:   MCH 

1) w1118 

2) ilp2-3 

 

78.38 ± 3.615 

75.65 ± 4.301 

 

81.51 ± 3.140 

87.35 ± 1.703 

 

76.45 (10) 

74.75 (10) 

 

80.55 (10) 

87.70 (10) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.6329 

 

 

nsp = 0.1194 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Shock reactivity: 

1) w1118 

2) ilp5 

 

71.85 ± 3.686 

80.01 ± 3.309 

 

70.80 (10) 

83.80 (10) 

 

unpaired t-test 

 

nsp = 0.1168 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. 

Olfactory acuity:   OCT 

1) w1118 

2) ilp5 

Olfactory acuity:   MCH 

1) w1118 

2) ilp5 

 

43.78 ± 3.843 

51.90 ± 5.535 

 

60.58 ± 5.883 

46.13 ± 7.443 

 

42.90 (14) 

52.80 (12) 

 

65.20 (17) 

55.75 (18) 

 

unpaired t-test 

 

 

Mann-Whitney 

test 

 

nsp = 0.6329 

 

 

nsp = 0.1920 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Shock reactivity: 

1) w1118 

2) ilp2-3,5 

 

89.16 ± 2.562 

92.44 ± 1.145 

 

91.30 (10) 

91.80 (9) 

 

unpaired t-test 

 

nsp = 0.2759 

Method: 5 days. Raised at 25 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) w1118 

2) ilp2-3,5 

Olfactory acuity:   MCH 

1) w1118 

2) ilp2-3,5 

 

39.36 ± 8.668 

40.61 ± 7.387 

 

69.28 ± 7.964 

73.98 ± 3.572 

 

49.70 (8) 

31.95 (10) 

 

75.55 (10) 

77.10 (9) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.9137 

 

 

nsp = 0.6113 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 80a:   Short-term memory for w1118 

1) 5-days 
59.23 ± 

0.8485 

60.25 

(176) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-2:    ***p = 0.0009 

1-3:   ****p < 0.0001 

2-3:      **p = 0.0035 

2) 20 days 48.57 ± 2.432 
50.40  

(29) 

3) 30 days 37.55 ± 1.250 
37.65 

(107) 

Method: 5, 20, and 30 days. Raised at 25 °C. Pooled from 2014 – 2021. 

Figure 80b:   1 hour Mid-term memory for w1118 

1) 5-days 54.09 ± 3.083 57.75 (38) one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

2-3:      nsp = 0.3208 

2) 20 days 28.10 ± 3.031 29.40 (27) 

3) 30 days 20.31 ± 2.793 18.80 (15) 

Method: 5, 20, and 30 days. Raised at 25 °C. Pooled from 2014 – 2021. 

Figure 80c:   3 hour Mid-term memory for w1118 

1) 5-days 35.87 ± 1.304 
34.90 

(107) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

2-3:      **p = 0.0092 

2) 20 days 19.32 ± 2.203 
22.05  

(56) 

3) 30 days 11.60 ± 1.218 
12.00  

(97) 

Method: 5, 20, and 30 days. Raised at 25 °C. Pooled from 2014 – 2021. 

Figure 81:   Short-term memory of 1x BRP (w1118 x brpc04298) (HMS # c04298) 

1) w1118 (5 days) 62.20 ± 3.044 64.20 (9) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.3045 

1-3:       *p < 0.0138 

3-4:      nsp = 0.2896 

2-4:       *p < 0.0497 

2) 1x BRP (5 days) 52.82 ± 6.440 54.65 (6) 

3) w1118 (20 days) 45.47 ± 4.909 48.00 (10) 

4) 1x BRP (20 days) 36.84 ± 2.909 39.40 (8) 

Two-way ANOVA: Interaction: nsp = 0.9332; Row Factor: ***p = 0.0009; Column Factor: nsp = 0.0519 

Method: 5 and 20 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 
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Figure 82a:   Short-term memory of brp83 , r58h05-Gal4 > UAS-brpB3 RNAi 

1) 2x BRP (w1118) 

 
58.01 ± 1.628 56.45 (36) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:   ****p < 0.0001 

1-3:      nsp = 0.3031 

2-3:    ***p = 0.0001 

2) 4x BRP 

 
39.77 ± 2.478 39.00 (23) 

3) 4x BRP , r58h05 > brpB3 

RNAi 
53.47 ± 2.211 52.10 (23) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 82b:   1 hour Mid-term memory of brp83 , r58h05-Gal4 > UAS-brpB3 RNAi 

1) 2x BRP (w1118) 

 
59.13 ± 2.455 60.05 (16) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:   ****p < 0.0001 

1-3:    ***p = 0.0004 

2-3:     **p = 0.0091 

2) 4x BRP 

 
30.03 ± 3.709 31.75 (16) 

3) 4x BRP , r58h05 > brpB3 

RNAi 
42.46 ± 2.063 41.50 (16) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 82c:   Short-term memory of brp83 , r58h05-Gal4 > UAS-brpB3 RNAi in comparison to its 

genetic controls 

1) r58h05 / + 

 
49.20 ± 3.397 48.85 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.8806 

2-3:      nsp = 0.9995 

3-4:      nsp = 0.9995 

1-4:      nsp = 0.7526 

2-4:      nsp = 0.9884 

2) brpB3 RNAi / + 

 
52.76 ± 3.702 53.00 (11) 

3) r58h05 > brpB3 RNAi 

 
54.31 ± 4.338 53.40 (11) 

4) 4x BRP , r58h05 > brpB3 

RNAi 
55.90 ± 4.292 52.20 (9) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 82d:   1 hour Mid-term memory of brp83 , r58h05-Gal4 > UAS-brpB3 RNAi in comparison 

to its genetic controls 

1) r58h05 / + 47.10 ± 3.486 47.00 (8) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.8641 

2-3:      nsp = 0.9660 

3-4:      nsp > 0.9999 

1-4:      nsp = 0.8332 

2) brpB3 RNAi / + 39.75 ± 3.312 39.75 (8) 

3) r58h05 > brpB3 RNAi 42.86 ± 2.819 42.50 (14) 
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4) 4x BRP , r58h05 > brpB3 

RNAi 
42.60 ± 2.362 42.85 (14) 

2-4:      nsp = 0.9769 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 83a:   Short-term memory of sssP1 (BL # 16588) 

1) 2x BRP (w1118) 47.53 ± 2.868 49.95 (14) 

unpaired t-test nsp = 0.2412 

2) sss 43.13 ± 2.106 40.95 (12) 

Method: 5-8 days. Raised at 25 °C. T-maze and Tully-Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Figure 83b:   Short-term memory of sssP1 ; 4x BR 

1) 2x BRP (w1118) 49.59 ± 2.349 48.00 (17) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:       *p = 0.0314 

1-3:      nsp = 0.9892 

1-4:    ***p = 0.0002 

2-4:      nsp = 0.4100 

3-4:      **p = 0.0021 

2) 4x BRP 37.48 ± 2.590 38.30 (18) 

3) sss 47.20 ± 3.380 47.20 (15) 

4) sss ; 4x BRP 30.21 ± 4.089 28.50 (16) 

Method: 4 days. Raised at 25 °C. T-maze and Tully-Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Figure 83c:   Short-term memory of sssP1 ; brp83 

1) 2x BRP (w1118) 55.76 ± 3.880 57.70 (10) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp > 0.9999 

1-3:      nsp = 0.9839 

1-4:      nsp = 0.9114 

2-4:      nsp = 0.8661 

3-4:      nsp = 0.5966 

2) 3x BRP 55.01 ± 3.994 56.55 (8) 

3) sss 52.94 ± 1.507 53.60 (8) 

4) sss ; 3x BRP 59.77 ± 3.214 60.95 (10) 

Method: 5 days. Raised at 25 °C. T-maze and Tully-Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Figure 83d:   3 hours Mid-term memory of sssP1 (BL # 16588) 

1) 2x BRP (w1118) 26.72 ± 2.343 26.40 (12) 

unpaired t-test ****p < 0.0001 

2) sss 8.375 ± 2.534 5.350 (12) 

Method: 5-8 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 
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Figure 83e:   3 hours Mid-term memory of sssP1 ; brp83 

1) 2x BRP (w1118) 28.12 ± 2.155 26.55 (18) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.0685 

1-3:       *p = 0.0325 

1-4:       *p = 0.0151 

2-4:      nsp = 0.9981 

3-4:      nsp > 0.9999 

2) 4x BRP 19.98 ± 3.028 18.55 (16) 

3) sss 18.90 ± 1.622 17.60 (15) 

4) sss ; 4x BRP 18.83 ± 1.985 21.50 (21) 

Method: 3-5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83f:   3 hours Mid-term memory of sssP1 ; 3x BRP 

1) 2x BRP (w1118) 35.07 ± 2.077 32.75 (16) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.2131 

1-3:    ***p = 0.0001 

1-4:       *p = 0.0236 

2-4:    ***p = 0.0002 

3-4:   ****p < 0.0001 

2) 3x BRP 28.96 ± 2.500 28.10 (11) 

3) sss 18.90 ± 2.952 17.80 (11) 

4) sss ; 3x BRP 45.39 ± 2.799 44.80 (11) 

Method: 3-7 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83g:   3 hours Anesthesia-resistant memory of sssP1 (BL # 16588) 

1) 2x BRP (w1118) 14.93 ± 2.695 13.50 (10) 

unpaired t-test nsp = 0.4310 

2) sss 12.04 ± 2.368 11.30 (10) 

Method: 5-8 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83h:   3 hours Anesthesia-resistant memory of sssP1 ; brp83 

1) 2x BRP (w1118) 15.35 ± 2.871 15.70 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.9344 

1-3:      nsp = 0.8435 

1-4:      nsp = 0.1508 

2-4:      nsp = 0.6036 

3-4:      nsp = 0.7502 

2) 4x BRP 12.39 ± 2.789 13.60 (12) 

3) sss 11.62 ± 1.658 11.55 (12) 

4) sss ; 4x BRP 7.308 ± 2.766 9.550 (12) 

Method: 3-5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 
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Figure 83i:   3 hours Anesthesia-resistant memory of sssP1 ; 3x BRP 

1) 2x BRP (w1118) 23.60 ± 3.313 26.90 (17) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-2:      nsp = 0.0864 

1-3:      nsp > 0.9999 

1-4:      nsp > 0.9999 

2-4:      nsp = 0.3981 

3-4:      nsp > 0.9999 

2) 3x BRP 17.88 ± 1.146 18.30 (11) 

3) sss 20.51 ± 3.597 23.25 (12) 

4) sss ; 3x BRP 23.82 ± 3.404 23.70 (12) 

Method: 3-7 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83j:   3 hours Anesthesia-sensitive memory of sssP1 (BL # 16588) 

1) 2x BRP (w1118) 11.47 ± 2.695 12.90 (10) 

unpaired t-test ****p < 0.0001 

2) sss 
-6.690 ± 

2.368 
-5.950 (10) 

Method: 5-8 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83k:   3 hours Anesthesia-sensitive memory of sssP1 ; brp83 

1) 2x BRP (w1118) 11.20 ± 2.871 10.85 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.6117 

1-3:      nsp = 0.5775 

1-4:      nsp = 0.9314 

2-4:      nsp = 0.1516 

3-4:      nsp = 0.1365 

2) 4x BRP 6.158 ± 2.789 4.950 (12) 

3) sss 5.983 ± 1.658 6.050 (12) 

4) sss ; 4x BRP 14.19 ± 2.766 11.95 (12) 

Method: 3-5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 83l:   3 hours Anesthesia-sensitive memory of sssP1 ; 3x BRP 

1) 2x BRP (w1118) 9.150 ± 3.313 5.850 (17) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-2:      nsp > 0.9999 

1-3:      nsp = 0.1493 

1-4:      nsp = 0.0567 

2-4:      nsp = 0.5387 

3-4:   ****p < 0.0001 

2) 3x BRP 10.22 ± 1.146 9.800 (11) 

3) sss -2.708 ±3.597 -5.450 (12) 

4) sss ; 3x BRP 20.98 ± 3.404 21.10 (12) 

Method: 3-7 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

  



Appendix - Data list of memory experiments | 303 

 

Figure 84a:   Short-term memory of 30-day old sss ; 3x BRP 

1) 2x BRP (w1118) 42.86 ± 1.315 43.60 (7) one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:      **p = 0.0053 

1-3:      nsp = 0.6828 

2-3:      **p = 0.0017 

2) 3x BRP 32.19 ± 2.631 28.95 (8) 

3) sss ; 3x BRP 45.64 ± 2.017 45.64 (5) 

Method: 30 days. Raised at 25 °C. T-maze and Tully Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Figure 84b:   3 hours Mid-term memory of 30-day old sss ; 3x BRP 

1) 2x BRP (w1118) 12.64 ± 4.464 13.30 (9) one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:      nsp = 0.9948 

1-3:      nsp = 0.9490 

2-3:      nsp = 0.9219 

2) 3x BRP 13.18 ± 3.477 17.45 (8) 

3) sss ; 3x BRP 10.72 ± 3.644 9.300 (5) 

Method: 30 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 84c:   3 hours Anesthesia-resistant memory of 30-day old sss ; 3x BRP 

1) 2x BRP (w1118) 14.00 ± 3.124 13.30 (8) one-way 

ANOVA with 

Tukey’s post 

hoc test 

 

1-2:      nsp = 0.6570 

1-3:      nsp = 0.4082 

2-3:      nsp = 0.8277 

2) 3x BRP 10.06 ± 3.484 11.40 (8) 

3) sss ; 3x BRP 6.850 ± 3.182 5.700 (4) 

Method: 30 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 84d:   3 hours Anesthesia-sensitive memory of 30-day old sss ; 3x BRP 

1) 2x BRP (w1118) -0.70 ± 3.124 0.000 (8) one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:      nsp = 0.1940 

1-3:      nsp = 0.8336 

2-3:      nsp = 0.6442 

2) 3x BRP 7.388 ± 3.484 6.050 (8) 

3) sss ; 3x BRP 2.450 ± 3.182 3.600 (4) 

Method: 30 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. 

OCT 1:100, MCH 1:100. 

Figure 85a:   Short-term memory of r13f02 > sss RNAi ; 3x BRP 

1) 2x BRP (w1118) 66.84 ± 3.557 66.15 (12) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-4:      nsp > 0.9999 

2-4:      nsp = 0.9995 

3-4:      *p = 0.0472 

2) 3x BRP , r13f02 / + 66.38 ± 3.193 66.90 (10) 

3) sss RNAi / + ; 3x BRP 52.10 ± 4.159 52.75 (10) 
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4) r13f02 > sss RNAi ; 3x BRP 66.96 ± 5.219 72.90 (10) 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Figure 85b:   3 hours Mid-term memory of r13f02 > sss RNAi ; 3x BRP 

1) 2x BRP (w1118) 26.96 ± 5.117 28.45 (14) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-4:      nsp = 0.4624 

2-4:      nsp = 0.3347 

3-4:      nsp = 0.7020 

2) 3x BRP , r13f02 / + 28.88 ± 5.911 32.10 (11) 

3) sss RNAi / + ; 3x BRP 25.02 ± 2.915 26.05 (12) 

4) r13f02 > sss RNAi ; 3x BRP 18.81 ± 3.654 18.15 (14) 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Figure 86a:   Short-term memory of sss ; 3x BRP , r13f02 > sss OE 

1) 2x BRP (w1118) 58.21 ± 2.743 57.80 (10) 
one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-2:      nsp = 0.9826 

1-3:       *p = 0.0184 

2-3:      **p = 0.0082 

2) sss ; 3x BRP , r13f02 / + 59.89 ± 2.626 58.40 (12) 

3) sss ; 3x BRP , r13f02 > sss 

OE 
47.17 ± 2.576 48.30 (12) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Table 12:   Innate behavior in the context of the conducted experiments. 

Olfactory acuity:   OCT 

1) 2x BRP (w1118) 

2) 4x BRP 

3) 4x BRP , r58h05 > brpB3 

RNAi 

Olfactory acuity:   MCH 

1) 2x BRP (w1118) 

2) 4x BRP 

3) 4x BRP , r58h05 > brpB3 

RNAi 

 

38.37 ± 4.341 

40.29 ± 5.220 

44.44 ± 5.013 

 

 

65.09 ± 5.586 

64.20 ± 5.220 

68.81 ± 5.356 

 

 

40.70 (23) 

39.20 (13) 

45.55 (14) 

 

 

67.10 (15) 

67.10 (13) 

76.25 (14) 

 

 

one-way 

ANOVA with 

Tukey’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

1-2:      nsp = 0.9578 

1-3:      nsp = 0.6393 

2-3:      nsp = 0.8494 

 

 

1-2:      nsp > 0.9999 

1-3:      nsp > 0.9999 

2-3:      nsp > 0.9999 

 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Odor acuity:   OCT 

1) r58h05 / + 

2) brpB3 RNAi / + 

3) r58h05 > brpB3 RNAi 

4) 4x BRP , r58h05 > brpB3 

RNAi 

Odor acuity:   MCH 

1) r58h05 / + 

2) brpB3 RNAi / + 

3) r58h05 > brpB3 RNAi 

4) 4x BRP , r58h05 > brpB3 

RNAi 

35.50 ± 3.838 

46.17 ± 6.096 

35.20 ± 5.837 

38.26 ± 5.476 

 

 

70.43 ± 3.206 

63.90 ± 7.265 

73.07 ± 2.873 

73.07 ± 9.182 

33.85 (12) 

51.90 (13) 

34.50 (13) 

39.90 (8) 

 

 

71.80 (11) 

72.55 (12) 

72.40 (11) 

76.0 (3) 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

 

1-3:      nsp > 0.9999 

2-3:      nsp = 0.6431 

1-4:      nsp > 0.9999 

2-4:      nsp > 0.9999 

3-4:      nsp > 0.9999 

 

1-3:      nsp > 0.9999 

2-3:      nsp > 0.9999 

1-4:      nsp > 0.9999 

2-4:      nsp > 0.9999 

3-4:      nsp > 0.9999 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Odor acuity:   OCT 

1) 2x BRP (w1118) 

2) sss 

Odor acuity:   MCH 

1) 2x BRP (w1118) 

2) sss 

 

36.98 ± 2.556 

31.36 ± 4.062 

 

37.17 ± 3.411 

27.20 ± 3.907 

 

39.10 (32) 

30.60 (30) 

 

37.30 (41) 

25.30 (31) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.241 

 

 

*p = 0.0381 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Shock reactivity: 

1) 2x BRP (w1118) 

2) 4x BRP 

3)  sss 

4) sss ; 4x BRP 

 

79.76 ± 2.863 

81.61 ± 3.886 

73.80 ± 1.296 

76.80 ± 4-467 

 

81.35 (14) 

81.70 (10) 

73.80 (12) 

81.45 (10) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.9966 

1-3:      nsp = 0.5988 

1-4:      nsp = 0.9720 

2-4:      nsp = 0.8583 

3-4:      nsp = 0.9742 

Method: 5 days. Raised at 25 °C. T-maze and Tully-Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Odor acuity:   OCT 

1) 2x BRP (w1118) 

2) 4x BRP 

3) sss 

4) sss ; 4x BRP 

 

17.39 ± 4.873 

41.12 ± 5.237 

16.66 ± 3.862 

43.52 ± 4.635 

 

16.20 (16) 

37.60 (13) 

12.70 (9) 

44.30 (12) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      **p = 0.0033 

1-3:      nsp > 0.9999 

1-4:      **p = 0.0014 

2-4:      nsp = 0.9986 

3-4:      **p = 0.0051 
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Odor acuity:   MCH 

1) 2x BRP (w1118) 

2) 4x BRP 

3) sss 

4) sss ; 4x BRP 

 

71.32 ± 5.086 

51.24 ± 7.933 

38.46 ± 7.043 

62.75 ± 7.376 

 

69.85 (14) 

44.70 (12) 

34.75 (12) 

62.90 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.1834 

1-3:      **p = 0.0058 

1-4:      nsp = 0.9015 

2-4:      nsp = 0.7601 

3-4:      nsp = 0.0839 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Shock reactivity: 

1) 2x BRP (w1118) 

2) 3x BRP 

3)  sss 

4) sss ; 3x BRP 

 

78.48 ± 3.831 

82.79 ± 2.698 

74.58 ± 2.216 

81.82 ± 3.154 

 

80.55 (10) 

83.45 (8) 

73.75 (8) 

84.85 (10) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.9179 

1-3:      nsp = 0.9179 

1-4:      nsp = 0.9441 

2-4:      nsp = 0.9999 

3-4:      nsp = 0.4673 

Method: 5 days. Raised at 25 °C. T-maze and Tully-Wheel. 1-minute rest between all steps of the 

memory test. OCT 1:100, MCH 1:100. 

Odor acuity:   OCT 

1) 2x BRP (w1118) 

2) 3x BRP 

3) sss 

4) sss ; 3x BRP 

Odor acuity:   MCH 

1) 2x BRP (w1118) 

2) 3x BRP 

3) sss 

4) sss ; 3x BRP 

 

18.66 ± 4.771 

24.82 ± 6.386 

13.00 ± 6.447 

22.22 ± 6.054 

 

50.55 ± 7.643 

44.31 ± 8.520 

5.260 ± 7.603 

51.63 ± 9.292 

 

17.45 (16) 

23.95 (12) 

20.40 (9) 

22.20 (11) 

 

55.75 (14) 

57.90 (13) 

9.450 (10) 

60.30 (12) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-2:      nsp = 0.9389 

1-3:      nsp = 0.9699 

1-4:      nsp = 0.9951 

2-4:      nsp = 0.8485 

3-4:      nsp = 0.9992 

 

1-2:      nsp = 0.9873 

1-3:      **p = 0.0026 

1-4:      nsp > 0.9999 

2-4:      nsp = 0.9783 

3-4:      **p = 0.0029 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Shock reactivity: 

1) 2x BRP (w1118) 

2) 3x BRP , r13f02 / + 

3) sss RNAi / + ; 3x BRP 

4) r13f02 > sss RNAi ; 3x BRP 

 

50.01 ± 4.289 

57.69 ± 4.474 

60.01 ± 3.439 

67.33 ± 3.095 

 

47.60 (10) 

57.80 (10) 

59.15 (10) 

71.65 (10) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-4:        **p = 0.0094 

2-4:      nsp = 0.2375 

3-4:      nsp = 0.4668 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 
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Odor acuity:   OCT 

1) 2x BRP (w1118) 

2) 3x BRP , r13f02 / + 

3) sss RNAi / + ; 3x BRP 

4) r13f02 > sss RNAi ; 3x BRP 

Odor acuity:   MCH 

1) 2x BRP (w1118) 

2) 3x BRP , r13f02 / + 

3) sss RNAi / + ; 3x BRP 

4) r13f02 > sss RNAi ; 3x BRP 

 

27.61 ± 6.400 

34.50 ± 4.813 

47.05 ± 4.399 

27.59 ± 4.975 

 

48.38 ± 11.91 

48.63 ± 8.200 

44.59 ± 9.340 

48.98 ± 10.07 

 

24.00 (10) 

28.30 (12) 

50.05 (10) 

26.85 (10) 

 

46.10 (12) 

54.65 (12) 

46.50 (14) 

41.10 (12) 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-4:         nsp > 0.9999 

2-4:      nsp = 0.7158 

3-4:       *p = 0.0399 

 

 

1-4:         nsp > 0.9999 

2-4:         nsp > 0.9999 

3-4:         nsp = 0.9849 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Shock reactivity: 

1) 2x BRP (w1118) 

2) sss ; 3x BRP , r13f02 / + 

3) sss ; 3x BRP , r13f02 > sss 

OE 

74.89 ± 4.109 

71.68 ± 3.523 

70.25 ± 3.465 

75.00 (7) 

76.15 (8) 

71.30 (8) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-2:         nsp > 0.9999 

2-3:         nsp = 0.6747 

2-3:      nsp > 0.9999 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Odor acuity:   OCT 

1) 2x BRP (w1118) 

2) sss ; 3x BRP , r13f02 / + 

3) sss ; 3x BRP , r13f02 > sss 

OE  

Odor acuity:   MCH 

1) 2x BRP (w1118) 

2) sss ; 3x BRP , r13f02 / + 

3) sss ; 3x BRP , r13f02 > sss 

OE 

18.21 ± 7.434 

24.71 ± 4.958 

17.48 ± 4.578 

 

 

64.45 ± 4.225 

80.01 ± 4.504 

71.47 ± 7.796 

19.65 (14) 

24.00 (14) 

17.15 (14) 

 

 

63.25 (8) 

80.35 (10) 

76.95 (10) 

 

one-way 

ANOVA with 

Tukey’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-2:         nsp = 0.7096 

1-3:         nsp = 0.9956 

2-3:      nsp = 0.6543 

 

 

1-2:         nsp = 0.1191 

1-3:         nsp = 0.4481 

2-3:      nsp > 0.9999 

Method: 5 days. Raised at 25 °C. T-maze. 1-minute rest between all steps of the memory test. OCT 

1:100, MCH 1:100. 

Figure 88a:   Short-term memory of appl-Gal4 > UAS-hdac6 RNAi for 5 and 30 days (RNAi line 

1, BL # 31053) 

1) hdac6 RNAi / + (5 d) 50.80 ± 2.379 50.30 (14) two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:   ****p < 0.0001 

1-3:   ****p < 0.0001 

2-4:   ****p < 0.0001 

3-4:   ****p < 0.0001 

2) appl > hdac6 RNAi (5 d) 67.21 ± 1.787 66.00 (15) 

3) hdac6 RNAi / + (30 d) 23.44 ± 1.803 23.05 (18) 
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4) appl > hdac6 RNAi (30 d) 37.64 ± 2.855 39.90 (14) 

Two-way ANOVA: Interaction: nsp = 0.6181; Row Factor: ****p < 0.0001; Column Factor: ****p < 

0.0001      

Method: 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 88b:   Short-term memory of ok107-Gal4 > UAS-hdac6 RNAi for 5 and 30 days (RNAi 

line 1, BL # 31053) 

1) hdac6 RNAi / + (5 d) 50.80 ± 2.379 50.30 (14) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.8796 

1-3:   ****p < 0.0001 

2-4:   ****p < 0.0001 

3-4:      nsp > 0.8506 

2) ok107 > hdac6 RNAi (5 d) 48.97 ± 2.937 47.30 (15) 

3) hdac6 RNAi / + (30 d) 23.44 ± 1.803 23.05 (18) 

4) ok107 > hdac6 RNAi (30 d) 25.44 ± 3.648 20.70 (16) 

Two-way ANOVA: Interaction: nsp = 0.5013; Row Factor: ****p < 0.0001; Column Factor: nsp = 

0.9897 

Method: 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 88c:   Short-term memory of appl-Gal4 > UAS-hdac6 RNAi for 5 and 30 days (RNAi line 

2, BL # 34702) 

1) hdac6 RNAi / + (5 d) 55.30 ± 2.940 57.30 (6) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.4647 

1-3:      **p = 0.0076 

2-4:      **p = 0.0021 

3-4:      nsp = 0.9606 

2) appl > hdac6 RNAi (5 d) 62.63 ± 2.362 57.75 (6) 

3) hdac6 RNAi / + (30 d) 37.14 ± 3.577 40.40 (11) 

4) appl > hdac6 RNAi (30 d) 38.58 ± 6.617 40.00 (6) 

Two-way ANOVA: Interaction: nsp = 0.5012; Row Factor: ****p < 0.0001; Column Factor: nsp = 

0.3184 

Method: 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 88d:   Short-term memory of ok107-Gal4 > UAS-hdac6 RNAi for 5 and 30 days (RNAi 

line 2, BL # 34702) 

1) hdac6 RNAi / + (5 d) 55.30 ± 2.940 57.30 (6) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.1434 

1-3:      **p = 0.0070 

2-4:      nsp = 0.0535 

3-4:      nsp = 0.0912 

2) ok107 > hdac6 RNAi (5 d) 42.08 ± 4.977 40.60 (4) 

3) hdac6 RNAi / + (30 d) 37.14 ± 3.577 40.40 (11) 

4) ok107 > hdac6 RNAi (30 d) 24.70 ± 5.783 18.10 (5) 

Two-way ANOVA: Interaction: nsp = 0.9325; Row Factor: ***p = 0.0008; Column Factor: *p = 0.0107 
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Method: 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 89a:   Short-term memory of appl-Gal4 > UAS-hdac6 overexpression 

1) appl / + 54.00 ± 4.591 61.25 (20) one-way 

ANOVA with 

Tukey’s post 

hoc test 

1-3:      nsp = 0.5151 

2-3:      **p = 0.0063 
2) hdac6 OE / + 42.98 ± 1.754 43.90 (23) 

3) appl > hdac6 OE 53.17 ± 1.745 54.20 (24) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 89b:   Short-term memory of elaV(X)-Gal4 > UAS-hdac6 overexpression 

1) elaV(X) / + 47.84 ± 2.294 48.50 (21) 
Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp = 0.1329 

2-3:      nsp = 0.9436 
2) hdac6 OE / + 42.98 ± 1.754 43.90 (23) 

3) elaV(X) > hdac6 OE 42.06 ± 2.472 40.30 (20) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90a:   Short-term memory of appl-Gal4 > UAS-elp3 RNAi (RNAi line 1, BL # 35488) 

1) appl > EGFP 40.39 ± 2.924 38.60 (9) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      **p = 0.0041 

2-3:       *p = 0.0288 
2) elp3 RNAi / + 44.42 ± 2.408 43.80 (13) 

3) appl > elp3 RNAi 53.67 ± 2.706 54.50 (13) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90b:   Short-term memory of elaV(X)-Gal4 > UAS-elp3 RNAi (RNAi line 2, VDRC # 

106128) 

1) elaV(X) / + 59.05 ± 2.284 56.10 (8) one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:      **p = 0.0015 

2-3:      nsp = 0.5572 

2) elp3 RNAi / + 46.93 ± 2.394 46.10 (7) 

3) elaV(X) > elp3 RNAi 42.83 ± 3.912 47.10 (6) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90c:   Short-term memory of ok107-Gal4 > UAS-elp3 RNAi (RNAi line 2, VDRC # 

106128) 

1) ok107 / + 46.00 ± 3.826 44.70 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.7746 

2-3:      nsp = 0.6971 
2) elp3 RNAi / + 46.93 ± 2.394 46.10 (7) 

3) ok107 > elp3 RNAi 42.91 ± 3.480 43.55 (8) 
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Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90d:   3 hours Mid-term memory of appl-Gal4 > UAS-elp3 RNAi (RNAi line 1, BL # 

35488) 

1) appl > EGFP 20.14 ± 2.415 17.30 (16) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.4553 

2-3:      nsp = 0.8959 
2) elp3 RNAi / + 14.95 ± 2.390 14.45 (20) 

3) appl > elp3 RNAi 16.29 ± 2.236 16.50 (22) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90e:   3 hours Mid-term memory of elaV(X)-Gal4 > UAS-elp3 RNAi (RNAi line 2, VDRC # 

106128) 

1) elaV(X) / + 37.20 ± 8.100 37.20 (2) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.7466 

2-3:      nsp = 0.9984 
2) elp3 RNAi / + 31.55 ± 2.105 31.10 (13) 

3) elaV(X) > elp3 RNAi 31.78 ± 5.238 28.95 (6) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 90f:   3 hours Mid-term memory of ok107-Gal4 > UAS-elp3 RNAi (RNAi line 2, VDRC # 

106128) 

1) ok107 / + 33.38 ± 3.273 35.90 (12) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.2251 

2-3:      nsp = 0.1182 
2) elp3 RNAi / + 32.02 ± 2.476 32.30 (11) 

3) ok107 > elp3 RNAi 39.10 ± 2.677 40.40 (9) 

Method: 5. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Table 13:   Innate behavior for the conducted ELP3 and HDAC6 tests 

Shock reactivity: 

1) hdac6 RNAi / + (5 days) 

2) appl > hdac6 RNAi (5 days) 

3) hdac6 RNAi / + (30 days) 

4) appl > hdac6 RNAi (30 days) 

 

85.97 ± 2.050 

94.86 ± 1.020 

65.10 ± 5.303 

82.88 ± 4.993 

 

87.55 (10) 

93.70 (9) 

63.60 (9) 

85.70 (8) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.1690 

1-3:    ***p = 0.0005 

2-4:      nsp = 0.0632 

3-4:      **p = 0.0045 

Method: RNAi line 1 (BL # 31053). 5 and 30 days. Raised at 29 °C. Tully Wheel. 

Odor acuity:   OCT 

1) hdac6 RNAi / + (5 days) 

2) appl > hdac6 RNAi (5 days) 

3) hdac6 RNAi / + (30 days) 

4) appl > hdac6 RNAi (30 days) 

 

25.30 ± 6.071 

29.67 ± 8.024 

20.98 ± 6.292 

25.10 ± 5.526 

 

28.50 (6) 

29.67 (6) 

28.50 (6) 

25.10 (6) 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-2:      nsp = 0.8720 

1-3:      nsp = 0.8747 

2-4:      nsp = 0.8610 

3-4:      nsp = 0.8853 



Appendix - Data list of memory experiments | 311 

 

Odor acuity:   MCH 

1) hdac6 RNAi / + (5 days) 

2) appl > hdac6 RNAi (5 days) 

3) hdac6 RNAi / + (30 days) 

4) appl > hdac6 RNAi (30 days) 

 

53.16 ± 5.467 

40.92 ± 4.859 

21.28 ± 5.857 

23.02 ± 6.656 

 

58.45 (6) 

44.15 (6) 

23.10 (6) 

22.85 (6) 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-2:      nsp = 0.2739 

1-3:      **p = 0.0017 

2-4:      nsp = 0.0775 

3-4:      nsp = 0.9722 

Method: RNAi line 1 (BL # 31053). 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 

1:60. 

Shock reactivity: 

1) hdac6 RNAi / + (5 days) 

2) ok107 > hdac6 RNAi (5 

days) 

3) hdac6 RNAi / + (30 days) 

4) ok107 > hdac6 RNAi (30 

days) 

85.97 ± 2.050 

90.26 ± 3.024 

 

64.91 ± 4.747 

73.07 ± 2.659 

87.55 (10) 

94.30 (8) 

 

63.40 (10) 

76.30 (7) 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

1-2:      nsp = 0.6170 

1-3:    ***p = 0.0001 

2-4:      nsp = 0.2151 

3-4:      **p = 0.0054 

Method: RNAi line 1 (BL # 31053). 5 and 30 days. Raised at 29 °C. Tully Wheel 

Odor acuity:   OCT 

1) hdac6 RNAi / + (5 days) 

2) ok107 > hdac6 RNAi (5 

days) 

3) hdac6 RNAi / + (30 days) 

4) ok107 > hdac6 RNAi (30 

days) 

Odor acuity:   MCH 

1) hdac6 RNAi / + (5 days) 

2) ok107 > hdac6 RNAi (5 

days) 

3) hdac6 RNAi / + (30 days) 

4) ok107 > hdac6 RNAi (30 

days) 

 

25.30 ± 6.071 

10.73 ± 6.931 

 

20.98 ± 6.292 

16.10 ± 2.722 

 

 

53.16 ± 5.467 

36.04 ± 9.411 

 

21.28 ± 5.857 

6.586 ± 6.971 

 

 

28.50 (6) 

15.20 (6) 

 

28.50 (6) 

14.90 (7) 

 

 

58.45 (6) 

45.80 (5) 

 

23.10 (6) 

0.9000 (7) 

 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

 

two-way 

ANOVA with 

Sidak’s post 

hoc test 

 

 

1-2:      nsp = 0.1598 

1-3:      nsp = 0.8366 

2-4:      nsp = 0.7447 

3-4:      nsp = 0.7828 

 

 

 

1-2:      nsp = 0.2094 

1-3:      **p = 0.0079 

2-4:       *p = 0.0151 

3-4:      nsp = 0.2510 

Method: RNAi line 1 (BL # 31053). 5 and 30 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 

1:60. 

Odor acuity:   OCT 

1) appl > EGFP 

2) elp3 RNAi / + 

3) appl > elp3 RNAi 

 

28.23 ± 4.983 

24.88 ± 8.481 

26.40 ± 7.938 

 

30.40 (4) 

24.00 (4) 

27.45 (8) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.9850 

2-3:      nsp = 0.9895 
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Odor acuity:   MCH 

1) appl > EGFP 

2) elp3 RNAi / + 

3) appl > elp3 RNAi 

22.85 ± 5.818 

43.05 ± 10.22 

31.29 ± 8.162 

23.15 (4) 

39.60 (4) 

23.05 (8) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.7604 

2-3:      nsp = 0.5940 

Method: RNAi line 1 (BL # 35488). 5 days. Raised at 29 °C. Tully Wheel. OCT 1:150, MCH 1:60. 

Figure 91a:   Short-term memory of hypomorph aplip1ek4 in the background of aplip1 null-

mutation (Df(3L)BSC799) 

1) w1118 73.10 ± 2.810 71.80 (14) 

unpaired t-test ****p < 0.0001 

2) aplip1ek4 , Df(3L)BSC799 43.00 ± 4.659 40.05 (12) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 91b:   Short-term memory of ok107-Gal4 > UAS-aplip1 RNAi (VDRC # 50007) 

1) ok107 / + 68.60 ± 3.619 68.40 (9) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:       *p = 0.0111 

2-3:      nsp = 0.1075 
2) aplip1 RNAi / + 62.75 ± 3.042 63.20 (12) 

3) ok107 > aplip1 RNAi 53.25 ± 3.821 51.00 (11) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100 

Figure 91c:   Short-term memory of mb247-Gal4 > UAS-aplip1 RNAi (VDRC # 50007) 

1) mb247 / + 75.37 ± 3.991 70.20 (7) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    ***p = 0.0001 

2-3:       *p = 0.0134 
2) aplip1 RNAi / + 62.12 ± 3.416 65.00 (9) 

3) mb247 > aplip1 RNAi 44.14 ± 5.360 45.20 (14) 

Method: 5 days. Raised at 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100 

Table 14:   Innate behavior of the experimental Aplip1 deficient flies 

Olfactory acuity:   OCT 

1) w1118 

2) aplip1EY11248 , Df(3L)BSC799 

Olfactory acuity:   MCH 

1) w1118 

2) aplip1EY11248 , Df(3L)BSC799 

 

40.78 ± 5.316 

47.31 ± 6.886 

 

86.90 ± 1.418 

88.20 ± 2.660 

 

38.30 (17) 

48.00 (11) 

 

85.70 (9) 

90.70 (9) 

 

unpaired t-test 

 

 

unpaired t-test 

 

nsp = 0.4554 

 

 

nsp = 0.6720 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Olfactory acuity:   OCT 

1) ok107 / + 

2) aplip1 RNAi / + 

3) ok107 > aplip1  RNAi 

Olfactory acuity:   MCH 

1) ok107 / + 

2) aplip1 RNAi / + 

3) ok107 > aplip1  RNAi  

 

24.60 ± 3.504 

37.87 ± 3.493 

23.91 ± 3.254 

 

76.28 ± 3.656 

71.21 ± 5.031 

72.90 ± 3.360 

 

24.60 (37) 

39.70 (57) 

18.50 (54) 

 

79.20 (9) 

76.70 (15) 

72.05 (14) 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:   nsp > 0.9999 

2-3:   **p = 0.0073 

 

 

1-3:    nsp = 0.8754 

2-3:    nsp = 0.9570 

Method: 5 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) mb247 / + 

2) aplip1 RNAi / + 

3) mb247 > aplip1  RNAi 

Olfactory acuity:   MCH 

1) mb247 / + 

2) aplip1 RNAi / + 

3) mb247 > aplip1  RNAi 

 

16.26 ± 4.299 

37.87 ± 3.493 

29.45 ± 3.947 

 

70.02 ± 6.238 

71.21 ± 5.031 

57.40 ± 7.355 

 

14.30 (32) 

39.70 (57) 

23.20 (36) 

 

70.40 (9) 

76.70 (15) 

63.30 (9) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    nsp = 0.6049 

2-3:     *p = 0.0407 

 

 

1-3:    nsp = 0.0678 

2-3:    nsp = 0.2723 

Method: 5 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 92a:   Short-term memory of srpk79D null-mutant 

1) w1118 61.21 ± 2.458 61.25 (14) 

unpaired t-test ****p < 0.0001 

2) srpk79DVN 25.44 ± 2.687 29.70 (11) 

Method: 5 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 92b:   Olfactory acuity with 3-Octanol of srpk79D null-mutant 

1) w1118 50.13 ± 5.370 47.50 (13) 

unpaired t-test **p = 0.0071 

2) srpk79DVN 32.14 ± 2.486 30.70 (12) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 92c:   Olfactory acuity with 4-Methylcyclohexanol of srpk79D null-mutant 

1) w1118 78.88 ± 5.275 84.60 (13) Mann-Whitney 

test 

nsp = 0.0720 

2) srpk79DVN 68.04 ± 3.913 74.10 (15) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 92d:   1 hour Mid-term memory of srpk79D null-mutant 

1) w1118 63.68 ± 3.609 66.45 (8) 

unpaired t-test ****p < 0.0001 

2) srpk79DVN 22.77 ± 2.866  21.40 (11) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 92e:   1 hour Anesthesia-resistant memory of srpk79D null-mutant 

1) w1118 25.34 ± 2.041 26.55 (10) 

unpaired t-test ****p < 0.0001 

2) srpk79DVN 4.936 ± 1.925 4.100 (11) 

Method: 5 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 92f: 1 hour Anesthesia-sensitive memory of srpk79D null-mutant 

1) w1118 41.16 ± 2.041 39.95 (10) 

unpaired t-test ****p < 0.0001 

2) srpk79DVN 16.46 ± 1.925 17.30 (11) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 93a:   Short-term memory of ok107-Gal4 > UAS-srpk79D RNAi (VDRC # 47544) 

1) ok107 / + 45.78 ± 2.805 47.10 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:      nsp = 0.3804 

2-3:      **p = 0.0092 

2) srpk79D RNAi / + 51.50 ± 1.668 51.10 (11) 

3) ok107 > srpk79D RNAi 41.55 ± 2.458 42.40 (11) 

Method: 5 days. Raised 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 93b:   Short-term memory of mb247-Gal4 > UAS-srpk79D RNAi (VDRC # 47544) 

1) mb247 / + 45.65 ± 3.236 45.60 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.9989 

2-3:      nsp = 0.2486 
2) srpk79D RNAi / + 51.50 ± 1.668 51.10 (11) 

3) mb247 > srpk79D RNAi 45.81 ± 2.861 48.55 (10) 

Method: 5 days. Raised 29 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Table 15:   Innate behavior of UAS-srpk79D RNAi in the mushroom body (VDRC # 47544) 

Olfactory acuity:   OCT 

1) ok107 / + 

2) srpk79D RNAi / + 

3) ok107 > srpk79D  RNAi 

 

 

28.73 ± 7.479 

33.84 ± 8.324 

61.82 ± 6.944 

 

 

38.30 (7) 

37.85 (8) 

62.95 (6) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:      *p = 0.0198 

2-3:      *p = 0.0433 
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Olfactory acuity:   MCH 

1) ok107 / + 

2) srpk79D RNAi / + 

3) ok107 > srpk79D  RNAi  

 

53.71 ± 8.064 

78.73 ± 7.558 

82.86 ± 4.263 

 

53.30 (8) 

82.30 (7) 

86.70 (7) 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-3:      *p = 0.0361 

2-3:      nsp > 0.9999 

Method: 5 days. Raised 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Olfactory acuity:   OCT 

1) mb247 / + 

2) srpk79D RNAi / + 

3) mb247 > srpk79D  RNAi 

Olfactory acuity:   MCH 

1) mb247 / + 

2) srpk79D RNAi / + 

3) mb247 > srpk79D  RNAi  

28.73 ± 10.18 

33.84 ± 8.324 

44.53 ± 4.616 

 

50.40 ± 7.226 

78.73 ± 7.558 

73.89 ± 6.490 

31.95 (8) 

37.85 (8) 

46.50 (7) 

 

56.15 (8) 

82.30 (7) 

77.30 (7) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp = 0.3589 

2-3:      nsp = 0.6154 

 

 

1-3:      nsp = 0.0619 

2-3:      nsp > 0.9999 

Method: 5 days. Raised 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 95a:   3-Octanol odor acuity for unc13 rescues in an unc13 null mutation background 

1) w1118 35.91 ± 4.144 33.30 (16) 
Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:      nsp > 0.9999 

2-3:       *p = 0.0140 

1-2:      **p = 0.0025 

2) unc13 rescue 11.86 ± 5.500 9.400 (14) 

3) unc13B deletion 35.29 ± 4.319 34.70 (9) 

Method: 5 days. Raised at 25 °C. Tully Wheel. OCT 1:150. 

Figure 95b:   4-Methylcyclohexanol odor acuity for unc13 rescues in an unc13 null mutation 

background 

1) w1118 52.76 ± 5.959 57.60 (19) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:         nsp = 0.5741 

2-3:      nsp = 0.4407 

1-2:        *p =0.0363 

2) unc13 rescue 31.25 ± 6.282 33.35 (14) 

3) unc13B deletion 43.38 ± 5.990 55.88 (10) 

Method: 5 days. Raised at 25 °C. Tully Wheel. MCH 1:60 and 1:55 and 1:75. 

Figure 95c:   Short-term memory for unc13 rescues in an unc13 null mutation background 

1) w1118 70.54 ± 1.243 69.30 (42) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     ****p < 0.0001 

2-3:      **p = 0.0017 

1-2:   ****p < 0.0001 

2) unc13 rescue 53.46 ± 1.321 54.40 (74) 

3) unc13B deletion 44.18 ± 2.553 45.30 (20) 

Method: 5 days. Raised at 25 °C. Tully Wheel. OCT 1:150, MCH 1:60. 
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Figure 96a:   Short-term memory of UAS-unc13A RNAi in olfactory co-receptors 

1) or83b / + 47.54 ± 3.889 45.30 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9953 

2-3:    nsp = 0.5367 
2) unc13A RNAi / + 41.10 ± 5.150 37.90 (10) 

3) or83b > unc13A RNAi 48.14 ± 5.531 49.30 (10) 

Method: 5 days. Raised at 29 °C. T-maze. BA 1:1000, MCH 1:500. 

Figure 96b:   Short-term memory of UAS-unc13A RNAi in the projection neurons 

1) gh146 / + 45.38 ± 2.809 46.00 (9) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0035 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 58.10 ± 3.146 59.60 (10) 

3) gh146 > unc13A RNAi 30.67 ± 2.852 31.35 (10) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Figure 96c:   Short-term memory of UAS-unc13A RNAi in the mushroom body 

1) ok107 / + 54.28 ± 2.705 55.25 (6) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 51.45 ± 2.732 50.30 (11) 

3) ok107 > unc13A RNAi 26.83 ± 3.416 30.85 (12) 

Method: 6 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 96d:   Short-term memory of UAS-unc13B RNAi in olfactory co-receptors 

1) or83b / + 47.54 ± 3.889 45.30 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9787 

2-3:    nsp = 0.8573 
2) unc13B RNAi / + 45.72 ± 3.442 44.75 (10) 

3) or83b > unc13B RNAi 48.62 ± 4.879 44.45 (10) 

Method: 5 days. Raised at 29 °C. T-maze. BA 1:1000, MCH 1:500. 

Figure 96e:   Short-term memory of UAS-unc13B RNAi in the projection neurons 

1) gh146 / + 47.95 ± 2.924 46.40 (11) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   nsp = 0.3906 

2-3:  ***p = 0.0004 
2) unc13B RNAi / + 62.98 ± 3.806 64.60 (11) 

3) gh146 > unc13B RNAi 41.67 ± 3.745 38.30 (10) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

  



Appendix - Data list of memory experiments | 317 

 

Figure 96f:   Short-term memory of UAS-unc13B RNAi in the mushroom body 

1) ok107 / + 58.55 ± 2.205 55.90 (17) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3:   **p = 0.0098 
2) unc13B RNAi / + 50.43 ± 2.550 52.80 (21) 

3) ok107 > unc13B RNAi 39.61 ± 3.076 38.10 (17) 

Method: 6 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 97a:   3 hours Mid-term memory of UAS-unc13A RNAi in the projection neurons 

1) gh146 / + 22.36 ± 3.162 19.35 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9266 

2-3:  ***p = 0.0005 
2) unc13A RNAi / + 42.06 ± 4.057 41.70 (10) 

3) gh146 > unc13A RNAi 20.56 ± 3.638 23.45 (10) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Figure 97b:   3 hours Anesthesia-resistant memory of UAS-unc13A RNAi in the projection 

neurons 

1) gh146 / + 20.64 ± 4.132 21.20 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9359 

2-3:    nsp = 0.5926 
2) unc13A RNAi / + 17.89 ± 3.489 16.70 (10) 

3) gh146 > unc13A RNAi 22.13 ± 1.441 22.35 (10) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Figure 97c:   3 hours Anesthesia-sensitive memory of UAS-unc13A RNAi in the projection 

neurons 

1) gh146 / + 
-1.290 ± 

4.132 
-1.850 (10) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.8174 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 

23.81 ±  

3.489 
25.00 (10) 

3) gh146 > unc13A RNAi 
1.320 ±  

1.441 
1.100 (10) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 97d:   3 hours Mid-term memory of UAS-unc13B RNAi in the projection neurons 

1) gh146 / + 22.36 ± 3.162 19.35 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.1885 

2-3:    nsp = 0.3672 
2) unc13B RNAi / + 39.27 ± 4.546 34.75 (10) 

3) gh146 > unc13B RNAi 31.96 ± 4.092 29.45 (10) 
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Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Figure 97e:   3 hours Anesthesia-resistant memory of UAS-unc13B RNAi in the projection 

neurons 

1) gh146 / + 20.50 ± 5.236 20.10 (8) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9680 

2-3:    nsp = 0.9871 
2) unc13B RNAi / + 18.41 ± 2.326 17.05 (10) 

3) gh146 > unc13B RNAi 19.19 ± 4.255 20.60 (10) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Figure 97f:   3 hours Anesthesia-sensitive memory of UAS-unc13B RNAi in the projection 

neurons 

1) gh146 / + 
-1.150 ± 

5.236 
-0.7500 (8) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.1119 

2-3:    nsp = 0.4690 
2) unc13B RNAi / + 

16.34 ±  

2.326 
17.70 (10) 

3) gh146 > unc13B RNAi 
10.26 ±  

4.255 
8.850 (10) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 98a:   3 hours Mid-term memory of UAS-unc13A RNAi in the mushroom body 

1) ok107 / + 
24.95 ±  

3.204 
22.65 (10) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 

22.16 ±  

2.421 
21.60 (16) 

3) ok107 > unc13A RNAi 
-3.700 ± 

3.221 
-1.900 (17) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 98b:   3 hours Anesthesia-resistant memory of UAS-unc13A RNAi in the mushroom 

body 

1) ok107 / + 16.76 ± 3.727 12.10 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     *p = 0.0161 

2-3:   **p = 0.0084 
2) unc13A RNAi / + 17.20 ± 2.206 16.80 (12) 

3) ok107 > unc13A RNAi 5.883 ± 2.141 6.150 (12) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 



Appendix - Data list of memory experiments | 319 

 

Figure 98c:   3 hours Anesthesia-sensitive memory of UAS-unc13A RNAi in the mushroom 

body 

1) ok107 / + 
5.890 ±  

3.727 
10.55 (10) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0025 

2-3:   **p = 0.0046 
2) unc13A RNAi / + 

4.400 ±  

2.206 
4.800 (12) 

3) ok107 > unc13A RNAi 
-7.783 ± 

2.141 
-8.050 (12) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 98d:   3 hours Mid-term memory of UAS-unc13B RNAi in the mushroom body 

1) ok107 / + 25.90 ± 2.379 23.95 (14) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0040 

2-3:   **p = 0.0013 
2) unc13B RNAi / + 26.55 ± 2.267 28.20 (17) 

3) ok107 > unc13B RNAi 14.67 ± 2.436 14.10 (17) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 98e:   3 hours Anesthesia-resistant memory of UAS-unc13B RNAi in the mushroom 

body 

1) ok107 / + 12.92 ± 2.142 11.65 (14) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.4442 

2-3:    nsp = 0.0854 
2) unc13B RNAi / + 16.88 ± 2.298 18.30 (12) 

3) ok107 > unc13B RNAi 8.421 ± 3.618 8.250 (14) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 98f:   3 hours Anesthesia-sensitive memory of UAS-unc13B RNAi in the mushroom 

body 

1) ok107 / + 11.03 ± 2.142 12.30 (14) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.9966 

2-3:    nsp = 0.3131 
2) unc13B RNAi / + 11.33 ± 2.298 9.900 (12) 

3) ok107 > unc13B RNAi 5.679 ± 3.618 5.850 (14) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 
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Figure 99a:   1 hour Mid-term memory of UAS-unc13A RNAi in the mushroom body 

1) ok107 / + 39.91 ± 2.529 42.05 (14) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 43.08 ± 3.502 40.50 (13) 

3) ok107 > unc13A RNAi 12.88 ± 1.964 14.25 (12) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 99:   1 hour Anesthesia-resistant memory of UAS-unc13A RNAi in the mushroom body 

1) ok107 / + 10.66 ± 3.119 10.20 (12) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     *p = 0.0101 

2-3:     *p = 0.0227 
2) unc13A RNAi / + 9.650 ± 2.043 11.35 (12) 

3) ok107 > unc13A RNAi 1.250 ± 1.043 -0.150 (14) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 99c:   1 hour Anesthesia-sensitive memory of UAS-unc13A RNAi in the mushroom 

body 

1) ok107 / + 31.39 ± 3.119 31.85 (12) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 
2) unc13A RNAi / + 30.85 ± 2.043 29.15 (12) 

3) ok107 > unc13A RNAi 13.00 ± 1.487 14.40 (14) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 99d:   1 hour Mid-term memory of UAS-unc13B RNAi in the mushroom body 

1) ok107 / + 45.64 ± 4.364 44.40 (10) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0064 

2-3:     *p = 0.0415 
2) unc13B RNAi / + 41.51 ± 2.694 42.60 (13) 

3) ok107 > unc13B RNAi 31.49 ± 2.581 30.60 (16) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 99e:   1 hour Anesthesia-resistant memory of UAS-unc13B RNAi in the mushroom 

body 

1) ok107 / + 14.84 ± 3.031 13.70 (13) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0042 

2-3:    nsp = 0.0539 
2) unc13B RNAi / + 11.09 ± 2.548 11.70 (13) 

3) ok107 > unc13B RNAi 2.579 ± 2.317 2.150 (14) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 99f:   1 hour Anesthesia-sensitive memory of UAS-unc13B RNAi in the mushroom 

body 

1) ok107 / + 29.56 ± 3.031 30.70 (13) one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.8976 

2-3:    nsp = 0.5812 
2) unc13B RNAi / + 31.51 ± 2.548 30.90 (13) 

3) ok107 > unc13B RNAi 28.02 ± 2.317 28.45 (14) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Table 16:   Innate behavior of the UAS-unc13A and B RNAi in different areas of the olfactory 

memory system 

Olfactory acuity:   BA 

1) or83b / + 

2) unc13A RNAi / + 

3) or83b > unc13A RNAi 

Olfactory acuity:   MCH 

1) or83b / + 

2) unc13A RNAi / + 

3) or83b > unc13A RNAi 

 

45.53 ± 8.583 

42.82 ± 5.614 

34.20 ± 7.071 

 

49.60 ± 9.651 

41.50 ± 12.63 

27.88 ± 12.38 

 

39.20 (6) 

44.55 (6) 

38.75 (6) 

 

45.75 (4) 

46.65 (4) 

35.85 (4) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.4855 

2-3:    nsp = 0.6522 

 

 

1-3:    nsp = 0.3905 

2-3:    nsp = 0.6740 

Method: 5 days. Raised at 29 °C. T-maze. BA 1:1000, MCH 1:500. 

Olfactory acuity:   BA 

1) or83b / + 

2) unc13B RNAi / + 

3) or83b > unc13B RNAi 

Olfactory acuity:   MCH 

1) or83b / + 

2) unc13B RNAi / + 

3) or83b > unc13B RNAi 

 

45.53 ± 8.583 

36.58 ± 7.290 

31.87 ± 8.460 

 

49.60 ± 9.651 

41.15 ± 7.609 

36.77 ± 9.811 

 

39.20 (6) 

40.00 (6) 

29.80 (6) 

 

45.75 (4) 

44.75 (6) 

43.05 (6) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.4422 

2-3:    nsp = 0.9024 

 

 

1-3:    nsp = 0.5922 

2-3:    nsp = 0.9237 

Method: 5 days. Raised at 29 °C. T-maze. BA 1:1000, MCH 1:500. 

Olfactory acuity:   BA 

1) gh146 / + 

2) unc13A RNAi / + 

3) gh146 > unc13A RNAi 

 

39.19 ± 6.651 

71.84 ± 5.780 

47.40 ± 7.398 

 

34.50 (21) 

76.00 (18) 

52.25 (18) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:    nsp = 0.8742 

2-3:    *p = 0.0328 

Olfactory acuity:   MCH 

1) gh146 / + 

2) unc13A RNAi / + 

 

43.86 ± 5.224 

74.37 ± 4.030 

 

48.80 (24) 

74.37 (21) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:    nsp > 0.9999 

2-3:  ***p = 0.0006 
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3) gh146 > unc13A RNAi 44.84 ± 6.018 44.84 (22) 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Olfactory acuity:   BA 

1) gh146 / + 

2) unc13B RNAi / + 

3) gh146 > unc13B RNAi 

Olfactory acuity:   MCH 

1) gh146 / + 

2) unc13B RNAi / + 

3) gh146 > unc13B RNAi 

 

42.00 ± 7.004 

65.33 ± 5.361 

44.88 ± 5.857 

 

43.86 ± 5.224 

66.03 ± 5.432 

42.46 ± 6.325 

 

42.20 (19) 

72.35 (18) 

43.90 (18) 

 

48.80 (24) 

77.30 (22) 

47.95 (22) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-3:    nsp = 0.9327 

2-3:    *p = 0.0470 

 

 

1-3:    nsp > 0.9999 

2-3:   **p = 0.0057 

Method: 7 days. Raised at 29 °C. T-maze. BA 1:500, MCH 1:100. 

Shock reactivity: 

1) ok107 / + 

2) unc13A RNAi / + 

3) ok107 > unc13A RNAi 

 

90.95 ± 2.387 

87.07 ± 2.445 

89.42 ± 2.045 

 

93.40 (12) 

89.80 (13) 

90.20 (13) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.8717 

2-3:    nsp = 0.7181 

Method: 4 days. Raised at 25 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) ok107 / + 

2) unc13A RNAi / + 

3) ok107 > unc13A RNAi 

Olfactory acuity:   MCH 

1) ok107 / + 

2) unc13A RNAi / + 

3) ok107 > unc13A RNAi 

 

45.52 ± 5.280 

44.90 ± 4.163 

49.83 ± 3.048 

 

71.71 ± 4.584 

64.60 ± 5.519 

71.40 ± 4.197 

 

46.60 (10) 

47.35 (10) 

50.40 (10) 

 

78.15 (16) 

72.40 (21) 

74.00 (19) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3: nsp = 0.7304 

2-3: nsp = 0.6643 

 

 

1-3:  nsp > 0.9999 

2-3: nsp > 0.9999 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Shock reactivity: 

1) ok107 / + 

2) unc13B RNAi / + 

3) ok107 > unc13B RNAi 

 

90.95 ± 2.387 

91.46 ± 1.530 

95.05 ± 1.188 

 

93.40 (12) 

92.20 (13) 

94.80 (13) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    nsp = 0.2011 

2-3:    nsp = 0.2731 

 

Method: 4 days. Raised at 25 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) ok107 / + 

2) unc13B RNAi / + 

3) ok107 > unc13B RNAi 

 

 

45.40 ± 3.920 

37.24 ± 3.330 

38.54 ± 5.680 

 

 

47.75 (14) 

36.30 (14) 

42.95 (14) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    nsp = 0.4807 

2-3:    nsp = 0.9736 
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Olfactory acuity:   MCH 

1) ok107 / + 

2) unc13B RNAi / + 

3) ok107 > unc13B RNAi 

 

71.71 ± 4.584 

67.12 ± 4.763 

71.16 ± 4.233 

 

78.15 (16) 

68.00 (18) 

73.95 (16) 

 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

 

1-3:  nsp > 0.9999 

2-3: nsp > 0.9999 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102a:   Short-term memory of UAS-unc13A C-term expressed in the mushroom body 

1) ok107 / + 

 
43.34 ± 1.971 45.50 (32) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:  ****p < 0.0001 

1-4:       *p = 0.0390 

2-3:  ****p < 0.0001 

3-4:  ****p < 0.0001 

2) unc13A RNAi / + 

 
53.77 ± 1.926 54.70 (27) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
15.42 ± 2.373 17.50 (25) 

4) ok107 > unc13A C-term -

GFP 
53.44 ± 3.083 53.60 (29) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102b:   Olfactory acuity with 3-Octanol for UAS-unc13A C-term expressed in the 

mushroom body 

1) ok107 / + 

 
48.03 ± 4.372 49.90 (16) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.5256 

1-4:      nsp = 0.9975 

2-3:      nsp = 0.9655 

3-4:      nsp = 0.6873 

2) unc13A RNAi / + 

 
41.32 ± 6.658 41.45 (18) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
36.84 ± 4.578 39.25 (18) 

4) ok107 > unc13A C-term -

GFP 
45.76 ± 6.002 48.60 (19) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 102c:   Olfactory acuity with 4-Methylcyclohexanol for UAS-unc13A C-term expressed 

in the mushroom body 

1) ok107 / + 

 
61.65 ± 4.438 67.10 (15) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.7280 

1-4:      nsp = 0.5652 

2-3:      nsp = 0.9751 

3-4:      nsp = 0.0579 

2) unc13A RNAi / + 

 
50.72 ± 5.599 54.05 (18) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
54.14 ± 4.945 53.60 (18) 

4) ok107 > unc13A C-term -

GFP 
71.03 ± 3.557 73.55 (16) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102d:   1 hour Mid-term memory of UAS-unc13A C-term expressed in the mushroom 

body 

1) ok107 / + 

 
43.06 ± 3.359 43.30 (9) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   ****p < 0.0001 

1-4:      nsp = 0.7966 

2-3:   ****p < 0.0001 

3-4:   ****p < 0.0001 

2) unc13A RNAi / + 

 
50.57 ± 3.953 52.10 (11) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
15.86 ± 2.907 18.80 (11) 

4) ok107 > unc13A C-term -

GFP 
48.31 ± 2.694 48.80 (7) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102e:   1 hour Anesthesia-resistant memory of UAS-unc13A C-term expressed in the 

mushroom body 

1) ok107 / + 

 
17.71 ± 2.243 19.40 (13) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:       *p = 0.0198 

1-4:     **p = 0.0013 

2-3:    ***p = 0.0009 

3-4:  ****p < 0.0001 

2) unc13A RNAi / + 

 
21.84 ± 2.958 21.05 (14) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
5.233 ± 2.609 3.700 (12) 

4) ok107 > unc13A C-term -

GFP 
33.68 ± 3.171 36.70 (13) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 102f:   1 hour Anesthesia-sensitive memory of UAS-unc13A C-term expressed in the 

mushroom body 

1) ok107 / + 

 
25.59 ± 2.243 23.90 (13) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:     **p = 0.0066 

1-4:       *p = 0.0458 

2-3:    ***p = 0.0001 

3-4:     nsp = 0.9065 

2) unc13A RNAi / + 

 
30.26 ± 2.958 31.05 (14) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
12.00 ± 2.787 14.85 (12) 

4) ok107 > unc13A C-term -

GFP 
15.12 ± 3.171 12.10 (13) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102g:   3 hours Mid-term memory of UAS-unc13A C-term expressed in the mushroom 

body 

1) ok107 / + 

 
37.46 ± 5.176 41.50 (10) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    ***p = 0.0006 

1-4:      nsp = 0.9814 

2-3:       *p = 0.0122 

3-4:    ***p = 0.0001 

2) unc13A RNAi / + 

 
31.78 ± 4.200 29.80 (10) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
14.34 ± 2.741 15.70 (11) 

4) ok107 > unc13A C-term -

GFP 
40.19 ± 3.411 37.35 (10) 

Method: 6 days. Raised at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 102h:   3 hours Anesthesia-resistant memory of UAS-unc13A C-term expressed in the 

mushroom body 

1) ok107 / + 

 
15.27 ± 1.783 15.55 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.2919 

2-3:     *p = 0.0112 

3-4: ****p < 0.0001 

1-4:     *p = 0.0144 

2) unc13A RNAi / + 

 
21.82 ± 3.768 18.50 (12) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
6.900 ± 3.229 10.10 (12) 

4) ok107 > unc13A C-term -

GFP 
29.75 ± 4.072 24.75 (12) 

Method: 6 days. Raised at 29 °C. T-maze. OCTt 1:100, MCH 1:100. 



Appendix - Data list of memory experiments | 326 

 

Figure 102i:   3 hours Anesthesia-sensitive memory of UAS-unc13A C-term expressed in the 

mushroom body 

1) ok107 / + 

 
26.23 ± 1.783 25.95 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      **p = 0.0024 

1-4:      **p = 0.0011 

2-3:      nsp = 0.9996 

3-4:      nsp = 0.9984 

2) unc13A RNAi / + 

 
7.983 ± 3.768 11.30 (12) 

3) ok107 > unc13A C-term 

 -GFP , unc13A RNAi 
8.800 ± 3.229 5.600 (12) 

4) ok107 > unc13A C-term -

GFP 
7.600 ± 4.072 12.60 (12) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Figure 103c:   Short-term memory of UAS-unc13A N-termDN expressed in the mushroom body 

1) ok107 / + 

 
58.97 ± 2.268 59.40 (7) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3: ****p < 0.0001 

2-3: ****p < 0.0001 

2) unc13A N-termDN -GFP / + 

 
63.00 ± 3.860 67.00 (7) 

3) ok107 > unc13A N-termDN -

GFP 
28.13 ± 4.015 23.35 (8) 

Method: 6 days. Raised at 25 °C. T-maze and Tully Wheel. OCT 1:100, MCH 1:100. 

Figure 103a:   Olfactory acuity with 3-Octanol for  UAS-unc13A N-termDN expressed in the 

mushroom body 

1) ok107 / + 

 
43.80 ± 5.499 49.45 (18) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   **p = 0.0032 

2-3:  ***p = 0.0003 

2) unc13A N-termDN -GFP / + 

 
49.91 ± 5.386 52.25 (18) 

3) ok107 > unc13A N-termDN -

GFP 
18.08 ± 5.476 12.55 (18) 

Method: 6 days. Raised at 25 °C. T-maze. OCT 1:100. 
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Figure 103b:   Olfactory acuity with 4-Methylcyclohexanol for  UAS-unc13A N-termDN 

expressed in the mushroom body 

1) ok107 / + 

 
72.81 ± 4.607 74.25 (18) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:    nsp = 0.0849 

2-3:    nsp = 0.2595 

2) unc13A N-termDN -GFP / + 

 
71.22 ± 3.272 70.55 (18) 

3) ok107 > unc13A N-termDN -

GFP 
58.41 ± 5.403 63.30 (18) 

Method: 6 days. Raised at 25 °C. T-maze. MCH 1:100. 

Figure 104b:   Short-term memory of UAS-unc13A N-termDN expressed in the mushroom 

body, restricted to the adulthood 

1) tub-Gal80ts / + ;; ok107 / + 

 
53.87 ± 3.719 54.30 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.1872 

2-3:    nsp = 0.3322 

2) unc13A N-termDN -GFP / + 

 
52.38 ± 2.146 51.70 (12) 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 
46.44 ± 3.188 47.95 (12) 

Method: 6 days. Raised at 18 °C, after eclosion at 29 °C. T-maze and Tully Wheel. OCT 1:100, 

MCH 1:100. 

Figure 104c:   1 hour Mid-term memory of UAS-unc13A N-termDN expressed in the mushroom 

body, restricted to the adulthood 

1) tub-Gal80ts / + ;; ok107 / + 

 
39.11 ± 2.911 38.95 (16) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:       *p = 0.0171 

2-3:      nsp = 0.1123 

2) unc13A N-termDN -GFP / + 

 
36.88 ± 3.667 36.00 (15) 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 
26.42 ± 3.422 23.15 (16) 

Method: 6 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 
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Figure 104d:   1 hour Anesthesia-resistant memory of UAS-unc13A N-termDN expressed in the 

mushroom body, restricted to the adulthood 

1) tub-Gal80ts / + ;; ok107 / + 

 
8.264 ± 3.588 8.750 (14) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:      nsp = 0.7962 

2-3:      nsp = 0.8387 

2) unc13A N-termDN -GFP / + 

 
12.61 ± 2.632 11.65 (14) 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 
10.58 ± 1.921 8.800 (16) 

Method: 6 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

Figure 104e:   1 hour Anesthesia-sensitive memory of UAS-unc13A N-termDN expressed in the 

mushroom body, restricted to the adulthood 

1) tub-Gal80ts / + ;; ok107 / + 

 
30.69 ± 3.588 30.20 (14) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:   ****p < 0.0001 

2-3:       *p = 0.0145 

2) unc13A N-termDN -GFP / + 

 
23.39 ± 2.632 24.35 (14) 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 
12.57 ± 1.921 14.35 (16) 

Method: ASM values were calculated as the MTM median minus the particular ARM values. 

Table 17:   Innate behavior for the conducted C- or N-terminus of Unc13A, expressed in the 

mushroom body 

Shock reactivity: 

1) ok107 / + 

2) unc13A RNAi / + 

3) ok107 > unc13A C-term 

-GFP , unc13A RNAi 

4) ok107 > unc13A C-term-GFP 

 

85.49 ± 1.639 

73.70 ± 2.689 

79.52 ± 2.734 

 

79.48 ± 3.372 

 

85.40 (12) 

70.00 (12) 

81.20 (12) 

 

79.05 (12) 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.4065 

2-3:    nsp = 0.4330 

3-4:    nsp > 0.9999 

1-4:    nsp = 0.3997 

Method: 5 days. Raised at 29 °C. T-maze. 

Shock reactivity: 

1) ok107 / + 

2) unc13A N-termDN -GFP / + 

3) ok107 > unc13A N-termDN -

GFP 

 

91.42 ± 2.136 

81.85 ± 3.155 

88.91 ± 1.691 

 

 

89.55 (6) 

81.85 (6) 

88.75 (10) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

1-3:    nsp = 0.6767 

2-3:    nsp = 0.0696 

Method: 6 days. Raised at 25 °C. Tully Wheel. 
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Shock reactivity: 

1) tub-Gal80ts / + ;; ok107 / + 

2) unc13A N-termDN -GFP / + 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 

95.08 ± 1.045 

85.13 ± 1.794 

93.32 ± 1.068 

96.75 (10) 

86.45 (10) 

94.35 (10) 

Kruskal-Wallis 

with Dunn’s 

post hoc test 

1-3:    nsp = 0.3902 

2-3:     *p = 0.0153 

Method: 6 days. Raised at 18 °C, after eclosion at 29 °C. Tully Wheel. 

Olfactory acuity:   OCT 

1) tub-Gal80ts / + ;; ok107 / + 

2) unc13A N-termDN -GFP / + 

3) tub-Gal80ts ;; ok107 > 

unc13A N-termDN -GFP 

Olfactory acuity:   MCH 

1) ok107 / + 

2) unc13A N-termDN -GFP / + 

3) ok107 > unc13A N-termDN -

GFP 

 

44.03 ± 9.953 

38.93 ± 8.790 

26.60 ± 10.15 

 

 

43.23 ± 5.946 

42.79 ± 3.546 

44.72 ± 5.438 

 

 

53.35 (12) 

44.85 (12) 

11.80 (12) 

 

 

41.25 (12) 

41.45 (12) 

42.55 (12) 

 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

one-way 

ANOVA with 

Sidak’s post 

hoc test 

 

1-3:    nsp = 0.3763 

2-3:    nsp = 0.6063 

 

 

 

1-3:    nsp = 0.9737 

2-3:    nsp = 0.9561 

 

Method: 6 days. Raised at 18 °C, after eclosion at 29 °C. T-maze. OCT 1:100, MCH 1:100. 

 

 

 


