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1 Introduction 

1.1 Adaptation to internal states  

 

Are the conditions of an environment the factors that make it habitable? Or is it the ability to adapt to 

a habitat that makes survival possible?  

 

All conditions in a natural system are destined to change due to the constant flow of energy. Organisms 

living under these constantly changing conditions must adapt to these changes and, ultimately, have 

evolved an ability to adapt to survive. Hence, adaptation at various levels is one key component of the 

existence of an organism.  

 

Natural selection has grinded basic mechanisms of adaptation in the nervous systems of animals. These 

mechanisms underlie behavioral strategies that depend on external and internal conditions in a similar 

and conserved way among animals (Hochachka and Somero, 2002; Symons, 1990).  

 

Energy, i.e., food, is the “currency” for survival in all animals. Therefore, foraging and feeding behavior 

is one of the most prominent and indispensable behaviors under dynamic internal and external 

conditions (Biro and Stamps, 2010; Careau et al., 2008; Mobbs et al., 2018; Scholz et al., 2017). 

 

This study aims at understanding mechanisms of the nervous system underpinning the adaptation to 

these dynamic conditions. As one pronounced adaptive behavior, feeding-related behavior was chosen 

as the subject of the study. Structural and functional adjustments in neuronal circuits leading to 

behavioral modifications are investigated using experimental, parametric changes in food conditions.  

1.2 Drosophila as a model organism to study adaptation 

 

In order to investigate behavioral and neuronal circuit adaptations, Drosophila melanogaster is used as 

a model organism in this study for numerous reasons. The first reason is the simple handling of 

Drosophila. Easy maintenance and handling of flies are advantageous when the behavioral read-out is 

tested. A large number of behaviors can be tested reliably and under changing food conditions,  
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including relatively complex, motivation-based behaviors (e.g. Edgecomb et al., 1994; Ja et al., 2007; 

Krashes et al., 2009; Tully and Quinn, 1985).  

 

In fact, flies exhibit specific behavioral alterations based on the internal hunger state (the 

“hunger/satiation state” of the animal will be referred to as “internal state” in this study throughout). 

For instance, hunger causes robust alterations in state-dependent behaviors such as associative 

olfactory short- and long-term memory formation (Krashes and Waddell, 2008; Tempel et al., 1983), 

food uptake (Ja et al., 2007), proboscis extension reflex (PER; Dethier, 1976; Wang et al., 2004) or odor 

tracking (Root et al., 2011; Sayin et al., 2019).  

 

However, the most important reasons making Drosophila suitable for this study are explained in detail 

in the following sections, i.e., the wide range of genetic tools and the evolutionary conservation of the 

mechanisms underlying feeding.  

1.2.1 Evolutionarily conserved mechanisms of the modulation of internal states  

 

The internal state of an animal is to a large degree regulated by the release of neuromodulators 

(Destexhe and Marder, 2004). The majority of these neuromodulators and their working principles are 

highly conserved. The peptide insulin is one example. Insulin is a highly conserved metabolic signal that 

regulates carbohydrate uptake of cells, but affects also behavior. It promotes food uptake in both 

vertebrates and Drosophila (Brogiolo et al., 2001; Rulifson et al., 2002). Drosophila insulin-like peptides 

(DILPs) are considered to be equivalents of the mammalian insulin (Brogiolo et al., 2001). A second 

example is norepinephrine (NE) in mammals and its Drosophila ortholog octopamine (OA). These 

neuromodulators convey information about the sweet taste and the nutritious value of sugar in a 

similar way from the gustatory sensory system and gustatory tract, respectively (Youn et al., 2018). 

They also influence the energy homeostasis through similar mechanisms (Berridge and Waterhouse, 

2003; LeDue et al., 2016; Wang et al., 2004; Youn et al., 2018). As a final example, Neuropeptide Y (NPY) 

release promotes feeding in mammals (Barsh and Schwartz, 2002; Brown et al., 1999) in the same way 

as two homologs in  Drosophila, neuropeptide F (NPF) and short neuropeptide F (sNPF) (Lee et al., 2004; 

Wu et al., 2003) do. Sensory processing is also adjusted in similar ways between rodents and Drosophila 

as a more peripheral step of a state-dependent behavioral modulation. For instance, hungry flies 

exhibit less sensitivity to repulsive odors as well as higher sensitivity to attractive odors (Krashes et al., 

2009; Root et al., 2011; Ko et al., 2015). The sensitization/desensitization to different odors is also 
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observed in rodents (Murakami et al., 2005). Such state-dependent sensory adjustments are achieved 

by, e.g., a change in excitability of the olfactory receptor neurons (ORNs) through certain 

neuromodulators, including dopamine (DA) in both Drosophila and in vertebrates (Krashes et al., 2009; 

Root et al., 2011; Ko et al., 2015; Murakami et al., 2005).  In conclusion, Drosophila is a suitable model 

organism when the evolutionary conservation between insects and vertebrates are taken into account. 

Additionally, Drosophila has a relatively compact nervous system compared to that of vertebrates. 

Thus, investigating the mechanisms of adaptations in Drosophila can provide a more straightforward 

understanding about how these adaptations occur.   

1.2.2 Binary gene expression systems as a main approach 

 

Despite of the fact that Drosophila have far fewer neurons when compared to vertebrates, they are 

capable of performing complex cognitive behaviors - such as learning and memory (Heisenberg, 2003; 

Hige, 2018; Pitman et al., 2009; Wolf et al., 1998). This ability is perhaps a result of the comparably 

more compact structuring in the brain, i.e., the circuitries involved in complex behaviors contain 

typically much smaller numbers of neurons. Even a single neuron in the Drosophila brain can 

orchestrate a complex behavior (Alekseyenko et al., 2013; Mann et al., 2013). Thus, almost each neuron 

in the central nervous system (CNS) of a fly can be individually identified and can be genetically targeted 

(Givon and Lazar, 2016; Shinomiya et al., 2011; Ukani et al., 2019). For that purpose, genetic tools can 

be utilized in Drosophila to label specific neuronal populations and to restrict the expression of certain 

genes spatially and temporally.  

 

In order to express different genes explicitly in certain neurons, binary gene expression systems are 

typically used. In these systems, a cell specific promoter sequence is fused with a transcription factor 

(TF; transgenic “driver line”) that recognizes a specific sequence fused. The recognition sequence is 

expressed in a second fly, and it is fused with a desired genetic tool (“effector line”). Driver and effector 

transgenes become combined in one animal simply by crossing two transgene-containing animals and 

by collecting the filial generation. Upon this combination, restricted TF expression in the desired cell 

population drives the expression of the transgene. Thus, the expression of the genetic tool is restricted 

to, for example, particular neurons. Thereby, the generation of huge numbers of transgenic animals 

that contain different driver/effector combinations is not required.  
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The most common binary system used in Drosophila genetics, and also in this study, is the Gal4/UAS 

system (Brand and Perrimon, 1993; Fischer et al., 1988; Figure 1.1). In this system, spatial expression is 

achieved by the cell specific “driver” DNA sequence fused with a Gal4 sequence. The desired genetic 

tool is fused with the target sequence of Gal4, UAS (upstream activating sequence). As this binary 

system makes use of genes from yeast which are artificially implemented in the fly genome, the Gal4 

expression does not target any other DNA sequence in the fly genome.  

                      
Figure 1.1 Working principle of the Gal4/UAS binary system. A cell-specific promoter fused with Gal4, and the 

Gal4 binding site (UAS) fused with genetic tool of choice are depicted. These genetic constructs are brought 

together in the F1 generation of the crossed flies. The expression of Gal4 drives the expression of the interested 

genetic tool of inteerst in a cell specific manner. 

 

There are two alternative, but similar binary gene expression systems, LexA/LexAop (Lai and Lee, 2006) 

and QF/QUAS (Potter et al., 2010). The working principle of these binary systems is the same as 

Gal4/UAS system. The combination of these alternative systems in one animal allows one to manipulate 

or visualize multiple separated cells independently.   

1.2.3 Genetic tools to manipulate specific cell types in the brain 

 

Drosophila is an extremely advantageous model organism because of the sophisticated techniques with 

which genetically modified animals can be created and the many tools with which neurons can be  

manipulated or visualized. Thanks to the small chromosome number (four) of Drosophila and the fact 

that the genome is entirely mapped, genetic tools can be relatively routinely implemented in the 

Drosophila (Rubin, 1985; del Valle Rodríguez et al., 2012). In recent years, genetic tools have been 

established that can be temporally switched on or off by heat or light (i.e., thermogenetic and 
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optogenetic tools, respectively) (Bernstein et al., 2012; Govorunova et al., 2015). These temporally 

restricted, reversible experimental modulations of neuronal activity allow drawing correlations 

between neuronal activity and a behavior. This approach is also employed in this study.  

 

Genetic tools to inhibit neuronal activity or neuronal transmission that are utilized in this study, are, 

e.g., shibirets (Shits) and gtACRI as a thermogenetic and optogenetic tool, respectively. Shibirets is a 

dominant negative mutant form of the Drosophila dynamin protein that is involved in vesicle recycling 

(Grigliatti et al., 1973). This mutant form is temperature-sensitive: If the temperature increases above 

28°C, the mutant form of dynamin undergoes a conformational change such that the endocytosis of 

released vesicles is impaired. This situation leads to a block of further vesicle release (van der Bliek and 

Meyerowrtz, 1991; Grigliatti et al., 1973; Kitamoto, 2001). In this study, this tool is used to block 

synaptic output of a desired neuronal population during a behavioral experiment. Another inhibitory 

tool used in this study is the light-inducible anion channel gtACRI. gtACR is an anion channel discovered 

in the alga Guillardia theta and it is largely Cl- conductive (Govorunova et al., 2015). Light induction 

inhibits neuronal activity by hyperpolarizing the membrane potential (Govorunova et al., 2015; 

Mohammad et al., 2017). gtACRI is utilized in this study as an inhibitory tool in order to eliminate any 

effect of high temperatures on behavior or possible leaky function of thermogenetic tools below 25°C.   

 

In order to artificially activate neurons of interest in the behavioral experiments, two optogenetic tools 

are utilized, i.e., channelrhodopsin XXL (ChR-XXL) and csChrimson (Dawydow et al., 2014; Klapoetke et 

al., 2014). These two channelrhodopsins are light-sensitive cation channels that open upon light 

stimulation, which results in depolarization of the cell membranes (Dawydow et al., 2014; Klapoetke et 

al., 2014). ChR-XXL is a modified version of channelrhodopsin-2 (ChR-2). Even very low intensity of blue 

light  is sufficient to evoke membrane depolarization and synaptic transmission (Dawydow et al., 2014; 

Nagel et al., 2003). CsChrimson, which is used as an additional excitatory optogenetic tool, is another 

artificial form which has a red-shifted activation spectrum (Klapoetke et al., 2014).  

 

The final optogenetic tool employed in this study is a light-inducible adenylate cyclase called bPAC 

(Stierl et al., 2011). Activation of bPAC with blue light enables one to elevate the cyclic AMP (cAMP) 

level in the targeted cell. This tool is used to manipulate cAMP-dependent signaling rather than directly 

depolarize the cells. 
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1.2.4 Genetic tools to analyze structural synaptic plasticity   

 

Beside the temporal and spatial manipulation of cell activity, Drosophila offers a variety of genetic tools 

to visualize and characterize the structure of neurons. Such tools are also utilized in this study to analyze 

how the structure of neurons of interest are modulated in dependence of external and internal 

conditions. 

 

The most common strategy to visualize cells in Drosophila relies on a restricted expression of a 

fluorescent reporter protein such as GFP using the binary Gal4/UAS system (Yeh et al., 1995). This basic 

method allows us to visualize neurons and quantify the cellular structures such as branch numbers, 

volume, etc. However, concerning the structural analysis of a densely packed neuronal population, 

much more sophisticated tools for visualization are necessary.  

 

Synaptically localized protein-fused reporters are employed for further characterization of the neurons 

and structurally modified synaptic sites. For instance, the dendritic trees of a neuronal population, can 

be visualized via a powerful tool called DenMark (Dendritic Marker)  (Nicolaï et al., 2010). This tool is 

based on the expression of a dendritically localized mCherry reporter protein.  

 

Similar to DenMark, many synaptically localized reporter proteins are created by fusing a reporter 

protein with either a complete or a short form of selected synaptic proteins. For instance, a GFP 

reporter fused with presynaptically localized proteins such as sytGFP or Brp-GFP can be expressed in 

the target neuron population (Wagh et al., 2006; Zhang et al., 2002). Likewise, the characterization of 

the postsynaptic arborizations can also be performed by the expression of reporter-fused postsynaptic 

proteins like Shank-GFP or dlg-GFP in the desired neurons (Harris et al., 2016; Zhang et al., 2007). The 

change in fluorescence levels in these type of reporters are often interpreted as synaptic structural 

modifications (Albertson and Doe, 2003; Gilestro et al., 2009; Hering and Sheng, 2003; Roy et al., 2007). 

In this study these tools are also employed as a means to investigate structural modifications at the 

subcellular level. 

 

Most of these tools to characterize and analyze structural changes of the cells are based on a reporter 

in the entire cells or the neurites. However, when measuring structural synaptic plasticity in crowded 

neuronal populations such as dopaminergic neurons (DANs), as it is done in this study, one faces the 
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problem that fine axonal and dendritic arborizations cannot be disentangled. Thus, fine and small 

modifications can be masked. To overcome this obstacle, an elegant technique to visualize potential 

synaptic sites can be used. This technique is based on the reconstitution of splitGFP fragments (spGFP) 

and is typically referred to as GRASP (GFP Reconstitution Across Synaptic Partners) (Pech et al., 2013; 

Feinberg et al., 2008; Gordon and Scott, 2009). The two fragments of GFP (splitGFP) are expressed in 

complementary neuronal populations and localized extracellularly at the membranes. Thereby, GFP 

reconstitution occurs upon close proximity of two neurons, which might be indicative of synaptic 

connections.  However, since this too, reports proximity only and does not necessarily proof the 

presence of synaptic sites, these reconstitution points are referred to as “potential synaptic sites”.  

1.2.5 Genetic tools to analyze functional neuronal activity and plasticity 

 

As final genetic tool category, functional indicators provide a possibility to monitor the activity, i.e., 

membrane excitation, of the desired neuron population in Drosophila.  

 

Real-time activity measurement;  

The first technique used here is often referred to as Ca2+ imaging. It is based on the increase in 

fluorescence emission of a genetically encoded calcium indicator (GECI) upon Ca2+ rise in the cell upon 

membrane excitation. The most common Ca2+ indicator, also commonly used in Drosophila research, is 

called GCaMP (Hancock et al., 2019; Zariwala et al., 2012). GCaMP is a calmodulin-fused GFP reporter 

which undergoes a conformational change resulting from a rise in intracellular Ca2+ concentration 

following depolarization (Tian et al., 2009).  

 

Imaging of the cellular activity can also be confined to synaptic sites and differentiated as pre- and 

postsynaptic activity by the restriction of GCaMP localization (Pech et al., 2015). This restriction can be 

achieved through the same logic as used for synaptically expressed reporter proteins. Two examples of 

pre- and postsynaptic Ca2+ indicators are Syp-GCamP3 and dHomer-GCaMP3, respectively (Pech et al., 

2015). In this type of functional imaging, real time activity of Ca2+ indicators are visualized in vivo upon 

the presentation of a sensory stimulus to a tethered animal (Hancock et al., 2019). 

 

Transcription-based activity measurement;     

Alternatively, a transcription-based reporter expression, which depends on the activity of the cell, can 

also be used as a “cumulative activity” indicator. One of the intracellular Ca2+ reporter based on 
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transcription, and presumably resulting from neuronal activity, is called CaLexA (Masuyama et al., 

2012). This technique is based on GFP transcription upon the transportation of a Ca2+-responsive 

transcription factor into the nucleus (Masuyama et al., 2012). When the Ca2+ level increases in the cell, 

it drives the expression of GFP. Thus, the GFP level increases over time in a cumulative way. In this 

study this tool is used to measure slow physiological changes over time and neuronal activity ex vivo.   

These tools are employed in this study to correlate functional adaptations with experience-based 

structural neuronal changes.  

1.3 Behavioral adaptations of Drosophila dependent on the internal 

state   

 

This study is dedicated to investigate neuronal plasticity in the brain dependent on changes in the 

environmental conditions and, as a consequence, internal states. Experimentally, parametric changes 

in the food conditions are used as an instrument to determine changing environmental conditions 

(Toates, 1986; Lee et al., 2004; Pool and Scott, 2014; Wang et al., 2016). Any adaptation to changes in 

nutrient amount starts with a modulation of the internal state of the animals. Therefore, modulations 

in feeding- and foraging-related behaviors are explained in the following chapter.  

1.3.1 Adjustments of feeding-related behavior in flies  

 

Hunger as an internal state provides a strong drive for Drosophila, as it is the case for most animals, to 

initiate or change feeding-related behaviors such as foraging. Since foraging represents a complex set 

of behaviors that are costly in terms of energy, the hunger state ensures that animals seek for food 

only when needed (Toates, 1986). Thus, the foraging behaviors of the flies are tightly regulated by the 

internal state.  

 

The first step of foraging behavior can start with sensory stimulation. The olfactory system and the 

sensitivity to external stimuli are bidirectionally tuned by hunger such that odor aversiveness is 

suppressed parallel to an increase in attractiveness of food related smells (Dethier and Chadwick, 1948; 

Ko et al., 2015; Pitman et al., 2009; Root et al., 2011). Additionally, the flies persist to follow the sensory 

cues over long distances when motivated by hunger (Álvarez-Salvado et al., 2018; Root et al., 2011; 

Sayin et al., 2019). An increase in odor attractiveness is promoted by the activity increase in certain 

olfactory receptor neurons (ORN), mediated by sNPF release, while dampening the ORN activities for 
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aversive odors is facilitated by the release of the neuropeptide tachykinin (Ko et al., 2015; Root et al., 

2011). 

  

Flies also show hyperactivity and increased locomotor behaviors upon starvation or calorie restriction 

in the dietary (Browne and Evans, 1960; Dietrich et al., 2015; Koon and Budnik, 2012; Lee et al., 2004; 

Yang et al., 2015). Increase in locomotion dependent on the hunger state of the flies supposedly 

promotes foraging behavior.  

 

As a final step of foraging behavior, the flies can actively adjust eating behavior dependent on the 

internal states. It is no surprise that an increase in food consumption as well as the proboscis extension 

reflex (referred to as “PER” in this study) is correlated with an increased starvation period of the flies 

(Edgecomb et al., 1994). Additionally, flies can demonstrate nutrient-specific choices. For instance, the 

preference to protein-based foods is increased when flies are deprived of amino acids (Ribeiro and 

Dickson, 2010; Vargas et al., 2010). Similarly, female flies tend to eat more protein-rich food if mated, 

whereas unmated flies consume more carbohydrates (Lee et al., 2013).  

 

In addition to foraging behavior, Drosophila  can also adjust a variety of behaviors that are more directly 

related to food uptake in order to improve survival and fitness, or even the development and survival 

of future generations (Lihoreau et al., 2016; Yang et al., 2008). For instance, mated female flies prefer 

to feed on protein-rich food. However, they actively choose an oviposition site and prefer to lay egg on 

carbohydrate-rich food. Therefore, a female fly has to “calculate” a tradeoff between its own fitness 

and the development of the future generations (Lihoreau et al., 2016; Yang et al., 2008). Moreover, 

one very essential behavior regulated by the internal state, is sleep. Sleep and feeding behaviors are 

also mutually exclusive. The alertness of the flies is promoted and sleep is delayed upon the release of 

the hunger signaling neuropeptide NPF (Chung et al., 2017; McDonald and Keene, 2010). And a  perhaps 

more abstract example is a report that the risk tolerance of flies is also increased upon starvation (Sih, 

1980).  

 

All of these behaviors exemplify that the internal state of flies is tightly regulated and that a great 

number of complex behaviors depend on these regulations. In this study, a potential adaptation of 

foraging- and the feeding-related behaviors based on the long-term experience of dietary conditions is 

analyzed. The rationale behind this approach is outlined in the following chapter. 
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1.4 Neuromodulation of an internal state and behavior in Drosophila 

 

Internal states, modifying foraging behaviors are often achieved by the release of neuromodulators 

(Bargmann, 2012; Marder, 2012). This modulation determining the internal state generates alternative 

responses to the same stimuli (Ko et al., 2015). The majority of these neuromodulators are evolutionary 

conserved neuropeptides (Bargmann, 2012; Marder, 2012). A small part of hunger- and satiation-

signaling neuromodulators is listed below. Besides, the role of these neuromodulators in feeding-

related behaviors is also explained briefly.  

 

The first and one of the most conserved internal state-signaling neuropeptides that regulates feeding 

is the insulin peptide. The fly equivalent of insulin is called Drosophila insulin like peptide (DILP), which 

promotes feeding and food seeking behavior (Jourjine et al., 2016; Ko et al., 2015; Root et al., 2011; 

Tsao et al., 2018). Adipokinetic Hormone (AKH) is another starvation-signaling hormone that is 

functionally analogous to mammalian glucagon. Starvation induces the release for this hormone, thus 

signaling hunger state. AKH and DILP work in a mutually inhibitory way (Buch et al., 2008; Inagaki et al., 

2014; Jourjine et al., 2016). Additionally, the flies have two equivalents of neuropeptide Y (NPY) which 

also act as hunger signaling neuromodulators, i.e., NPF and sNPF. Beside the well-described promotion 

of hunger-driven food seeking behaviors, NPF-releasing neurons also enhance associative sugar-odor 

memories that are formed only in food-deprived flies (Brown et al., 1999; Krashes et al., 2007, 2009). 

Similarly, sNPF modulates various hunger-driven behavioral components such as the sensitivity to food 

odors as well as feeding itself (Inagaki et al., 2014; Root et al., 2011). As the final example for a hunger 

signaling neuropeptide, SIFamide (SIFa) peptide can be named. Neuronal activity of SIFa-releasing cells 

is elevated upon starvation (Martelli et al., 2017).  

 

Further satiation-signaling neuropeptides are hugin and leukokinin (LK). Elevated hugin mRNA level has 

been observed in fed flies (Melcher and Pankratz, 2005; Schoofs et al., 2014). Likewise, the activation 

of LK-releasing neurons results in a decrease in food uptake (Al-Anzi et al., 2010; Zandawala et al., 

2018). Finally, allatostatin A (AstA), a satiation-mediating neuropeptide, also regulates state-dependent 

foraging behavior (Hergarden et al., 2012).  

 

Overall, the examples listed above show already a huge network of neurons communicating and 

regulating foraging and related behaviors in Drosophila. This network encompasses the entire brain of 
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the fly. In this study, experience-dependent structural changes in modulatory neurons that innervate 

the mushroom bodies (MB) of the central brain are analyzed. The main reason why the MB-related 

neurons are the central subject of analysis here is discussed in the following chapters in detail.  

1.5 Role of mushroom body-extrinsic neurons in motivation-driven 

behaviors 

 

The MB is a higher brain center in all insects, including Drosophila (Strausfeld et al., 1998). A huge 

number of studies has demonstrated roles of the MB in a wide range of experience-dependent, 

adaptive behaviors in Drosophila, such as olfactory learning and aspects of it, e.g., acquisition, 

stabilization and retrieval of associative memory (Dubnau et al., 2001; Krashes et al., 2007; McGuire et 

al., 2001; Schwaerzel et al., 2002; Waddell et al., 2000). Control of locomotor activity, sleep regulation, 

complex forms of visual learning, and courtship conditioning are also among the roles of the MB in 

experience-dependent behavioral adjustments (Joiner et al., 2006; Keleman et al., 2007; Liu et al., 1999; 

Martin et al., 1998; McBride et al., 1999; Pitman et al., 2006; Tang and Guo, 2001).  

 

Beside well-documented roles of the MB in sensory integration, recent studies demonstrated that the 

MB and MB-extrinsic neurons are also involved in state-dependent food seeking behavior – even the 

regulation of fat storage as a result of the food intake (Al-Anzi and Zinn, 2018; Sayin et al., 2019; Tsao 

et al., 2018). Therefore, the MB and MB-related modulatory neurons are introduced. 

1.5.1 The mushroom body as a sensory integration and behavior-instructing brain circuit  

 

The MB is a higher order neuropil implicated in the processing and integration of information from 

several sensory modalities. For instance, the MB is required for olfactory and gustatory memory 

formation (Brembs and Wiener, 2006; Davis, 1993; Heisenberg et al., 1985; Liu et al., 1999). It is also 

involved in processing visual cues (Brembs and Wiener, 2006; Liu et al., 1999; Martelli et al., 2017). 

Sensory information, evaluating information and information about the animal’s internal state 

converge onto the MB. This sensory information is processed in a way that the innate preference of 

the animal is shaped according to changing environment or internal state (Cohn et al., 2015; Kim et al., 

2017; Krashes et al., 2009; Lewis et al., 2015; Owald et al., 2015; Tsao et al., 2018). 
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The adult Drosophila MB consists of ~2000-2500 intrinsic Kenyon cells (KCs) per hemisphere (Aso et al., 

2009; Technau and Heisenberg, 1982). Three types of KCs form three different lobes (Crittenden et al., 

1998; Technau, 1984; Technau and Heisenberg, 1982) called  γ, α′/β′, and α/β lobes (Figure 1.2, Figure 

3.4B). These lobes are further divided into compartments that can be distinguished with the help of 

antibody stainings (Aso et al., 2014a). The compartments of each lobe are numbered according to the 

proximity of MB peduncle, i.e. α1, α2, α3, β1 and β2, etc.. Each compartment is functionally 

differentiated (Figure 3.4B; Aso et al., 2014b; Cognigni et al., 2018; Cohn et al., 2015). For instance, the 

proximal lobes integrate aversive, punishment-mediating modulatory inputs, whereas distal lobes 

process rewarding cues like sugar or water, dependent on the internal state (Waddell, 2016). Valence-

based input is encoded by distinct classes of modulatory, dopaminergic neurons (DANs), each of which 

innervates the lobes in a particular compartment of the MB lobes. Thereby, this valence-based, i.e., 

punitive or rewarding information is integrated with the sensory representation at the level of KC axons 

(Cognigni et al., 2018; Cohn et al., 2015, Figure 1.2B). 

 
Figure 1.1 Schematic illustrations of a Drosophila brain and the MB. A Sketch of the Drosophila brain from an 

anterior view (Dorsal-Ventral, D-V, direction is also shown). The MB lobes are illustrated in blue. The lobes of the 

MB are more anterior located than the calyx. The primary projection area of olfactory receptor neurons are the 

antennal lobes (AL). The major populations of dopaminergic neurons (DANs) are located in the protocerebral 

posterior lateral (PPL)  and protocerebral anterior medial (PAM) regions. B Sketch of a MB and MB-extrinsic 

neurons. The intrinsic MB neurons (Kenyon cells,  KCs) receive sensory information in the calyx region. This 

information is integrated in the MB lobes with the valence of a stimulus or an internal state, signaled by the DANs. 

Two major DAN population, PAM and PPL-I DANs, are shown which innervate the lobes at distinct locations called 

axonal compartments. Not all types of DANs are depicted for simplicity. Finally, the information is integrated by 

mushroom body output neurons (MBONs) that instruct the execution of appropriate behavior. 
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Foraging behavior is often initiated by an olfactory sensory cue. Because of the MB’s role in olfactory 

processing the MB-extrinsic  neurons are also in the focus in the context of odor-guided foraging 

behaviors (Heisenberg et al., 1985; McGuire et al., 2001). Olfactory information from receptor neurons 

is picked up by olfactory projection neurons (PNs) in the antennal lobe (AL) (Gao et al., 2000; Vosshall, 

2000). PNs convey the olfactory information further to two neuropils; the lateral horn (LH)  and the MB 

calyx where the dendritic tree of intrinsic MB neurons (Kenyon cells, KCs) arborize (Laissue and Vosshall, 

2008). Unlike the MB, the LH is believed to mediate innate responses to odors (Dolan et al., 2019). At 

the MB level, KCs integrate the olfactory information in terms of a “sparse code” (Campbell et al., 2013). 

This means that the KCs are more selective, and an overlap of odor representation is decreased a 

minimum at the MB level. The execution of the corresponding odor-driven behavior based on 

experience is achieved by the MB output neurons’ (MBONs) activity. 21 different types of MBONs 

innervate 15 different compartments of the MB (Aso et al., 2014b; Tanaka et al., 2008). Each MBON is 

responsible for distinct behaviors, e.g., avoidance or approach behavior, based on integrated and 

modulated information at the level of KCs (Figure 1.2B, Aso et al., 2014b). This study focuses on 

experience-based, long term structural changes in DANs innervating the MB lobes. 

1.5.2 Mushroom body-extrinsic dopaminergic neurons encode valence and adjust behavior 

 

In the process of experience-dependent information integration, DANs provide a signal of valence 

(Burke et al., 2012; Huetteroth et al., 2015; Liu et al., 2012; Waddell, 2013). I reasoned that experience-

dependent modulation of the corresponding behaviors should also be modulated in the long run by 

MB-related DANs. Therefore, structural changes of the DANs are investigated based on the long-term 

experience of external conditions as a mechanism to modulate the adaptive corresponding behaviors.  

 

There are eight different DAN classes residing in distinct regions of the Drosophila brain (Mao and Davis, 

2009). Two major DAN populations that provide reinforcement in the MB is PAM DANs and PPL1 DANs 

(Mao and Davis, 2009; Pech et al., 2013). The majority of the PAM DANs encode rewarding valence of 

a stimulus (Aso et al., 2010, 2012) whereas a small majority of them together with the PPL1 DANs 

encode aversive valence (Aso et al., 2010; Burke et al., 2012; Liu et al., 2012). These distinct sets of 

DANs encode either reward or punishment signals and project to complementary compartments of the 

MB (Burke et al., 2012; Cohn et al., 2015; Liu et al., 2012; Mao and Davis, 2009).  
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In associative learning, the temporal coincidence of the activity of a specific set of DANs with an odor 

stimulus yields in appetitive or aversive memory formation, based on the valence that is encoded by 

the respective DAN population. For instance, pairing an odor presentation with the γ1 or γ2-innervating 

DAN activation results in a aversive memory formation while a γ5 DAN activation with an odor 

presentation drives appetitive memory formation (Aso et al., 2012; Hige et al., 2015; Huetteroth et al., 

2015).  

 

Based on the activity of a specific subtype of DANs, the activity of corresponding MBON(s) that picks 

up the information from the identical compartment is modulated and the approach or the avoidance 

behavior is executed (Claridge-Chang et al., 2009; Owald et al., 2015). The reinforcement of the DANs 

can be mimicked by artificial activation of these DANs and similar memory formation or behavioral 

read-out can be induced (Aso et al., 2010; Burke et al., 2012; Claridge-Chang et al., 2009; Liu et al., 

2012; Perisse et al., 2013; Schroll et al., 2006). 

 

Whereas the roles of DANs and the entire MBs in associative olfactory learning are understood to a fair 

degree, additional roles of the MB are much less understood. One of the less-understood behavioral 

functions is the control of feeding and food uptake, and the modulation of this behavior as a result of 

experience. The involvement of the MB-extrinsic DANs in motivational control of foraging-related 

behaviors will be introduced in the following.  

 

It has been known that 2 different subsets of DANs convey information onto MB about the sweetness 

and nutritional value of sugar (Burke and Waddell, 2011; Fujita and Tanimura, 2011; Huetteroth et al., 

2015). Very recently, additional studies also demonstrated a direct involvement of the MB and related 

DANs in this foraging behavior and its adjustments based on the internal state (Chia and Scott, 2020; 

Sayin et al., 2019; Tsao et al., 2018). Not surprisingly, three of these recent studies show that DANs are 

involved in state-dependent food seeking behavior via communicating  with hunger- or satiety signaling 

neuropeptides (Krashes et al., 2009; Sayin et al., 2019; Tsao et al., 2018). Activation or suppression of 

six different DAN populations appear to convey information about the internal metabolic state, thereby 

leading to an enhancement of foraging behavior (Tsao et al., 2018). Each of these DAN populations 

communicate with a different set of satiation- or hunger-signaling neuropeptides, such as insulin, AstA, 

sNPF, etc. Interestingly, these DANs appear to convey information also to the MB, where this signal is 

integrated with sensory cues, and which leads to food seeking behavior. According to recent studies, 

five out of 21 MBONs are involved in the circuitry underlying food seeking and corresponding behaviors 
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(Tsao et al., 2018). A direct involvement of these DANs are corroborated by manipulation of these DANs 

that alters foraging behavior accordingly  (Sayin et al., 2019; Tsao et al., 2018). 

 

Therefore, it is highly likely that the activity of these six types of DANs – or maybe some additional DAN 

populations – modulates foraging behavior. Here we hypothesize that a long-term exposure to 

particular food conditions with low or high caloric value might induce plasticity in these DANs in a way 

that the foraging behavior becomes adapted to the previous experience.  

1.6 Examples of structural plasticity in the Drosophila brain  

 

The research presented in this thesis aims to analyze structural plasticity underlying adaptive behavior 

in Drosophila. This idea is not entirely new and unique. In fact, there are several studies reporting that 

the Drosophila nervous system shows structural plasticity, e.g., during development  in the larval stage 

or during the first days following eclosure (also called “critical period”; Doll et al., 2017; Hensch, 2004).  

 

For instance, dendritic trees of larval motor neurons are modified by the level of input activity (Singh 

et al., 2010; Tripodi et al., 2008). In addition, the number of synaptic release sites at the neuromuscular 

junctions (NMJ) is also highly dependent on the neurons’ activity levels in Drosophila larvae (Budnik et 

al., 1990; Sigrist et al., 2003). Another example of structurally modified neurons in the larval stages of 

Drosophila is the modulatory octopamine-releasing neurons (OANs). The structure of the OANs is 

modified in an autoregulated fashion leading to state-dependent increase in locomotor activity in 

starved larvae (Koon and Budnik, 2012; Koon et al., 2011).  

 

In addition to the larval stage, an example of structural modifications during the critical period of 

Drosophila is fragile X mental retardation protein (FMRP)-dependent “refinement” in the MB. These 

refinements take place at presynaptic sites, leading to axonal refinement and even pruning (Doll et al., 

2017; Tessier and Broadie, 2008). All these examples for structural plasticity take place during 

developmental stages of Drosophila.  

 

As an experience-dependent integration center, the MB is also expected to have highly structural 

modifications during development. In insect studies, including Drosophila, it has been shown that the 

volume of the MB calyx is often modulated based on the experience of the animal. For instance, the 

volume of the calyx increases in honey bees by the activity of  muscarinic cholinergic pathways (Ismail 
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et al., 2006). This postsynaptic increase assists a behavioral transition of the animal from the nursing 

stage to foraging (Groh et al., 2012; Krofczik et al., 2008). Similar to the bees, dendritic microglomerulus 

numbers and sizes undergo modifications in the Drosophila MB calyx as well. However, unlike the 

activity-induced changes, the size and number of postsynaptic glomeruli are enlarged when the input 

from the PNs to these synaptic sites is decreased or silenced (Kremer et al., 2010; Pech et al., 2015). 

Apart from these examples, reports of structural changes at the level of the MB are limited as yet. One 

of the few examples is that the MB calyx region becomes larger with aging, similar to the enlargement 

due to lack of input. When the enlargement of the MB calyx is suppressed by external spermidine 

supply, the aging effects such as decrease in the ability of memory formation can be reversed (Gupta 

et al., 2016).  

 

These examples for plasticity in the MB all are restricted to the calyx region. In this study, structural 

plasticity in the MB lobes is investigated.  

1.7 Scope of the study 

 

The aim of this study is to investigate adaptational mechanisms in the adult Drosophila brain.  

As one of the most important behavioral types, state-dependent foraging behavior is investigated. 

Then, the mechanisms behind these adaptive behaviors are investigated in terms of functional and 

structural changes in the nervous system. Drosophila is used as the model organism in this study due 

to the reasons explained in section 1.2. I focused on structural changes in MB-related neurons since 

the MB is highly involved in the experience and motivation-based modulation of t foraging behavior 

(Huetteroth et al., 2015; Sayin et al., 2019; Tsao et al., 2018).  

Even though the structural re-arrangements in the adult fly nervous system seem to be limited, it is 

expected that the adult Drosophila nervous system is also subject to structural modifications underlying 

adaptive behaviors such as long-lasting memory formation or state-dependent behavioral adjustments 

(Bailey and Chen, 1988; Bailey et al., 2015). However, the mechanisms behind these long-lived 

behavioral adaptations are not fully comprehended. Therefore, this study aims to reveal mechanisms 

in terms of structural and functional modifications underpinning experience-depend long lasting 

behavioral adaptations based on internal, metabolic states. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Fly food 

 

Fly food recipes are listed together with all ingredients in the three tables below. All the flies are 

maintained on standard food unless indicated otherwise.  

 

Additionally, the hypocaloric dietary, hypercaloric dietary and isocaloric dietary foods are created as 

different food conditions. These types of food were used in the experiments where the effect of the 

caloric value is tested. Flies were transferred to these foods after 3d following eclosure, unless 

indicated otherwise. The food composition of these three dietaries is listed in the tables below.  

 

Standard food recipe; 

Ingredient (quantity in 20l) Company 

agar (205 g) Gourvita GmbH 

soy flour (200 g) Pflanzensaftwerk GmbH & Co. KG 

yeast (360 g) Gourvita GmbH 

cornmeal (1600 g) ZIELER & CO. GmbH 

sugar beet syrup (440 g) Obermühle Rosdorf 

malt (1600 g) MeisterMarken - Ulmer Spatz 

propionic acid (126 ml) Carl Roth GmbH + Co. KG 

nipagin (30 g) Sigma-Aldrich Chemie GmbH 

ethanol (140 ml) VWR International GmbH 

 

Hypocaloric food recipe; 

Ingredient (concentration)  Company 

corn meal (80g/l) ZIELER & CO. GmbH 

agar (5gr/l) AppliChem GmbH 

sucrose (20g/l) Carl Roth GmbH + Co. KG 

yeast (2.5g/l) Commercial baking wet yeast 
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propionic acid (6.3ml/l) Carl Roth GmbH + Co. KG 

 

Isocaloric food recipe; 

Ingredient (concentration) Company 

corn meal (80g/l) ZIELER & CO. GmbH 

agar (5gr/l) AppliChem GmbH 

sucrose (50g/l) Carl Roth GmbH + Co. KG 

yeast (20g/l) Commercial backing wet yeast 

propionic acid (6.3ml/l) Carl Roth GmbH + Co. KG 

 

Hypercaloric food recipe; 

Ingredient (concentration) Company 

corn meal (80g/l) ZIELER & CO. GmbH 

agar (5gr/l) AppliChem GmbH 

sucrose (150g/l) Carl Roth GmbH + Co. KG 

yeast (20g/l) Commercial backing wet yeast 

pork fat (10g/l) Commercial (Lard) 

propionic acid (6.3ml/l) Carl Roth GmbH + Co. KG 

 

2.1.2 Fly strains 

 

The fly strains used in this project are detailed in the table below. Fly sources (donor lab, company or 

the flies that were used in similar studies) are indicated in the “donor or reference” column. Flies that 

were combined in our lab are also indicated. Figures that contain data from experiments with particular 

flies are also indicated in the “Figure” column.    

 

Genotype Chromosome 

carrying DNA 

insertion 

Donor or reference Figure  

UAS-transTANGO II, III Bloomington (#77482) Figure 3.9 
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MB247DsRED;UAS-

MBGRASP (UAS-

spGFP11, MB247-

spGFP1-10) 

II, III (Pech et al., 2013a) Figure 3.4, 5, 6, 14, 15 

R58E02-Gal4 II (Liu et al., 2012)  Figure 3.4 

TH-Gal4 III (Friggi‐Grelin et al., 

2003) 

Figure 3.4 

w-; ; 20XUAS-GCaMP3 III Bloomington (#32237) Figure 3.5, 7 

R58E02-Gal4; UAS- 

GCaMP3 

II, III Combined by B.C. Figure 3.4 

MB188B-Gal4 II, III Bloomington (#68268) Figure 3.4, 7, 8, 9, 10, 

11, 12, 13, 14, 15, 16, 

17, 18, 19 

MB315C-Gal4 II, III Bloomington (#68316) Figure 3.9 

MB441B-Gal4 II, III Bloomington (68251) Figure 3.5 

MB195C-Gal4 II, III Bloomington (68270) Figure 3.5 

MB110C-Gal4 II, III Bloomington (68262) Figure 3.6 

MB83C-Gal4 II, III (Aso et al., 2014a) Figure 3.6 

UAS-dHomerGCaMP3 II (Pech et al., 2015b) Figure 3.8, 11, 12, 13 

UAS-sypGCaMP3 III (Pech et al., 2015b) Figure 3.8, 11, 12, 13 

UAS-ChR-XXL II Gift from Nagel lab Combined with UAS-

MBGRASP 

UAS-csChrimson-

Venus 

I Bloomington (#55136) Figure 3.10 

UAS-Shits II,III (Kitamoto, 2001) Figure 3.10 

UAS-gtACRI II Kittel lab Figure 3.10 

UAS-bPAC II (Stierl et al., 2011) Figure 3.17 

UAS-bPAC; UAS-

MBGRASP 

II, III Combined by B.C. Figure 3.16 

UAS-ChR-XXL; UAS-

MBGRASP 

II, III Combined by T.R Figure 3.16 
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UAS-csCHrimson-

RFP;;UAS-MBGRASP 

I,III Combined by B.C. Figure 3.16 

UAS-CaLexA 

 

II,III Gift from Ing Wang Figure 3.14, 15 

UAS.SIFarecRNAi, UAS-

Dicer 

I, II Combined by T.R 

(Martelli et al., 2017) 

Figure 3.18 

UAS.SIFarecRNAi; UAS-

MBGRASP 

II,III Combined by B.C. Figure 3.18 

UAS-DAR1shRNA II Gift from Tanimoto lab Figure 3.17 

UAS-Dicer (2x); UAS-

DAR2RNAi 

II, III Gift from Wegener lab Figure 3.17 

UAS-DAR1shRNA; 

UAS-MBGRASP 

II, III Combined by B.C. Figure 3.17 

UAS-mCD8::GFP,  

UAS-n-syb::GFP 

II (Riemensperger et al., 

2013) 

Figure 3.8, 18, 19 

UAS-DenMark; UAS-

syteGFP 

II, III (Nicolaï et al., 2010; 

Zhang et al., 2002) 

combined by T.R. 

Figure 3.8 

2.1.3 Odorants/ Solvents 

 

The following odors were used in learning experiments and functional imaging experiments. 3-Octanol 

and 4-Methylcyclohexanol were diluted in mineral oil to prevent evaporation, while apple vinegar was 

diluted in distilled water to make it more attractive for starved flies. The list of the odorants, the solvent 

and the supplying companies is indicated in the table below. 

   

Name Company  

Mineral oil (M8410) SIGMA-ALDRICH 

4-Methylcyclohexanol  SIGMA-ALDRICH 

3-Octanol  SIGMA-ALDRICH 

Apple Vinegar Alnatura Produktions- und Handels GmbH 
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2.1.4 Chemicals 

 

The list of all the chemicals used in this study is shown in the table below, and in which solutions these 

chemicals were used is also indicated under the column “Solution used”. 

 

Name  Company  Solution used 

KCl Carl Roth GmbH + Co. KG Ringer’s solution 

NaCl AppliChem GmbH Ringer’s solution, Digestion 

buffer, MES buffer, StockX 

MgCl2 Carl Roth GmbH + Co. KG Ringer’s solution 

CaCl2 Carl Roth GmbH + Co. KG Ringer’s solution 

sucrose Carl Roth GmbH + Co. KG Ringer’s solution, Sucrose 

solutions 

NaH2PO4 Carl Roth GmbH + Co. KG PBS 

Na2HPO4 Carl Roth GmbH + Co. KG PBS 

Triton X 100 Carl Roth GmbH + Co. KG PBS-T 

Albumin Fraktion V 

(bovine serum albumin – BSA) 

Carl Roth GmbH + Co. KG BSA 

paraformaldehyde Carl Roth GmbH + Co. KG PFA 

HCl Carl Roth GmbH + Co. KG pH adjustment 

NaOH Carl Roth GmbH + Co. KG pH adjustment 

AcX (Acrylol-X-SE) Thermo Fisher Scientific GmbH AcX solution 

DMSO SIGMA-ALDRICH AcX solution 

EDTA SIGMA-ALDRICH Digestion buffer 

TrisCl Carl Roth GmbH + Co. KG Digestion buffer 

Sodium acrylate SIGMA-ALDRICH StocX 

Acrylamide  SIGMA-ALDRICH StocX 

N,N’ Methylane bisacrylamide  SIGMA-ALDRICH StocX 

TEMED Carl Roth GmbH + Co. KG TEMED 

Amonium persulfate (APS) SIGMA-ALDRICH APS 

4 Hydroxy Tempo (4TH) SIGMA-ALDRICH 4HT 

Proteinase K (800U7ml) New England Biolabs GmbH Digestion solution 

https://www.neb-online.de/
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MES SIGMA-ALDRICH MES buffer 

All trans-retinal (ATR) SIGMA-ALDRICH Fly food for csChrimson flies 

   

2.1.5 Solutions and buffers 

 

The solutions that were prepared for the experiments using the chemicals detailed in the previous 

section are listed below. It is also shown in which experiments or procedures these solutions were used. 

 

Name  Ingredient Comment Experiments used 

Ringer’s 

solution 

5 mM KCl 

130 mM NaCl 

2 mM MgCl2*2H2O 

2 mM CaCl2 

5 mM Hepes 

36 mM sucrose 

dwater 

pH 7.3 (adjusted 

with HCl or NaOH) 

stored at -20 °C 

after use at 4 °C 

Fly brain dissection, 

Ca2+ imaging 

PBS 

(phosphate 

buffered 

saline) 

15 mM NaH2PO4 

100 mM NaCl 

85 mM Na2HPO4 

dwater 

pH 7.4 (adjusted 

with HCl or NaOH) 

stored at 4 °C 

IHC 

PBST (PBS + 

Triton X 100) 

PBS 

0.6 % Triton X 100 

stored at 4 °C IHC, reporter signal 

quantification 

blocking 

solution 

PBST 

2 % bovine serum albumin 

stored at 4 °C IHC, reporter signal 

quantification 

PFA 

(paraformalde

hyde) 

PBS 

4 % paraformaldehyde 

0.1 % NaOH 

pH 7.4 (adjusted 

with HCl or NaOH) 

ingredients are 

mixed at 70 °C and 

pH adjusted at 20 °C 

stored at -20 °C 

IHC, reporter signal 

quantification 

ATR 1g of All-trans-retinal 

14ml EtOH 

Stored at -4°C, 10ul 

of ATR solution is 

csChrimson 

expressing flies are 
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mixed with 10ml of 

fly food before 

experiment 

fed on ATR mixed 

food 

1M sucrose 2M sucrose is dissolved in dWater 

and mixed with same volume of 

red food color  

Stored at -4°C CAFE assay 

AcX/DMSO 10mg/ml AcX 

DMSO 

Stored at -20°C as 

10ul aliquots, in 

experiment diluted 

to 1:100 in MBS 

Expansion 

microscopy 

MBS  

(MES-Buffer 

Saline) 

100mM MES 

150mM NaCl 

dwater 

pH 6 (adjusted with 

NaOH), stored at -

4°C in darkness 

Expansion 

microscopy 

EDTA 0.5M EDTA 

dwater 

pH 8 (adjusted with 

NaOH), stored at 

room temperature  

Expansion 

microscopy 

Tris-Cl 1M Tris 

dwater 

pH 8 (adjusted with 

HCl), stored at room 

temperature  

Expansion 

microscopy 

Digestion 

buffer 

0.5g/100ml Triton X 

0.2ml/100ml EDTA (0.5M) 

5ml/100ml Tris-Cl (1M) 

4.67g/100ml NaCl 

dwater 

5ml aliquots stored 

at -20°C  

Expansion 

microscopy 

Proteinase K 

(8U/ml) 

8U/ml Proteinase K 

Digestion buffer 

Proteinase K 

(800U/ml) is stored 

at -20°C, Digestion 

mixture is mixed 

with Proteinase K 

freshly before 

experiments  

Expansion 

microscopy 
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StocX 8.6g/100ml Sodium acrylate 

2.5g/100ml Acrylamide 

0.15g/100ml N,N’ M. bisacrlamide 

11.7g/100ml NaCl 

PBS 

1ml aliquots stored 

at  

-20°C in darkness 

Expansion 

microscopy 

4HT 0.5g/100ml 4 Hydroxy Tempo 

dwater 

1ml aliquots stored 

at  

-20°C in darkness 

Expansion 

microscopy 

TEMED 1:10 dilution of TEMED 

dwater 

1ml aliquots stored 

at  

-20°C in darkness 

Expansion 

microscopy 

APS 10g/100ml APS 

dwater 

1ml aliquots stored 

at  

-20°C in darkness 

Expansion 

microscopy 

2.1.6 Consumables 

 

All the tools that were used in experiments are listed together below with which companies they were 

obtained from. 

 

Name  Company  

pipette tips Sarstedt AG & Co 

cover glasses 

18 mm x 18 mm 

Thermo Fisher Scientific GmbH 

cover glasses 

24 mm x 60 mm 

Th. Geyer GmbH & Co. KG 

microscope slides Carl Roth GmbH + Co. KG 

Austerlitz INSECT PINS (0.2 mm) Pin Service – Lucie Hrabovská 

transparent tape rings Avery Zweckform GmbH 

VECTASHIELD (mounting medium) Vector Laboratories, Inc. 

transparent nail polish  L’Oréal International 

forceps Fine Science Tools GmbH 

food vials Sarstedt AG & Co 
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stab knife (5 mm blade) Sharpoint 

surgical disposable scalpel (11) BRAUN – Aesculap AG 

hypodermic-needle (1.1 x 50 mm) Sterican – B. Braun Melsungen AG 

scintillation vial (20 ml) Sarstedt AG & Co 

3-component dental glues 3M ESPE ptotemp II 

Plastic cover slips Plano GmbH 

Whatman papers  MACHEREY-NAGEL GmbH & Co. KG 

Learning machine Custom-built 

Training tubes Custom-built 

Capillary tubes (BALUBRAND 20ul) SIGMA-ALDRICH 

Red color food Carl Roth GmbH + Co. KG 

Parafilm SIGMA-ALDRICH 

DAM Trikinetics Inc 

96-well plate Greiner Bio One International GmbH 

Glass dishes for dissection OMNILAB-LABORZENTRUM GmbH & C 

UV glue Nordenta Handelsgesellschaft mbH 

UV gun Dentaltix, Dentared Odontology Services, S.L. 

2.1.7 Antibodies 

 

Primary antibodies; 

The antibodies used in this study are listed in the table below. Figures that contains antibody 

stainings in which these antibodies were used are also shown in the “Figure” column.  

 

Antigen Raised in  Dilution  Source, Cat no. Figure 

Dlg- discs large mouse 1 : 200 DSHB, 528203 Figure 3.8 

GFP- green 

fluorescent protein 

chicken 1 : 1000 ABCAM, AB13970 Figure 3.5, 7, 8, 18, 19 

Brp- burchpilot  mouse 1:100 DSHB, AB2314866 Figure 3.5, 7, 8, 9, 18, 19 

mCherry rabbit 1:200 ABCAM, AB183628 Figure 3.8 

AstA rabbit 1:1000 Wegener lab Figure 3.18 

SIFamide rabbit 1:2000 Veenstra, Bordeaux Figure 3.19 

TH mouse 1:50 Immunostar, 1240001 Figure 3.7 
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Secondary antibodies; 

All secondary antibodies that were used in this study were raised in goat serum and the dilution was 

1:300 in BSA solution for immunohistochemical stainings. For the expansion microscopy protocol, 1:200 

dilutions of Alexa Fluor 488 and 568 fluorophore-containing secondary antibodies were used since 

these antibodies were not susceptible to the digestion procedure in the last step of expansion. The list 

of the antibodies and the figures demonstrated are shown in the table below. 

    

Antigen Fluorophore Source, Cat no. Figure demonstrated 

mouse - IgG Alexa Fluor 633 Invitrogen, A21050 Figure 3.5, 7, 18, 19 

mouse - IgG AlexA Flour 568 Life Technologies, A110004 Figure 3.8, 9 

rabbit - IgG Alexa Fluor 633 Invitrogen, A21070 Figure 3.7, 

rabbit - IgG AlexA Flour 568 Life Technologies, A11036 Figure 3.8, 9, 18, 19 

chicken - IgG AlexA flour 488 Life Technologies, A11039 Figure 3.5, 7, 8, 9, 18, 19 

2.1.8 Microscopy Equipment 

 

For two-photon calcium imaging, expansion microscopy imaging and immunohistochemistry imaging 

the following equipment was used.  

 

2-Photon microscopy; 

Name Company 

LSM 7MP Carl Zeiss AG 

mode-locked Ti-sapphire laser Coherent Inc. 

dichroic mirror (500-550/650-660 nm BP-filter) Carl Zeiss AG 

plan-Apochromat 20x (NA = 1) water immersion objective Carl Zeiss AG 

 

Confocal microscopy; 

Name  Company 

TSC SP8 confocal laser scanning microscope  Leica Microsystems GmbH 

PL FLUOTAR 10x (NA = 0.3) air objective Leica Microsystems GmbH 

PL APO 20x (NA = 0.75) glycerol/water objective Leica Microsystems GmbH 

Argon-laser (488 nm) Leica Microsystems GmbH 
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DPSS-laser (561 nm) Leica Microsystems GmbH 

HeNe-laser (633 nm) Leica Microsystems GmbH 

2.1.9 Software 

 

For image acquisition, data analysis and visualization of the data the following software were used. 

 

Name  Company  Address 

Microsoft Office 2010 (Excel, 

Word, PowerPoint) 

Microsoft Corporation Data analysis and display 

ImageJ National Institutes of Health Image analysis 

OriginPro 8.5G OriginLab Corporation Statistics, data plotting 

ZEN 2011 SP2 Carl Zeiss AG 2-photon imaging 

Leica Application Suite X (LAS) Leica Microsystems GmbH Confocal imaging 

MATLAB (R2012b) MathWorks DAM data analysis 

Visual Basics of Applications 

(VBA) software 

Custom-written Trigger for odor delivery device 

 

2.2 Methods 

2.2.1 Maintenance of flies 

 

All flies were maintained in an incubator with controlled temperature, humidity and light/dark cycle.. 

Flies were kept at 25°C and 60% humidity and exposed to 12h light per day, mimicking a day/night 

cycle. Conditions were the same for test flies used for experiments as well as for the maintained stock 

flies in the stock collection if not otherwise indicated in the experimental procedure.  

2.2.2 Long-term dietary treatment 

 

The experiments on investigating long-term dietary effects on behavior were performed with wildtype 

flies of the Canton-S (CS) strain. In the experiments in which the effect of the diet on neuronal 

connectivity and anatomy was investigated, the F1 generation of crossed flies was used. Experimental 

flies (either CS or crossed) were collected directly after eclosion (0d) and kept on standard fly food until 
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they were 3 days old (3d) before shifting them to “experimental food” so that brain development was 

completed and any dietary effects were not due to any developmental impairment.  

 

Three different food conditions, hypo-, iso-, and hypercaloric, with different carbohydrate, protein and 

fat contents (composition of the special dietary food is described in 2.1.1) were used (Figure 2.1A). 

Isocaloric food was adjusted in a way that the caloric value and the nutritional value were similar to the 

standard food that is well-established in Drosophila research. Dietary exposure lasted for 7d, which was 

considered to be a long period in the lifetime of Drosophila. At the end of 7d, flies were either sacrificed 

for anatomical experiments or starved for behavioral tests (Figure 2.1B). 

 

Figure 2.1 Experimental setup for long-term diet. A Nutrient composition percentage of hypo-, iso-, and 

hypercaloric food. Food composition is indicated as the primary source of a specific type of nutrition on the left-

hand side. B Experimental timeline of diet dependent on the particular experiments. Flies were collected after 

eclosion and kept on standard fly food for 3d before a 7d-long dietary started.   

2.2.3 Survival assay 

 

For every experiment, 10 flies (5 males and 5 females) developed on standard food were collected 

immediately after eclosion and placed on different food conditions – hypo-, iso-, and hypercaloric 

condition. Flies were transferred to a new vial during the days for which data points shown in Figure 

3.1A. The dead flies left in the vial were counted during these transfers. Then the viability was 

calculated as percentage of surviving flies for each time point. Each experiment was repeated 5-6 times 

for every condition. Male and female flies were pooled in one graph since the survival was not 

dependent on the flies' sex. 

2.2.4 Proboscis extension reflex (PER) assay 

 

10d old female CS flies that were exposed to different diets for a long-term period, as explained in the 

section of 2.2.2, were starved for 24 hours as non-starved flies do not exhibit PER (Wang et al., 2004). 
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Starvation was induced in the same way for every experiment simply by putting the flies in an empty 

vial. A wetted tissue paper was placed on the bottom of the vial to  prevent dehydration and to ensure 

that any increase in food solution uptake was not due to the thirstiness but increased hunger-driven 

motivation. Then, starved  flies were  briefly anaesthetized on ice and tethered to a 1ml pipette tip 

using a three-component dental glue. Each fly was briefly touched with a 2M sucrose solution-soaked 

cotton swab on the labellum and immediately pulled back. This procedure was repeated five times per 

fly and proboscis extension incidents were scored as a percentage of proboscis extension responses 

(PER) for each fly and plotted as PER [%] (Figure 2.2A). 

2.2.5 Capillary feeder (CAFE) assay 

 

In order to measure the flies’ food uptake within 24h, the capillary feeder (CAFE) assay was used, with 

minor changes when compared with the original report (Ja et al., 2007). For the experiments in which 

the role of certain neurons or signaling pathways in feeding were analyzed, 5-7d transgenic female flies 

that genetically expressed thermogenetic, optogenetic, or RNA interference tools were tested. For 

experiments in which long-term effects of diet or, as a comparison, optogenetic stimulation was 

analyzed, flies were either incubated with standard food for 3d following eclosion and placed for 7d on 

either different diets, or they were placed on isocaloric food in the “fly disco” apparatus for optogenetic 

stimulation. Flies were then tested for food uptake. Subsequent to either the 5-7d development or 10d 

for a given experimental paradigm, flies were starved for 24h in single small vials together with a piece 

of wet tissue paper as described above (Figure 2.2B). Flies that were not starved before the CAFE assay 

experiments typically failed to locate sucrose solution-filled capillaries within 24h.  

                        

Figure 2. 2 Illustration of the PER assay and the CAFE assay. A Individual, 24h starved flies were tethered to a 

pipette tip and a sugar soaked cotton swap was presented to their proboscis briefly. The number of proboscis 
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extensions were counted. B Individual flies were starved in single vials for 24h with a wet tissue paper on the 

bottom of the vials. Subsequently, capillary tubes filled with 1M sucrose were placed by piercing through the 

sponge plug.  The level of the sucrose solution was marked both at the beginning and after 24h to quantify sucrose 

consumption. 

 

Following starvation, capillary tubes filled with sucrose solution (1M final concentration) mixed with 

red food color (1:1 ratio) were pierced through the vial plug such that the bottom tip of the capillary 

was not sticking out of the plug more than 1mm into the vial containing a single fly (Figure 2.2B). Vials 

were then placed back in the incubator and the change in sucrose level in the capillary was measured 

after 24h. The sucrose solution level was marked with a tiny permanent marker when the capillaries 

were placed and at the end of 24h period of CAFE assay. The difference between the two marking 

points was measured in mm. In order to eliminate the effect of evaporation, 4 “blank” vials (with no fly 

in the vial) were also measured the same way and the average evaporation level was subtracted from 

every measurement. Then, the millimetric measurements were converted into volume (15mm capillary 

length contains 1µl solution). 

2.2.6 Learning and avoidance tests 

 

Experiments that involved a two choice paradigm in the test phase (e.g. memory formation/learning 

experiments and avoidance test) were carried out in a custom-built T-maze machine that was adapted 

from the study of Tully and Quinn, 1985 (Figure 2.3A). This machine enabled one to train several groups 

of flies to associate an odor with a reward or punishment simultaneously. Subsequently (or without 

training), flies could be tested for odor preference with the same apparatus (Schwaerzel et al., 2002). 

Flies were transferred from training tubes to test tubes with the help of an “elevator mechanism” 

controlled by a lever (Figure 2.3.A).  All training and test tubes in the apparatus were equipped with 

“odor cups” such that specific odors could be presented in specific tubes in a temporally controlled 

manner. The entire experiments, training phase of learning experiments and test phase of preference 

and learning experiments were conducted in a chamber in which optimum temperature and humidity 

(25°C and 60%, respectively) were maintained. The temperature of the chamber could also be 

increased up to 32°C (as required for thermogenetic experiments). 

 

Training tubes, in which the appetitive and aversive stimuli (electric shock and sugar, respectively) were 

presented together with an odor, differed in design (Figure 2.2A’). Electric tubes were lined with copper 

grids that were connected to the poles of a voltage generator so that electric shocks could be delivered 
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simultaneous with an odor as a conditioned stimulus (CS+).  On the other hand, appetitive, rewarding 

stimuli (sugar) were provided using training tubes which consisted of two layers. Between inner and 

outer layers of these training tubes, sugar-soaked Whatman paper or water-soaked Whatman paper 

was placed. The inner tube layer had an opening enabling the presentation of either sugar-soaked 

Whatman paper or water-soaked Whatman paper to be paired with different odors (CS+ and CS-, 

respectively) in the training phase (Figure 2.2A’). In the test phase, flies were given a choice between 

two tubes in which the CS+ and CS- odors were presented. In every two-choice odor assay, 1:36 diluted 

4-methyl cyclohexamide (MCH) and 3-Octanol (3-Oct) were used as odorants. 

 

                   

Figure 2.3 Preference and learning paradigm. A Picture of a custom built T-maze machine to test the learning 

ability or preference/avoidance of odor or electric shock. A lever helps to transfer the flies from the training tubes 

to the test tubes with an “elevator” in the middle. B Experimental paradigm for olfactory learning and memory. 

Each odor is presented for a minute with or without an unconditioned stimulus (thereby designated as 

conditioned stimulus+ or conditioned stimulus -, CS+ and CS-, respectively). After approximately three minutes, 

flies were transferred to the test tubes where they were presented with both odors as conditioned stimuli from 

opposite sides. The number of flies on each side was counted and a preference index was calculated. C Preference 
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test paradigm. Naïve odor or shock avoidance was directly tested against oil (in odor case) or only an air stream 

(shock avoidance case).  

 

Appetitive associative learning and short-term memory formation; 

In the appetitive learning paradigm, in which the flies’ ability to associate an appetitive unconditioned 

stimulus (sucrose) with an odor was tested, 24h starved flies (if not indicated otherwise) were used. 

Flies were first stimulated with an odor (CS+) for a minute while exposed to sucrose-soaked Whatman 

paper. After a one-minute break, a second odor was presented (CS-) while the flies were exposed to 

water-soaked Whatman paper. Then, the flies were transferred to the test tubes where the two odors 

(CS+ and CS-) were presented in two different test tubes connected to the elevator from opposite sides 

and allowed to distribute for 2 minutes (Figure 2.2D).  

 

Aversive associative learning; 

In this paradigm, copper wired training tubes were used to train “non-starved” flies to associate a given 

odor with an unconditioned electric shock stimulus. The training and the test timing were exactly the 

same as appetitive training, except that the electric shock (90V) was presented 15 seconds after odor 

onset as 12 shock pulses (each pulse was 1.25 sec with 3.75 sec break) during the training (Figure 2.2D). 

Flies were then tested for preference between the electric shock-associated odor (CS+) and an 

“unpaired” odor (CS-). After 2 minutes of test period, the two test tubes were separated and the flies 

in each tube were counted. Preference indices were calculated based on the formula: 

 

preference index =
(number of fliescs+ − number of fliescs−)

(number of flies𝑐𝑠+ + number of flies𝑐𝑠−)
 

 

Learning indices were calculated as the average of the preference indices resulting from two reciprocal 

trainings, i.e., preference for the two odors were measured both as CS+ and CS-.  

 

Avoidance test; 

In experiments in which there was no training phase, the flies were immediately transferred to the test 

tubes and two stimuli were presented from two sides. Then, flies were allowed 2 minutes to choose a 

side (Figure 2.2E). In shock avoidance, one of the test tubes had the same structure as copper-wired 

aversive training tubes and in the counterpart test tube there was no stimulation but a negative air 

stream. Approximately 70 “non-starved” flies were transferred to the test tubes directly and tested for 
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2 minutes for their choice between 90V electric shock and air stream. In the odor avoidance test, one 

odor that was already aversive at a 1:36 dilution was delivered from one test tube.  In the other test 

tube mineral oil was provided since both MCH and 3-Oct were dissolved in mineral oil to prevent 

evaporation. Then, the flies in each test tube were collected and counted for calculating the preference 

index. The preference index was calculated by the same formula above, except   that CS+ and CS- were 

replaced by the stimulus (odor or shock) and blank (oil or air), respectively. For learning and preference 

experiments, the flies’ ages were exactly the same as in the CAFE assay. 

2.2.7 Drosophila Activity Monitoring (DAM) 

 

10d old single male flies, after 7d exposure to different dietary conditions, were transferred to glass 

tubes (length = 6.5 mm, diameter = 5 mm) with one end filled with fly food (of the same composition 

as the food on which the animal was placed beforehand). In contrast to the CAFE assay, PER, and 

dissection experiments, only male flies were used as female flies egg laying behavior affects the 

measurements. The “food end” of the glass tubes were sealed with parafilm to prevent the food from 

drying while the other end was capped with an air-permeable cap, enabling flies to respirate. Sealed 

and capped tubes were placed in monitors (Trikinetics) in which a laser beam was projected across the 

middle of the tube and disruption of the laser beam (“beam crossing”) was scored as a proxy for the 

flies’ activity levels. The monitors were placed in a custom-built incubator in which light on- and offset, 

temperature, and humidity were controlled, and which was connected to a computer to record activity. 

Flies were incubated at a 12h light / 12h dark cycle during recording. Each monitor could hold up to 32 

glass tubes, hence enabling 32 flies to be measured simultaneously. Flies were given two days to adapt 

to the new environment and light-dark cycle, meaning that the collected data in the first 2 days were 

discarded and the subsequent 3d data were analyzed. The experimental groups that were deprived 

from light completely were conducted separately instead of turning the lights off from the same group 

of flies. 

 

Data analysis was performed using a custom-written MATLAB script “DACA” (Drosophila Circadian 

Analysis) that was written and kindly provided by Dr. Bart Guerten. In this analysis, the number of beam 

crossing events were counted and divided into different time bins. In this case, graphs were plotted in 

15 minute bins if not otherwise stated on the y axis. The flies were considered as sleeping when there 

was no crossing of the midline for more than five minutes (Li et al., 2013). By this logic, activity was 

plotted as the number of beam crossings per  15 minute bin over the day, considering the light and 
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dark phase, how many sleeping episodes each fly displayed, how long the sleeping episodes were, how 

long flies slept in total, and finally, the time passed between light offset and activity decrease referred 

as “sleeping delay”.    

2.2.8 IHC and sample preparation 

 

Dissection; 

Immunohistochemistry (IHC) experiments for the structural plasticity and protein expression analysis, 

was performed using 5-7d old flies raised on standard fly food. For quantification of the signal 

dependent on the animals’ long term (7d) experience, 10d old female flies (7d long-term experiment 

condition starting at 3d after eclosion, Figure 2.1B) were briefly anesthetized by CO2  and placed on ice 

for at least 10 min before dissection. After proper anesthesia, flies were placed on a custom-made 

silicon-based dish and pinned with 0.2mm needles through the thorax. Brains were prepared in Ringer’s 

solution and fixed in 4% PFA (pH 7.4) at room temperature for half an hour on a shaker in black glass 

dishes. Fixation was terminated by washing the brains with PBS-T (0.6% Triton-X) three times for at 

least 20 min at room temperature.  

 

IHC; 

For protein expression or anatomical investigations, brains were stained against proteins of interest as 

follows. Subsequently to washing from fixation solution, brains were incubated in blocking solution (2% 

BSA containing PBS-T) overnight at 4°C on a shaker. Then brains were transferred into corresponding 

primary antibody (dilutions for each primary antibodies are listed in the materials section) diluted in 

blocking solution at room temperature for 5-7h on a shaker. Then, primary antibodies were washed 

the same way as fixative solution and replaced by corresponding secondary antibody dependent on the 

animal type that the primary antibody was raised in. All secondary antibodies were diluted 1:300 in 

blocking solution. The brains were incubated in the secondary antibody solution overnight at 4°C on 

the shaker in darkness. From this step on, samples were kept in darkness by covering the dish with 

aluminum foil until mounting. Finally, on the third day, secondary antibody was washed out and brains 

were mounted for imaging. 

 

Mounting; 

If brains were not subjected to immunostaining (as in the case of experiments involving signal 

quantification), they were directly mounted after washing off the fixative solution in a drop of 
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Vectashield placed on a transparent tape ring on rectangular coverslips (24mm x 60mm). Each brain 

was placed in a single tape ring with the anterior side facing upwards  with the help of a 0.2mm needle 

held by forceps so that the position of the signal was both optimal to image brain regions of interest 

and consistent between samples. After positioning of the brain, each brain was covered by a 18mm x 

18mm cover slip and sealed with nail polish. I paid attention that the samples were imaged on the same 

day subsequent to mounting. If not, brains were stored at 4°C in darkness until imaging, up to 2 days 

after mounting.       

2.2.9 Confocal imaging 

 

Experiments aiming at anatomical descriptions, synaptically localized reporter protein quantification, 

or protein expression analysis were carried out using an SP8 confocal LSM equipped with a 20X glycerol 

immersion objective if not otherwise stated. Samples that were mounted on the 24mm x 60mm cover 

slide were immobilized on a glass microscope slide with a drop of water so that the samples could be 

placed on the microscope stage.  

 

To allow comparability, the imaging protocol was kept consistent between samples. Image pixel size 

was set to 1024x1024 and excitation laser power 25%. The samples were additionally magnified by the 

factor 2.14 using imaging software so that the entire mushroom body lobes were captured at the 

largest perspective. For excitation and emission adjustment, imaging of every type of experiment was 

done with the same settings. After imaging the files were saved with “.lif” extension. All imaged samples 

were then stored at 4°C in darkness. 

2.2.10 GRASP signal and synaptically localized reporter protein quantification 

 

In any kind of reporter protein quantification assay, e.g., GRASP quantification, pre- and postsynaptic 

reporter protein quantification, brains were not subjected to any staining and raw fluorescent was 

quantified immediately after fixation. After the long-term exposure paradigms (placement on different 

foods, long-term activation or inhibition), fly brains were removed, fixed and washed as described 

above. After the samples were mounted and imaged, quantification of the fluorescence signal was 

carried out using Image J software. Prior to signal measurement, a region outside of the brain was 

determined as background. Then, z projections of the maximum light intensity were generated by 

Image J for every axonal compartment of the mushroom body. The borders of the compartments were 
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determined using either the background staining as a reference or the expression of another reporter 

protein under the MB-specific driver MB247 (for example, in the case of MB-GRASP experiments, the 

reporter protein was MB247-DsRED) (Pech et al., 2013). Regions of interest (ROIs) for each 

compartment were determined and the mean light intensity values of the ROIs were measured as 

“raw” signals. Then, the relative light intensity was calculated by normalizing each value to the mean 

of the light intensities measured under isocaloric conditions. All these measurements and 

normalization were done within a compartment under different conditions. Therefore, the relative 

signal intensity means always equal to one for each compartments.  

 

For long-term optogenetic stimulation experiments, two parameters were changed as control groups: 

The first parameter was the expression of the genetic tool and as control for this parameter, flies that 

were not expressing optogenetic tool were used. Additionally, the second parameter was the stimulus. 

Therefore, a group of flies placed under darkness as control for light stimulus parameter. The light 

intensity measurements were done exactly the same way as described above. Then the relative signal 

intensity was calculated by normalizing each value to the mean of its own genetic background 

measurements under complete darkness conditions. Since the flies expressing the genetic tool and the 

MBGRASP had different copy number of UAS binding site than the flies expressing only MBGRASP 

complex, I aimed to eliminate the artifact coming from the competition of UAS binding sites.  

 

All experiments were replicated at least three times and normalization was done within every 

replication in order to eliminate false effects caused by the small parametrical changes that may differ 

from experiment to experiment such as the day time of the experiment, usage of confocal, etc. Finally, 

before determining the which statistical test to use, all data groups are subjected to a test for normal 

distribution, Kolmogorov-Smirnov. Since all data sets were normally distributed, I performed  a one-

way ANOVA followed by post hoc test Tukey in all signal quantitation as only one parameter – dietary 

- is different between groups. In the case of a two parameter change, i.e., light condition and genetic 

background, a two-way ANOVA was applied. 

2.2.11 Expansion microscopy 

 

This protocol was used to expand the samples in a way that the finer arborizations, that usually cannot 

be resolved by standard sample preparation and imaging techniques could be imaged and quantified. 

Physical expansion of the sample was achieved by several steps; perfusion of the sample by an acrylic-
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based gel, gelation (or gelling) of the sample, digestion of the proteins in the brains that keeps cells 

intact, and finally the expansion of the gelated sample. I have utilized the protocol from Asano et al. 

(2018) with small modifications. 

 

Preparation of gelating chamber; 

In the study of Asano et al. (2018), gelation chambers were prepared during gelation. However, since 

they were not stable, in this study, a slightly different version of gelation chambers were prepared 

before the expansion microscopy experiments. Gelation chambers were prepared such that six pieces 

of sellotape were stretched on top of each other horizontally over a thick glass slide (Figure 2.4A) and 

3 equally distributed  slits (app. 2-3mm wide) were made with the help of a razor blade orthogonal to 

the tape layers (Figure 2.4B). Six layers of sellotape measured at approximately 500-600µm in height, 

perfectly fitting the fly brain, at approximately 500µm in depth, were used. Each slit contained a single 

brain and was covered by single plastic coverslip. Plastic covers were preferred as they were less sticky 

after the gel was polymerized and were easy to remove. Additionally, gelation chambers used in this 

study could be washed for continued use in further experiments. 

 

               

Figure 2.4 Illustration of the gelling chamber and gelation of the brain. A Top view of gelation chamber. Six pieces 

of sellotape were positioned on top of each other and three equally distributed slits are opened with a razor. B 

Side view of gelation chamber. Height of the slits are slightly higher than the fly brain. C Positioning of the fly 

brain inside the gelling solution. The anterior part of the brain was placed in a downward position, slightly 

touching the glass surface of the slide. D Illustration of the carved gel block containing a gelated brain. The gel 

block was trimmed from the corner to orient the anterior side. 
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Dissection and IHC; 

Dissection and fixation of the female fly brain was performed exactly the same as it is described in 2.2.8. 

However, unlike the “regular” IHC protocol, the primary antibody was always used at twice the usual 

concentration, i.e. anti GFP (chicken) was diluted 1:500 in blocking solution instead of 1:1000, and the 

brains were incubated overnight at 4°C followed by room temperature incubation for 5 h on the shaker. 

The next day, the primary antibody was washed in the same way as the fixative and the solution was 

replaced by 1:200 diluted secondary antibody (instead of 1:300) overnight at 4°C in darkness on a 

shaker. From this step on, the samples were kept in darkness as much as possible. Finally, the secondary 

antibody was washed using PBS (instead of PBS-T) for the further expansion microscopy protocol. 

 

Gelation of the sample; 

In order to prepare the brains for perfusion with gelling solution, brains were incubated in AcX/DMSO 

solution in MBS for 24 h at room temperature in darkness (without shaking) in black glass dishes. Then, 

AcX/DMSO solution was washed with PBS three times for at least 20 min. Then, the samples were 

chilled on ice for a minute before being transferred into the gelling solution. The gelling solution was 

prepared the same way as described in Asano et al., 2018. Components of the gelling solution and the 

ratio of their volume in the solution are following; StocX, 4HT, TEMED, and APS with the ratio of 

47:1.5:1:1 respectively. The gelling solution had to be freshly prepared and had to be used immediately 

after the last component is placed in the solution. The order of the components must be the same as 

stated above and the solution vortexed thoroughly after the last component is placed. Subsequent to 

washing ofo AcX/DMSO, the gelling solution was applied and the samples chilled further on ice for 60 

minutes in darkness without shaking. Then, the brains were transferred into the gelating chamber that 

is described above. Prior to the transfer, approximately 20-50µl of gelation solution was pipetted  into 

each slit in a way that the height of the solution was not above the tape walls. Then, the brains were 

transferred into the gelation chamber and positioned in a way that the anterior position was facing 

downwards and touching the bottom of the slit. Transferring and mounting of the brain into the 

gelation chamber had to be as quick as possible because since addition of the last component of gelling 

solution, APS, initiated the polymerization at room temperature. Finally, each sample was covered by 

plastic coverslips, making sure that each brain was covered entirely by gelling solution and that no air 

bubbles were created after the placing of the coverslips. The gelation chamber was placed in a 37°C 

incubator for 2 hours in darkness for polymerization. Subsequent to polymerization, coverslips were 

carefully peeled away and a small block of gel should be cut with the help of a razor blade (Figure 2.4C). 

At this stage the brains were visible in the gel and during cutting, a visible amount of gel surrounded 
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the gel. The gel block could also be trimmed in a way that the orientation of the brain was predictable 

(Figure 2.4C).   

       

Digestion; 

The digestion solution was also prepared freshly since it contains digestive enzymes. During gelation, 

digestive 800U proteinase K containing digestion buffer was prepared on ice. After cutting the gelated  

brain blocks, each block was transferred into 200µl  of digestion solution in single wells of a 96 well-

plate using a paint brush. Prior to transfer, a drop of digestion solution was put on the block to make 

transfer easier. The 96 well-plate was covered with aluminum foil to limit light exposure. After 

transferring each brain, the lid was closed and the plate was sealed tightly with parafilm to prevent 

evaporation. Samples were left at room temperature without shaking for 3d for digestion.  

 

Expansion; 

During the digestion period, the samples already started expanding by a factor of 1.5 to 2. Following 3 

days of incubation for digestions, the digestive solution was replaced by water and samples were 

incubated in water for 40 min, refreshing the water halfway through.  

 

Mounting for imaging; 

All the samples were mounted and imaged immediately following expansion. Each gel block was placed 

on a glass slide and excessive amount of water was dried with tissue paper. Then, three component 

dental glue was mixed and used to surround the gel blocks using a toothpick. Since at this stage the 

brain was invisible, brains could be oriented such that the antennal lobe, hence also the MB lobes, were 

in an upward position by the help of trimmed shape of the gel block. A drop of water was placed on 

top of the gel block to prevent it from drying. 

 

Imaging and colocalization analysis; 

Following the stabilization of the gel blocks, the samples were imaged using a 10X air objective since 

the working distance allowed visualization of the expanded samples at such depth. The imaged sample 

files and imaging settings were saved as “.lif” and “.seg” files, respectively. Images of the samples were 

analyzed with Image J software. The images were smoothened using the mean filtering function with 

the factor 1 to refrain from a rough picture since the samples were expanded much above the optical 

spatial resolution. A threshold was applied to the images to eliminate background fluorescence. 
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Colocalization of the proteins of interest for quantification was then analyzed using the image 

calculator function. To do this, the two image channels of the same brain (each corresponding to a 

different proteins of interest) were separated as two separate images. The AND function of image 

calculator was then used between the two images in order to detect the co-localized pixels that showed 

a fluorescent signal in both channels.   

2.2.12 Optogenetic stimulation 

 

The optogenetic tools used in this study were ChR-XXL and csChrimson as light inducible depolarizing 

channel, bPAC as light inducible adenyl cyclase, and gtACRI as light inducible hyperpolarizing tool. Flies 

expressing  ChR-XXL and bPAC were incubated on standard fly food (if otherwise stated)(Dawydow et 

al., 2014; Klapoetke et al., 2014; Mohammad et al., 2017; Stierl et al., 2011). However, external retinal 

supply is necessary for the proper function of csChrimson and gtACRI. Therefore, flies were placed on 

All-trans retinal (ATR)-containing food (1:1000 ratio of 250mM ATR and fly food) subsequent to eclosion 

in the experiments where csChrimson and gtACRI were utilized. 

 

Light stimulation of optogenetic tools was done by placing the flies into a custom-built box-like 

construct, which is here referred to as the “fly disco”. The fly disco consisted of a box lined on the inside 

by LED light sheets (Figure 2.5A). This device allows one to deliver light pulses in desired intensity and 

frequency. During the experiments, the fly disco was placed in an incubator that could track and 

maintain the temperature and humidity at optimum conditions (25°C and 60%, respectively). 

 

Flies were stimulated with 30 sec light pulses every minute with 10% light intensity (for both short- and 

long-term light stimulation; LED efficiency 160 Im/W, Luminous flux 1.885 lm). Intensity of the LED 

lights was determined for each genetic tool by expressing the corresponding tool in motor neurons 

responsible for muscle movement, and inducing the tool with different light intensities until paralysis 

was observed. Excessive amount of light intensity was refrained since strong light intensity produces 

heat and causes uncontrollable increase in temperature.    

 

Two different fly discos were built for optogenetic tools: One with  red (615-650nm) LEDs and one with 

white LEDs, to allow the use of different genetic tools that could be stimulated by white (blue) or red 

lights. ChR-XXL, bPAC, and gtACRI tools were stimulated by white light LEDs (10% intensity), while 

csChrimson was stimulated in the fly disco with red LEDs.  
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Short-term optogenetic stimulation;  

To test the role of neurons of interest in specific behaviors, optogenetic tools were expressed in these 

neurons such that they could be activated or inhibited in a controlled manner. In such experiments 5-

7d old flies that were raised on standard fly food were placed in the fly disco. Flies were exposed to 

30sec light pulses with 30sec intervals during experiments which lasted for 24h. 

 

 

Figure 2.4 Optogenetic stimulator (fly disco) and light regime. A Picture of custom-built fly disco. Flies were 

stimulated by light pulses from LED sheets on the inner wall the machine and pulses were controlled by the 

control knob and panel. B Light regime for short-term (top) or long-term (bottom) optogenetic stimulation. 30sec 

pulses were delivered with  30sec intervals. For short-term activation this regime continues over 24h hours and 

for long-term stimulation this continues for multiple days. 

 

Long-term optogenetic stimulation;  

Long-term optogenetic stimulation experiments were conducted to investigate the effects of long-term 

activation or inhibition on the connectivity of neurons of interest The long-term activation protocol 

consisted of 30ses light pulses (10% intensity) with 30ses intervals  given for 12h per day so that flies 

were not exhausted by constant brightness and so that the circadian rhythm was maintained (Figure 

2.5B). Flies were raised on standard food and placed in the fly disco after 3d (as in the case of long-

term diet exposure experiments). When moved into the fly disco, flies were also transferred from 

standard food to isocaloric food. However, in these experiments - since the effect of hypocaloric food 

was tried to be optogenetically mimicked - flies were placed on isocaloric food during long-term 

optogenetic stimulation. Anatomical experiments and behavioral experiments were performed to 

observe if the experimental outcome resembled exposure to hypocaloric food condition case even 

though flies were kept on isocaloric food.  
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2.2.13 Statistical analysis 

 

All data sets were, first, subjected to a test for normal distribution using Kolmogorov-Smirnov test. 

Normally distributed data sets were subjected to either 1-way or 2-way ANOVA dependent on the 

number of parameters tested. ANOVA tests were followed by Tukey tests for multiple pairwise 

comparisons. For non-normally distributed data sets, either a Kruskal-Wallis test or a Statistics 

Permutation test followed by Benjamini and Hochberg correction were used. 

2.2.14 2-photon Ca2+ imaging 

 

Synaptically localized Ca2+ indicators (Pech et al., 2015) were expressed in neurons and calcium imaging 

was performed using 2-photon microscopy. 5-7d old female flies were used to test odor responsiveness 

and 10d of female flies’ brain were imaged for functional adaptation to long-term dietary. Experimental 

time lines were as indicated in section 2.2.2. Flies without starvation were imaged throughout. 

Dissection of the brain and optical calcium imaging were done by Clare E. Hancock. Functional imaging 

experiments were conducted as described in Hancock et al., 2019.  

 

Fly tethering and opening of the cuticle; 

Prior to imaging, flies were briefly immobilized on ice and placed in a custom-built chamber which 

contained an approximately 2-3mm wide slit built on a glass slide, similar in construction to the gelling 

chamber used for expansion microscopy. Then, the fly was completely covered by a piece of sellotape 

and a small window was opened around the head with a razor blade. A small amount of UV-hardening 

dental glue was applied around the fly’s head, leaving a small opening on top of the head, and using a 

UV light-emitting lamp. After flies were strongly fixed in place by dental glue, a drop of ice cold Ringer’s 

solution was placed on top of the head and the cuticle was removed with a razor blade and fine forceps. 

Tracheae and lipid tissue were removed using forceps in a way that the dorsal of the brain was 

completely exposed. The chamber containing the prepared fly was then placed on the microscope stage 

for imaging.   

 

Odor delivery and monitoring; 

After placing the chamber on the stage, some more Ringer’s solution was added on top of the fly brain 

and a water immersion 20X Zeiss objective was descended on the opened part of the head. The 

fluorescent signal emitted from the neurons was focused on through the binoculars. One of the MB 
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hemispheres was chosen at random and focused using Zeiss imaging software (Zen Black, 2011). A 

single z-position was monitored for 21.25sec at a time (as 85 frames, 4Hz). Odors were delivered using 

a custom-built olfactometer. Each odor was delivered for 2.5sec in a random order that varied between 

flies. Opening of olfactometer valves, and hence the odor delivery, was controlled by Visual Basics of 

Applications (VBA) software run in Zen. Odor onset was programmed as 6.25sec after imaging started 

(at frame 25). The odors used during functional imaging in this study were as follows: MCH (1:750 in 

mineral oil), 3-Oct (1:500 in mineral oil), Apple Vinegar (AV; 1:100 in water), and fly food (1g/ml of 

water). Captured frames were saved as image sequences in single files for each fly. 

 

Image analysis 

Functional imaging analysis was done using Image J. Single files for each fly were opened as image 

stacks and brain movement in the x and y directions was corrected using the open source ImajeJ plug-

in “template matching”. Images that contained strong movement in the z direction were omitted so 

that lower signal due to the movement out of the imaging plane was not considered as indicative of 

inhibition of the imaged neurons. Image stacks were smoothened by applying a median filter with 

factor 2. Further, a maximum z projection was also generated to more easily define the different MB 

compartments innervated by MB188B DANs. Separate regions of interest (ROIs) were assigned for the 

different compartments. After ROIs were defined and saved, the same ROIs were opened on the 

functional imaging stack and the mean fluorescence of the pixels within each ROIwas measured for 

each frame, through the time series (85 values in total for 85 frames). These values were called “F”. For 

each fly, the mean F of the 8 frames that preceded odor onset (15th-23th frames) were calculated and 

defined as baseline (F0) values. Then, the “ΔF” was calculated at each frame by subtracting F0 from F. 

Finally, ΔF/F0 was calculated and plotted over time. Mean traces of each group of flies were plotted by 

calculating the mean ΔF/F0 against time (in seconds) and the standard error of the mean (SEM) is shown 

as shaded lines.  
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3 Results 

 

The main goal of this study was to investigate structural plasticity in the adult Drosophila brain 

dependent on the experience of the internal state of the animal. Exposure to food with different caloric 

values was used as an experimental approach. Behavioral adaptations to these changes were 

investigated as well as structural and functional synaptic plasticity as a fundamental cause of these 

adaptations. I hypothesized that modulatory neurons innervating the mushroom body (MB) undergo 

structural modifications dependent on the long-term experience of internal state. These modifications 

were ultimately aimed to be analyzed as potentially underpinning adapted behavior.        

3.1 Caloric value change in the dietary has no effect on the total lifespan 

of the flies 

 

Prior to investigating any kind of dietary effects on behavior (or on physiological changes in the 

Drosophila brain), it was crucial to test possible impacts of the dietary on the animals’ fitness. I made 

sure that the physiological effects of the dietary resulted from an adaptation to food experience but 

not from developmental or fitness dysfunctions. Therefore, the fitness of the flies was analyzed under 

different dietary conditions, i.e. -hypocaloric, isocaloric and hypercaloric dietaries. As a fitness 

parameter, I measured the total life span of the flies. It should be noted that all flies under any 

experimental conditions were raised on standard food until they were fully developed (Figure 2.1). 

Canton S (cs) flies were tested as wild-type flies in these experiments. Experimental details of 

calculating the survival rate of the flies under different food conditions are described in the method 

chapter.  

 

Survival rates demonstrated that the longest living flies were 84 days old in every food condition (Figure 

3.1A). Additionally, the ages of death of each fly were counted and compared under different food 

conditions (Figure 3.1B). The mean age of death was 43  days (± SEM 6, 4, respectively) under 

hypocaloric and hypercaloric food conditions. For the flies kept on isocaloric conditions, this value was 

57 (± 5). Even though the mean value of survival under hypocaloric and hypercaloric conditions were 

lower than under isocaloric conditions, this decrease was not significant. Therefore, I concluded that 

the increase or decrease in the caloric value in my recipe does not lead to any change in the lifespan of 

the flies.  
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Figure 3.1 Survival rates of the flies on different nutritional conditions. A Survival rate on different food 

conditions. The oldest fly that died on every food type was 84 days old (dots are the mean of the survival 

percentage. Error bars indicate SEM). B Age of the flies on each food type. There was no statistical difference 

between different conditions (Kruskal Wallis test, p=0.1331,n=25-40).    

3.2 Restriction of the calorie in the dietary causes adaptation in certain 

behaviors 

 

After showing that the overall survival rate of the flies was statistically not significantly different, I asked 

which type of behaviors might be influenced by the diet. A collection of behavioral experiments related 

to the motor movement, motivation for food uptake, memory formation, odor and tactile sensation of 

the flies was performed under different food conditions. These behavioral adaptations were correlated 

with the physiological changes in the brain in the following chapters. Flies were subjected to the 

different caloric value dietaries for 7 days, and following behavioral assays were conducted to test the 

effect of the dietary (Figure 2.1); 

 

First the proboscis extension reflex assay (PER), food uptake with capillary feeder assay (CAFE assay), 

and appetitive memory formation were analyzed. Fruit flies exhibit these behaviors only if they are 

motivated. Therefore, the animals subjected to these behavioral experiments were starved prior to the 

test. The effects of the caloric value on certain sensory systems were also tested in terms of odor 

avoidance or electric shock avoidance. Additionally, learning and memory formation was also tested 

under different dietary conditions with an aversive associative olfactory learning paradigm. Flies were 

not starved in these experiments. Finally, the locomotor activity and sleep were examined. These 
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examinations were performed by observing and measuring the activity of the flies for 3 days while the 

same type of food was maintained during the experiment.    

3.2.1 Food uptake is enhanced upon previous experience of low calorie value of food   

 

In this section, the behaviors that depend on the internal state and the motivation for food uptake 

were examined after the exposure of the flies to different dietaries for seven days. As the first example 

of these behavioral types, PER percentages showed that the flies fed on isocaloric food extend their 

proboscis 20% of the times upon sugar stimulation. This score was significantly more (> 50%) in flies 

fed on the less caloric value and significantly less in flies fed on the high-calorie diet (Figure 3.2A). These 

results confirmed that when the caloric value was restricted in the dietary, flies tend to extend their 

proboscis more to an appetitive gustatory stimulus. Since Drosophila extends the proboscis only in 

dependence of the motivation for food uptake, the increase in the PER score under the calorie 

restriction condition indicates an increased motivation to do so (Wang et al., 2004). 

 

As a second behavioral test, food consumption of the flies was also measured in µl per day. The 

measurements of the consumed sucrose volume showed that the flies consumed around 0.4 µl sucrose 

solution per day when previously exposed to the isocaloric diet. However, when the flies were exposed 

to less calories, food consumption increased significantly compared to the flies under isocaloric and 

hypercaloric conditions (Figure 3.2B). All flies were starved for 24h and given the same sugar solution 

during experiment. Therefore, the increase in the food uptake is concluded to reflect an adaptation 

dependent on the calorie restriction. 

 

As the final motivation-dependent test, appetitive memory formation under different food conditions 

and different starvation periods were measured. The appetitive learning ability of Drosophila is highly 

dependent on the internal state (Tempel et al., 1983). In my case, satiated flies also failed to associate 

a conditioning stimulus (odor) with an unconditioned appetitive stimulus (sugar) (Figure 3.2C). 

Additionally, the learning scores of all the fly groups starved for 24 hours were around 0.5 and not 

different from each other under any conditions either (Figure 3.2C). However, when the starvation 

duration was 6h, the flies that were exposed to calorie restriction in dietary demonstrated a 

significantly higher learning index (>0.5) compared with the flies fed with isocaloric or hypercaloric diets 

(Figure 3.2C). This memory formation under the 6 hours starvation period is an indication of an 

enhanced motivation based on the internal state of the flies that experienced a long-term calorie 
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restriction. 

 

Figure 3.2 Behavioral adaptations dependent on the long-term different dietary. A PER score (%) upon sugar 

stimulus dependent on the diet. PER increased significantly along with the decrease in the caloric value. B Food 

uptake (µl) measured by CAFE assay. Restriction of the calorie in the dietary caused an increase in the sugar 

solution consumption. C Appetitive memory formation scored as learning index. The flies showed an enhanced 

score under short starvation condition when the caloric value of food was restricted. D Odor preference and E the 

electric shock avoidance scored as preference index. These scores were not altered dependent on the dietary as 

well as the F aversive olfactory memory formation (One-way ANOVA followed by Tukey tests,* p<0.05, ** p<0.01, 

*** p<0.001; PER, learning and avoidance experiments were performed by Haiko Poppinga). 

 

3.2.2 Aversive learning and aversive responses to repulsive stimuli are not affected by the 

previous experience of high or low caloric values of the food 

 

In the previous section, the foraging and feeding-related behaviors of the flies were shown to be 

dependent on the caloric value of the food. This is not surprising as more hungry animals eat more, 

approach food more vigorously by proboscis extension, and show a higher motivation to appetitively 

learn. In this section, the dependence of an aversive  olfactory sensation, shock avoidance, and aversive 

olfactory memory formation were tested. These behaviors are not dependent on the internal state of 
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the flies. Hence, any effect of the caloric value restriction on these behaviors would conclude that the 

adaptation is not restricted to the feeding-related behaviors.    

 

Two-choice assays showed that the flies showed avoidance against repulsive odors (1:36 dilution of 3-

Oct and MCH; Figure 3.2D) as well as an electric shock stimulus (90V; Figure 3.2E) were not affected by 

different dietaries. The aversion score towards two odors utilized in this study were also not different 

from each other. As the same concentrated odors were used in all learning experiments, the 

enhancement in the appetitive learning upon the calorie restriction is concluded as increase in 

motivation rather than the adaptation in the olfactory sensation. 

 

Additionally, the flies exposed to different dietaries were tested for aversive associative memory 

formation. Exposure to different dietary conditions did not affect the aversive stimulus learning ability 

either (Figure 3.2F). The flies tested for aversive memory were also starved for 6h so that the change 

in the memory formation could be compared to the previously observed appetitive memory formation 

enhancement.  

 

As a result, I conclude that the motivation for food uptake increases when the calorie value of the food 

is restricted. Moreover, these effects of the dietary are restricted to feeding-related behaviors including 

appetitive learning.  

3.2.3 The flies’ locomotor activity and sleep is not altered by the dietary  

 

It is known that flies exhibit hyperactivity and arousal as well as the sleep delay when starved 

(McDonald and Keene, 2010). Thus, I tested the activity and sleep behavior of the flies exposed to 

different dietaries for two reasons: The first reason was to see if these behaviors are also affected as a 

result of different food conditions. The second reason was to understand if the flies, if restricted in 

calories, show more arousal or hyperactivity like starved flies. Here it should be noted that the 

corresponding fly food was supplied during the experiment.  

 

To analyze the last type of behavioral adaptation, 10d old male flies that were exposed to different 

dietaries for 7 days were tested for their activity by counting the number of crossings of the midline 

laser beam in the activity monitor (see section 2.2.7). Flies were considered as “sleeping” if no beam 
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crossing was observed in five minutes. Following these counts, the average actogram of the flies and 

the standard error (SE, shaded area) are plotted against the light/dark period of the day (Figure 3.3).  

 
Figure 3.3 Long-term diet effect on the activity and sleep regulation. A Actogram of the flies as beam crossing 

number per 15 minutes plotted against light/dark cycle. The activity pattern was not influenced by the long-term 

diet. There was a slight late activity amplitude increase under isocaloric food condition (line is the mean trace, 

shaded areas are SE). B Number of the sleep episodes, C averages of the sleep durations, and D total sleep 

durations of the flies (in sec) under different dietary conditions. The sleeping behavior in terms of the average 

duration and the number of sleep episodes, hence the total sleep duration was not affected by the long-term 

exposure to different dietaries. E Latency of the sleep in seconds under different dietary conditions. The flies 
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subjected to high or low-calorie dietaries showed early sleeping (Statistics: Permutation test followed by 

Benjamini and Hochberg correction, **p=0.00175, *p=0.0131; in collaboration with Dr. Bart Guerten). 

 

The actogram plot demonstrates that the circadian rhythm of the flies followed the same pattern under 

any dietary conditions. In all cases an activity bout was observed with the onset of the daylight (first 

bout) and shortly before the sleep induction following the daylight offset (second bout). The only 

difference was that the amplitude of the second activity bout was the highest when the flies 

experienced an isocaloric dietary (Figure 3.3A). This means that any decrease or increase in the caloric 

value of the dietary results in early evening activity decrease.  

 

Moreover, the analysis of the sleep episodes demonstrated no difference under any dietary conditions. 

Flies had the same number of sleeping episodes as well as the average sleep episode duration 

independent of their dietaries (Figure 3.3 B and C). The total sleep duration also remained unaltered 

correlated with the number and the duration of the sleep episode number (Figure 3.3D). However, 

when the sleep initiation was measured, I observed that any kind of change in the caloric value of diet 

results in an early sleep compared to the flies fed with isocaloric diet (Figure 3.3E).  These results were 

also correlated with the decrease in the second activity bout.  

 

Here, I draw the conclusion that locomotor activity and circadian rhythm of the flies are not influenced 

by the exposure to high or low caloric values in the food, except for the initiation of the sleep. 

Additionally, no arousal or sleep delay was observed under calorie restriction conditions. This means 

that the flies restricted in terms of nutrition are not constantly starved when fed with hypocaloric food.  

 

In summary, the behavioral tests conducted with the flies with a prolonged pre-experience of food 

conditions with high or low caloric values demonstrated that feeding-related behaviors of the flies such 

as PER (Figure 3.2A), food uptake (Figure 3.2B), and the appetitive olfactory learning (Figure 3.2C), 

reflected the motivation for food uptake. On the contrary, other sensory abilities, like aversive odor 

avoidance (Figure 3.2D) or shock avoidance (Figure 3.2E), were not altered; neither was aversive 

olfactory learning and memory formation (Figure 3.2F). Finally, the circadian rhythm and activity of the 

flies also remained unaffected, except for a slight sleep delay (Figure 3.3). Thus, these adaptations to 

the change in the nutritional conditions were restricted to feeding-related behaviors. 
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3.3 Calorie restriction alters the connectivity in the fly brain 

 

The main motivation of this study is to demonstrate that certain connections in the adult fly brain 

remain plastic. So far, I demonstrated that modifications in feeding-related behaviors of Drosophila can 

reflect a long term calorie restriction.  

 

In this chapter, structural neuronal circuit modifications underlying behavioral adaptations will be 

described. I focused on structural and functional plasticity of the MB-related DANs dependent on the 

food conditions (see section 1.5).  

 

To examine the connectivity of the MB-related neurons, I utilized the method of splitGFP (spGFP) 

reconstitution that occurs as a result of close proximity between neurons (Feinberg et al., 2008; Pech 

et al., 2013). In this study, this reconstitution was referred to as “GRASP” signal (or fluorescence) and 

used as a measure of potential connectivity, as in other studies (Feinberg et al., 2008; Gordon and Scott, 

2009; Pech et al., 2015). As a first step, GRASP fluorescence between the Kenyon cells and MB-extrinsic 

DANs was measured in flies exposed to different dietaries.  

3.3.2 SplitGFP reconstitution between distinct dopaminergic neurons and Kenyon cells is 

altered upon prolonged calorie restriction  

 

To investigate a potential change in connectivity between the MB KCs and different populations of 

DANs, transgenic flies expressing one part of the splitGFP under the MB-specific promoter Mb247 

(Schulz et al., 1996)  and carrying a transgene of the second part of splitGFP under UAS control were 

crossed with the flies expressing specific DAN-Gal4 drivers. The working principle of the reconstitution 

of spGFP is illustrated in Figure 3.4A. Altogether, the resulting flies that were analyzed contained the 

following transgenes: 1.) One domain of the splitGFP under control of KC-specific promoter, 2.) the 

complimentary domain that is driven by the UAS (MB247-spGFP11 and UAS-spGFP1-10 respectively; 

Pech et al., 2013). 3.) In addition, DsRed was expressed also under control of the MB-specific promoter 

mb247 (Riemensperger et al., 2005) as a landmark. These flies were exposed to hypocaloric, isocaloric 

and hypercaloric dietaries for 7 days, and the GRASP fluorescence was quantified. 
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I aimed at investigating the majority of DAN populations that innervate the three lobes of the MB (α/β, 

α’/β’, and γ; Figure 3.4B; Strausfeld et al., 1998).Three different fly strains expressing Gal4 drivers for 

different DAN populations were crossed with the UAS-MBGRASP flies, i.e., R58E02-Gal4, TH-Gal4, and 

MB188B-Gal4 (Figure 3.4B; Friggi‐Grelin et al., 2003; Liu et al., 2012). R58E02-Gal4  labels the majority 

of the PAM cluster DANs that innervate the vertical lobes of the MB. The compartments of the MB that 

are predominantly innervated by these DANs are α1, β1 and β 2, β’2, γ4 and γ 5 (Mao and Davis, 2009; 

Rohwedder et al., 2016; Figure 3.4B and Figure 3.4D).  

 

The TH-Gal4 driven DANs originate from the PPL1 cluster and are involved in aversive learning. These 

neurons innervate the horizontal MB compartments like α3, α’3, α’1, α’2, β2, and β’2, (Friggi‐Grelin et 

al., 2003; Pech et al., 2013; Figure 3.4B and D).  

 

The third population of DANs that was analyzed in this study is driven by a split Gal4 (spGal4) driver; 

the MB188B-Gal4 (Aso et al., 2014). These DANs derive also from the PAM cluster and innervate mainly 

the β’1 and γ3 compartments and partially the γ4 compartment (Figure 3.4B and Figure 3.4C). These 

three different DAN populations are referred to as R58E02-DANs, TH-DANs, and MB188B-DANs in this 

study. 

 

In the connectivity analysis, the fluorescence intensity of splitGFP reconstitution was quantified 

separately for each compartment and normalized to the mean fluorescence under isocaloric food 

conditions. Thus, the mean of the fluorescence intensity of each isocaloric fly group is equal to 1 for 

each compartment. 

 

GFP reconstitution between R58E02-DANs and KCs (and similarly TH-DANs and KCs) were described in 

study of Pech et al., 2013. My confocal imaging stacks of the splitGFP reconstitution fluorescence of 

different drivers demonstrated an additional partial and dimmer signal in some compartments which 

were not described in this study as the main innervated compartments (Figure 3.C and D). These signals 

must be due to the proximity of two spGFP expressing partners. Thus, the fluorescence signal was also 

more variant. Any fluorescence change in such compartments would require a further investigation 

with a more specific driver line. However, all compartments that were innervated mainly or partially, 

were analyzed and included in the graphs (Figure 3.4C and Figure 3.4D).  
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I observed a wide range of variance in the GRASP signal in the MB compartments which has dim  

fluorescence signals resulting from R58E02-DANs and TH-DANs (Figure 3.4D). Despite this varience, 

there was no statistically significant change in the  overall fluorescence intensity among the different 

feeding conditions. There were also no compartment-specific changes under any conditions (Figure 

3.4D). These results suggest that the connectivity between these DANs and KCs were not affected by 

the food conditions.  

Figure 3.4 Change in splitGFP reconstitution fluorescence between KCs and  DANs dependent on the long-term 

diet. A Illustration of the working principle of spGFP reconstitution (also called “GRASP”) technique. The spGFP 
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was reconstituted by the proximity of the two potential synaptic sites between the KCs and DANs. Different DAN 

populations were driven by a specific Gal4 line. B Illustrations of the MB lobes (α/β, α’/β’ and γ lobes) on the 

upper row. Innervation patterns of populations of DANs used (bottom row). The three populations of DANs 

examined here innervated the MB differentially in a complementary manner (partial or superficial innervations 

are not included). C Confocal stack of the splitGFP reconstitution between the MB188B DANs and the KCs on the 

left side. MB 247-DsRED labels the MB (splitGFP reconstitution in grey, MB247-DsRED in blue). The relative 

fluorescence dependent on the dietary is shown on the right-hand side. Different compartments innervated by 

the MB188B DANs are shown in yellow, red and green lines (β’1, γ3, and γ4, respectively). The splitGFP 

reconstitution fluorescence decreased dependent on the calorie restriction in dietary (One-way ANOVA followed 

by Tukey-test, ** p<0.01, *** p<0.001). D Confocal stack of splitGFP reconstitution between TH-DANs or R58E02 

DANs (on the left column) and the relative fluorescence (on the right column; splitGFP reconstitution in grey, 

MB247-DsRED in blue). Relative fluorescence values in R58E02-DANs and TH-DANs did not show any significant 

change under different food conditions (One-way ANOVA followed by Tukey-test, p>0.05). E Number of t DAN 

somata expressing GFP per brain. 202 (SD ± 18) cells were labeled by the R58E02 driver and 233 (± 12) by the 

MB188B and R58E02 drivers together (Students’ t-test, *** p<0.001; all scale bars 50µm).     

 

On the contrary, the splitGFP fluorescence of the MB188B-DANs showed a significant decrease (~30%) 

in all compartments under hypocaloric dietary condition. This decrease was significant to the isocaloric 

and hypercaloric correspondence (Figure 3.4C). Since the decrease occurred in the same fashion in all 

compartments, I assumed that the decrease in connectivity occurs homogenously. Hence, in the future 

plots, the overall average signal was calculated and summarized as one plot instead of a 

compartmentalized fashion.  

 

As a conclusion, MB188B. DANs have lower physical proximity to the MB KCs dependent on the long-

term experience of the calorie restriction whereas the proximity between other DANs and KCs remain 

unaffected in the Drosophila brain.      

3.3.3 Dopaminergic neurons of the MB188-Gal4 driver line are not entirely part of those 

dopaminergic neurons labelled by the R58E02-Gal4 driver line 

 

The MB188B-DANs cover MB compartments that are not covered by the R58E02- and TH-DANs. The 

R58E02-Gal4 driver was considered to label almost all PAM DANs (Liu et al., 2012). However, the γ3 

and 4 compartments of the MB were not covered by this driver line (Figure 3.4B and D). It is also known 

that the PAM-DAN number is greater than the number of the DANs labeled by the R58E02-Gal4 (Aso et 

al., 2014a; Mao and Davis, 2009; Tanaka et al., 2008). To determine the fraction of MB188B neurons 

that belong to the R58E02-driven PAM cluster DANs, the number of the R58E02-DANs and the number 

of the R58E02-DANs together with MB188B-DANs were counted by expressing GCaMP3 as a reporter 
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protein in these cells. This revealed that there were 202 (± 18.7) R58E02 DANs per brain. When both 

cell populations were counted, there were 233 (± 12.1) cells labeled per brain (Figure 3.4E). These 

results indicated that the most common PAM DAN driver R58E02-Gal4 fails to cover all the PAM DANs 

entirely and there are at least 30 more cells per brain that are not labeled by it.  

 

Additionally, the difference between two cell populations is supposedly the number of the cell labeled 

exclusively by the MB188B driver. This difference was calculated as 31 cells per brain. However, in the 

activity quantification assay (in section 3.7), I observed more than 40 cells per brain driven by the 

MB188B-Gal4. Thus I concluded that at least 10 cell per brain in the Drosophila PAM DANs are labeled 

by both the R58E02-Gal4 and MB188B-Gal4 drivers (Figure 3.4E).    

3.3.4 The connectivity of dopaminergic neurons innervating the γ3 compartment of the 

mushroom body and Kenyon cells remains unaffected 

 

Based on the connectivity analysis using splitGFP reconstitution and the cell number analysis on 

R58E02-DANs, I concluded that the R58E02-Gal4 driver fails to label all DANs that  innervate the γ3, γ4 

and β’1 compartments. Some of the DANs from the PAM cell cluster innervate only the γ3 compartment 

(Aso et al., 2014a). These very specific DANs can be labeled using other Gal4 driver lines, i.e., MB441B-

Gal4 and MB195C-Gal4. These two driver lines label ~14 and two cells per hemisphere, respectively 

(Aso et al., 2014a). 

 

 

Figure 3.5 Connectivity between the γ3 DANs and KCs dependent on the long-term exposure to different caloric 

food values. A Confocal stacks of the GFP expressing MB441B and MB195C-DANs. The GFP was expressed in ~14 

and two somata respectively residing on the PAM region (grey is GFP signal, blue is Brp background staining, MB 

is indicated by white borders, PAM and AL is located). B Confocal stacks of the GRASP signal between the KCs and 
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MB441B and MB195C DANs. These DANs innervated the γ3 compartment (GRASP in gray, DsRED in blue; scale 

bar 50µm) C Quantification of the relative GRASP fluorescence. There was no change observed under different 

dietary conditions (One-way ANOVA, p>0.5). 

 

I questioned whether the MB188B-DANs are a homogenous cell population and if these two DAN 

populations show a similar change in connectivity with KCs in dependence to a prior experience of low 

caloric food as it is the case for MB188B-DANs. Therefore, the connectivity of these DANs to the MB 

was also analyzed under different dietary conditions. First, I confirmed the cell numbers and the 

connectivity of the MB441B-DANs and MB195C-DANs. The fly brains expressing GFP under the control 

of these drivers were stained against a presynaptic marker protein Burchpilot (Brp) as a background to 

identify the neuropils (Figure 3.5A). Additionally, the connectivity in the MB γ3 compartment was also 

confirmed by the expression of the MBGRASP complex in these cells (Figure 3.5B). 

 

When the splitGFP fluorescence intensity between these DANs and the KCs was quantified under 

different food conditions, no significant change was observed between the various conditions (Figure 

3.5C). Based on these results, I concluded that the connectivity of these γ3-innervating DANs and  KCs 

do not undergo any structural modifications. Additionally, the connectivity decrease occurred 

homogenously in the MB188B DANs upon calorie restriction (Figure 3.4C). Thus, it is likely that these 

DANs are not a part of the MB188B DANs. 

3.3.5 The connectivity of mushroom body output neurons innervating the γ3 compartment 

remain unaffected 

 

In order to obtain a better understanding of the decrease in the connectivity between MB188-Gal4 

DANs and KCs, all components of the MB-related cicuitry in the same functional compartment were 

subjected to a similar connectivity analysis under different dietary conditions. Another component in 

the MB circuitry are the MBONs (Tanaka et al., 2008). Additionally, based on the earlier results, I asked 

if the re-wiring of the MB188B DANs and KCs was also reflected in a re-wiring of the respective 

downstream neurons. Therefore, in the following section the connectivity analysis of the corresponding 

MBONs are shown under different dietary conditions. 

 

There are two MBON drivers called MB110C-Gal4 and MB83C-Gal4 that label a pair of neurons on each 

hemisphere (Aso et al., 2014a). These MBONs are likely to be downstream of the MB188B DANs since 

these MBONs innervate the β’1 and γ3 compartments on the MB (Aso et al., 2014a; Figure 3.6A). When 
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the splitGFP  fluorescence intensity between these MBONs and KCs was quantified, no difference was 

observed under different dietary conditions (Figure 3.6B). Therefore, I concluded that the connectivity 

of the MBONs and KCs was not affected either by the experience of different dietaries.  

 

 

Figure 3.6 Connectivity between the γ3 and β’1 innervating MBONs and the KCs dependent on the long-term 

diet. A Confocal stacks of the GRASP signal of the MB83C MBONs and MB110C MBONs. The GRASP signal 

confirmed the innervation to the γ3 and β’1 compartments of the MB (GRASP in grey, DsRED in blue; scale bar 

50µm). B Quantification of the relative GRASP signal of both MBONs under different dietary conditions. There 

was no change observed in the connectivity dependent on the dietary (One-way ANOVA, p>0.5). 

 

As the final component of the MB-related circuitry, the KCs were also examined.  A study conducted by 

David Vasmer in his doctoral study showed that the KCs do not differ in terms of cell structure under 

any dietary conditions (Vasmer, 2017). The same dietary conditions were presented to the flies in this 

study as well.  

 

Therefore, I concluded that the connectivity decrease in the MB-related neurons under hypocaloric 

condition was specific for MB188B DANs.  

3.4 Structural properties of the dopaminergic neurons labelled by the 

driver line MB188-Gal4.   

 

In the previous chapter, a first indication of potential structural changes was shown. To obtain a more 

comprehensive understanding of these putative connectivity changes, I tried to characterize the 

structures of the MB188B-DANs in detail. The dissection and synaptic compartmentalization of the 



58 
 

MB188B DANs neurites was crucial to decipher how and where the structural changes might exactly 

occur.  

 

Therefore, in this chapter, dendritic and axonal arborizations along with the pre- and postsynapses 

themselves were investigated. Finally, neurons postsynaptic to these DANs were also investigated.  

3.4.1  Dopaminergic neurons of the MB188B-Gal4 strain are  a subpopulation of the 

dopaminergic neurons of the PAM cluster 

 

I showed already in the cell number analysis that the MB188B-DANs are part of the PAM cluster. It has 

been also shown that these neurons reside in the PAM region of the brain (Aso et al., 2014a). My 

anatomical pictures of these DANs also demonstrate that the cell bodies of the MB188B-DANs reside 

within the PAM region (Figure 3.7A). However, I argued above that there are at least 10 cells per brain 

that were exclusively labeled by the MB188B driver and not by the commonly used driver R58E10-Gal4 

(Figure 3.4E). Therefore, I addressed the possibility that this driver line may label an additional group 

of cells that may not be dopaminergic. Thus, a further verification was needed to prove that the 

MB118B neurons are all dopamine-expressing PAM neurons prior to conducting any anatomical 

investigations. 

 

 

Figure 3.7  Characterization of MB188B-Gal4 DANs. A Confocal stack of the GFP expression under the control of 

the MB188B-Gal4 driver. The MB188B DANs were confirmed to have the cell bodies on the PAM region (white 

line is the borders of the MB, GFP in gray, Brp background in blue; scalebar 10µm). B Confocal stack of the GFP 

expression in the MB188B cells and the anti- tyrosine hydroxylase (TH) staining. Each cell body labeled by the GFP 

was positive for the TH antigen. (yellow arrowheads; white line is the border of the MB; GFP in gray, Brp 

background in blue; scalebar 50µm). 

  

Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the DA biosynthesis and accepted commonly 

used marker for dopamine-releasing neurons (Budnik and White, 1987). Therefore, GFP-expressing 
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MB188B-DANs were stained using an antibody against TH. I confirmed that the somata of these 

neurons were localized to the PAM region (Figure 3.7A). Additionally, all MB188-DANs expressing GFP 

were TH positive (Figure 3.7B). Thus, all the MB188B cells are  dopaminergic PAM cluster neurons.     

3.4.2 Dopaminergic neurons of the MB188-Gal4 strain have reciprocal synapses with 

Kenyon cells 

 

For a further structural analysis, the anatomy of the MB188B-DANs was dissected into dendritic 

branches and axon terminals by expressing a dendritic marker DenMark (Nicolaï et al., 2010) and the 

presynaptic marker sytGFP for the axon terminals (Zhang et al., 2002). At a first glance, the dendritic 

tree and axon terminals seemed like two distinct neurites that are either branching outside of the MB 

or innervating in the MB, respectively (Figure 3.8A). These results gave me a first impression that the 

majority of MB188BDANs receive input from the surrounding of the MB. Also, they mainly provide  

output onto the KCs, which supports the general idea that DANs are mainly presynaptic to the KCs 

(Claridge-Chang et al., 2009; Mao and Davis, 2009; Riemensperger et al., 2005).  

 

However, in addition to this general anatomical organization, the confocal microscopy images of 

DenMark and sytGFP localizations revealed that some sytGFP signals occured also outside of the KCs 

(Figure 3.8A, yellow arrowhead). Moreover, there was also DenMark staining directly on the MB lobes, 

especially on the β’1 region (Figure 3.8A). This can be explained by the well-described reciprocal 

synapses between DANs and KCs (Cervantes-Sandoval et al., 2017; Eichler et al., 2017; Inagaki et al., 

2014). 

 

In order to confirm this possibility, and also to eliminate potential cross-reactivity of antibodies, a 

further analysis of pre- and postsynaptic neurites was performed. Pre- and postsynaptically localized 

functional sensors, UAS-sypGCaMP3 and UAS-dHomerGCaMP3 respectively, were expressed simply as 

markers under control of the MB188B-Gal4 driver line. Then, the fly brains were stained against the 

GFP and a background marker Bruchpilot. As a result, an overall pre- and postsynaptically localized GFP 

expression was observed. (Figure 3.8B).  

 

These results provided a further indication that there was no clear functional input-output distinction 

between the dendritic branches of the MB188B-DANs and the axonal terminals. Having pre- and 

postsynaptic compartments nearby can also be indicative of reciprocal synapses (Cervantes-Sandoval 

et al., 2017; Eichler et al., 2017). 
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Figure 3.8 Anatomical dissection of dendrites and axons of MB188B-DANs. A Confocal microscopy stack (z-

projection) of the dendritic tree marker DenMark and the presynaptically localized sytGFP in MB188B-DANs. The 

presynaptic compartments of the MB188B-DANs innervated mainly the MB (indicated by the white line), while 

the dendritic arborization mainly surrounded the MB. Some co-localizations between two signals were also 

observed (indicated with the yellow arrowhead; background Brp in blue, GFP in green, DenMark in magenta; scale 

bar 50µm). B Confocal microscopy stack (z-projection) of GFP staining against pre- and postsynaptically localized 

Ca2+ indicators (sypGCaMP3 and dHomerGCaMP3, respectively; Brp in blue, GFP in grey, MB is indicated by the 

white line; scale bar 50µm ). Expression pattern of the pre- and postsynaptically localized indicators were not 

distinct from each other. C Single confocal plane of the GFP expression in the MB188B DANs imaged by the 

standard imaging protocol (on the left column) and by the expansion microscopy protocol (on the right column; 

anti-GFP in green, anti-Dlg in magenta; scale bar 50µm). D The red areas indicated in C were magnified. Fine 

arborizations of the MB188B-DANs (in green) and the postsynaptic background staining (in magenta) could be 

resolved. E Single plane of an expansion microscopy image of the DenMark and sytGFP expressions in the MB188B 

DANs. The MB β’1 compartment innervation of the MB188B DANs was indicated (dashed yellow line). The 

dendritic tree was labeled in magenta whereas the presynaptic puncta were in green in the left panel. Double 

positive pixels for both markers (supposedly reciprocal synaptic sites) were shown in grey in the right panel.    

 

 To test the possibility of the reciprocal synapses more directly, a recently developed imaging technique 

called “expansion microscopy” was used on the fly brains that expressed DenMark and sytGFP in 

MB188B-DANs. This technique is based on the physical expansion of the sample by perfusion with an 
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acrylic based gel (Asano et al., 2018; Chen et al., 2015). This technique was employed to visualize finer 

arborizations that cannot be resolved under the regular sample preparation and imaging techniques.  

 

By taking the advantage of the expansion microscopy technique I could expand the samples by 

approximately four times (Figure 3.8C). The finer structures that were not possible to detect using 

confocal laser scan microscopy became visible in the expanded sample (Figure 3.8D). Additionally, a co-

localization analysis of the dendritic arborizations (magenta) and the presynaptic sites (green) was also 

possible (Figure 3.8E). Colocalized pixels are shown in grey in Figure 3.8E.  

 

In conclusion, this structural analysis revealed that the MB188B neurons are part of the PAM DANs and 

most likely have reciprocal synapses with KCs that can possibly undergo modification upon the 

experience of nutrition restriction.     

3.4.3 Dopaminergic neurons of the MB188B-Gal4 line are also postsynaptic to themselves 

 

Based on the results showing that the MB188B DANs have reciprocal synapses on the MB (Figure 3.8), 

it is logical to think that these synaptic sites might provide reciprocal feedback. The mechanism behind 

this feedback might be an autoregulation or a regulation from the MB itself. The first possibility 

suggests that the MB188B DANs are both pre- and postsynaptic to themselves. Therefore, I have tested 

the possibility of the MB188B DANs being postsynaptic to themselves. I took the advantage of a recent 

system that labels all the postsynaptic downstream partners of a cell population of interest 

called transTANGO (Talay et al., 2017). The transTANGO system is based on a pan-neuronally expressed 

cleavable postsynaptic receptor and downstream mtdTomato expression upon the cleavage of this 

receptor. Thereby, the mtdTomato would be expressed only in the cell population postsynaptically 

connected to the interested cell population. Furthermore, the cell populations of interest are labeled 

by the expression of GFP. To determine the neurons that are postsynaptic to of the MB188B-DNAs, the 

MB188B-Gal4 driver was combined with the UAS-transTANGO. Thus, the MB188B DANs were detected 

by GFP expression whereas all the postsynaptic partners were labeled by mtdTomato. 

 

A number of neurons labeled by mtdTomato, located in a variety of the brain regions, were observed 

as postsynaptic to the MB188B DANs. For example, some neurons were localized in a most dorsal part 

that could be potentially neuromodulators such as SIFa (Martelli et al., 2017; arrowhead; Figure 3.9A). 
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Moreover, a quite wide range of postsynapses is distributed across the entire CNS (Figure 3.9A), 

including the MB. 

 

Since this study is focused on structural plasticity in MB-extrinsic DANs, the MB and surrounding cells 

expressing mtdTomato were subjected to further characterization (Figure 3.9B and C). A population of 

the PAM neurons seemed to express mtdTomato (Figure 3.9B). However, what was more interesting 

here is that some double-labeled cell bodies were also observed (Figure 3.9B; yellow arrowhead). These 

results indicated that a part of the MB188B PAM DANs was postsynaptic to itself. This post-synaptic 

MB188B DANs could be an evidence for an autoregulatory mechanism. Therefore, it can be speculated 

the structural connectivity decrease could be achieved by a feedback mechanism dependent on the 

MB188B DANs own activity upon calorie restriction. Here, the additional feedback coming from the MB 

cannot be ruled out. 
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Figure 3.9 Analysis of “postsynaptic partners” of the MB188B-DANs. A Confocal stack of the MB188B-DANs (in 

green) and the postsynaptic neurons (in magenta) labeled by the transTANGO system in the central part of the 

brain. Only the α’/β’ type of the KCs (indicated in yellow line; whole MB is indicated in white line) appeared to be 

postsynaptic to the MB188B DANs along with other cell types (indicated by white arrowheads as 

examples). B Confocal stack of the anterior part focused on the PAM region. There were only magenta positive 

PAM DAN cell bodies (indicated by magenta arrowhead). Additionally, the double-labeled cell bodies of the 

MB188B DANs (indicated by yellow arrowhead) were also. Not all of the MB188B DANs were double positive 

(indicated by green arrowhead). C Confocal stack of the MB188B DANs and the γ5 innervating MB315C PAM DANs 

(in green), the postsynaptic neurons (in magenta) labeled by the transTANGO system, respectively. The γ-type 

KCs were not labeled in both cases (the MB is marked by the white line, the α’/β’ lobe is marked by the yellow 

line, GFP in green, mtdTomato in magenta, Brp in blue; scale bar 50µm).          

 

In addition to the double-labeled cells, I observed a quite strong mtdTomato expression in the α’/β’ 

lobe of the MB, whereas there was almost no expression in the γ lobe (Figure 3.9A and C). There are 

two possible explanations for this situation. Either, the MB188B-DANs do not have any presynaptic 

connections or communication between the γ type of KCs. Or, alternatively, the pan-neuronal driver of 

the postsynaptic marker complex fails to label the γ type of KCs. To eliminate the possibility of such an 

experimental artifact, I monitored the postsynaptic partners of another DAN population of the PAM 

cluster (MB315C DANs). The connectivity of these DANs to the γ5 compartment of the MB is very well-

known (Aso et al., 2014a). Therefore, the UAS-transTANGO flies were crossed with the MB315C-Gal4 

driver in parallel to the MB188B Gal4 driver. Similar to the MB188B DANs case, no mtdTomato  

expression was observed in the MB315C DANs as well as the MB188B DANs (Figure 3.9C). Thus, the 

lack of mtdTomato expression is most likely an experimental artifact due to failed expression under 

pan-neuronal promoter. As a result, I concluded that a subpopulation of the MB188B-DANs is 

postsynaptic to MB188B DANs as well as the MB and a variety of other neurons in the CNS. 

3.5 Functional properties of the dopaminergic neurons labelled by 

MB188-Gal4 

 

Behavioral experiments under different food conditions demonstrated that feeding-related behaviors 

adapted when the caloric value of the dietary was restricted. Additionally, this adaptation occurred 

along with the potential connectivity decrease of the MB188B DANs.  

 

As the MB-related neurons are involved in internal state-dependent foraging behaviors (Sayin et al., 

2019; Tsao et al., 2018), I reasoned that the observed structural changes might give rise to the 

motivational adaptation in accordance with the calorie restriction. To address this possibility, the 
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function of MB188B-DANs in feeding-related behaviors was investigated. Similar feeding-related 

behaviors such as appetitive associative learning and food consumption were tested upon the 

manipulation of the MB188B DANs function. Here, I took the advantage of the thermogenetic and 

optogenetic tools to manipulate these DANs as described in 1.2.3.  

3.5.1  Dopaminergic neurons labelled by the MB188-Gal4 line are involved in food uptake  

 

Before I addressed the hypothesis that the modification of the MB188B DANs is causative for the 

feeding-related behavioral adaptation, the role of the MB188B DANs in food uptake was investigated. 

Thus, the food consumption of the flies was measured upon the manipulation of MB188B DANs.  

 

The MB188B-Gal4 driver was combined in the same flies with the excitatory and inhibitory optogenetic 

tools UAS-csChrimson (red-shifted Channel Rhodopsin) or UAS-gtACRI (Anion Channel Rhodopsin), 

respectively (Govorunova et al., 2015; Klapoetke et al., 2014). The light regime and the experimental 

settings are described in the methods section 2.2.12. In addition to the optogenetic inhibitory tool, the 

heat-sensitive dynamin mutant Shits was also used to block the output of the MB188B DANs during 

feeding (van der Bliek and Meyerowrtz, 1991; Grigliatti et al., 1973; Kitamoto, 2001). Finally, only Gal4 

expressing, and only corresponding tool containing flies were tested parallel as genetic control. The 

second control was the absence of the heat or light stimulus. Since two parameters were changed and 

compared, a 2-way ANOVA was used as statistical test.  

 

5-7d old flies raised on standard food with corresponding genotypes were used in the experiments. 

Food uptake of these flies was measured by CAFE assay while the MB188B DANs were manipulated 

with the corresponding genetic tools.  

 

The gtACRI was activated by a strong, white light while the csChrimson was activated by red LEDs (615-

650nm) in a custom-built light chamber termed “fly disco” as described in the method chapter. As 

control group, the flies were kept in darkness in the optogenetic experiments – experimental conditions 

are plotted as “light” and “dark” conditions. Additionally, the working temperature of the Shits was 

referred to as “restrictive temperature” (32°C) whereas the control temperature was referred to as 

“permissive temperature” (25°C) in my graphs. For the restrictive conditions, the temperature was 

increased to 32°C 10 minutes prior to every experiment where Shits was utilized. The acting period of 

the Shits was determined as 10 minutes by measuring the time until flies, that expressed Shits in motor 
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neuros controlling the muscle contraction, were immobilized at 32°C. During the starvation period of 

the CAFE assay, flies were kept in darkness for optogenetic experiments and under permissive 

temperature for thermogenetic experiments. 

 

The results demonstrate that the food uptake of the flies was enhanced by ~30% when the MB188B 

DANs were inhibited by gtACRI (Figure 3.10A). The genetic control flies and all the dark control group 

flies consumed around 0.5µl sucrose solution. However, the flies expressing the gtACRI in the MB188B 

DANs consumed more than 0.8µl of sucrose solution during CAFE assay when the gtACRI was 

optogenetically stimulated (p<0.001). There was no significant difference observed between the 

genetic control of the experiments. The increase in feeding upon inhibition of the MB188B-DANs was 

reproduced using thermogenetic tools as well. The synaptic output of the MB188B DANs was blocked 

by the dynamin mutant Shits and the food uptake were measured using the CAFE assay. The food 

consumption of the flies expressing the Shits in the MB188B DANs was enhanced as well compared to 

genetic control groups under both the restrictive and permissive temperature (75%  and 30% 

respectively; Figure 3.10B). These two feeding enhancement were not significantly different from each 

other. 
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Figure 3.10 Role of the MB188B-DANs in feeding and learning behaviors. A Food uptake (in µl) of the flies 

expressing the inhibitory optogenetic tool gtACRI in the MB188B DANs. Inhibition of the MB188B DANs during 

feeding resulted in an increased food uptake (Statistic two-way ANOVA followed by Tukey tests, 

****p<0.0001,***p=0.0004). B Food uptake of the flies expressing the thermogenetic tool Shits that blocks the 

synaptic output in the MB188B DANs. Enhancement of the food uptake upon the blocking of the MB188B DANs 

were reproduced by the Shits expression (Statistic two-way ANOVA followed by Tukey tests, 

****p<0.0001,***p=0.0006,**p=0.0047,*p=0.0419). C Food uptake of the flies expressing the excitatory 

optogenetic tools csChrimson in the MB188B DANs. Activation of the MB188B DANs during feeding did not affect 

the food uptake (Statistic two-way ANOVA followed by Tukey). D Appetitive and F aversive olfactory related 

associative memory formation of the flies that are expressing the Shits in the MB188B DANs. Blocking the synaptic 

output of the MB188B DANs during the acquisition and retrieval of the memory did not affect the memory 

formation ability (the experimental groups are colored for simplicity; statistics two-way ANOVA followed by Tukey 

tests,*p values are indicated on the plots).     

 

Since the inhibition of synaptic transmission from the MB188B DANs created the same effect as 

hyperpolarizing them using the optogenetic tool gtACRI, this increase in food uptake at the restrictive 

temperature was expected. The permissive temperature was considered as insufficient for the Shits 

mutant expression. Yet, I observed a similar increase in the food uptake at 25°C. This increase might be 

resulted from the leaky expression of the mutant Shits under permissive temperature. If the mutant 

dynamin was expressed even in to a small degree, this might result in decreased synaptic output leading 

the feeding enhancement.  

 

On the other hand, the depolarization of the MB188B DANs during the feeding assay by the optogenetic 

tool csChrimson upon red light stimulation did not affect the food uptake (Figure 3.10C). 

 

All in all, these results show that the MB188B-DANs are involved in the circuitry behind the food uptake 

behavior, but only in a unidirectional way. The inhibition of these DANs resulted in an increase in the 

food uptake. Therefore, it is possible that the structural plasticity of these DANs might affect feeding 

behavior in an adaptive manner.   

3.5.2 Dopaminergic neurons of the MB188-Gal4 line do not play any role in learning and 

memory formation 

  

In the previous part, my data suggested an involvement of the MB188B-DANs in feeding. Another 

behavior that was shown to be enhanced upon calorie restriction was the appetitive learning ability 

under the short period of starvation (Figure 3.4C). Therefore, a potential role of the MB188B DANs was 

also examined in the context of appetitive memory formation. 
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Similar to the previous part, the MB188B-Gal4 driver line was crossed with the UAS-Shits expressing 

flies (experiment group). Then, the memory formation and the retrieval of these flies together with the 

genetic control flies were tested under permissive and restrictive temperatures. The flies were tested 

in both appetitive and the aversive associative learning paradigms.  

 

The appetitive associative learning scores of the flies in every group are around 0.3-0.4. No statistically 

significant difference was observed between the genetic control conditions and temperature control 

conditions (Figure 3.10D). Similarly, no significant difference in the aversive learning score was 

observed in the experimental group flies under the restrictive temperature compared to its 

corresponding genetic control groups (Figure 3.10E). The slight decrease in the learning score in the 

test group (indicated by dark color) was only significant to the learning scores of the genetic control 

groups under the permissive temperature. The significance in the decrease could be the temperature 

and genetic effect combined instead of the learning deficiency. Additionally, it should be noted that 

the sample size of this experiment was lower than usual sample size. 

 

In this chapter, I analyzed the function of the MB188B DANs in learning and feeding behaviors. I 

concluded that the MB188B DANs were not involved in learning but in food uptake behavior. The 

involvement of the MB188B-DANs in the food uptake circuitry supports my hypothesis that the 

structural changes of the MB188B-DANs can be an explanation for food uptake adaptation under the 

hypocaloric dietary condition. Unlike the hypocaloric dietary effect on the appetitive learning, the 

manipulation of the MB188B DANs per se does not lead to any impairment or enhancement in the 

appetitive memory. However, the hypothesis depicted above can still be applied as the learning score 

enhancement under hypocaloric dietary could also be a result of an increased food uptake motivation 

(i.e., “hunger”) rather than an increase in memory formation ability. 

3.6 Structural and functional adaptation of dopaminergic neurons 

covered by MB188B-Gal4 occurs at the postsynaptic sites 

 

As stated earlier, I hypothesized that structural modifications in the MB188B-DANs are a cause of 

behavioral adaptations occurring as a result of the calorie restriction conditions. So far, the structural 

modifications that were examined in this study by using the tool splitGFP reconstitution (or, sometimes 
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termed “GRASP”). In previous chapters, a decrease in connectivity was shown between the MB188B-

DANs and KCs using this tool. However, I argued that the reconstitution can also occur by the proximity 

between two neurons along with the synaptic connections. Another uncertainty about the tool GRASP 

was that, since spGFP is fused with a membrane-bound protein, its localization is not specific to the 

pre- or postsynaptic compartments. Therefore, the synaptic sites of the connectivity change in the 

DANs upon the calorie restriction could not be spotted by utilizing this tool. 

 

Additionally, it is also important to know if the connectivity decrease changes the response of the 

MB188B DANs to certain odors, especially the odor-related odors considering the possibility of these 

DANs role in metabolic state encoding. If so, these functional adaptations can be also differentiated in 

terms of synaptic sites. 

 

Therefore, in the following section chapter, I analyzed the occurrence site of the structural adaptations 

in further detail. I also asked the question whether structural adaptations of the MB188B-DANs give 

rise to any further response adaptations upon long-term calorie restriction in the dietary. 

3.6.1 Postsynaptic sites of the MB188B DANs are re-arranged upon calorie restriction 

 

To address the question where the structural re-arrangement happens, dependent on long-term 

dietary, I took the advantage of the pre- and postsynaptically expressed functional indicators, 

sypGCaMP3 and dHomerGCaMP3, respectively. The fluorescence of these synaptically expressed 

functional indicators in the MB188B DANs was measured under different caloric dietaries.  

                               
Figure 3.11 Synaptic structural changes of the MB188B-DANs dependent on the long-term diet. A Relative GFP 

fluorescence quantification of the postsynaptically localized dHomerGCaMP3 in the MB188B DANs and B 
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presynaptically localized sypGCaMP3 under different food conditions. Postsynaptically localized reporter 

fluorescence decreased under less caloric diet. Presynaptically localized reporter fluorescence remained the same 

under different food conditions (Statistics one-way ANOVA followed by Tukey test, ***p<0.001, **p<0.01). 

 

The flies carrying the MB188B-Gal4 driver were crossed with the UAS-sypGCaMP3 and UAS-

dHomerGCaMP3 containing flies. Then, similar to the GRASP experiments, flies were subjected to 

different dietaries for 7d. Eventually, the fly brains were dissected and the GFP fluorescence of syp- 

and dHomerGCaMP3 was measured. The GFP fluorescence was normalized to the mean of its 

corresponding isocaloric group. These quantifications were done without performing any further 

antibody staining as in the case of the GRASP experiments. 

 

As a result, relative postsynaptically localized GFP fluorescence showed a decrease corresponding to 

the GRASP decrease upon nutrition restriction (Figure 3.11A). However, no difference in the 

presynaptically expressed GFP fluorescence was observed (Figure 3.11B). Thus, I concluded that the 

decrease in the connectivity takes place at postsynaptic sites, but not at presynaptic sites. 

3.6.2 The dopaminergic neurons covered by MB188B-Gal4 respond to fly food odor  

 

Additional to the structural analysis of the synaptic sites, adaptation of the response to an odor 

stimulation in these synaptic sites was also analyzed. However, prior to analyzing any functional 

stimulus-response adaptation, the responsiveness of the MB188B DANs odor stimulation had to be 

tested. Therefore, the dynamics of the presynaptic and postsynaptic responses of the MB188B DANs 

upon the presentation of certain odors were measured by two-photon Ca2+ imaging. Since the role of 

the MB188B DANs in the motivational adaptation was investigated in this study, apple vinegar (AV) and 

fly food dissolved in water were presented as food-related odors. In addition MCH and 3-Oct odors 

were chosen as non-food related odors since these odors were utilized in the learning and odor 

avoidance experiments. 

 

5-7d old flies expressing pre- and postsynaptic sensors (sypGCaMP3 and dHomerGCaMP3, respectively) 

in the MB188B DANs were presented the 4 odors; MCH (1:750 dil.), 3-Oct (1:500 dil.), AV (1:100 dil.) 

and fly food (1g/ml), while the response of these synaptic sites were measured using 2-photon 

microscopy.  
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Fly food odor responses of pre- and postsynapses are shown as representative traces and images in 

Figure 3.12A and B. In these images, the stack of the eight frames (2sec) before the odor delivery is 

shown as pre-response. The stack of eight frames following the odor onset were demonstrated as odor 

response for both MB188B-Gal4>UAS-sypGCaMP3 and the MB188B-Gal4>UAS-dHomerGCaMP3. 

Additionally, the difference between pre-response and the response was also shown for both cases 

(Figure 3.12A and B). The GCaMP3 fluorescence was much clearer in the β’1 compartment of the MB 

whereas a weak expression was visible in the γ3 region. In contrast, I failed to observe any reliable 

background fluorescence or any odor-evoked response upon the odor presentations in the γ4 region 

(Figure 3.12A and B). A stronger signal in the sypGCaMP3 was observed compared to the 

dHomerGCaMP3. These signal levels were correlated with the previous anatomical results showing that 

the main innervations of the MB188B DANs on the MB are presynaptic (Figure 3.8). 
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Figure 3.12 Odor evoked-responses of the MB188B DANs. A-B Representative examples of the presynaptic and 

postsynaptic food odor responses, respectively. Ca2+ signals of the pre- and postsynaptic indicators (syp- and 

dHomerGCaMP3 respectively) prior to the odor presentation (left column), response to the fly food odor (middle 

column), and the difference between the pre-response and odor response (right column). The β’1 and γ3 regions 

were distinguishable and indicated by a straight and dashed line, respectively. C-D Odor response traces of the 

sypGCaMP3 and dHomerGCaMP3 respectively upon different odor presentations in the β’1 compartments 

plotted as ΔF/F0 against the time axis (in sec). The red bar under the time axis shows the odor delivery onset and 

the duration (2.5sec). The stronger response was observed against the fly food odors. E Odor response traces of 

the sypGCaMP3 upon different odor presentations in the γ3 compartment. A late signal was evoked upon the 

offset of the β’1 signal (courtesy of Clare E. Hancock).      

 

The calcium dynamics of a single fly expressing either the MB188B-sypGCaMP3 or MB188B-

dHomerGCaMP3 are shown in Figure 3.12C and D. Each of these two flies was presented 4 odors as 

described. The response of the β’1 and γ3 compartments were analyzed separately. These traces 

demonstrated a strong response to the fly food odor presentation while the response to AV and 3-Oct 

were relatively weak. Interestingly, the MB188B DANs also showed a strong response to MCH (Figure 

3.12C and D). In this particular single fly case, I observed an off response in the γ3 compartment 

following the offset of the β’1 response except for food smell (Figure 3.12E). However, this response 

dynamic between different compartments was not observed in every response traces. Finally, in the 

case of the 3-Oct response measurement of the dHomerGCaMP3, the signal was lost due to technical 

reasons. Therefore, the 3-Oct response was not included in Figure 3.12D.  

3.6.3 Postsynaptic responses of the MB188B DANs to the food odors depend on the dietary 

 

Subsequent to testing the responsiveness of the MB188B DANs, the adaptation in the pre- and 

postsynaptic response change dependent on the long-term calorie restriction was measured. These 

functional adaptations could then also be correlated with the structural plasticity of these DANs. 

 

10d old female flies expressing the pre- and postsynaptic Ca2+ indicators in the MB188B DANs, were 

stimulated with fly food odor under 2-photon microscopy following the exposure to different dietaries. 

Then the responses in corresponding synaptic sites were monitored. Fly food odor was chosen here as 

the response against this odor was greatest. Additionally, I speculated that the food smell response 

should be adjusted if the structural plasticity in these DANs is the underlying reasons for the feeding-

related behavioral adaptations.  
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As a result, the average response traces of the postsynaptically localized dHomerGCaMP3 showed a 

slight increase in the β’1 compartment under calorie restriction conditions (Figure 3.13A). Similarly, 

there was also a slight increase in the γ3 region response (Figure 3.13B). The increase in the γ3 region 

was rather a late response that could be aroused by the activity of the β’1 and could be an indication 

of a self-feedback mechanism. On the other hand, I did not observe any difference between the 

response of the presynaptically localized sypGCaMP3 in any compartments under different food 

conditions (Figure 3.13C and D).  

 
Figure 3.13 Food odor-evoked response change in the MB188B DANs dependent on the dietary. A-B  Food odor 

response traces (ΔF/F0) of the MB188B DANs expressing the presynaptically localized sypGCaMP3 Ca2+ indicator 

plotted against the time (in sec). Responses of the β’1 and γ3 innervations of the MB188B DANs were plotted 

respectively. No difference in the presynaptic response was observed under different dietary conditions. C-

D Food odor response traces (ΔF/F0) of the MB188B DANs expressing the postsynaptically localized 

dHomerGCaMP3 Ca2+ indicator. There was a slight increase in the postsynaptic response of the MB188B DANs in 

each compartment to the fly food odor (line is the mean; shaded area SE; the red bar indicates the odor 

presentation; odor onset 6.25sec for 2.5sec; courtesy of Clare E. Hancock, n=8). 

 

In this chapter of the study, I showed that the MB188B DANs were responsive to food-related odors 

indicating the role of the MB188B DANs in feeding-related behaviors again. Moreover, I showed that 

the MB188B DANs underwent not only the structural changes but the postsynaptic response also 
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changes slightly. This slight increase needed to be examined further. It could also be a result of the 

structural plasticity. 

3.7 Functional and structural adaptation is a compensatory, long-term 

process 

 

Up to this point, structural and functional adaptations dependent on the calorie restriction were 

shown. Additionally, the role of the MB188B DANs in feeding was shown. Structural changes in these 

DANs were aimed to be associated with the feeding-related behavioral adaptations upon the calorie 

restriction. From this point on, I will discuss possible mechanisms behind these structural changes. To 

begin with, the dynamics of the structural and functional adaptations were crucial to understanding 

during the exposure of the long-term diet.   

 

Considering the life span of an adult Drosophila, I set long-term experimental paradigms as 7d. As a 

result of this long-term exposure, I was able to detect the adaptations in fly behaviors as well as the 

structure in a group of MB-related modulatory neurons. However, it was also possible that these 

adaptations were rather an immediate effect of nutrition restriction or even of starvation. Thus, in this 

chapter I will address three questions: What are the dynamics of the functional and structural 

adaptations under different food conditions? At which time point the structural and functional 

adaptations take place? And finally, does the effect of calorie restriction result from starvation?  

 

As the functional imaging of the neurons was not informative about the dynamics of the cell activity 

over time, accumulated cellular activity was measured by taking the advantage of a tool called “CaLexA” 

(Masuyama et al., 2012). GFP expression quantification in the cell body compared under different 

conditions was taken as increased activity of the cells over time. Additionally, GRASP fluorescence was 

used as connectivity measurement.  

 

To examine the dynamics of the connectivity change, the MB188B-Gal4 driver line was crossed with 

the UAS-MBGRASP expressing flies. 3d old female flies were placed on different dietaries as described 

before. Then, the reconstituted GFP level was measured at different timepoints following the onset of 

the dietary, 1d, 3d, 5d, 7d, 14d, and 28d after onset. Similar to the connectivity change, the activity 

analysis was done in the same way with the flies expressing CaLexA in the MB188B DANs.  
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3.7.1 Functional and structural changes do not depend on starvation  

 

Prior to the analysis of the activity and structural changes over time, I wanted to eliminate the 

possibility that structural and functional plasticity under hypocaloric food condition resulted from the 

constant starvation of the animal due to the lack of nutrition. Therefore, I measured the connectivity 

and the activity of the MB188B-DANs under different starvation periods, 24h and 48h. 

 

5-7d old flies expressing the MBGRASP constructs and the CaLexA in the MB188B DANs were starved 

for 0h, 24h and 48h in parallel. Then, the GFP signal was quantified as described above. As a result, no 

significant difference in the CaLexA signal (Figure 3.14A) and the GRASP signal (Figure 3.14B) was 

observed between the starved and non-starved flies.  

 

It is also possible that the small changes in the activity upon hunger may not be detectable by the 

CaLexA tool. As for the connectivity change, I concluded that structural re-wiring is a long term process 

and the starvation is not the reason behind this phenomenon.   

                              
Figure 3.14 Functional and structural modifications upon the starvation. A Relative CaLeXA signal quantification 

in the starved and non-starved flies. The functional changes due to starvation were not detected by the 

measurement of the GFP signal of the CaLexA. B Relative GRASP signal quantification. Starvation had no effect on 

the connectivity between the MB188B DANs and KCs (Statistics one-way ANOVA followed by Tukey test, p>0.5). 

3.7.2 Change in activity of MB188B-DANs occurs earlier than structural changes 

 

In this section, I aimed to test the activity and connectivity changes of the MB188B DANs over time 

following the onset of the diet. To do so, I compared the relative GRASP signal and CaLexA signal 
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expressed in the MB188B DANs at different time point of the dietary with the corresponding isocaloric 

conditions.  

 

However, before I compared the relative GRASP and CaLexA change, I wanted to understand the 

dynamics of the connectivity and the activity of these DANs independent of any change in the 

experience of the flies. Therefore, I compared the GFP signal levels measured under only isocaloric food 

condition over different periods. 

 
Figure 3.15 Dynamics of the functional and structural changes over time under different dietary conditions. A-

B  Quantifications of the GFP signal over time under isocaloric food conditions (Dots are the mean values, error 

bars are SE; statistics one-way ANOVA followed by Tukey test, ***p<0.001, **p<0.01, *p<0.5). A  GFP signal 

increased with the fly age indicating the accumulation of the GFP over time. B The GRASP signal also increased 

with the fly age and started decaying due to the aging after 14d following the dietary onset. C Quantification of 

the relative CaLeXA signal under different food conditions at different time points following the dietary onset. 

The activity of the MB188B DANs was significantly higher in the flies exposed to the calorie restriction after 5d 

following the dietary onset. This increase remained significant in the later time point (7d). D Quantification of the 
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relative GRASP signal under the different dietary conditions at different time points after the dietary onset. The 

decrease in the connectivity started after 7d due to the caloric restriction. The decrease in the connectivity 

maintained for a while but not after 28d (Statistics one-way ANOVA followed by Tukey test, ***p<0.001, 

**p<0.01, *p<0.5).  

 

A steady increase in the CaLexA signal was observed over time as expected since the GFP was 

transcribed and accumulated over time (Figure 3.15A). Two arguments could be given to explain the 

increase in the CaLexA signal: First, the GFP turnover could be much slower than its 

transcription/translation. Second, the GFP that was transcribed upon the cellular activity may not be 

degraded at all. In any case, steady accumulation of the GFP over time ensures that the GFP signal is a 

reliable activity measurement. 

 

Similar to the CaLexA signal, the reconstituted GFP  signal showed an increase in the early stage of flies 

and reached a saturation at 5d after the dietary onset (Figure 3.15B). The reconstituted GFP signal 

remained stable over a certain period of time followed by a sharp decrease after 28d from the dietary 

onset (Figure 3.15B). Dynamics of the MB188B DANs activity was expected to be different than the 

connectivity since the CaLexA is an accumulative activity indicator. On the other hand, the connectivity 

of the neurons can increase or decrease depending on the age of the flies, or structural re-arrangement 

of the neurons for any reason. This slight increase in the GRASP signal can be explained by the ongoing 

development of the brain (or of the MB-related neurons). Since the GRASP signal reaches a peak after 

5d following the onset of diet, the initial measurements after 7d dietary were considered as in the 

reliable range to measure the long-term effect of the dietary. Finally, the GRASP decrease observed in 

the later onset of the dietary (28d) was speculated as connectivity lost as a result of aging. Thus, the 

connectivity change measurements may not be reliable during these ages because the GRASP signal 

decays due to the advanced age of the flies. 

 

After comparing the CaLexA and GRASP fluorescence dynamics in the fly brain independent of diet, 

next, I analyzed how the signal of the CaLexA and GRASP changed over time dependent on the exposure 

to different dietaries relative to the isocaloric correspondence. 

 

The CaLexA measurement showed that the relative activity of the MB188B DANs was increased after 5 

days following the onset of the diet under hypocaloric food condition (Figure 3.15C). This increase 

remained significant after 7 days of dietary exposure. In addition, an increase under hypercaloric 
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condition was also observed in 3days after the dietary onset, but this increase was not continuous over 

time in the long run (Figure 3.15C). 

 

On the other hand, the GRASP measurement between different dietary conditions showed a late 

adaptation relative to the functional adaptation. No significant difference was observed under any 

dietary condition until 7 days following the dietary onset. However, the connectivity was decreased 

after 7 days (Figure 14.D). Even though the relative decrease relative to isocaloric condition was 

maintained after 14 days, it was rather less drastic. Finally, there was no difference observed 28 days 

following the onset of the diet. This small GRASP signal difference between dietary conditions at 14 

days and the complete abolishment of this difference at 28 days was expected due to the advanced 

age of the flies. Therefore, the abolishment of the structural plasticity in the long term was concluded 

as independent of the external conditions.  

 

Moreover, the increase in the CaLexA signal under the hypercaloric condition is observed former to the 

decrease in the GRASP signal under the same condition. This temporal difference in the occurrence of 

the functional and structural adaptations could be an indication of activity-induced structural plasticiy 

(Figure 3.15C and D). 

 

As a result, I concluded that the changes in the activity and the structure of the MB188B DANs did not 

result from the constant food deprivation of the flies. On the contrary, the changes occur in a prolonged 

manner as an adaptation to the long-term nutrition restriction. Additionally, the functional adaptations 

of the MB188B DANs take place prior to the structural adaptations, which can be the main reason 

behind the  structural adaptation.  

3.8 Structural synaptic plasticity can be induced optogenetically 

 

As stated earlier, the dynamics of the structural and the functional changes in the MB188B DANs 

demonstrated that the activity of the MB188B DANs increased prior to the decrease in the connectivity 

(Figure 3.15). This situation gave rise to the possibility of activity-dependent structural change 

mechanisms. Thus, I questioned if an early activity increase could be a reason behind the structural 

changes.  
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I addressed this question by artificially depolarizing the MB188B DANs over a long period by the 

csChrimson and the ChR-XXL tools. Then, the GRASP fluorescence was examined. A decrease in the 

connectivity was expected if the connectivity decrease was long-term depolarization-dependent under 

hypocaloric conditions. Additionally, I artificially increased the cAMP level by the light-gated adenylate 

cyclase bPAC (Stierl et al, 2010) as a second mechanism and examined any potential GRASP change. 

This tool was used considering the possibility of metabotropic signal transduction as a downstream of 

(auto)regulation mechanism based on the MB188B DANs activity increase. In these experiments in 

which the effect of the hypocaloric food were mimicked, I kept the flies on the isocaloric food during 

the long-term light stimulation. The light stimulation started when the flies were 3 days old as in the 

case of the onset of dietary. Prior to the onset of the light stimulation, the flies were allowed to fully 

develop on the standard fly food as usual. 

3.8.1 Long-term optogenetic activation of the dopaminergic neurons covered by MB188B driver does 

not lead to any structural change in the MB188B DANs 

 

To answer the question if the long-term activity increase results in the connectivity decrease, I crossed 

the flies expressing an optogenetic activation tool, either the UAS-csChrimson or UAS-ChR-XXL and 

UAS-MBGRASP with the flies containing the MB188B-Gal4 driver. Experiments were performed as 

described above (and also see 2.2.12). I also tested genetic control flies in which only the MBGRASP 

complex was expressed in the 188B DANs but not the optogenetic tool. Additionally, I subjected half of 

each genetic group to darkness as control of unstimulated MB188B DANS. 

 

The relative GFP fluorescence under the light stimulation condition was calculated by normalizing the 

data to the mean GRASP intensity of the corresponding background under dark conditions. I aimed to 

eliminate the effect of the Gal4 protein dilution due to the different copy numbers of the UAS construct. 

Thus, the mean of the “dark groups” for both crosses is equal to 1 in the relative reconstituted GFP 

fluorescence plots (Figure 3.16). 

 

As a result, increasing the activity of the MB188B DANs by depolarizing the cells for a long period with 

csChrimson did not create any difference in the GRASP signal between any group (Figure 3.16A). 

Similarly, activating the MB188B DANs for a long period by the ChR-XXL did not lead to any change in 

the GRASP signal between genotypes either (Figure 3.16B). However, I observed a bleaching effect in 

the GRASP signal due to the strong and long-lasting light stimulation independent of optogenetic tool 
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expression (Figure 3.16B). Therefore, I concluded that the long-term depolarization of the MB188B 

DANs by the cation channels based on channelrhodopsins do not mimic the decrease in the 

connectivity.   

 

 

Figure 3.16 Induction of the structural changes in the MB188B DANs. A Quantification of the relative GRASP signal 

in the MB188B DANs upon the long-term activation via the csChrimson. No GRASP difference was observed 

between the optogenetically activated MB188B DANs and non-activated DANs. B Quantification of the relative 

GRASP signal in the MB188B DANs upon the long-term activation via the ChR-XXL. No difference was observed 

between the relative GRASP signals of the ChR-XXL expressing and non-expressing DANs. However, the light 

induction had bleaching effect on the GRASP signal (Statistics two-way ANOWA, p=0.0471 between the light 

treated groups and dark groups). C Quantification of the relative GRASP signal in the MB188B DANs upon the 

long-term induction of the cAMP production via the bPAC. The long-term cAMP induction created a decrease in 

the relative GRASP signal. The bleaching effect of the white LEDs were also observed in this experiment (Statistics 

two-way ANOVA followed by Tukey test, ****p<0.0001, **p=0.0072, *p=0.0127). 

3.8.2 Long term induction of the cAMP increase can mimic the effect of the hypocaloric dietary on 

the MB188B DANs structure 

 

In the previous part, I concluded that it is not the long-term artificial depolarization of the MB188B 

DANs promoting the structural induction. Next, I increased the cAMP level of the MB188B DANs for a 

long period to test the resulting effect on the structural changes.  

 

Thus, I expressed the UAS-bPAC under the MB188B-Gal4 driver along with the UAS-MBGRASP. 

Experimental design and data analysis were performed in the same way as in the case of the csChrimson 

(or the ChR-XXL). White LED lights were used to simulate bPAC. 
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Here, I also observed that light stimulation per se causes the GRASP signal to bleach independent of 

the fly genotype as in the case of the ChR-XXL (Figure 3.16B). However, the change in the GRASP signal 

due to the structural modification was still detectable since the relative GRASP fluorescence was 

calculated. The GRASP signal quantification showed that when the cAMP level was increased by the 

light stimulation in the MB188B DANs, the connectivity decreased compared to the flies that did not 

express the tool bPAC (Figure 3.16C).  

 

As a result, I concluded that the effect of the hypocaloric dietary on the connectivity, which was a 

decrease in the GRASP signal, could be mimicked by the long-term artificial induction of the cAMP 

production even under isocaloric dietary. In contrast, long-term depolarization of MB188B DANs failed 

to create the same effect. 

3.9 Artificial induction of the structural changes alter food uptake 

 

The ultimate aim of this study was to investigate the behavioral adaptations and the underlying 

structural changes dependent on the long-term experience of different caloric value dietary 

in Drosophila. I figured that the MB188B DANs decrease their connectivity on the KCs under low calorie 

food condition. More strikingly, this decrease can be induced artificially by the elevation of the cAMP 

level in the cells.  

 

What is most interesting at this point is, whether the behavioral adaptations can also be induced by 

the artificial induction of this structural decrease. Therefore, in this section, I artificially induced the 

structural changes as described previously. Then, I tested the food uptake behaviors of the flies along 

with the appetitive learning enhancement under the short time starvation period. In this way, the 

connectivity decrease in the MB188B DANs could be directly linked to the adaptations in the feeding-

related behaviors. 

3.9.1 Long-term elevation of the cAMP results in an increased food uptake when it is 

followed by an acute induction 

 

Previously, I showed strong evidence that the MB188B DANs were involved in the neuronal circuitry 

responsible for the motivation for food uptake. Additionally, I proved that these DANs were also 
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subjected to the structural modifications upon calorie restriction. However, a direct evidence of the 

structural modifications resulting in the feeding increase was required.  

 

Thus, I took the opportunity to induce the structural changes in these DANs to test if the behavioral 

output of the flies was similar to the flies fed with hypocaloric dietary. In response to this question, I 

crossed the MB188B-Gal4 flies with the UAS-bPAC. Genetic control flies expressing only one copy of 

either driver or the genetic tool were also tested in parallel.  

 

Then, I subjected the flies to the long term light induction as well as complete darkness. Afterwards, 

the flies were starved and tested in the CAFE assay for food uptake in the complete darkness. As a 

result, no increase in the food uptake was observed that might develop from the long term induction 

of the structural changes in the MB188B DANs (Figure 3.17A). The food consumption of all the flies was 

around 0.4-0.µl independent of the early long-term light exposure.  

 

  
Figure 3.17 Effect of the structural plasticity induction in the MB188B DANs on the feeding-related 

behaviors. A Food uptake upon creating the structural changes measured in darkness. The early long-term 

stimulated flies did not exhibit any difference in the food uptake (Statistics two-way ANOVA followed by Tukey 

test, *p=0.0136) B Food uptake upon creating the structural changes measured under the light stimulation to 

maintain the cAMP level. The acute elevation of the cAMP combined with the long-term elevation resulted in the 

enhancement in the food uptake (Statistics two-way ANOVA followed by Tukey test, ****p<0.0001, 

***p=0.0002). C Appetitive learning scores of the flies subjected to the long term light induction. The long-term 

light induction did not lead to an appetitive memory formation enhancement under six hours starvation condition 

(Statistics two-way ANOVA followed by Tukey test). 

 

Additionally, I conducted the same experiment while the flies were acutely stimulated by light during 

the CAFE assay in addition to the long-term activation. Here, as the control group, the flies that were 

not subjected to the long-term induction were tested again. I observed a general increase in food 

uptake when the cAMP level kept increased independent of the early long-term induction. Interestingly 
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enough, when the acute elevation in the cAMP was combined with the long term structural effect of 

the cAMP elevation, the food uptake was enhanced by ~30% (Figure 3.17B). This enhancement was 

significant to its corresponding genetic controls as well as the only acutely induced flies (Figure 3.17B). 

Thus, I concluded that the food uptake of the flies was increased as in the hypocaloric dietary condition 

case, when the induction of the structural modification was combined with the elevation of the cAMP 

during the food uptake test.       

3.9.2 Induction of the structural changes does not affect the learning performance of the 

flies 

 

Following the enhancement of food intake, I questioned whether the same enhancement could be 

observed in the appetitive olfactory learning performance of the flies. If the structural change induction 

in the MB188B DANs could increase the motivation of the flies, the appetitive learning ability under a 

shorter starvation period (6h), would be also enhanced similarly as under the hypocaloric condition.  

 

Thus, the connectivity decrease was induced as in the previous experiments. Then, the appetitive 

associative learning ability of the flies was tested after the 6h starvation period. It should be noted that 

the learning experiments were performed without any further light stimulation. The flies that were 

subjected to artificial induction of the structural changes failed to show a stronger learning 

performance compared to those flies that did not express the optogenetic tool or exposed to the early 

light stimulation (Figure 13.7C). The learning scores of all flies were around 0.2-0.3. This score was 

expectedly less compared to the 24h starved flies’ learning performance.  

 

I concluded that the induction of the structural plasticity did not enhance the appetitive learning scores 

(Figure 3.17C). Here, it should be emphasized again that the experiments were conducted without 

further light induction. This means that the cAMP level was not acutely increased during the 

experimenting as in the food uptake. Thus, it is still possible that the induction of the plasticity might 

enhance the appetitive memory formation if the cAMP level was kept high during the experiment.  

 

All in all, either the structural changes were not involved in the learning and memory formation or 

increase in the motivation could not be achieved due to the lack of the acute cAMP increase. On the 

other hand, I finalized that the structural modifications in the MB188B DANs affect the motivation for 

food uptake if the downstream cAMP level remained elevated.     
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3.10 MB188B DANs-mediated food uptake is affected by neuropeptides  

 

By now, it was shown repeatedly that the MB188B DANs were involved in the circuitry orchestrating 

the feeding behavior. Additionally, I speculated that the modulation of the structure of these DANs 

leads to the following modulations of the feeding behaviors. Starting from this chapter, I focused on 

the circuitries modulating the motivational state. I questioned the involvement of these circuitries in 

the MB188B DANs-mediated food uptake behaviors. Additionally, the role of these circuitries was also 

investigated in the context of the structural adaptations in the MB188B DANs. 

 

Food uptake in insects is regulated by hunger- and satiety-signaling neuropeptides, similar as in the 

mammals. Drosophila has also a huge number of neuropeptides that signal for the satiation and hunger 

in the fly brain inhibiting or inducing the food uptake, respectively (see section 1.4). I showed that the 

lack of activity, as well as the decrease in the connectivity, in the MB188B DANs enhanced food uptake. 

Therefore, it is highly likely that the activity of the MB188B DANs is regulated by neuropeptides and 

the structural modifications are a result of this long-term regulation. In this chapter, I aimed to figure 

out if the MB188B DANs interact with any neuropeptide to promote the food uptake and if these 

interactions lead to structural modifications.       

      

3.10.1 The MB188B DANs are involved in the food uptake decrease upon the AstA satiety 

neuropeptide release 

 

As I showed that the MB188B DANs were involved in food uptake, I reasoned that it is highly plausible 

that the MB188B DANs obtain information about the internal state from neuropeptides. One well-

known satiety-signaling neuropeptide AstA is shown to inhibit the feeding behavior of the flies. It is also 

known to inhibit the γ3 innervating PAM DANs (Hergarden et al., 2012; Yamagata et al., 2016). These 

two arguments make the AstA a strong candidate to be the state-dependent signaling neuropeptide on 

the MB188B DANs. 

 

To examine the communication between the MB188B DANs and the AstA, I first questioned whether 

the arborizations of the MB188B DANs were in proximity or contact with the AstA neuropeptide. 

Therefore, I stained the AstA neuropeptide in the brains expressing GFP in MB188B DANs. Confocal 
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microscopy images focused on the PAM and MB area revealed that the AstA peptide was co-localized 

with the MB188B-DANs mainly outside of the MB (Figure 3.18A). I showed earlier that the dendritic 

tree of the MB188B DANs were also arborizing mainly outside of the MB (Figure 3.8). 

 

Figure 3.18 Role of the AstA satiety neuropeptide in the M188B DANs-mediated feeding and the structural 

adaptation. A Confocal stack of the AstA immunostaining on the fly brain expressing GFP in the MB188B DANs. 

The AstA peptide co-localized with the GFP mostly outside of the MB (indicated by the yellow arrowheads; GFP 

in green, AstA in magenta, MB indicated in white borders; scalebar is 50µm). B-C Food uptake upon AstA 

downstream signaling downregulation by RNAi interference of the AstA receptors, DAR1 and DAR2. Food uptake 

of the flies was enhanced upon AstA receptor downregulation in the MB188B DANs (Dicer is expressed to enhance 

the effect of the RNAi; Statistic one-way ANOVA followed by Tukey test, ***p<0.001, **p<0.01, *p<0.5) D Relative 

GRASP quantifications between the MB188B DANs and KCs under different caloric value dietaries when the AstA 

receptor was downregulated in these DANs. No connectivity modification was observed when the AstA receptor 

signaling was disrupted under different dietaries (Statistic one-way ANOVA followed by Tukey test).  

 

Next, I tested the neuronal communication of the AstA with the MB188B DANs. I took the advantage 

of a RNA interference tool to downregulate the downstream signaling of the AstA in the MB188B DANs. 

There are two receptors of AstA in Drosophila; DAR1 and DAR2 (Larsen et al., 2001). I expressed the 

RNAi interference tools against these two receptors, UAS-DAR1shRNA and UAS-DAR2RNAi, respectively 

in the MB188B DANs. Then, the food uptake of the flies was tested in the CAFE assay. The flies that had 

one copy of either the driver or the receptor RNAi were treated as control groups. 

 

Since the inhibition of the AstA is known to promote the feeding behavior, this downregulation was 

expected to lead to the feeding enhancement if the MB188B DANs are involved in AstA-mediated 

feeding circuitry. As expected, an increase in food consumption was observed when downstream of 
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AstA is downregulated in the MB188B DANs (Figure 3.18B and C). By this enhancement, I came to the 

conclusion that the MB188B DANs are a part of the AstA-mediated feeding circuitry.  

3.10.2 Downregulation of the AstA neuropeptide signaling in the MB188B DANs disrupts 

the dietary-dependent structural modification 

 

The MB188B DANs were shown earlier to undergo structural re-arrangements upon calorie restriction. 

Additionally, I showed that the AstA neuropeptide conveys the information about the internal state. 

Considering the fact that the AstA is a satiety signaling neuropeptide, AstA was expected to decrease 

under the hypocaloric condition, thus promoting the food uptake. This phenomenon was mimicked in 

the previous section by down-regulation of the downstream signaling in the MB188B DANs. Therefore, 

I reasoned that the long-term decrease in the AstA signaling dependent on the low-calorie dietary 

exposure could be the cause of the induction of structural plasticity. 

 

To test this possibility, I expressed the RNA interference tool, DAR1shRNA, under the MB188B-Gal4 

driver together with the MBGRASP. The flies were exposed to the different caloric value dietaries to 

test if the structural re-arrangement was maintained. The relative GFP reconstitution was calculated 

by normalizing the values to the GRASP signals in the flies that do not express interference tool and are 

fed with isocaloric dietary.  

 

GRASP measurements showed that the long-term calorie restriction did not lead to any connectivity 

decrease in the DANs anymore when the AstA signaling was disrupted in these DANs (Figure 3.18D). 

Therefore, I concluded that the disruption of the AstA signaling in the MB188B DANs also resulted in 

the disruption of the structural re-arrangements. 

 

In accordance with our AstA signaling investigation, I drew the conclusion that the MB188B DANs 

acquired information about the internal state of the flies via the AstA signaling. The long-term reduction 

in the AstA signaling, hence the increase in the activity of the MB188B DANs, resulted in the structural 

modifications. I showed previously that the long-term elevated cAMP also yielded in a structural 

decrease in MB188B DANs. Thus, it is also possible that elevated cAMP originated from the activity 

increase due to lack of AstA neuropeptide.  
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3.10.2 SI Downregulation of the SIFamide neuropeptide signaling does not disrupt the 

dietary-dependent structural modification 

 

In parallel with a satiety signaling neuropeptide, the role of a hunger neuropeptide in the MB188B 

DANs-mediated food uptake was also tested. I took the SIFamide as the hunger signaling neuropeptide 

since the feeding of the flies is promoted upon SIFa release (Martelli et al., 2017). Thus, I conducted 

the same type of experiments as in the case of the AstA signaling investigation to test the role of SIFa 

in this circuitry. 

 

Initially, I characterized the proximity of the SIFa neuropeptide by immunostaining against the SIFa 

antigen in the fly brains where the MB188B DANs were expressing the GFP. A wide-range of co-

localization between the GFP reporter and the SIFa staining was observed especially on the MB (Figure 

3.19A, yellow arrowhead). Previously, I demonstrated that the arborizations of the MB188B DANs on 

the KCs was primarily presynaptic. Thus, the vicinity between the DANs and the SIFa on the MB is highly 

likely and that the SIFa is postsynaptic to the MB188B DANs rather than providing the information to 

these DANs. 

 
Figure 3. Role of the SIFa hunger neuropeptide in the M188B DANs-mediated feeding and the structural 

adaptation. A Confocal microscopy imageof the SIFa immunostaining on the fly brain expressing GFP in the 

MB188B DANs. The SIFa peptide co-localized with the GFP also on the MB (indicated by the yellow arrowhead; 

GFP in green, SIFa in magenta; scalebar is 50µm). B-C Food uptake upon SIFa downstream signaling 

downregulation by RNAi interference of the AstA receptors, SIFarec. Food uptake of the flies was not affected 

upon SIFa receptor downregulation in the MB188B DANs (Dicer is expressed to enhance the effect of the RNAi; 

Statistic one-way ANOVA followed by Tukey test, p>0.5) D Relative GRASP quantifications between the MB188B 
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DANs and KCs under different caloric value dietaries when the SIFa receptor was downregulated in these DANs. 

Decrease in connectivity was not affected by disruption of SIFa downstream signaling (Statistic one-way ANOVA 

followed by Tukey test, **p<0.01). 

 

Next, I downregulated the SIFamide receptor (SIFarec) by expressing the SIFarec-RNAi, an RNA 

interference tool, in the MB188B DANs. With this way, the possible downstream signaling of SIFa 

peptide in these DANs would be disrupted. Then, the food uptake of the flies was measured by CAFE 

assay. The downregulation of the SIFarec did not lead to any change in the food uptake of the flies 

(Figure 3.19B). 

 

Finally, the effect of SIFa signaling on the structural modifications dependent on the dietary was also 

measured in the same way as AstA signaling. Similar to the feeding behavior, the downregulation of 

the SIFarec in MB188B DANs did not have any effect on the structural plasticity as well. The disruption 

of the SIFa signaling pathway in the MB188B DANs could not prevent the decrease in the connectivity 

of the MB188B DANs upon calorie restriction (Figure 3.19C). 

 

As the connectivity of the MB188B DANs on the MB remained decreased compared to the isocaloric 

food conditions, and the food uptake remained unaltered upon the SIFa signaling disruption, I 

concluded that the SIFa signaling is not informative on the functional and structural modifications of 

the MB188B DANs. However, an input to the MB188B DANs about the internal state of the flies through 

SIFa signaling cannot be ruled out. 

 

All in all I showed that calorie restriction in flies is a suitable tool to investigate the mechanisms of the 

physiological and behavioral adaptations in Drosophila. The flies exhibited adapted behaviors upon 

long-term calorie restriction exposure such that food-seeking behaviors were enhanced. In addition to 

these adaptations, I showed that a population of modulatory neurons in the adult Drosophila brain 

remained plastic and underwent structural refinements upon calorie restriction. These neurons are 

called MB188B DANs in this study. The MB188B DANs decreased their connectivity on the MB upon 

calorie restriction in the diet. 

 

I argued that these structural refinements underlie the behavioral adaptations by showing several 

pieces of evidences: First, the MB188B DANs were shown to be involved in the feeding-related 
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behaviors. Second, the communication of these DANs was proven with AstA satiety neuropeptide. This 

communication provides an increased food uptake with a decreased AstA signaling.  

 

Additionally, the structural refinement of the MB188B DANs could be induced by the elevated cAMP 

level. This elevation was possibly a downstream regulation mechanism of the decreased AstA satiety 

signaling. When this induction was combined with the maintained cAMP rise in the MB188B, food 

uptake of the flies was enhanced mimicking the long term exposure to the hypocaloric diet. These 

findings provided further evidence that the structural modifications of the MB188B DANs are involved 

in the adaptation of food uptake upon the long term calorie restriction.  
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4 Discussion 

4.1 Significance of this study 

 

Adaptation is of utmost importance for any organism to survive in an ever-changing environment. 

There are different types of adaptations occurring at the individual level (Ebenman, 1992; Werner, 

1992) or even through the generations via genetic modifications (Alberch et al., 1979; Donoghue and 

Dong; for Drosophila studies: Burke et al., 2010; OROZCO‐terWENGEL et al., 2012). This study focused 

on adaptations that took place at the level of individuals dependent on the environmental factors and, 

as a result, intrinsic states.  

 

Adaptation can occur in a short-term period, like generating familiarity to an odor or punishment 

expectancy (e.g. Hattori et al., 2017; Riemensperger et al., 2005). These types of adaptation are often 

rather short-lived. On the other hand, the animals can also exhibit long-lasting adaptations (e.g. 

Luckinbill et al., 1984; Partridge and Farquhar, 1981; Partridge et al., 1987).This study presented here 

focused on relatively long-lasting adaptations. Ultimately, I aimed at pinpointing changes in the nervous 

system underlying these adaptations dependent on the environmental conditions. It was investigated 

how neuronal networks are re-structured in the Drosophila brain such that it gives rise to behavioral 

adjustments. 

4.2 Experimental approaches 

4.2.1 Drosophila and behavioral adaptation  

 

Drosophila melanogaster was chosen as the model organism in this study for a number of reasons, that 

is explained in section 1.2 extensively. Additional to these traits, a variety of phenotypic plasticity can 

be observed under environmental manipulations at the individual level (e.g. Luckinbill et al., 1984; 

Partridge and Farquhar, 1981; Partridge et al., 1987; Dethier, 1976).  This makes Drosophila a suitable 

model organism to investigate the effect of long-term condition changes. This study, as well, provides 

further contribution in these phenotypic plasticity examples. In this study, I also showed that flies are 

adjust food uptake dependent on the caloric value of experienced dietary. I further demonstrated that 

these adjustments remain stable. For instance, flies consumes more food than the flies under 
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hypocaloric and isocaloric conditions even when they are exposed to same caloric value of sugar 

solution (Figure 3.2B).  

4.2.2 Caloric value of food as an instrument to investigate adaptation 

 

To investigate the effect of the environmental conditions on plasticity of the brain and the reflection in 

behaviors, I utilized the nutritional value as a parameter. What Drosophila feeds on has a large 

influence on its behavior, as in the case in almost all organisms. For instance, the abundance (or 

absence) of a nutrition in the diet alters the food uptake such that the flies actively decide how much 

and which type of the nutrition to  consume (Lihoreau et al., 2016; Yang et al., 2008). Considering the 

great impact of feeding on organisms, different dietary conditions, hypo-, iso- and hypercaloric 

conditions, were chosen as different environmental condition in the experiments of this study.  

 

Flies were subjected to hypo-, iso- and hypercaloric conditions for an extended period of time (7d). In 

addition, neuronal modifications often occur  during “critical periods”, which is typically the first days 

after eclosure (Hensch, 2004; e.g. Doll et al., 2017). The onset of the dietary was after this period (Figure 

2.1). In this way I wanted to make sure that the effect of the dietary results in adaptations to the 

changing environmental conditions but not a developmental modification due to malnutrition. Finally, 

the underlying structural modifications in related circuitries were investigated. 

 

In the food recipes used, the caloric value of the food was tuned to create three types of dietaries 

without changing the content of the fly food – except the fat addition to the hypercaloric dietary. There 

were several proofs that these recipes did not affect  the behaviors  that might be caused by the lack 

of nutrition; For instance, it is known that the nutritional restrictions can have impact on the lifespan 

(Chippindale et al., 2004; Min and Tatar, 2006). However, the lifespan of the animals did not grossly 

change under any conditions in my experiments (Figure 3.1). In addition, flies show arousal and 

hyperactivity when starved (Lee and Park, 2004; McDonald and Keene, 2010; Yang et al., 2015; Yu et 

al., 2016). In my case, there was no increase in activity under calorie restriction conditions either (Figure 

3.3). Therefore, I concluded that the recipes used in this study do not lead to any impairment or lethality 

in the flies. Thus, these recipes are suitable to use as the changing parameter of environmental 

conditions. 
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4.2.3 Role of MB in integration of nutritional value 

 

Motivation for food uptake is studied extensively among animals (Hull, 1951; Kennedy, 1987; Thorpe, 

1956; Tolman, 1949). Similarly, extensive researches are conducted to disentangle the neuronal 

networking underlying state-dependent food uptake in Drosophila (Lin et al., 2019). In section 1.4, a 

detailed list of neuromodulators  is given as example. State-modulating neuropeptides span the entire 

nervous system of Drosophila including the MB (Martelli et al., 2017; Ni et al., 2019; Shao et al., 2017). 

 

The MB is already known as an integration region for different sensory modalities (Brembs and Wiener, 

2006; Davis, 1993; Heisenberg et al., 1985; Liu et al., 1999; Brembs and Wiener, 2006; Liu et al., 1999; 

Martelli et al., 2017). Since the last decades, the MB is in the focus for the state-dependent behavior 

studies. For instance, the first study showed that MB is required for hunger-driven appetitive memory 

formation by communicating with dNPF-mediated dopamine signaling (Krashes et al., 2009). 

 

Following the study of Krashes et al., 2009, additional studies showed an involvement of the MB in 

hunger driven food seeking behaviors (Sayin et al., 2019; Tsao et al., 2018). These studies also revealed 

an involvement of the MB in a compartmentalized manner. For instance, the α3, β2β′2a, β′2a, α′2α2, 

and γ2α′1 compartments of the MB innervated by six different modulatory populations integrate 

distinct information about the internal state. Then, the corresponding behavior is executed by the 

MBONs innervating the same regions via inhibition or disinhibition (Tsao et al., 2018).  

 

This study can also take place among the others showing the involvement of the MB in the modulation 

of state-dependent behaviors. Additionally, the compartments innervated by MB188B DANs were 

shown for the first time incorporating the integration of hunger signaling in feeding behavior. 

4.2.4 Hunger state encoded by DANs 

 

In the previous section the involvement of the MB in motivation based adaptations was discussed. In 

this section I will discuss the role of MB related DANs in these behaviors. I will also implement the 

findings in this study in already existing circuitries underpinning the motivation-based food uptake 

behavior adaptation.  
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It is known that the association of an appetitive (or aversive) stimulus with an odor happens at the MB 

level (Kim et al., 2007; Owald et al., 2015; Qin et al., 2012; Schroll et al., 2006). The valence of a stimulus 

is thought to be encoded as rewarding or punishing, which is mainly mediated by DANs. 

 

Similarly, the involvement of the MB in state-dependent food uptake is modulated by the DANs 

(Krashes et al., 2009; Sayin et al., 2019; Tsao et al., 2018). In these studies, DANs have been shown to 

encode hunger and satiety beside reward and punishment.  

 

For instance, the inhibition of a pair of DANs (MB-MP DANs) has been shown to be enough for the 

retrieval of hunger-dependent appetitive memory in satiated flies (Krashes et al., 2009). These DANs 

also were reported to communicate a hunger signal dNPF to encode hunger.  

 

In addition, the activity of the DAN population investigated in this study, MB188B DANs appears also 

to be informative about the hunger state. Lack of the MB188B DANs activity apparently provides 

information about the hunger state. This information also occurs in a compartmentalized fashion and 

via neuropeptide communications, as is the case in the other DAN-modulated states Furthermore, 

activity increase (or the lack of activity) has also been shown to be informative about the energy level 

or sucrose presence in different DANs (Krashes et al., 2009; Musso et al., 2015; Tsao et al., 2018; 

Yamagata et al., 2016). 

 

However, this study provides further insight of how adaptation in feeding occurs dependent on a long-

term nutrition restriction. Here, I demonstrated that a long-lasting connectivity change further affects 

the valence of the MB188B DANs on the MB. These permanent structural modifications might ensure 

the persistence of the increase in food uptake under calorie restriction conditions. 

4.3 Effect of dietary on behaviors 

 

Flies show a wide range of behavioral adaptations, from the foraging behaviors to sleep regulation, 

from balancing the nutrition in the dietary to the decision making in oviposition site, etc. (Lihoreau et 

al., 2016; McDonald and Keene, 2010; Toates, 1986; Yang et al., 2008, see section 1.3).  
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In this study, a series of behavioral experiments were conducted in which flies were subjected to 

different caloric values of dietaries. The effects of different dietaries will be discussed in the following 

chapters. 

4.3.1 State-dependent behaviors 

 

It is no surprise that the flies tend to increase the food uptake when they are exposed to a low calorie 

dietary. The CAFE assay I performed revealed the same type of enhancement upon the calorie 

restriction in the flies (Carvalho et al., 2005). Flies deprived of a particular type of nutrients adjust to 

increase the uptake of the missing component (Ribeiro and Dickson, 2010; Vargas et al., 2010). In my 

recipes, each food type contains carbohydrate, thus preventing any bias in the food uptake, PER or 

appetitive memory formation experiments. 

 

Flies fed with hypocaloric dietary must consume more amount of food to be able to get the same 

nutritional value as the other groups. During the feeding test, all fly groups were given the same 

nutritional value of food. However, still, an increase in food uptake was observed. Therefore, this 

elongation was concluded as an adaptation in feeding duration and amount. 

 

Another interesting observation referred to the appetitive memory formation under the short 

starvation period (6h). Flies fed with isocaloric and hypocaloric flies failed to show a strong appetitive 

memory formation. However, under hypocaloric condition, an enhanced memory performance was 

observed. It has been shown that hunger gates the retrieval of the appetitive memory (Krashes et al., 

2009). Therefore, the strong memory performance is concluded as an elevated hunger level and 

motivation for food uptake under short starvation period.  

4.3.2 Odor and shock avoidance  

 

It has been shown that the aversion to certain odors is inhibited in starved flies to contribute to the 

searching behavior of the animals (Ko et al., 2015; Root et al., 2011). In the odor avoidance tests 

performed in this study, the same decrease in aversion could be expected. However, no decrease in 

the aversion was prominent. There can be two reasons for this result. The first is that the odors used 

in the experiments were strongly aversive. The second is that the flies exposed to the hypocaloric 

conditions were not constantly hungry.  
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Additionally, risk taking of the flies was also shown to be enhanced among starved animals (Sih, 1980). 

However, when flies were tested under a calorie restriction condition, no impairment in shock 

avoidance was observed.  

 

Strong avoidance against aversive odors and electric shock used in my experiments can also be shown 

as a proof that calorie restriction does not create constant starvation but adaptation to food uptake 

increase. On the other hand, since the odor and shock avoidance were not affected by dietary, change 

in appetitive memory formation can be concluded as state-dependent memory enhancement.  

4.3.3 Locomotion  

 

Finally, the activity of the flies was tested as the last behavior type. It is known that the flies 

demonstrate hyperactivity and an increase in the locomotion upon the starvation as well as the 

suppression of the sleep behavior (McDonald and Keene, 2010; Root et al., 2011). In the activity 

measurements, no hyperactivity or increase in arousal state was observed (Figure 3.3) that could be 

caused by the malnutrition or the starvation of the flies. Lack of hyperactivity, sleep impairment, or 

extended aroused state in the hypocaloric flies indicated that the flies were not suffering from 

malnutrition or constant starvation 

 

So far, I discussed the effect of the calorie restriction on certain behaviors of the flies. I showed that 

the motivation for the food uptake is enhanced in the flies when the caloric value of the diet decreases 

for a long time. In the following chapters, structural changes in the MB188B DANs and their 

involvement in these feeding-related behavioral adaptations will be discussed. 

4.4 Measures of the connectivity analysis 

 

Mechanisms that involve structural modifications in the related circuitries behind adaptation to calorie 

restriction are ultimately aimed to be examined in this study. 

 

The common methods used in the studies that examine and characterize the structural changes in 

certain neurons, are rather direct measurements and related to the physical properties of a single 

neuron such as the branch numbers, cell body size, axon length or if applicable the synaptic bouton 

number and size (Koon et al., 2011; Kremer et al., 2010; For mammalians: Lamprecht and LeDoux, 
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2004). However, these techniques remain insufficient when a cell population is investigated rather than 

a single cell. Additionally, the neurons, hence the neuronal arborizations in the Drosophila brain, are 

much smaller in size compared to the mammalian cells (Gao et al., 2019). 

 

In this study, the reconstitution of the GFP technique, that is often referred to as the GRASP technique, 

is used as the first indication in cell connectivity (Pech et al., 2013). Here, it should be noted that the 

GRASP technique does not necessarily label only the synaptic connections. The proximity between two 

neurites can give rise to the reconstitution of spGFP that is tethered to the cell membranes 

independent of the active synaptic connections. Therefore, this technique is used initially as a primary 

indication of the increase or decrease in the connections. Following this technique, the connectivity 

and structural modifications are supported by further detailed experiments. 

 

To eliminate the non-specific reconstitution of the splitGFP (spGFP) outside of the synaptic sites, a 

recently- developed synaptic GRASP (sybGRASP) (Macpherson et al., 2015), could also be utilized. Even 

though this GRASP technique is more confined in the synaptic areas, it is also activity-dependent. This 

means that the reconstitution of the splitGFP is affected by 2 parameters: 1) Structural modifications, 

and 2) functional modifications in the cells. Considering that the long term adaptation of the activity 

and structure of the MB188B DANs are counteracting with each other, I conclude that the sybGRASP 

technique is not suitable for this study (Figure 3.15). 

 

The limitation in the structural plasticity is expected considering the solid brain circuitries of the adult 

fly. However, in this study, the plastic component of this solid wiring was shown as the MB188B DANs. 

Finding the plastic components of this solid wiring will enable us to understand where the adjusting 

points of the circuitries are located and if these adjustments can be tuned artificially whenever 

necessary. 

4.5 Detailed characterization of the structural plasticity 

 

In this chapter a detailed characterization of the structural modifications is provided. These 

modifications can also potentially elucidate the mechanisms of structural plasticity. 

 

Prior to the structural plasticity characterization, decrease in GRASP signal can bring up the question if 

this decrease develops from malnutrition rather than a re-structuring phenomenon. The possibility of 
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poor re-wiring due to the lack of nutrition can be eliminated for two reasons: Firstly, the hypocaloric 

food is not introduced to the flies until the critical period is completed (Hensch, 2004). Secondly, the 

decreases in the protein levels are not observed in every protein type such as presynaptically localized 

sypGCaMP3. Additionally, if lack of nutrition caused the poor wiring, it should have been also observed 

in other DAN groups, which was not the case. Therefore, the apparent cause of the decrease in the 

GRASP signal is due to the decrease in postsynaptic homer-GFP protein level. 

4.5.1 Postsynaptic structural plasticity 

 

It is logical to think that re-structuring occurs on the synaptic sites to adjust the cell communication 

and following behavioral output in a long-lasting manner. Therefore, following the GRASP analysis, I 

demonstrated that the postsynaptic homer-GCaMP level decreases under calorie restriction.  

 

The endogenous Drosophila homer protein is necessary for a behavioral plasticity in ethanol sensitivity 

(Urizar et al., 2007). Similar to this ethanol adaptation case, feeding adaptation can be achieved by the 

homer level regulation in the MB188B DANs, as well. Therefore, the first conclusion can be drawn that 

the structural modifications are pronounced on the postsynaptic sites.  

 

The second conclusion can also be speculated on the long-lasting structural pruning based on a study 

done in the rats. The homer protein is known to interact with the postsynaptic protein Shank and form 

a scaffold to maintain the postsynaptic structure (Diagana et al., 2002; Tu et al., 1999). It has been 

shown that the level of the Homer is not regulated. However, its partner scaffold protein Shank is rather 

redistributed and adjusted in a presynaptic activity-dependent way in the postsynaptic density (Tao-

Cheng et al., 2014). This indicates that the Homer protein regulation leads to rather long-lasting 

structural changes.  

4.6 Structural plasticity of modulatory neurons in association to 

behavioral adaptations 

 

The re-wiring of the modulatory neurons is proposed as a mechanism to adjust feeding-related 

behaviors that are pronounced after long- term calorie restriction exposure in adult Drosophila brain. I 

focused on the modulatory DANs innervating the MB. The integration of the hunger signal and the 
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effect of structural decrease on this integration is briefly discussed in section 4.2.4. Here, a detailed 

discussion is provided in terms of possible signaling integration in association to behavioral adaptation. 

It is well known that the DANs innervating proximal lobes of the MB such as γ1 and γ2 is involved in the 

aversive learning which requires experience-based sensory stimulus integration. Moreover, the 

optogenetic stimulation of these DANs induce strongly a pronounced memory formation and an 

underlying corresponding MBON response modulation (Aso et al., 2014a; Claridge-Chang et al., 2009). 

Similarly, the DANs that innervate the distal lobes such as γ4 and γ5 is also involved in strong 

modulation of sugar and thirst memory (Aso et al., 2010; Burke et al., 2012; Claridge-Chang et al., 2009; 

Liu et al., 2012; Perisse et al., 2013; Schroll et al., 2006). 

  

However, the role of MB188B DANs, that innervate the γ3, γ4 and β’1 regions of the MB, are not shown 

to play any role in the context of memory formation. Additionally, the MB188B DANs are known to 

result in avoidance behavior upon stimulation. However, the valence encoded by these DANs remained 

unsolved (Aso et al., 2014). Finally, these DANs are not shown to lead a strong postsynaptic modulation 

in the learning process compared to its more proximal and more distal DAN populations (Louis et al., 

2018).  

 

In this study, the role of the MB188B DANs in food uptake was confirmed as a first approach to correlate 

structural modifications of these DANs with underlying feeding-related behaviors. Since, the inhibition 

of the MB188B DANs shows a behavioral effect, but not their activation, it is possible that these DANs 

are constantly active. Thus, the absence of the activity is informative about the hunger state. This 

phenomenon can be perhaps explained by potential oscillation of the MB188B DANs. The change in 

the oscillation (or complete suppression) could be an indicator of the internal state. In the literature, 

there are more examples of oscillatory DANs innervating the MB that are involved in food uptake 

behaviors. For instance, the frequency of certain oscillatory DANs is translated in terms of the energy 

level by Drosophila MB (Musso et al., 2015). Additionally, a group of oscillating γ3 innervating DANs is 

suppressed upon the sugar presentation to the fly.  

 

If the oscillation of the MB188B DANs are responsible for encoding the energy level (or internal state) 

valence, the long-lasting (or even permanent) changes in the oscillation of these DANs can be achieved 

by the structural modifications. These changes can then result in the behavioral adaptation according 

to the food condition. 
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Another study showing the MB involvement in the foraging behavior suggests that flies lacking an intact 

MB shows less centrophobia (fear of freely exploring the center of an arena). The exploration rate of 

these flies increased when the MB is impaired (Besson and Martin, 2005). A similar study suggests that 

this enhancement in the exploratory behaviors develops from the downregulation 

of Drosophila Neuroligin protein Dnlg2 which is found in the synaptic structures of the MB. This protein 

is responsible for maintaining the structure of the synapses (Corthals et al., 2017). The same study also 

suggests that Dnlg2 knock-down in the MB results in a decrease in the connectivity between the MB 

and related neurons. This decrease in connectivity leads to an increase in exploratory behaviors quite 

similar to the hungry flies that have less centrophobia. As discussed above, here, I suggest that the 

decrease in the connectivity of these DANs, either on the MB or on the MB-related neurons enhances 

the foraging-related behaviors and ultimately the food uptake similar to Dnlg2 knock-down flies that 

has less connectivity to their MB.   

 

Here, it is shown that the connectivity change in MB188B DANs occurs postsynaptically (Figure 3.11). 

Similar to this compartmentalized structural refinement, a branch-specific pruning in another DAN 

group (the DA-WED) and the involvement in the food uptake were also shown by Liu et al., 2017. These 

DANs are also involved in the motivation for particular nutrition seeking. Interesting enough, the 

structure of these DANs is compartmentalized in a way that certain branches are responsible for 

different nutrient types. Additionally, these branches are undergoing pruning when the animal needs 

to increase the uptake of a specific nutrient(Liu et al., 2017). However, what is remarkable about the 

structural refinements of the MB188B DANs shown in my study is that it occurs upon long term 

restriction unlike DA-WED. Additionally, these refinements are rather long-lasting. 

 

All the arguments speculated above are rather an indirect explanation of how structural changes can 

modulate the feeding behavior. However, a direct evidence showing that the structural changes result 

in the enhancement of the food uptake was also presented (Figure  3.17). This evidence will be 

discussed extensively under section 4.7.    

 

All in all, these arguments suggest that the MB188B DANs involve in the state-dependent foraging 

behavior. Structural modifications in these DANs can help the animal to adjust the corresponding 

behaviors according to the level of nutrition exposure in a long period.  
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4.7 Dynamics of functional and structural adaptation 

 

So far the structural plasticity of the MB188B DANs leading behavioral plasticity in the foraging-related 

behavior in Drosophila is discussed. The next question is what causes these structural changes. Since  

functional adaptations occurred prior the structural adaptations, it is inevitable to consider that the 

functional and structural adaptations are dependent on each other. Thus, in this chapter, I argue the 

functional and structural adaptations in the course of the long term exposure and the possible 

mechanisms behind these modulations. 

4.7.1 Synaptic plasticity leading to structural plasticity  

 

Structural changes in adapting circuitries are mainly carried out by persisting synaptic plasticity. For 

instance, in a Hebbian learning paradigm, potentiation of the postsynaptic partners leads to synaptic 

strengthening and the generation of the synaptic varicosities on the presynaptic site (Kim et al., 2003). 

On the other hand, activity triggering pruning is also common for circuitry adjustments (Liu et al., 2017; 

Wong and Ghosh, 2002; Yuan et al., 2011). Elimination of specific branches in a DAN population upon 

increased cell activity can be mentioned as an example of this type of structural modification (Liu et al., 

2017). Thus, in this section, activity induced structural plasticity (or vice versa) is recognized and 

subjected to discussion. 

 

When the activity and structural plasticity of the MB188B DANs are measured at different time point 

during dietary, an early increase in the activity occurs upon calorie restriction in food (Figure 3.15). 

These results are the first indication of an increased cell activity leading to a decrease in connectivity. 

On the other hand, these late-emerging decreases in the connectivity could be a homeostatic response 

to the increase in the activity with the restriction of the caloric value. Another example of a homeostatic 

response that happens in the opposite direction, can be shown in the study of Pech et al., 2015. In this 

study, the increase in the response and volume are shown in the dendritic arborizations of KCs upon 

the decrease in the input from the presynaptic partners, the PNs. 

 

If the activity-induced structural refinement is the case in the MB188B DANs, I speculate that the long-

term artificial activation should lead to the same kind of decrease in these DANs. At this point, I took 

advantage of the optogenetic tools to artificially increase the activity and mimic the decrease in 

connectivity that occurs upon hypocaloric food exposure. However, artificial depolarization of these 
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DANs by light-inducible cation channels for a long period did not lead to the induction of structural 

plasticity (Figure 3.16). This failure does not necessarily mean that the increased activity does not lead 

to structural refinements. There can be several reasons why the functional plasticity could still be the 

mechanism behind the structural plasticity. 

 

On the one hand, this type of depolarization may not be the real causative of the plasticity induction. 

Additionally, these results can give a hint about the cellular mechanism of the structural plasticity 

modulation. This means that the structural plasticity may not be modulated by ionotropic signal 

transduction mechanisms. Therefore, depolarizing these DANs with an cation channels may not result 

in structural plasticity. 

 

On the other hand, the light stimulation frequency that I have used in my experiments is much smaller 

compared to the frequency of other oscillating DANs (Yamagata et al., 2016). If the MB188B DANs are 

oscillating the same way as speculated in section 4.7, the smaller light induction frequency might also 

fail to induce the structural plasticity. 

 

The final reason could be the highly efficient optogenetic channels such as ChR-XXL. Therefore, the light 

stimulus could lead to a tetanus state where the neurons cannot be excited anymore. This high 

efficiency can even lead to the depletion of the synaptic vesicles. These two phenomena eventually 

result in the activity decrease in the long run instead of an increase. All these three reasons listed, could 

potentially  prohibit   the initiation of  structural changes.  

 

Contrary to the long-term depolarization, the artificial elevation in the cAMP level leads to a decrease 

in the connectivity of the MB188B DANs (Figure 3.16). Therefore, I conclude that the activity increased 

in the MB188B DANs following the onset of the hypocaloric diet, leads further increase in the cAMP 

level. This activity dependent cAMP increase induces the structural refinements in the long run. There 

are examples of the involvement of the cAMP pathway in regulating the experience-dependent 

modifications of the postsynaptic compartments, as in the case of MB188B DANs shown in this study 

(Yuan et al., 2011). For instance, in the study of Yuan et al., 2011, sensory input-induced refinement of 

the postsynaptic arbors in the visual system of the Drosophila larva was shown to be dependent on the 

cAMP increase. Therefore, I conclude that the experience-dependent activity increase of the MB188B 

DANs results in the structural modification via cAMP involved signaling pathways. 
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4.7.2 Role of reciprocal synapses in the synaptic and structural plasticity 

 

Earlier, I discussed synaptic plasticity followed by the structural plasticity in the MB188B DANs. Another 

aspect of this type of plasticity is the role of reciprocal synapses on the regulation of the activity of the 

MB188B DANs. 

 

The MB188B DANs apparently have reciprocal synapses with the KCs (or perhaps even with MBONs) 

(Figure 3.8) and the presence of the reciprocal synapses might have a role in the synaptic plasticity 

followed by structural plasticity. Regulation of the synaptic plasticity by reciprocal synapses is shown in 

other sensory modalities (e.g. Grimes et al., 2009) as well in the olfactory sensory system (e.g. Trombley 

and Shepherd, 1993) in vertebrates. 

 

In the former study (Grimes et al., 2009), the reciprocal synapses are present in the amacrine cells that 

are connected to the rod bipolar cells in the visual system. These reciprocal synapses belong to the 

presynaptic partner and provide information about the activity of the postsynaptic partner. Thus, these 

synapses modulate the activity of the postsynaptic partner (red bipolar cells) by giving feedback to the 

presynaptic partners (amacrine cells). 

 

In the latter study (Trombley and Shepherd, 1993), the reciprocal synapses are present in both 

postsynaptic compartments (dendro-dendritic reciprocal synapses) of the two communicating output 

neurons; mitral and tufted cells, in olfactory bulb. Trombley and Shepherd, 1993 speculated that the 

presence of reciprocal synapses between these cells tunes the olfactory information by lateral 

inhibition. It is also speculated that olfactory learning is modulated by NE (the mammalian equivalent 

of OA; Yang et al., 2015), which is achieved by the presence of these reciprocal synapses (Brennan et 

al., 1990; Trombley and Shepherd, 1993). 

 

The mechanism explained in the latter study could be a possible working principle of the reciprocal 

synapses also in the case of the MB188B DANs. In both cases, the reciprocal synapses are included in 

the higher brain region of the olfactory processing and encode valence to this region (Trombley and 

Shepherd, 1993). These reciprocal synapses could modulate the downstream signaling by the input 

from the partners of the MB188B DANs as well as the MB188B DANs own activity. 
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It has been shown that the input from the MBONs on DANs is not necessary for DAN-dependent 

plasticity (Hige et al., 2015). Thus, the input obtained via the reciprocal synapses of the MB188B DANs 

most likely coming from the MB KCs or the MB188B DANs itself. Based on transTango experiments, the 

MB188B DANs appear to be postsynaptic to themselves (Figure 3.9). Therefore, this autoregulation 

mechanism is highly likely. Additionally, when the response profile of the MB188B DANs is examined 

closely, a late-evoked response in the γ3 regions might be an indication of in which compartment of 

the MB188B DANs, the reciprocal information flow can occur (Figure 3.12 and 13). 

 

All in all, in this section, I argued that the long term calorie restriction is reflected in the synaptic activity 

of the MB188B DANs. Then, this activity increase in the MB188B DANs is followed by the structural 

refinements that are most likely achieved by the presence of the reciprocal synapses. The reciprocal 

synapses obtain the information either from the MB188B DANs themselves or the downstream neuron 

populations (most likely from KCs).   

4.8 The possible molecular mechanisms underlying the structural 

plasticity induction 

 

I demonstrated that the accumulated activity of the MB188B DANs over time based on the increase in 

the Ca2+ level (by CaLexA), occurs prior to the structural changes in the MB188B DANs (Figure 3.15). 

Above I argued that the elevation of Ca2+ via cation channel based optogenetic tools does not induce 

the structural plasticity. However, the elevation of cAMP resulted in this plasticity (Figure 3.16). 

Therefore, from now on the structural plasticity is referred to as “Ca2+ dependent cAMP-induced 

structural plasticity”. In this chapter, I will discuss two possible cAMP involved molecular pathways as 

mechanisms behind the Ca2+ dependent cAMP-induced structural plasticity: 

 

The first and most obvious mechanism leading to this Ca2+ dependent cAMP-induced structural 

plasticity is  the communication with the AstA satiety neuropeptide (Figure 3.18). Drosophila has two 

AstA binding receptors, DAR1 and 2 and both of these receptors are GPCR which can lead to Ca2+ 

dependent cAMP modulation (Hergarden et al., 2012). AstA is also known to be inhibitory to the 

postsynaptic partner neurons like many of the other peptides (Hergarden et al., 2012; Lechner et al., 

2002; Yamagata et al., 2016). Therefore, upon AstA downregulation, it can lead to more Ca2+ dependent 

cAMP elevation. 
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Following the same logic, it is also expected, the AstA release will be slower and overall much less under 

the hypocaloric condition compared to the other conditions. Therefore, this overall decrease in the 

AstA will lead to an increase in the activity of the MB188B DANs most possibly leading to further Ca2+ 

dependent cAMP increase in the cells. Then, in the long-term, either this increase itself or the feedback 

from the postsynaptic partners of the MB188B DANs will induce the Ca2+ dependent cAMP-induced 

structural plasticity (Figure 4.1). 

 

The structural refinement could be also a compensatory mechanism against the increased activity of 

the MB188B DANs (see section 4.7.1). Here, an autoregulatory mechanism cannot be excluded since 

the MB188B DANs are also postsynaptic to themselves. 

 

A second molecular mechanism dependent on cAMP increase in the MB188B DANs could be DA 

biosynthesis (Vié et al., 1999). I argued the possibility of the MB188B DANs oscillation. In such a case, 

DA release change is informative about the satiety state.  

 

Flies needs to increase the food uptake to get the same amount of calories under the hypocaloric 

condition. In the case of long-term exposure to the hypocaloric conditions, the high frequency of food 

uptake must be ensured by the adaptation in DA synthesis. Therefore, a highly dynamic DA synthesis is 

necessary for more frequent food uptake. 

 

It has been shown that the DA synthesis in the CNS of Drosophila is activated via the phosphorylation 

of the TH enzyme by cAMP-dependent protein kinase (PKA) in the absence of dopamine (Vié et al., 

1999). Therefore, a more dynamic DA biosynthesis can be solved by the increase in the cAMP level in 

the long term. This phenomenon can also be part of the Ca2+ dependent cAMP-induced structural 

plasticity. 

 

In this section, I proposed two possible molecular mechanisms underlying the Ca2+ dependent cAMP-

induced structural plasticity underlying the enhanced food uptake: The first mechanism is the cAMP 

elevation as a result of decreased AstA signaling. The second mechanism is the cAMP elevation-induced 

DA synthesis (and release). It should be noted that these two suggested mechanisms do not have to be 

mutually exclusive and can take place hand in hand. 
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4.9 Implementation of the structural adaptation in circuitry involved in 

motivational adaptation 

 

Up until this point, the structural plasticity along with the involvement of this plasticity in the 

adaptation of feeding-related behaviors under calorie restriction condition were discussed. Then, I 

argued the possible molecular mechanisms that induce structural plasticity and how these mechanisms 

contribute to the feeding behavior of the flies in an adapted manner. 

 

As final argumentation, I discuss the possible circuitry model where the structural refinement of the 

MB188B DANs could regulate the motivation-based behavioral adaptations dependent on the calorie 

restriction. As in the previous chapter, here again, the Ca2+ dependent cAMP-induced structural 

plasticity will be taken as the core of the underpinning mechanism. 

 

The compartmentalized manner of the structural plasticity is argued in section 4.7. However, in this 

circuitry model (Figure 4.1), I leave out the compartmentalized structural modifications and show the 

connectivity decrease as a whole for the simplicity of the illustration. 

 

The first component of the circuitry was shown as the AstA neuropeptide (or the neuropeptide 

releasing neurons). The flies that are exposed to the low-calorie diet will extend the feeding time 

constantly to feel saturated. Since AstA is released upon satiation (Hergarden et al., 2012), this 

elongation will lead to cumulative AstA peptide decrease over time (Figure 4.1B). The reduction in the 

AstA will lead to a Ca2+-dependent cAMP elevation in the MB188B DANs. The long term elevation of 

the cAMP, then, will give rise synaptic plasticity (most likely potentiation) followed by the structural 

depression in the long term (Figure 4.1B). The structural abolishment will be achieved by the 

postsynaptically localized Homer decrease as discussed in section 4.7. 

 

This adaptation of the connectivity decrease then provides a more dynamic motivational increase for 

food uptake. Here, the adjective dynamic describes an early and fast occurrence of the hungriness. 

There can be two explanations for the food-seeking and uptake enhancement caused by the decrease 

in the postsynaptic site; 1) The effect of the AstA satiation signaling will be decreased leading to an 

increased food uptake. 2) When the decrease in the synaptic connection can be seen as the increase in 

the synaptic cleft between the MB188B DANs and KCs, the increase in the synaptic cleft will have the 
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same effect as in the study of Corthals et al., 2017 eventually leading to the exploring rate increase as 

an indication of motivation (Figure 4.1).   

 

 
Figure 4.1 Illustration of the structural refinements of the MB188B DANs on the MB. A AstA-mediated feeding 

circuitry under isocaloric diet illustrated. The release of AstA keeps the cAMP level in certain level leading to the 

normal feeding related behaviors. B Hypocaloric diet case depicted. Decrease in nutritional value results in 

decrease in AstA signaling in the long run. Long-term cAMP elevation due to this decrease triggers the structural 

refinements. This situation yields in an enhanced motivation for food uptake.       

 

It should be noted that the communication of the MB188B DANs to the other neuropeptides cannot be 

ruled out. For instance, I have shown that the MB188B DANs were not provided by SIFa peptide. 

However, SIFa could still be potentially the downstream of the MB188B DANs. Especially, the one-way 

involvement of the MB188B DANs and SIFa are considered feeding  behaviors (Martelli et al., 2017). 

4.10 Outlook 

 

The study presented in this thesis demonstrates one of the few concepts how the compartmentalized 

structural plasticity is shaped by the changing environmental conditions in the fully developed adult 



106 
 

brain. It is demonstrated that certain dopaminergic neuron populations remain open to re-wiring in the 

adult Drosophila brain depending on the changes in the environmental factors.   

 

DANs are shown to modify the valence of a stimulus in an experience-dependent way (Aso et al., 2010; 

Riemensperger et al., 2005; Schroll et al., 2006; Yamagata et al., 2016). Recently, the hunger state was 

also shown to be integrated in the MB via DANs (Krashes et al., 2009; Sayin et al., 2019; Tsao et al., 

2018). This study also presents a group of DANs changing the internal state valence on the MB hunger 

signal. Even more interestingly, the structural changes in these DANs ensures the long-lasting valence 

changes. In order to understand to what degree the structural decrees in the investigated DAN 

population changes the valence, further translation in terms of activity modulation in downstream 

circuitry can be examined.    

 

It has been shown that certain structural changes are responsible for behavioral plasticity in the 

developing Drosophila brain (Doll et al., 2017; Heisenberg et al., 1995; Koon et al., 2011). This study 

contributes to structural plasticity studies in a unique way since these re-structuring happens in fully 

developed brain. So far, the structural changes shown in the fully developed Drosophila brain was the 

age-related structural changes (Groh et al., 2012) . Some of this age-related structural plasticity 

examples was shown to be irreversible (Gupta et al., 2016). In this plasticity case, the reversibility of 

the structural decreases can also be further investigated.  

 

Branch-specific structural plasticity is shown to underlie the active selection of a certain nutrient (Liu 

et al., 2017). In these DANs, the structural changes happen to be in a compartmentalized way as well. 

Additionally, this study suggests that the compartmentalized plasticity is achieved by reciprocal 

synapses, which is also a rather novel concept (Cervantes-Sandoval et al., 2017; Eichler et al., 2017). 

Seemingly, the MB188B DANs obtain information about their own activity and balance the homeostasis 

accordingly via these reciprocal synapses. Still, the branch specific structural plasticity can still be 

investigated in further detail by first questioning the homogenous structural decrease in these DANs. 

 

Finally, this study provides a glimpse of the mechanisms triggering the structural changes. Thus, I could 

be able to induce the structural changes by imitating this mechanism artificially. The effect of this 

artificial induction can be studied further in terms of the communication with the other entities in the 

circuitry involved in the motivation increase for the food uptake such as the MB or MBONs. 
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Finally, to further support and elaborate the work presented here, the molecular mechanisms behind 

the structural modification can be investigated. In addition, a wide network is shown to communicate 

with the MB188B DANs that are re-wired, in the process of orchestrating the motivation enhancement 

for food uptake. The effect of this re-structuring can be studied in these component of the network as 

well. 
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5 Summary  

 

All organisms have to adapt and adjust behaviors to changing environmental conditions. Foraging and 

feeding behaviors are one of the most adaptive behaviors when changes in nutrient sources occur. 

Neuronal and behavioral plasticity are not restricted to the developmental phase. An animal must 

adapt its feeding-related behaviors throughout its life-time to survive. 

 

Drosophila melanogaster shows plasticity in adjusting food uptake dependent on the abundance of 

nutrient resources. It also adapts state-dependent behaviors like food uptake very similarly on 

mammals. An immense number of studies showed how internal state and state-dependent behaviors 

are controlled. However, adaptive mechanisms in the underlying neuronal networks dependent on the  

long term experience of food abundance remain unclear.  

 

The involvement of the Drosophila mushroom bodies and related modulatory neurons, e.g. 

dopaminergic neurons, in experience-dependent behavioral adjustments is well established. Recently, 

their role in state-dependent foraging behaviors has also been shown. In this study, I addressed the 

mushroom body extrinsic dopaminergic neurons an element region involved in internal state 

regulation. Here I show an occurrence questioned the occurrence of structural plasticity in the adult fly 

brain that depends on the long-term experience of low or high caloric food value as a mechanism for 

long-lasting adaptation. 

 

Parametric changes in the caloric value of the fly food were employed as experimental approach. Fully 

developed fruit flies were exposed to three different long-term dietaries; hypocaloric, isocaloric, and 

hypercaloric food. Nutritional decrease in the fly food elucidated enhanced feeding-related behaviors. 

In addition, a decrease in connectivity was also detected in a certain subset of dopaminergic neurons 

innervating the mushroom body. These neurons were shown to have reciprocal synapses in this study. 

Besides, structural refinements were shown to take place in postsynaptic sites.  

 

An early activity increase was observed in these dopaminergic neurons upon calorie restriction. 

Artificially upregulating intrinsic cAMP levels could mimic the structural decrease in connectivity. 

Therefore, the mechanism behind the decrease in the connectivity under calorie restriction condition 

are considered  to be activity-induced cAMP dependent. Furthermore, this study proved that this 
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artificial mimicking of the structural refinements led to increased feeding behavior similar to the 

experience hypocaloric food.  

 

Finally, the information about the internal state was found to be relayed by a satiety peptide 

“Allatostatin A”. Disruption of Allatostatin A signaling resulted in a prevention of structural refinements.       

All in all, this study presents an experience-dependent structural modification accomplished by 

reciprocal synapses in the adult fly brain. Thereby, this study provides new insights into these types of 

refinements and shows that modulatory neurons in adult brains remain plastic to give rise to adaptive 

behavior. This plasticity can be induced by the external factors, i.e. nutrition restriction, and also by 

artificial mimicking whenever behavioral adjustments are necessary. 
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7 Appendix  

7.1 Abbreviations  
  

3-Oct  3-Octanol 

 4HT  4 hydroxy tempo  

AcX   Acrylol-X 

AKH  adipokinetic hormone  

AL  anetnnal lobe 

AMP  adenosine monophosphate 

APS  amonium per sulfate  

AstA  allatostatin A 

ATR  all-trans retinal 

AV  apple vinegar 

AZ  active zone 

bPAC  bacterial photoactivated adenylyl cyclase 

Brp  burchpilot 

BS  blocking solution 

BSA  bovine serum albumin 

CaCl2  calcium chloride  

CAFE   capillary feeder 

CaM  calmodulin 

cAMP  cyclic AMP 

ChR  channelrhodopsin 

CNS  central nervous system 

CS  conditioned stimulus 

DA  dopamine 

DACA  drosophila circadian analysis  

DAN  dopaminergic Neuron 

DenMark dendritic marker 

DILP  drosophila insulin-like peptide 

Dlg  disclarge 

DMSO   dimethyl sulfoxide  
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dNPF  drosophila neuropeptide F 

EDTA  ethylenediaminetetraacetic acid     

FMRP  fragile X mental retardation protein 

GECI  genetically encoded Ca2+ indicators 

GFP  green fluorescent protein 

GPCR  G-protein Coupled  receptor 

GRASP  GFP reconstitution across synaptic partner 

gtACR  Guillardia theta anion channelrhodopsin 

HCl  hydrochloric acid   

Hz  herz 

IHC  immunohistochemistry  

KC  kenyon cell 

KCl  potassium chloride   

LexAop  LexA operator  

LH  lateral horn 

LK  leucokinin 

MB  mushroom body 

MBON  mushroom body output neuron 

MBS  MES buffered saline 

MCH  4-methylcyclohexamide 

MES  2-(N-Morpholino)ethanesulfonic acid 

MgCl2   magnesium chloride 

MIP  myoinhibitory peptides  

NaCl  sodium chloride  

NaH2PO4 monosodium phosphate  

NaOH   sodium hydroxide  

NE  norepinephrine  

NPF  neuropeptide F  

NPY  neuropeptide Y 

OA  octopamine  

PAM  protocerebral anterior medial  

PBS  phosphate buffered saline 

PBS-T  PBS-Trition X 100 
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PER  proboscis extension reflex 

PFA  paraformaldehyde 

PKA  protein kinase A 

PN  projection neuron 

PN  projection neurons 

PPL  protocerebral poterior lateral 

QUAS  QF upstream activating sequence 

RFP  red fluorescent protein 

ROI  region of interest  

RT  room temperature 

SD  standard deviation 

SEM  standard error of mean 

SEZ  sub-esophageal zone  

Shits  shibiretemperature sensitive  

SIFa  SIFamide 

sNPF  short neuropeptide F 

spGal4  split Gal4 

spGFP  splitGFP 

syb  synaptobrevin 

syp  synaptophysin  

TEMED   tetramethylethylenediamine 

TF  transcription factor 

TH  tyrosine hydroxylase 

ts  temperature sensitive 

US  unconditioned stimulus 
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