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Structure of the thesis 
 

This thesis consists of two Chapters, both of which deal with learning and memory in the fruit 

fly Drosophila melanogaster. Initially, I present a ‘General Introduction & Discussion’ to 

give an overview of the thesis. Then, Chapter I deals, firstly, with the establishment of an 

odour-food associative learning paradigm in Drosophila larva. This robust assay laid the 

foundation to, secondly, study the neurogenetics underlying this kind of learning. Thirdly, I 

focussed on the cellular level, analyzing the cellular site of the Synapsin-dependent memory 

trace. These two aspects correspond to two publications concerning (1) the establishment and 

(2) the neurogenetic analysis of odour-food learning in larval Drosophila. 

Chapter II studies predictive learning of pain-relief in adult fruit flies. It contains one 

manuscript prepared for publication and one publication In Press. These two, respectively, 

analyse (1) the role for Synapsin in an adult Drosophila learning paradigm using odours to be 

associated with electric shock punishment and (2) the role for the White protein in olfactory 

learning, in both adults and larvae. 

 

 

This work had not been possible without the effort of many people, and the supervision of 

Bertram Gerber. I take the opportunity to express my joy in this collaborative work and 

sincerely acknowledge the co-authors of each manuscript, whose contributions are explicated 

below.  

 

 

Chapter I.1. 

 

Hendel T, Michels B, Neuser K, Schipanski A, Kaun K, Sokolowski MB, Marohn F, Michel 

R, Heisenberg M, Gerber B (2005) The carrot, not the stick: appetitive rather than 

aversive gustatory stimuli support associative olfactory learning in individually 

assayed Drosophila larvae. J Comp Physiol A Neuroethol Sens Neural Behav Physiol 

191:265-279. 

BM was responsible for establishing the olfactory learning paradigm in Wuerzburg. BM 

performed the larval behaviour experiments together with TH. KK and MBS performed the 

food uptake assay and a replication of the olfactory learning experiment. RM and FM did the 
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statistics reported in the Appendix. BM, TH and BG analyzed the data; BG wrote the paper 

with input from BM and TH. 

 

 

Chapter I.2. 

 

Michels B, Diegelmann S, Tanimoto H, Schwenkert I, Buchner E, Gerber B (2005) A role for 

Synapsin in associative learning: the Drosophila larva as a study case. Learn Mem 

12:224-231. 

BM performed the molecular and behavioural experiments (except for NMJ immunostainings 

done by IS). Experiments underlying Fig. 3 were part of my Diploma Thesis. BM and BG 

analysed the data and wrote the paper. 

 

 

Chapter I.3. 

 

Michels B, Tanimoto H, Engmann O, Saumweber T, Gerber B. Towards localizing a 

Synapsin-dependent olfactory memory trace in the brain of larval Drosophila. 

BM performed all experiments (except for the mushroom body rescue using the D52H-Gal4 

strain done by EO) and analysed the data. HT provided Gal4- fly strains. BM and TS prepared 

the figures. BM and BG wrote the manuscript.  

 

 

Chapter II.1. 

 

Niewalda, T, Yarali, A., Michels B, Gerber, B. Common involvement of Synapsin in 

predictive learning about the presence and absence of shock. (under revision) 

BM generated and maintained critical fly stocks. TN performed the behavioural experiments. 

TN, AY and BM performed immunostainings. NT, BM and BG wrote the paper.  
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Chapter II.2. 

 

Yarali A, Krischke M, Michels B, Saumweber T, Mueller MJ, Gerber B. (in press). Genetic 

Distortion of the Balance between Punishment and Relief Learning in Drosophila.  

AY performed the behavioural experiments and analysed the data concerning adult flies. AY 

and MK performed the amine measurements and analysed the data. BM and TS performed the 

behavioural experiment concerning larval Drosophila and analyzed the data. AY and BG 

wrote the paper with input, concerning larval experiments, from BM and TS.  

 

 

 

 

Würzburg, den 

 

 

 

Birgit Michels       Dr. Bertram Gerber 

 



7 

Table of Contents 
 

General introduction & discussion…………………………..................…………................9 

 

Chapter I. 

Olfactory associative learning in Drosophila larva 

I.1. Establishing an robust olfactory learning regime for Drosophila larvae 

 Introduction………………………………………………...........................................22 

 Materials & Methods……………………………………………….............................23 

 Results………………………………………………...................................................26 

 Discussion………………………………………………………………….................31 

 References………………………………………………………………….................35 

 

I.2. Neurogenetics of olfactory associative learning in Drosophila larvae 

 Introduction………………………………………………...........................................37 

 Results………………………………………………...................................................38 

 Discussion…………………………………………………………….……................40 

 Materials & Methods………………………………………….……………................41 

 References……………………………………………………………….…................43 

 

I.3. Memory trace localization 

 Introduction………………………………………………………………...................46 

 Materials & Methods…………………………………………….…………................53 

 Results………………………………………………...................................................59 

 Discussion……………………………………………….............................................78 

 References……………………………………………….............................................83 

 Supplementary material (1 CD; at the end of the thesis) 



8 

Chapter II. 

Predictive learning of pain-relief in adult fruit flies 

II.1. Common involvement of Synapsin in predictive learning about the presence and absence  

 of shock in adult flies 

 Introduction………………………………………………………………...................95 

 Materials & Methods……………………………………………….............................96 

 Results………………..……………………………………………….........................98 

 Discussion………………………………………………...........................................100 

 References………………………………………………...........................................103 

 

II.2. A role for White on olfactory associative learning in larval and adult Drosophila? 

 Introduction…………………………………………….............................................112 

 Materials & Methods………………………………………………...........................113 

 Results………………..……………………………………………...........................118 

 Discussion………………………………………………...........................................119 

 References………………………………………………...........................................123 

 

Summary……………………………..……………….………………………….................125 

Zusammenfassung………………………………………….……………………................126 

Curriculum vitae…………………………….……………………………………..............127 

List of publication.................................................................................................................128 

Acknowledgements……...…………………………………….............................................129 

 



9 

General introduction & discussion 
 

Animals need to adapt and modify their behaviour according to a changing environment. In 

particular, the ability to learn about rewarding or punishing events is crucial for survival, a 

process which requires regulated synaptic modification in the brain. A major topic in 

behavioural neuroscience therefore is to understand how associative plasticity on the synaptic 

level relates to associative changes in behaviour (Martin et al., 2000). Drosophila is an 

attractive model in this regard as the fruit fly has a relatively simple nervous system with 

relatively few neurons. Furthermore, transgenic techniques are available in Drosophila for 

behavioural research to block neurotransmission, induce cell death or to temporarily express 

any gene of interest in a defined set of cells, potentially allowing to bridge the gap between 

behavior and synaptic plasticity (Phelps and Brand, 1998; Kitamoto, 2001; Sokolowski, 2001; 

Heisenberg, 2003; Schroll et al., 2006). Additionally, ongoing innovations of techniques keep 

offering novel approaches, for example RNA interference previously published for C. 

elegans, which is now allowing to knock-down any gene of interest specifically in any 

genetically defined subset of cells. 

The Drosophila larvae is a particularly suitable study case in this regard, as its nervous system 

has ten to a hundred times fewer cells than that of adult flies (e.g. Stocker [2001]; Python and 

Stocker [2002]), and appr. 10 million times fewer cells than that of humans. Still, despite this 

reduced cell number, the general layout of the olfactory system appears strikingly similar 

between larvae and adult (Gerber et al., 2008). Thus, a comprehensive account of olfactory 

learning, within reach for larval and adult Drosophila, may have bearings for our 

understanding of olfaction and learning in a more general sense. 

 

Establishing an robust olfactory learning regime for Drosophila larvae 

Despite this simplicity, Drosophila larvae can learn well, both associations between visual 

stimuli and gustatory reinforcement (Gerber et al., 2004a) and associations between odours 

and gustatory reinforcement (Dukas, 1999; Scherer et al., 2003). 

Thus, the larva provides an attractive system for localizing memory traces at the cellular level. 

Indeed, Heisenberg et al. (1985) reported that late 3rd larvae with a mutation in the mushroom 

body miniature gene (mbm) have a strong defect in a larval version of odour-shock associative 

learning. However, given problems in replicating such odour-electroshock learning in wild-

type larva (Forbes, 1993), we decided to develop a novel, and as it had turned out more robust 

olfactory learning paradigm, using food as reinforcer. 
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In Chapter I.1, we established an olfactory learning paradigm for Drosophila larvae that was 

the basis for all larval learning experiments performed in this Thesis. We first confirmed that 

Drosophila larvae are able to detect both the odours and the respective tastants (FRU, NaCl, 

Quinine) that are used during the behavioural task. We decided to use a reward learning 

paradigm because (1) Drosophila larvae are the main feeding stages in the life cycle of the fly 

and therefore taste and feeding play a major role and (2) we found that fructose possesses a 

strong and reliable positive reinforcing effect. These findings then were the basis to venture 

into a neurogenetics analysis of larval odour-food learning. 

 

Neurogenetics of olfactory associative learning in Drosophila larvae 

Since three decades learning and memory has been studied in Drosophila and various mutants 

have been found from mutagenesis screens that are impaired in memory formation or retrieval 

(reviewed in Skoulakis and Grammenoudi [2006]). The cAMP signaling cascade is the most 

extensively studied aspect that emerged from these screens: the learning mutant rutabaga 

affects a gene encoding a Ca2+/ Calmodulin sensitive adenylyl cyclase (AC) which 

conceivably acts as molecular coincidence detector of conditioned and reinforcing stimulus 

processing (Dudai et al., 1988; Abrams et al., 1998). The AC is a doubly-regulated enzyme 

that is substantially activated only if both the conditioned stimulus signal drives the neuron in 

question activating the AC via Ca2+/ Calmodulin and second the reinforcement signal gives 

input to the same neuron activating the AC via a G-protein coupled receptor (Abrams et al., 

1991); interestingly, effective stimulation of the AC is only reached when activation via Ca2+/ 

Calmodulin precedes activation via the G-protein which is in accordance with the temporal 

pairing requirements in classical conditioning (Abrams et al., 1998). The AC then activates a 

cAMP-dependent protein kinase (PKA) and PKA phosophorylates several target proteins– 

most of them being currently unknown– that ultimately mediate changes in neurotransmitter 

release. Consistent with this model, interfering with any component of the cAMP cascade 

results in learning impairments: rutabaga (AC) mutants show defects in a number of learning 

paradigms (Tully and Quinn, 1985; Zars et al., 2000); expressing a constitutively active form 

of a G-protein leads to learning impairments (Connolly et al., 1996) and flies that lack the 

catalytic or a regulatory subunit of PKA show decreased learning performance (Skoulakis et 

al., 1993; Goodwin et al., 1997). Consistently, also in mammals the cAMP/ protein kinase A 

(PKA) signaling cascade is critical for initial memory formation of learned fear (Byrne and 

Kandel, 1996; Abel et al., 1997; Siwicki and Ladewski, 2003). Furthermore besides the role 
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for PKA required for the acquisition of fear memory, it was also shown that PKA is a 

constraint for extinction of fear (Isiegas et al., 2006). 

Besides components of the cAMP cascade several other learning mutants have been described 

(reviewed in Skoulakis and Grammenoudi [2006]). Recently a synaptic vesicle associated 

proteins has been found to be involved in learning and memory of adult Drosophila. Flies 

lacking Synapsin show reduced learning scores in odour-electroshock associative learning 

(Godenschwege et al., 2004). Synapsins are abundant phosphoproteins that are associated 

with synaptic vesicles (Hilfiker et al., 1999) for a controversial view see (Gaffield and Betz, 

2007). They are highly conserved throughout the animal kingdom and share a common 

domain structure (Hilfiker et al., 1999; Hilfiker et al., 2005). In vertebrates three synapsin 

genes are found, whereas in invertebrates Synapsin is encoded by a single gene (Klagges et 

al., 1996; Hilfiker et al., 1999). Almost all Synapsins investigated so far share domains A, C 

and E, pointing to a conserved function mediated by these domains (Kao et al., 1999). In 

terms of molecular function, Synapsin is supposed to be involved in the regulation of synaptic 

transmission via tethering synaptic vesicles to the actin cytoskeleton in a phosphorylation-

dependent manner and therefore regulating the number of vesicles available for release 

(Hosaka et al., 1999; Chi et al., 2001; Menegon et al., 2006; Gitler et al., 2008). Indeed, 

studies in mice showed that if Synapsin function is compromised, synaptic output per se 

remains functional, whereas the ability to maintain synaptic output at high, sustained spiking 

rates is compromised (Chi et al., 2003; Gitler et al., 2004). However, despite much work on 

the cellular, molecular, developmental, and physiological levels (Angers et al. [2002]; Ferreira 

and Rapoport [2002]; Chi et al. [2003]; Gitler et al. [2004]; Hilfiker et al. [2005] for reviews 

see Hilfiker et al. [1999] and Sudhof [2004]), the functional significance of Synapsin for 

behavior remains less well understood. In humans, Garcia et al. (2004) recently found that a 

mutation in the synapsin I gene causes severe neurological and behavioral phenotypes, 

including epilepsy and learning impairments. In the mouse, Silva et al. (1996) found learning 

impairments in synapsin II, but not synapsin I knockout mice; these results correlated with 

decreased post-tetanic potentiation in synapsin II, but not synapsin I mutants. In mice lacking 

all three synapsin genes, Gitler et al. (2004) documented that such triple mutants show 

delayed responses in a number of tested reflexes and diminished ability to hang from a 

suspended wire; they also noted that these animals show seizures upon disturbance by 

opening of the cage, reduced levels of piloerection, and difficulties maintaining balance when 

the cage is shaken. Importantly for the current context, Gitler et al. (2004) reported that in a 
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test for spatial memory in an eight-arm radial maze, these animals performed poorly; 

reportedly, this phenotype is not due to deficits in motivation or motor ability. 

Given these previous findings, I asked in my Thesis whether Synapsin contributes to learning 

in Drosophila larva, and if so, where in the brain Synapsin may act to support such learning. 

 

Memory trace localization 

Also in humans much investigation on localizing memory traces is ongoing. Surgical, 

pharmacological and genetic lesion studies have revealed distinct anatomical sites involved 

with different forms of learning. Such ‘maps’ of a division of labour in the human brain are 

largely based on studies of patients with localized brain damage and on work in rodent model 

systems; for example, it was shown that the hippocampal formation participates in acquisition 

of declarative tasks but is not the site of their long-term storage (Milner et al., 1998; Scoville 

and Milner, 2000). However, a big disadvantage remains that in humans the patients´ ‘natural’ 

lesions are often ill-defined, individually unique, rare and also mostly irreversible, which has 

limited their use for dissecting the temporal processes of memories. 

In flies, a distinct region of the brain, the mushroom body, likely houses an olfactory memory 

trace; this notion is based on the genetic repertoire available in Drosophila (for more detail 

see Wilson and Collier [1992]; Kitamoto [2001, 2002]; Martin et al. [2002]; McGuire et al. 

[2003]; Hay et al. [2004]). These methods also are the basis for analyses as to whether also in 

flies a division of labour exists between parts of the brain in terms of their roles in different 

kinds of learning task. Indeed, it turned out that whereas olfactory memory traces can be 

localized to the mushroom bodies, visual memory traces established in the flight simulator 

(Liu et al., 2006) are associated with the central complex, and place memory studied by heat 

box experiments (Zars et al., 2000) in the median bundle. Thus, as discussed in Heisenberg 

and Gerber (2008), the adult fly brain does seem to be functionally compartementalized in 

terms of a map of different memory traces in different brain regions. Is the same the case for 

larval Drosophila? 

Larval Drosophila show visual (Gerber et al., 2004a) as well as olfactory learning using 

tastants as reinforcer (either sugars as reward, or high-salt or quinine as punishment, 

respectively) (Scherer et al., 2003; Hendel et al., 2005; Honjo and Furukubo-Tokunaga, 2005; 

Neuser et al., 2005; Niewalda et al., 2008; Schipanski et al., 2008). While at present nothing is 

known about the neurogenetics of visual learning (making it at present impossible to address 

the question of division of labour among regions of the larval brain), regarding odour-sugar 

learning, two studies speak towards a possible site of the memory trace: Firstly, Kaun et al. 
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(2007) investigated the foraging gene. This gene encodes a cGMP-dependent protein kinase 

(PKG) which is less expressed in sitters in contrast to rover flies (Osborne et al., 1997). 

Notably, the reduced learning scores in sitters can be increased to rover levels by boosting 

expression of PKG in the mushroom bodies. However, secondly, it was reported that the 

learning defect seen upon deletion of the neurexin gene (Nrx-1
∆83; Zeng et al. [2007]) cannot 

be restored by Neurexin-1 expression in the mushroom bodies. Thus, with regard to memory 

trace localization in larval odour-sugar learning, we largely remain at sea. 

In addition to these studies, Honjo and Furukubo-Tokunaga (2005) used a nonreciprocal 

training design, that makes the interpretation of the findings complicated as learning indices 

reflect not only the difference between reciprocally trained groups, but might be influenced by 

habituation, adaptation, changes in motivation, and changes in the concentration of the odors. 

Given this relatively incomplete knowledge of the neurogenetics of larval learning, within this 

Thesis I venture into the first comprehensive account to localize the cellular site of odour-

reward associative memory trace in larval Drosophila. I decided to use the presynaptic protein 

Synapsin for this effort. I found that acute pan-neural expression of Synapsin and constitutive 

local expression in only the mushroom body fully restore learning, whereas no such 

restoration of learning is found by Synapsin expression throughout large parts of the brain 

excluding the mushroom bodies, or by Synapsin expression in specifically the projection 

neurons. Thus, in order for learning to be restored, Synapsin expression in the mushroom 

bodies is evidently sufficient and likely necessary within the mushroom bodies of larval 

Drosophila. 

 

To independently test for the local requirement of Synaspin, I produced transgenic flies that 

knock-down Synapsin by means of RNAi. Indeed, by a pan-neuronal knock-down of 

Synapsin protein the experimental larvae perform poorly in comparison to wild-type larvae in 

the learning task. This finding is consistent with the results of testing the deletion mutant syn
97 

in the larval learning regime. Thus, these flies can be used for further research to narrow 

down the necessity of Synapsin in the larval brain during larval olfactory learning. 

 

Common involvement of Synapsin in predictive learning about the presence and absence of 

shock in adult flies 

Given this role of Synapsin in larval odour-food learning, and in particular given that adult 

Synapsin null mutant Drosophila show an impairment in odour-shock associative learning 

(Godenschwege et al. [2004]; Michels et al. [2005]; see above), I took part in a study to ask 
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whether Synapsin plays a role for olfactory relief learning in the adult fly as well (Tanimoto et 

al., 2004; Yarali et al., 2006). We exploited the fact that an odour is avoided after odour _ 

shock training because it predicts shock, whereas after shock _ odour training the odour is 

approached because it signals no-shock. We show that a lack of Synapsin leads to reduced 

learning about both shock-predicting and no-shock predicting stimuli. These are the first 

results, in any experimental system, concerning how these antagonistic behavioural 

consequences of shock come about molecularly. In the next step we will test whether 

knocking down Synapsin by RNAi also causes a similar impairment of associative learning. 

To get insights where in the brain Synapsin expression is sufficient to rescue shock and no-

shock learning, Synapsin will be expressed in different brain areas of interest. Taking into 

consideration that all transgenic flies have a mutation in the white gene because of the way 

these animals are generated (see below), this might lead to different amounts of White protein 

levels between different genotypes. We therefore asked whether a mutation in white gene 

causes leaning phenotypes in either shock or no-shock learning. It turned out that upon the 

loss of white-function, the balance between these two kinds of learning is distorted in favor of 

punishment learning: White mutants show stronger punishment learning and weaker relief 

learning, as compared to wild type flies. This prompted me to search for a putative effect of 

mutations in the white gene also in the larva. Such a phenotype, though, is not apparent. This 

is important for practical reasons: Transgenes typically carry a ‘marker’ mutation in the white 

gene. This ‘marker’ mutation causes white eye colour as compared to the wild-typeish red eye 

colour; fly transgenes therefore include a mini-white rescue gene (supporting red eye colour), 

such that loss of the construct would show by white eyes. In order to express any gene of 

interested in the flies one therefore has to cross two transgenic fly strains (each possessing one 

copy of the mini-white rescue gene). Such crossing this leads to progeny with two copies of 

mini-white rescue genes (one from each parental strain) whereas the corresponding controls 

do only posses one copy (from female or male parental strain, respectively). If one tests these 

animals for learning and the rescue flies perform well such a finding has to be interpreted 

carefully: On the one hand this result could be interpreted by the sufficiency of the protein of 

interest. On the other hand, it may rather be the higher levels of White protein in the rescued 

flies which endow these flies with increased learning ability. While such effects, obviously, 

have to be reckoned with in adult flies (see above), given the lack of effect of loss of white 

function in the larva, however, the experiments using the various transgenic constructs used 

for localizing the Synapsin-dependent memory trace can be interpreted without reference to 

white function. 
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OUTLOOK INTO MOLECULAR NETWORK 

As I have shown that Synapsin is required for larval odour-food learning, and that the 

underlying memory trace likely is located in the mushroom bodies, the question of the 

molecular mechanism of Synapsin function emerged. Given that Drosophila Synapsin shows 

phosphorylation consensus sites for PKA, I asked whether Synapsin might be one of the target 

proteins of PKA and thus mediate its effects via the cAMP cascade. This is a question of 

somewhat broader interest: While the molecular mechanisms of coincidence detection by the 

type I adenylyl cyclase during training are well known and appear widely conserved across 

the animal kingdom (Dudai et al., 1988; Abrams et al., 1998; Renger et al., 2000), the 

question what the downstream processes are that allow more transmitter being released at the 

moment of testing remain a challenge. Indeed as argued above, it seems conceivable that the 

PKA consensus site(s) of Synapsin are required for reserve-pool vesicle recruitment: Fiumara 

et al. (2004) examined the substrate properties of Aplysia Synapsin. ApSynapsin was found to 

be an excellent in vitro substrate for cAMP dependent protein kinase, which phosphorylated it 

at high stoichiometry on a single site (Ser-9) in the evolutionarily conserved A-domain. 

However, other kinases reported to phosphorylate mammalian Synapsins, phosphorylated 

ApSynapsin to a much lesser extent. Therefore, I asked whether the phosphorylation 

consensus sites for cAMP-dependent protein kinase A (PKA) of Drosophila Synapsin are 

required to support learning. To this end, we have produced transgenic flies which express 

only a mutated version of the Synapsin protein with not phosphorylatable PKA sites. As these 

flies are in an otherwise synapsin-mutant background they role for phosphorylation of the 

Synapsin protein is feasible to be investigated in Drosophila olfactory learning. 

Interestingly, it has been shown that the evolutionarily conserved PKA-1 phosphorylation 

consensus site undergoes ADAR-dependent RNA editing, thereby changing the consensus 

motif from R-R-F-S to R-G-F-S (Diegelmann et al., 2006b). This prompted me to ask for the 

role of this RNA editing, in particular with regard to learning and memory. Therefore, 

together with Jana Husse in her Diploma thesis, I aimed to generate transgenic flies that 

express an altered form of Synapsin protein with a non-edited PKA-1 under the control of an 

upstream activating sequence (UAS). We successfully generated these flies and provided 

evidence for PKA-1 being in the non-edited form or non-phosporylateable form, respectively, 

on both the genomic and the mRNA level. Furthermore, after crossing to a Gal4 driver strain, 

these UAS-synapsin flies express the altered Synapsin protein to a level comparable to 

Synapsin expression levels in wild-type flies. These transgenic flies can now be used for a 

number of experiments to elucidate the role of the RNA editing of Drosophila synapsin: on 
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the biochemical level phosphorylation assays can be performed and - most fascinating - on the 

behavioural level these flies will be tested for their learning performance. 
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INTRODUCTION 

 

Associative, predictive learning is an essential function of the brain, enabling animals to for 

example use food-predicting stimuli to guide their food-search behaviour. Given the fierce 

competition for food sources in natural environments, such ability is of obvious selective 

advantage. Clearly, identification of the molecular machinery underlying these learning 

processes, and the neuronal circuits in which these molecules act, is essential to understand 

this ability. The fruit fly Drosophila melanogaster is a suitable organism in this regard, as it 

allows experimental access on the molecular, cellular, and behavioural level. 

 

On the behavioural level, Drosophila can manage a range of well-defined learning 

tasks, both as larva and as adult fly. The most frequently used learning tasks for adult flies are 

visual learning, heat-box conditioning and odour-shock associative learning (reviewed in 

Heisenberg and Gerber, 2008). For visual learning, individual flies are tethered to a torque 

meter such that they can control their visual surround by their yaw torque (Heisenberg and 

Wolf, 1984, 1988; Brembs and Heisenberg, 2000), in other words, the flies can choose their 

‘flight direction’ relative to visual landmarks. If in such a set-up particular flight directions are 

associated with heat punishment, the flies will subsequently avoid these flight directions. In 

heat-box conditioning, flies are trained to avoid one side of a narrow chamber by associating 

it with heat punishment, such that subsequently they restrict their movement to one chamber-

half (Putz and Heisenberg, 2002; Putz et al., 2004; Diegelmann et al., 2006a). In odour-shock 

associative learning, groups of about 100 flies receive presentations of one odour paired with 

electroshock, whereas another odour is presented without shock. Subsequently, flies avoid the 

previously punished odour in a T-maze (Tully and Quinn, 1985). In the larva, the previously 

published odour-shock associative learning paradigm for Drosophila larvae (Aceves-Pina and 

Quinn, 1979; Heisenberg et al., 1985 but see Forbes, 1993 for unsuccessful attempts of 

replication) was in the last few years complemented by a robust odour-taste learning paradigm 

(Scherer et al., 2003; Hendel et al., 2005; Neuser et al., 2005; Schipanski et al., 2008; 

Niewalda et al., 2008) as well as a visual learning paradigm (Gerber et al., 2004a) which also 

uses tastants as reinforcer. 

On the cellular level, the circuits underlying these learning tasks are amenable to fine-

grained analyses, thanks to the Gal4-UAS method (Brand and Perrimon, 1993): The yeast 

transcription factor Gal4, whose spatial and temporal expression is controlled by a flanking 

genomic enhancer, determines the cellular pattern of effector gene expression, whereas the 
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UAS element determines the kind of effector transgene expressed. The transgenically 

expressed proteins then can e.g. block neurotransmitter release (shibire
ts1

 [shi
ts1]: a 

temperature-sensitive dominant-negative Dynamin blocking endocytosis during synaptic 

vesicle recycling [Kitamoto, 2001, 2002]; tetanus toxin light chain [TNT]: a protease 

specifically cleaving neuronal synaptobrevin [Sweeney et al., 1995; Martin et al., 2002]) or 

induce cell death (reaper [rpr]: induces apoptosis by activating the caspase proteolytic 

cascade [White and Steller, 1995; Bergmann et al., 2003; Hay et al., 2004]; diphtheria toxin A 

[DTA]: an inhibitor of protein synthesis by ribosylating elongation factor-2 [Wilson and 

Collier, 1992]). Additionally, to induce the effector gene specifically in the adult, a 

temperature-sensitive mutant of Gal80 (Gal80ts) has been generated to control the Gal4/UAS 

gene expression system temporally (McGuire et al., 2003). Finally, using the binary 

Gal4/UAS expression system, RNAi-inducing transgenes can be used to target gene 

inactivation to specific cell types. 

With this array of techniques available, expression or suppression of any protein or peptide in 

any cell group and at any time point is feasible, and can be used to unravel learning and 

memory processes. 

 

On the molecular and genetic level, earlier mutagenesis screens used feeding of ethyl 

methanesulfonate (EMS) and characterization of strains defective in learning and memory. By 

such screens, mutations in genes such as dunce (Byers et al., 1981), turnip (Duerr and Quinn, 

1982), Ddc (Livingstone and Tempel, 1983; Tempel et al., 1984)and rutabaga (Livingstone et 

al., 1984) were discovered. One common denominator of many of these mutants is that they 

are part of the AC-cAMP-PKA pathway (Byers et al., 1981; Livingstone et al., 1984). It has 

been proposed that the type I adenylyl cyclase (AC) acts as a molecular coincidence detector 

in associative learning. In flies the adenylyl cyclase is encoded by the rutabaga gene; in 

analogy to what has been found in Aplysia (Dudai et al., 1988; Abrams et al., 1998), the 

working model is that the Rutabaga cyclase is activated by the joint presentation of odour and 

electric shock: The odour leads to Ca2+ influx and activation of calmodulin, whereas the shock 

leads to an activation of dopaminergic neurons (Riemensperger et al., 2005) and the activation 

of a G-protein coupled dopamine receptor (Hauser et al., 2006). Only the joint activation of 

these two pathways is thought to be sufficiently activating the Rutabaga cyclase, such that the 

cAMP-PKA cascade can be triggered, the respective effector proteins be phosphorylated, and 

hence ultimately the input-output characteristics of the neuron be altered. Notably, the role of 

the AC-cAMP-PKA cascade for neuronal plasticity has subsequently been confirmed for a 
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variety of organisms throughout the animal kingdom (Yin and Tully, 1996; Kandel, 2001); 

however, in most cases the downstream processes, that is: the actual effector proteins which 

are phosphorylated by PKA, remain to be discovered.  

 

Given these possibilities of experimental access to learning and memory in 

Drosophila, one can address one of the central questions in the field, which is whether and in 

which sense there is a division of labour among parts of the brain with respect to memory 

function. More specifically, one can ask whether it is possible to localize a memory trace to 

specific cells in the brain. For such an endeavour, (Gerber et al., 2004b) have suggested five 

guide-post criteria; that is, if a memory trace is located in a specific set of cells, it should be 

possible to show that: 

(i) neuronal plasticity occurs in these cells; 

(ii) such plasticity in these cells is sufficient and 

(iii) necessary for memory; 

(iv) memory is abolished if these cells cannot provide output during testing; 

(v) memory is abolished if these cells cannot receive input during training.  

 

Based on these criteria, it has been suggested that, concerning odour-shock associative 

learning, the underlying short-term memory trace is localized to the so-called mushroom 

bodies. That is, olfactory sensory neurons on the Drosophila 3rd antennal segment and 

maxillary palp each express essentially a single olfactory receptor protein that determines its 

ligand profile. All those, and only those, sensory neurons expressing a given receptor project 

into a common spherical structure (‘glomerulus’) in the antennal lobe. Within this glomerulus, 

they connect with a network of extrinsic, modulatory interneurons, excitatory or inhibitory 

local interneurons, and the output elements of the antennal lobe (the projection neurons) 

(Sachse and Galizia, 2002; Wilson and Laurent, 2005). Notably, the input branches of 

individual projection neurons, as the output branches of the sensory neurons, typically are 

confined to a single glomerulus each (but see below). These projection neurons send their 

axons to two target areas: The lateral horn and the mushroom bodies (those projection 

neurons which collect input from multiple glomeruli bypass the mushroom bodies and project 

to only the lateral horn [Heimbeck et al., 2001]). Although the exact connectivity towards 

premotor neurons is not yet described comprehensively (Ito et al., 1998; Tanaka et al., 2008), 

it is commonly suggested that both the lateral horn and the mushroom bodies then provide 
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input to premotor areas. Thus, olfactory behaviour can be supported either by a direct lateral 

horn-pathway, or via a side-loop through the mushroom bodies. 

Interestingly, chemically ablating the mushroom bodies has little if any effect upon 

olfactory behaviour in experimentally naïve flies (de Belle and Heisenberg, 1994), but 

disabling synaptic output from the projection neurons does impair such responses (Heimbeck 

et al., 2001). Thus, flies with an intact direct olfactory pathway are largely unimpaired in 

naïve odour responses, whereas flies in which both the direct lateral-horn-pathway and the 

indirect mushroom body-pathway are severed, are impaired. When, however, learned odour 

responses are probed in flies with ablated mushroom bodies, drastic impairments are found 

(de Belle and Heisenberg, 1994). This suggests that the direct lateral horn-pathway serves for 

innate, experimentally naïve odour responses, whereas the indirect mushroom body-pathway 

serves for learned odour responses. These reasonings were the starting point for asking 

whether the olfactory memory trace for such learned odour responses, i.e. concerning the 

short-term odour-shock memory trace, indeed is localized to the mushroom bodies. Following 

the above-mentioned criteria, this does seem to be the case: 

(i), (ii) Genetic intervention at various steps of the AC-cAMP-PKA signalling cascade leads 

to impairments both of synaptic plasticity at the neuromuscular junction (Renger et al., 2000), 

and to impairments in learning ability (Davis et al., 1995; Davis, 1996). This indirectly 

suggests that such neuronal plasticity is required for learning. Notably, acutely restoring the 

AC-cAMP-PKA cascade in the mushroom body restores these learning impairments, 

suggesting that restoring neuronal plasticity in the mushroom bodies is sufficient to restore 

learning ability (Zars et al., 2000; Schwaerzel et al., 2002; McGuire et al., 2003; Thum et al., 

2007). 

(iii) Mushroom body expression of a dominant negative Gαs
* protein subunit, 

constitutively activating the AC-cAMP-PKA cascade and thus rendering it non-regulatable, 

abolishes learning (Connolly et al., 1996), suggesting a local requirement of this cascade for 

learning. 

(iv) Blocking synaptic output from the mushroom bodies during test abolishes memory 

scores (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et al., 2002). 

(v) Blocking input to the mushroom bodies during training prevents flies from learning 

(Schwaerzel et al., 2003). 

Taken to their logical extreme, collectively these arguments suggest that there is but one 

short-term odour-shock memory trace in the fly brain, and that it is localized to the mushroom 

bodies. 
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In contrast to this scenario with regard to odour-shock learning, the report of Thum et 

al. (2007) suggests that odour-sugar learning may induce a second memory trace in the 

projection neurons. This is because Rutabaga expression in the projection neurons reportedly 

can fully rescue odour-sugar learning (but, in accordance with the above scenario, not odour-

shock learning). 

 

Larval Drospohila 

The olfactory pathways in larval Drosophila are in principle the same as in adult flies; 

however, the larvae possess much fewer neurons, actually lacking cellular redundancy across 

the first stages of the circuit (Fig. 1).  

 
 

Fig. 1: The chemosensory pathway of Drosophila larva. (A) Schematic overview of the cephalic chemosensory pathways. From the 3 

external chemosensory organs, the DO is a mixed structure composed of the central olfactory dome (gray) and a few putative taste 

sensilla (small circles). The TO with its dorsolateral and distal division (oval and small circles, respectively), the VO, as well as the dorsal, 

ventral, and posterior pharyngeal sense organs (DPS, VPS, PPS) include mainly gustatory sensilla. The cell bodies of the sensory neurons 

are collected in ganglia below each sense organ (DOG, TOG, VOG). Some of the neurons innervating the dorsolateral sensilla of the TO are 

situated in the ganglion of the DO. Odorant receptor neurons (blue) send their axon via the antennal nerve (AN) into the LAL. Local 

interneurons (LN) interconnect the glomeruli of the LAL. PNs (PN; green) travel in the inner antennocerebral tract (iACT) to link the LAL 

with theMBcalyx and the lateral horn (LH). An intrinsicMB Kenyon cell (KC) extending its process via the pedunculus (PD) into the MB 

lobes (not indicated) is shown in red. Axons from putative taste receptor neurons (brown) extend via the AN, the labral nerve (LN), the 

maxillary nerve (MN), and the labial nerve (LBN) to the subesophageal target region (SOG). The connectivity toward motor neurons is 

unknown, but concerning taste likely originates from the SOG and concerning olfaction likely from the LH and/or the MB lobes. The 

pharynx is shown stippled (from Gerber et al., 2006) (B) Frontal overview of the external chemosensory organs of the larval head (from 

Gerber et al., 2004) (C) Scheme of a larval brain consisting of two hemispheres and a ventral nerve court. (D) Wiring diagram of the adult 

versus larval olfactory system. Adult and larval olfactory pathways share the same design. However, in the adult, there are probably more 

primary olfactory dimensions as suggested by the number of types of ORNs (shown in different colors) and AL glomeruli. Moreover, in the 

adult, the different types of ORNs (open circles) and PNs (filled circles) that innervate a particular AL glomerulus occur in multiple copies, 

whereas larval ORNs and PNs are unique. Thus, the adult olfactory pathway is characterized by converging and diverging connectivity in 

the AL (ratios indicated refer to the features shown in the preceding line), whereas the larval pathway is organized without cellular 

redundancy. As indicated, larval ORNs, LAL glomeruli, PNs, and calyx glomeruli are related essentially in a 1:1:1:1 fashion. The larval MB 

calyx retains a combinatorial representation of the AL glomerular pattern, which is not obvious in the adult. For reasons of lucidity, the 

most nonstereotypic, highly combinatorial output of MB neurons in the calyx is not depicted. Note also that the local interneurons in the 

AL, which shape olfactory activity, are present in both larva and adult, but are omitted in this figure (from Gerber et al. 2006). Mouth hook 

(MH), ventral organ (VO), dorsal (DO) and terminal (TO) organs. Antennal lobe (AL), projection neurons (PN), mushroom body (MB), calyx 

(Cx), vertical lobe (VL), medial lobe (ML), peduncle (P), ventral nerve court (VNC). 
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That is, each olfactory receptor gene is expressed in only one of the 21 larval olfactory 

sensory neurons (Ramaekers et al., 2005); therefore, each glomerulus in the larval antennal 

lobe receives input from only one sensory neuron. Also at the level of the appr. 25 projection 

neurons, one can in most (16-18 projection neurons, i.e. the ones covered by the GH146-Gal4 

expression pattern) cases individually identify these neurons: Because the input region of the 

larval mushroom body, much like the antennal lobe, is organized in a glomerular fashion, and 

because each projection neuron is innervating typically only one of these mushroom body 

glomeruli, one can individually recognize projection neurons based on the combination of 

antennal-lobe input and mushroom body output glomerulus (Marin et al., 2005; Ramaekers et 

al., 2005). Thus, the larva provides an attractive system for localizing memory traces at the 

cellular level. 

In an early study, (Heisenberg et al., 1985) reported that late third-instar larvae with a 

mutation in the mushroom body miniature gene (mbm) have a strong defect in larval odour-

shock associative learning. However, given problems in replicating such odour-electroshock 

learning in wild-type larva (Forbes, 1993), we decided to develop a novel, and apparently 

more robust olfactory learning paradigm, using food as reinforcer (Scherer et al., 2003; 

Neuser et al., 2005; Gerber and Hendel, 2006). With respect to odour-sugar learning in this 

paradigm, two studies may speak towards the site of the memory trace: Firstly, Kaun et al. 

(2007) investigated the foraging gene (for). This gene encodes a cGMP-dependent protein 

kinase (PKG). Natural for variants have subtle but significant variations in PKG activity. The 

rover variants (for
R) have higher for transcript levels and higher PKG activity compared with 

the sitter variants (for
S) (Osborne et al., 1997), and show significantly greater learning scores 

than sitters. Notably, the reduced learning scores in sitters can be increased to rover levels by 

boosting expression of PKG in the mushroom bodies. However, secondly, it was reported that 

the learning defect seen upon deletion of the neurexin gene (Nrx-1
∆83; Zeng et al., 2007) 

cannot be restored by Neurexin-1 expression in the mushroom bodies. Thus, with regard to 

memory trace localization in larval odour-sugar learning, we largely remain at sea. 

Therefore, we here venture into the first comprehensive account to localize the cellular 

site of odour-reward associative memory trace in larval Drosophila. We decided to use the 

presynaptic protein Synapsin for this effort. Synapsins belong to a family of highly conserved 

neuronal phosphoproteins that are associated with synaptic vesicles and have been implicated 

in the regulation of neurotransmitter release by controlling the number of vesicles available 

for release (Hilfiker et al., 1999; but see Sudhof [2004] for a critical discussion of Synapsin 

function). In insects, Synapsin is encoded by one gene only, whereas there are three distinct 
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genes in vertebrates (Sudhof et al., 1989; Klagges et al., 1996; Kao et al., 1999). In vitro 

studies have shown that Synapsins can bind to both synaptic vesicles, and the cytoskeletal 

actin meshwork (Greengard et al., 1993; Hilfiker et al., 1999; Hosaka et al., 1999). This 

prevents these vesicles from release, thus forming a so-called reserve pool of synaptic vesicles 

(Li et al., 1995; Hilfiker et al., 1999; Gitler et al., 2008). Importantly, phosphorylation of 

Synapsin allows the synaptic vesicles to dissociate from this reserve pool and thus to 

translocate to the active zone, where then these vesicles can be released upon any future 

activation of the cell (but see [Sudhof, 2004] for a challenge of this view of Synapsin 

function). The high abundance of Synapsins in the synaptic terminals, the association with 

synaptic vesicles, the highly conserved domains with phosphorylation sites for PKA, CamK I 

and IV, as well as the widespread distribution at nerve terminals, all signify Synapsins as 

important and evolutionarily conserved regulatory synaptic proteins. Indeed, we have shown 

(Michels et al., 2005) that a lack of Synapsin in the deletion mutant syn
97 led to a 50 % 

reduction in odour-reward memory in the larva (in adults memory was reduced by 25% in 

syn
97 flies [Godenschwege et al., 2004]). The ability to recognize the to-be-associated 

gustatory and olfactory stimuli, motor performance, as well as sensitivity to experimental 

stress, sensory adaptation, habituation and satiation, however, do not apparently differ 

between the wild-type and the syn
97 mutant. This now enables us to see where in the larval 

brain restoring Synapsin would be sufficient to restore learning ability. We will furthermore 

test where a reduction of Synapsin may reduce learning ability. This allows us to map the sites 

of sufficiency and necessity of Synapsin for memory trace formation in larval Drosophila. 
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MATERIAL AND METHODS 

 

Third instar feeding-stage larvae aged 5 days after egg laying were used throughout; they 

were kept in mass culture, maintained at 25 °C, 60- 70 % relative humidity and a 14/ 10 hour 

light/ dark cycle, except mentioned otherwise. Experimenters were blind with respect to 

genotype and treatment condition in all cases; these were decoded only after the experiments. 

 

Fly strains 

We used the wild-type CS strain (Michels et al., 2005) as reference in all cases. The mutant 

investigated in Experiment 1 was syn
97CS, which carries a 1.4 kb deletion in the synapsin gene 

and lacks all Synapsin protein; this strain had been outcrossed to wild-type CS for 13 

generations (Godenschwege et al., 2004; Michels et al., 2005) and shows an appr. 50 % 

reduction in larval learning scores as compared to wild-type CS (Michels et al., 2005; Fig. 3E) 

and will be labelled as syn
97 for simplicity. 

In cases when transgenic strains were involved, these strains all were in the w
1118- mutant 

background. To see whether the learning defect seen in syn
97 relative to wild-type CS is also 

manifest within this w1118- mutant background, we used w1118; syn
97 double mutants generated 

by classical genetics and compared them to w1118. 

 

We recombined various Gal4 driver strains (for sources see references below) into the syn
97- 

mutant background by classical genetics; as mentioned above all these transgenic strains in 

addition carry the w
1118- mutation as a ‘marker’, and mini-white rescue constructs on their 

respective transgenic construct(s) (see Results). The Gal4 driver strains thus obtained were 

(roman numerals in brackets refer to the chromosome carrying the respective Gal4 insertion): 

elav-Gal4; syn
97 [X] (called c155 in Lin and Goodman, 1994) for brain-wide transgene 

expression; 

mb247-Gal4; syn
97 [III] (Zars et al., 2000) for transgene expression in many mushroom body 

neurons; 

D52H-Gal4; syn
97 [X] (Qiu and Davis, 1993; Tettamanti et al., 1997; kindly provided by R. 

Davis), for transgene expression in a small subset of mushroom body neurons; 

GH146-Gal4; syn
97 [II] (Heimbeck et al., 2001) for transgene expression in projection 

neurons; 

NP225-Gal4; syn
97 [II] (Tanaka et al., 2004), also for transgene expression in projection 

neurons. 
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As effector strain we used the UAS-syn; syn
97 [III] strain (generated on the basis of Lohr et 

al., 2002). 

To generate experimental genotypes for the rescue experiments, three kinds of crosses were 

used in addition to the wild-type CS larvae which were always used as ‘benchmark’: 

for RESCUE genotypes, we crossed a respective driver strain, e.g. elav-Gal4; syn
97 to the 

UAS-syn; syn
97 effector strain, yielding w1118, elav-Gal4/w1118; UAS-syn, syn

97/syn
97; 

for DRIVER control genotypes, we crossed e.g. the elav-Gal4; syn
97 driver strain to w

1118; 

syn
97 yielding w1118, elav-Gal4/w1118; syn

97/syn
97; 

for the EFFECTOR control genotype, we crossed the UAS-syn; syn
97 effector strain to w1118; 

syn
97 yielding w1118/w1118; UAS-syn, syn

97/syn
97. 

 

To restore Synapsin expression throughout the brain, but not in the mushroom body, a mb247-

Gal80; UAS-syn; syn
97 effector strain was generated (gift from S. Knapek) by classical 

genetics from mb247-Gal80 [II] (Krashes et al., 2007) and UAS-syn; syn
97 (see above); these 

flies were then crossed to elav-Gal4; syn
97. This yielded w

1118, elav-Gal4/w1118; mb247-

Gal80/+; UAS-syn, syn
97/syn

97. Because Gal80 is an inhibitor of Gal4, in these animals the 

mb247-Gal80 element leads to expression of Gal80 in the mushroom body, such that in the 

mushroom body Gal80 can suppress Gal4 and thus prevent Synapsin expression only in the 

mushroom bodies. For these experiments, for DRIVER control genotypes, we crossed the 

elav-Gal4; syn
97 driver strain to w

1118; syn
97 yielding w

1118, elav-Gal4/w1118; syn
97/syn

97. As 

EFFECTOR control genotype, we crossed the mb247-Gal80; UAS-syn; syn
97 effector strain to 

w
1118; syn

97 yielding w1118/w1118; mb247-Gal80/+; UAS-syn, syn
97/syn

97. To proof the potency 

of mb247-Gal80 an elav-Gal4; mb247-Gal80 fly strain was generated (gift from T. 

Saumweber) by classical genetics from elav-Gal4 (see above) and mb247-Gal80 (see above). 

 

For a temporally-restricted expression of Synapsin, we generated a fly strain carrying tub-

GAL80ts [II] (McGuire et al., 2003) and UAS-syn in the syn
97- mutant background (tub-

GAL80ts; UAS-syn; syn
97). These flies were then crossed to elav-Gal4; syn

97 to yield w1118, 

elav-Gal4/w1118; tub-Gal80ts/+; UAS-syn, syn
97/syn

97. For DRIVER control strains the elav-

Gal4; syn
97 driver was crossed to w1118; syn

97 yielding w1118, elav-Gal4/w1118; syn
97/syn

97; and 

for the EFFECTOR control we crossed the tub-Gal80ts; UAS-syn; syn
97 effector strain to 

w
1118; syn

97 yielding w1118/w1118; tub-Gal80ts/+; UAS-syn, syn
97/syn

97. These crosses were then 

cultured at 18 °C; to induce Synapsin expression, a heat-shock was applied by shifting vials 

for 24 hours from 18 °C to 30 °C, beginning on day 6 AEL. Then, vials were kept at room 
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temperature for 2 hours before experiments were performed. Thus, Synapsin expression was 

only induced in the RESCUE strain w
1118, elav-Gal4/w1118; tub-Gal80ts/+; UAS-syn, 

syn
97/syn

97 and only when a heat shock was applied. This is because Gal80ts suppresses Gal4-

mediated transgene expression at 18 °C but is permissive for such transgene expression at 30 

°C. As treatment-control, animals from all genotypes were treated the same, except that heat-

shock was omitted. 

 

To yield an RNAi-mediated knock-down of Synapsin, a 497 nt coding fragment of the syn-

cDNA was amplified by PCR with primers containing unique restriction sites: the primer pair 

5'-GAGCTCTAGAACGGATGCAGAACGTCTG-3' and 5'-

GAGCGAATTCTGCCGCTGCTCGTCTC-3' was used as sense cDNA fragment and 5'-

GAGCGGTACCACGGATGCAGAACGTCTG-3' and 5'-

GAGCGAATTCGCCCGCTGCCGCTGCTC-3' were used as anti-sense cDNA fragment, 

respectively (Fig. 4A). The PCR-amplified fragments were digested with XbaI/EcoRI and 

EcoRI/KpnI respectively, subcloned into XbaI/KpnI pBluescript KSII (Stratagene, La Jolla, 

USA) and sequenced. The resulting inverted repeat sequence was excised as a 1kb NotI/KpnI 

fragment, ligated into NotI/KpnI-cut pUAST (Brand and Perrimon, 1993) and transformed 

into recombination-deficient SURE2 supercompetent cells (Stratagene, La Jolla, USA). 

Germ-line transformation then was performed into a w
1118 strain (Bestgene, Chino Hills, 

USA). The resulting effector strain UAS-RNAi-syn [III] was used for behavioural 

experiments and therefore crossed to a dcr-2; elav-Gal4 driver strain (generated by classical 

genetics from the dcr-2 [X] strain (Dietzl et al., 2007) and the elav-Gal4 [III] strain, both from 

Bloomington stock center). This yielded KNOCK-DOWN larvae of the genotype w1118, UAS-

dcr-2/w1118; elav-Gal4/UAS-RNAi-syn. For DRIVER control genotypes, we crossed the dcr-

2; elav-Gal4 driver strain to w
1118 yielding w

1118, dcr-2/w1118; elav-Gal4/+; as EFFECTOR 

control genotype, we crossed the UAS-RNAi-syn effector strain to w1118 yielding w1118/w1118; 

UAS-RNAi-syn/+. 

 

Western blotting 

For each lane in the Western blots, 10 larval brains were homogenized in 10 µL 2 x SDS gel 

loading buffer; whole-larva homogenates do not yield a signal in Western blots because of 

insufficient protein concentration and/ or degradation by proteases. The sample was heated to 

70 °C for 5 min and centrifuged for 2 min before electrophoresis. Proteins were separated by 

12.5% SDS-PAGE in a Multigel chamber (100 mA, 3 h; PEQLAB, Erlangen, Germany) and 
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transferred to nitrocellulose membranes (Kyhse-Andersen, 1984). Immunoreactions were 

successively performed with two monoclonal antibodies: SYNORF1 for Synapsin detection 

(Klagges et al., 1996) (dilution 1:100), and ab49 (Zinsmaier et al., 1990; Zinsmaier et al., 

1994) (dilution 1:400) for detection of the Cysteine String Protein (CSP; Arnold et al., 2004) 

as loading control. Visualization was achieved with the “ECL” Western blot detection system 

(Amersham, GE Healthcare, Ismaning, Germany) according to the manufacturer’s 

specifications. 

 

Immunohistochemistry 

Larval brains were dissected in phosphate-buffered saline containing 0.3 % Triton X-100 

(PBST) and fixed in 4 % paraformaldehyde dissolved in PBST for 1 h. After three washes 

(each 10 min) in PBST, the brains were treated in blocking solution containing 3 % normal 

goat serum (Dianova, Hamburg, Germany) in PBST for 1½ h. Tissues were then incubated 

overnight with a primary monoclonal anti-Synapsin mouse antibody (SYNORF1, diluted 1: 

10 in blocking solution) (Klagges et al., 1996). Six washing steps in PBST (each 10 min) 

were followed by incubation with a secondary rabbit anti-mouse antibody conjugated with 

Alexa 488 (diluted 1:200) (Molecular Probes, Invitro Detection Technologies, Karlsruhe, 

Germany). For orientation in the preparations, in particular in cases when no Synapsin was 

expected to be present, we used overnight staining with Alexa Fluor® 568 Phalloidin (diluted 

1:200) (Molecular Probes; Lot 41A1-4; Eugene; Oregon; USA), which visualizes filamentous 

actin. After final washing steps with PBST, samples were mounted in Vectashield medium 

(Linaris, Wertheim, Germany). 

In cases when we sought for an independent approximation of transgene expression supported 

by the various driver strains, we crossed the respective driver strains to UAS-mCD8::GFP 

flies (which will be labelled as UAS-GFP for simplicity throughout) (Lee and Luo, 1999) and 

probed for GFP expression. To this end, larval brains were incubated with a primary 

polyclonal rabbit anti-GFP antiserum (A6455, diluted 1:1000) (Invitrogen, Eugene, USA). 

After washing with PBST, samples were incubated with a secondary goat anti-rabbit antibody 

(Alexa Fluor 488, anti-rabbit Ig, diluted 1:100) (MoBiTech, Göttingen, Germany). 

3D reconstructions of larval brain stainings were made with the ImageJ plugin ´ImageJ 3D 

Viewer´ (Schmid et al., 2008). (Movies 1- 5 can be found in the supplementary material: CD). 
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Learning experiments 

Learning experiments follow standard methods (Neuser et al., 2005) (see Fig. 2 for a sketch). 

In brief, olfactory choice performance of groups of 30 larvae each were compared after either 

of two reciprocal training regimen: During one of these regimens, larvae received amylacetate 

(AM; Merck, Darmstadt, Germany) with a positive reinforcer and 1-octanol (OCT; Sigma-

Aldrich, Seelze, Germany) without such reinforcer (AM+/ OCT); the second regimen 

involved reciprocal training (AM/ OCT+). Then, animals were tested for their choice between 

AM versus OCT. Associative learning is indicated by a relatively higher preference for AM 

after AM+/ OCT training as compared to AM/ OCT+ training. These differences in 

preference were quantified by the learning index (LI; see below). 

 

 
 

Fig. 2: Appetitive olfactory learning. (A) Scheme of the learning experiment showing the sequence of training trials. Note that for half of 

the cases, the sequence of training trials for the reciprocal groups is as indicated (i.e., AM+/OCT and OCT+/AM); for the other half of the 

cases (not shown), the sequence of training trials is reversed (i.e., OCT/AM+ and AM/OCT+). After training, animals are tested for their 

odour choice (AM versus OCT). 
 
 

Petridishes (Sarstedt, Nümbrecht, Germany) with 85 mm inner diameter were filled 

with 1 % agarose (electrophoresis grade; Roth, Karlsruhe, Germany) allowed to solidify, 

covered with their lids, and, at room temperature, left untreated until the following day. As 

positive reinforcer we used 2 mol fructose (FRU, purity: 99 %; Roth, Karlsruhe, Germany) 

added to 1 l of agarose 10 min after boiling. 

Experiments were performed in red light under a fume hood at 21- 24° C. Before 

experiments, we replaced the regular lids of the petridishes with lids perforated in the center 

by 15 1-mm holes to improve aeration. Then, a spoonful of food medium containing larvae 

was taken from the food bottle and transferred to a glass vial. Thirty animals were collected, 

briefly washed in tap water and as a group transferred to the assay plates for the start of 

training. Each training trial lasted 5 min. Immediately before a trial, two containers loaded 
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both with the same odour (for details see below) had been placed onto the assay plate on 

opposite sides of the plate, 7 mm from the edges. Within each reciprocal training condition, 

for half of the cases we started with AM, for the other with OCT. Thus, for half of the cases 

we started with an agarose plate which had FRU added to the substrate, for the other with a 

plate without FRU. Then, the lid was closed and the larvae were left untreated for 5 min. The 

larvae were thereafter transferred to a plate with the alternative odour and the respective other 

substrate for 5 min. This cycle was repeated three times. Fresh assay plates were used for each 

trial. 

After such training, animals were tested for their odour choice. The larvae were placed 

in the middle of a fresh, pure agarose assay plate with a container of AM on one side and one 

of OCT on the other side. After 3 min, the number of animals on the “AM” or “OCT” side 

was counted. After this test was completed, the next group of animals was trained 

reciprocally. For both reciprocally trained groups, we then calculate an odour preference 

ranging from –1 to 1 as the number of animals observed on the AM side minus the number of 

animals observed on the OCT side, divided by the total number of animals: 

(1)  PREF = (#AM– #OCT)/ #TOTAL 

To determine whether these preferences are different depending on training regimen, 

we took the PREF scores from the reciprocally trained groups and calculated a learning index 

ranging from –1 to 1 as: 

(2)  LI = (PREFAM+/ OCT– PREFAM/ OCT+)/ 2 

After the data for these LI values had been collected for one of the genotypes, the 

corresponding data for another genotype were gathered. 

As behavioural data typically are not normally distributed, we displayed the LI scores 

using box plots, where the middle line represents the median, and the box boundaries and 

whiskers the 25/ 75 % and 10/ 90 % quantiles, respectively. For statistical comparisons, we 

used non-parametric analyses throughout. That is, comparisons of LIs against zero, i.e. 

random level, were performed with one-sample sign tests; comparisons of LIs between 

multiple genotypes were compared with Kruskal-Wallis tests. In cases of significance, this 

was followed by pair-wise Mann-Whitney U-tests; to retain an experiment-wide error of 5 % 

in cases of multiple such pair-wise tests, the significance level was adjusted by a Bonferroni 

correction, i.e. by dividing 0.05 by the number of these pairwise tests. For example, if three 

such U-tests were performed, we present statistics as P< 0.05/ 3. All calculations were 

performed with Statistica 7.1 (StatSoft Inc., Tulsa, OK, USA) on a PC. 
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RESULTS 

 

Experiment 1: Prelude: Learning impairment of syn
97
 mutants interpretable without 

reference to white 

 

We have shown before (Michels et al., 2005) that larvae lacking Synapsin (syn
97) show an 

about 50 % reduction in larval odour-sugar associative learning but show intact ability to (i) 

taste, (ii) to smell, and (iii) to move about the test arena; also, these mutants are not different 

from wild-type CS in terms of (iv) resistance to the stress of handling entailed by the training 

regimen, (v) olfactory adaptation which may accrue along training, and (vi) levels of 

motivation resulting from sugar-exposure and/ or feeding (Michels et al., 2005). This allows 

us to now ask where in the larval brain restoring Synapsin is sufficient to restore learning. 

Before venturing into this project, however, we confirm the lack of Synapsin (Fig.s 3B and D) 

and the learning defect of syn
97 larvae: Wild-type CS show about twice as high learning 

indices as syn
97 mutants (Fig. 3E; U-test: P< 0.05/ 4; U= 106; N= 28, 16). The same learning 

defect due to the syn
97 mutation is uncovered when comparing w1118; syn

97 double mutants to 

w
1118 larvae (Fig. 3E; U-test: P< 0.05/ 4; U= 44; N= 16, 13). Notably, direct comparisons do 

not reveal an effect of the w1118 mutation upon learning scores: Wild-type CS and w1118 larvae 

learn equally well (Fig. 3E; P= 0.78; U= 0.78; N= 28, 13), and w1118; syn
97 double mutants 

show learning scores indistinguishable from syn
97 mutants (Fig. 3E; P= 0.85; U= 123; sample 

sizes as above) (see also Yarali et al. [in press]. This is by no means trivial, as in adult flies 

effects of the w1118 mutation on various behaviours, including learning, have been reported 

(e.g. Diegelmann et al. [2006a] for heat-box learning and Yarali et al. [in press] for 

associative learning between odours and electric shock in adult flies). Thus, in those cases 

interpretation of experiments using transgenic constructs is complicated: Transgenes typically 

carry a ‘marker’ mutation in the white gene. This ‘marker’ mutation causes white eye colour 

as compared to the wild-typish red eye colour; fly transgenes therefore include a mini-white 

rescue gene (supporting red eye colour), such that loss of the construct would show by white 

eyes. 

To summarize, we confirm the odour-sugar learning defect seen in syn
97 larvae (Fig. 3E; 

Michels et al., 2005), and show that this defect can be interpreted without reference to white 

function. 
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Fig. 3: Learning impairment of syn
97

 mutants interpretable without reference to white. (A-D) Anti-Synapsin (white) and anti-F-actin 

(orange) immunoreactivity of whole-mount larval third-instar brains viewed under the confocal microscope. Brains of wild-type CS (A) and 

w
1118

 (C) show Synapsin staining, whereas brains of syn
97

 (B) and w
1118

; syn
97

 (D) do not. (E) Learning, as measured by the learning index 

(LI) is reduced by half both in syn
97

 and w
1118

; syn
97

 mutants relative to wild-type CS and w
1118

, respectively. Additionally, there are no 

significant differences between wild-type CS and w
1118

 larvae, and between w
1118

; syn
97

 and syn
97

 mutants. 

Box plots marked with different letters indicate significant differences in learning ability of the corresponding genotypes (P< 0.05/ 4), box 

plots with the same letters indicate no significant difference (P> 0.05/ 4). Box plots represent the median as the middle line, 25 and 75 % 

quantiles as box boundaries, as well as 10 and 90 % quantiles as whiskers, respectively. 
 

 

Experiment 2: Learning impairment upon knock-down of Synapsin by RNAi  

 

As an independent confirmation of the necessity of Synapsin in our larval olfactory learning 

paradigm, we knocked down Synapsin by RNAi (Smith et al., 2000; Kalidas and Smith, 

2002). Using UAS-RNAi-syn effector and elav-Gal4 as a brain-wide driver, we first 

performed a Western blot to test for the potential knock-down Synapsin (Fig. 4B). We moved 

on to use these brain-wide KNOCK-DOWN larvae (w1118, UAS-Dcr-2/w1118; elav-Gal4/UAS-

RNAi-syn) for behavioural experiments, together with their proper genetic controls (brain-

wide DRIVER control: w
1118, UAS-Dcr-2/w1118; elav-Gal4/+; EFFECTOR control: 

w
1118/w1118; UAS-RNAi-syn/+) as well as wild-type CS. Comparing learning scores between 

these four genotypes shows a significant difference in learning ability (Fig. 4C; Kruskal-

Wallis test: P< 0.05; H= 8.00; df= 3; N= 36, 37, 34); specifically, the brain-wide KNOCK-
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DOWN larvae show significantly lower learning scores when compared to EFFECTOR 

control larvae (Fig. 4C; P< 0.05/ 2, U= 408; sample sizes as above), and to DRIVER control 

larvae (Fig. 4C; P< 0.05/ 2, U= 441; sample sizes as above). 

Thus, we therefore conclude that a reduction of Synapsin causes a learning impairment. 

 

 

 

Fig. 4: Learning impairment upon knock-down of Synapsin by RNAi. (A) Genomic organization of the synapsin locus in Drosophila. The 

gray vertical bar in the upper panel indicates the 0.5 kb syn-cDNA fragment corresponding to the mRNA targeted by our RNAi-syn 

construct (lower panel). (B) Western blot from brains of larval Drosophila. The blot shows staining for Synapsin and of CSP as loading 

control. The left lane was loaded from DRIVER control larvae (labelled D), the middle lane from brain-wide KNOCK-DOWN larvae (labelled 

Ex), the right lane from EFFECTOR control larvae (labelled E). The expected (Klagges et al., 1996; Godenschwege et al., 2004) bands at 74 

and 143 kDa represent fused triple and double bands, respectively, and are reduced in the brain-wide KNOCK-DOWN larvae. (C) Learning 

is impaired in the brain-wide KNOCK-DOWN strain. Concerning the UAS-dcr2 construct, please see body text. 

All other details as in the legend of Fig. 3. 
 

 

Experiment 3: Brain-wide rescue 

 

For a brain-wide rescue of Synapsin (Fig. 5) we use the driver strain elav-Gal4; syn
97 crossed 

to UAS-syn; syn
97 as effector strain. The resulting offspring thus are brain-wide RESCUE 

larva (w1118, elav-Gal4/w1118; UAS-syn, syn
97/syn

97), showing strong Synapsin expression 

throughout the neuropil regions of the larval brain (Fig. 5B); notably, expressed Synapsin is 

conspicuous in the mushroom body. Similar staining patterns can be detected when GFP is 

expressed in elav-Gal4 positive cells (Fig. 6; see also Movie 1 in supplementary material). 



62 

We use these brain-wide RESCUE larvae for behavioural experiments, together with their 

proper genetic controls (brain-wide DRIVER control: w
1118, elav-Gal4/w1118; syn

97/syn
97; 

EFFECTOR control: w
1118/w1118; UAS-syn, syn

97/syn
97) as well as wild-type CS as 

‘benchmark’. Comparing learning scores between these four genotypes shows a significant 

difference in learning ability (Fig. 5E; Kruskal-Wallis test: P< 0.05; H= 19.03; df= 3; N= 9, 7, 

7, 10); specifically, the brain-wide RESCUE larvae learn significantly better than EFFECTOR 

control larvae (Fig. 5E; P< 0.05/ 3, U= 0; sample sizes as above) and than DRIVER control 

larvae (Fig. 5E; P< 0.05/ 3, U= 4.5; sample sizes as above). Most importantly, learning ability 

is restored fully in the brain-wide RESCUE larvae, i.e. they learn as well as wild-type CS 

larvae do (Fig. 5E; P> 0.05/ 3; U= 28; N sample sizes as above). 

Thus, we conclude that brain-wide transgenic rescue of Synapsin is sufficient to fully restore 

the syn
97 mutant learning defect. 

 

 

Fig. 5: Brain-wide rescue. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) immunoreactivity of whole-mount larval third-instar 

brains. Brains of wild-type CS (A) and the brain-wide RESCUE strain (B) show anti-Synapsin staining, but brains of DRIVER control larvae 

and EFFECTOR control larvae do not. (E) Learning is fully rescued in the brain-wide RESCUE strain. 

All other details as in the legend of Fig. 3. 
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Fig. 6: Brain-wide expression of GFP. (A-C) Gal4 expressing cells in elav-Gal4 monitored by UAS-GFP (green). 3D reconstruction of anti-

GFP immunoreactivity of whole-mount larval third-instar brains were made with ImageJ 3D Viewer. The larval brain shows GFP expression 

throughout the neuropil regions, with strong expression in the mushroom bodies. (A) Whole larval brain. (B, C) Details of the larval brain 

seen in A. Mushroom body (MB), ventral nerve cord (VNC), calyx (Cx), peduncle (P), vertical lobe (VL).). 
 

 

Experiment 4: Temporally-specific rescue 

 

To see whether the learning defect upon lack of Synapsin is indeed due to an acute 

requirement of Synapsin, we induced its production just before the learning experiment. 

Therefore, a temperature-sensitive allele of Gal80 (Gal80ts) was used to control transgene 

expression temporally (McGuire et al., 2003; Thum et al., 2006a). Gal80ts has been shown to 

suppress Gal4-mediated transgene expression at 18 °C but to be permissive for such transgene 

expression at 30 °C (McGuire et al., 2003). Thus, we prepared flies carrying both the effector 

construct and tub-Gal80ts, which together allowed us to control both temporally and spatially 

transgene expression from the UAS-syn construct. 

When given a heat shock (HS) one day before the experiment, both wild-type CS and the 

temporally brain-wide RESCUE larvae (w1118, elav-Gal4/w1118; tub-Gal80ts/+; UAS-syn, 

syn
97/syn

97), show strong Synapsin expression throughout the neuropil regions of the larval 

brain (Fig.s 7A and B). However, the proper genetic controls (temporally brain-wide 

DRIVER control: w
1118, elav-Gal4/w1118; syn

97/syn
97; EFFECTOR control: w

1118/w1118; tub-

Gal80ts/+; UAS-syn, syn
97/syn

97) do not show such Synapsin expression (Fig.s 7C und D). 

When no heat shock is applied, Synapsin is found only in the wild-type CS, but in neither of 

the other genotypes (Fig.s 7A´-D´). 
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Fig. 7: Temporally rescue. (A-F, A´-D´) Temporal control of Synapsin expression in larval brains. (A-D´) Anti-Synapsin (white) and anti-F-

actin (orange) immunoreactivity of whole-mount larval brains. (A- D) When raised at 18 °C for 6 days AEL and shifted to 30 °C for 1 day 

before dissection (upper sketch), Synapsin expression is seen in wild-type CS and temporally brain-wide RESCUE larvae; however, under 

the same treatment condition, no Synapsin staining is detected in DRIVER control and EFFECTOR control larval brains. (A´-D´) Without 

heat-shock, Synapsin staining is detected only in the wild-type CS strain (A´), but neither in the induced brain-wide RESCUE larvae, nor in 

DRIVER or EFFECTOR control larvae. (E-F) Learning is fully rescued by induced Synapsin expression; without heat-shock, no rescue is 

observed. 

All other details as in the legend of Fig. 3. 
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With regard to learning ability, these four genotypes show significant differences in learning 

ability after heat shock (Fig. 7E; Kruskal-Wallis test: P< 0.05; H= 18.37; df= 3; N= 8, 10, 8, 

12). Importantly, temporally brain-wide RESCUE larvae show the same learning ability as 

wild-type CS larvae (Fig. 7E; P= 0.79; U= 37; N= sample sizes as above); also, upon heat 

shock the temporally brain-wide RESCUE larvae learn significantly better than EFFECTOR 

control larvae (Fig. 7E; P< 0.05/ 3, U= 11; sample sizes as above) and than temporally brain-

wide DRIVER control larvae (Fig. 7E; P< 0.05/ 3, U= 11; sample sizes as above). 

When no heat shock is given, learning scores also show a significant difference between these 

four genotypes (Fig. 7F; Kruskal-Wallis test: P< 0.05; H= 12.95; df= 3; N= 9, 12, 9, 8); 

however, after such regimen the temporally brain-wide RESCUE larvae show significantly 

lower learning scores than wild-type CS larvae (Fig. 7F P< 0.05/ 3; U= 16; N sample sizes as 

above) and do not differ from EFFECTOR control larvae (Fig. 7F; P> 0.05/ 3, U= 47; sample 

sizes as above) and temporally brain-wide DRIVER control larvae (Fig. 7F; P> 0.05/ 3, U= 

44; sample sizes as above). Therefore, learning ability is restored fully in the brain-wide 

RESCUE larvae when Synapsin expression was induced one day before the experiment; this 

suggests an acute function of Synapsin in learning. 

 

Experiment 5: Local rescue: Mushroom body 

 

Given the conspicuous Synapsin expression in the mushroom bodies of the brain-wide 

RESCUE larvae, we next ask whether Synapsin expression in only the mushroom bodies 

would also restore the syn
97- mutant learning defect. As mushroom-body driver strain we use 

mb247-Gal4; syn
97, and cross it to UAS-syn; syn

97 (Fig. 8). Then, we compare learning ability 

in the resulting mushroom-body RESCUE strain (w1118/w1118; mb247-Gal4, syn
97/UAS-syn, 

syn
97) to the DRIVER control (w1118/w1118; mb247-Gal4, syn

97/ syn
97), the EFFECTOR control 

(w1118/w1118; UAS-syn, syn
97/ syn

97), and to wild-type CS. Learning scores differ between 

these genotypes (Fig. 8E; Kruskal-Wallis test: P< 0.05; H= 21.39; df= 3; N= 10, 11, 10, 11), 

such that mushroom-body RESCUE larvae show learning scores indistinguishable from wild-

type CS (Fig. 8E; U-test: P> 0.62; U= 48; sample sizes as above), but better than mushroom-

body DRIVER control animals (Fig. 8E; P< 0.05/ 3; U= 11; sample sizes as above) and better 

than the EFFECTOR control larvae (Fig. 8E; P < 0.05/ 3; U= 18; sample sizes as above). We 

therefore conclude that Synapsin expression in the mushroom body, as covered by the mb247-

Gal4 driver (Fig.s 8B und B´), is sufficient to fully rescue the syn
97-  mutant learning defect. 
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Fig. 8: Local rescue in the mushroom bodies. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) immunoreactivity of whole-mount 

larval third-instar brains. Brains of wild-type CS (A) and the mushroom-body RESCUE strain (B, B´) show Synapsin staining, but brains of 

DRIVER control larvae and EFFECTOR control larvae do not. In (B´), a magnified view of the mushroom bodies from the RESCUE strain is 

presented; calyx (Cx), peduncle (P), vertical lobe (VL), medial lobe (ML). (E) Learning is fully rescued in the mushroom-body RESCUE strain. 

All other details as in the legend of Fig. 3. 
 

 

In terms of expression pattern, mb247-Gal4 leads to Synapsin expression in all basic 

compartments of the larval mushroom body, i.e. in calyx, peduncle and lobes (Fig.s 8B und 

B´; see also Fig. 9 and Movie 2 for GFP expression of mb247-Gal4 positive cells). It covers 

appr. 600 larval mushroom body neurons as judged from counting GFP-positive cell bodies of 

w
1118/w1118; mb247-Gal4/UAS-GFP (Saumweber et al., in prep.).  
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Fig. 9: Mushroom body expression of GFP. (A, B) GFP expression of mb247-Gal4 positive cells. 3D reconstruction of anti-GFP 

immunoreactivity of whole-mount larval third-instar brains. The larval brain shows strong GFP expression in the mushroom body. (A) 

Whole larval brain. (B) Magnified view on the mushroom body. Mushroom body (MB), calyx (Cx), peduncle (P), vertical lobe (VL), medial 

lobe (ML). 
 

 

This leaves us with the question whether a comparably potent rescue of learning could also be 

found if drivers were used which cover fewer mushroom body neurons. To this end, we use 

the D52H-Gal4 driver (Qiu and Davis, 1993; Tettamanti et al., 1997). Crossing this driver to a 

UAS-GFP effector strain, we observe that expression is found in only very few mushroom 

body neurons (7 mushroom body neurons per brain hemisphere in Fig. 10). Notably, although 

only so few mushroom body neurons are covered, GFP expression reveals all basic 

compartments of the larval mushroom bodies; in particular the mushroom body input regions 

(the calyx) seems to be covered fairly well (Fig.s 10B and C; and Movie 3). 

 

 
 

Fig. 10: Mushroom body subset expression of GFP. (A- C) GFP expression in D52H-Gal4 positive cells. 3D reconstruction of anti-GFP 

immunoreactivity of whole-mount larval third instar-brains. The larval brain shows GFP expression in the mushroom body. (A) Whole 

mushroom body of the larval brain. (B, C) Magnified views of a single mushroom body. Calyx (Cx), peduncle (P), vertical lobe (VL), medial 

lobe (ML). 
The same holds true for Synapsin expression if the D52H-Gal4 driver strain is recombined 

into the syn
97- mutant background and crossed to our UAS-syn; syn

97 effector strain (Fig.s 

11B and B´).  
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This in-a-nutshell coverage of the mushroom body corresponds to the findings of Masuda-

Nakagawa et al. (2005) who also reports that drivers which label mushroom body neurons in 

the larva (OK107, c739, and 201Y) cover many if not all calyx glomeruli, rather than 

arborizing heavily in only a small subset of them; this includes cases where drivers cover only 

very few mushroom body neurons (P[dnc-lacZ] flies, which express LacZ driven by the dunce 

(dnc) enhancer (Qiu and Davis, 1993; Kurusu et al., 2002). Actually such broad coverage of 

the calyx is to be expected even for fairly small subsets of mushroom body neurons: Masuda-

Nakagawa et al. (2005) showed that each mushroom body neuron typically receives input in a 

random subset of six out of the total of appr. 36 glomeruli. Thus, if more than six mushroom 

 
 

Fig. 11: Local rescue in a small subset of mushroom body neurons. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) 

immunoreactivity of whole-mount larval third-instar brains. Brains of wild-type CS (A) and the mushroom-body subset RESCUE strain (B, 

B´) show Synapsin staining, but brains of DRIVER control larvae and EFFECTOR control larvae do not. In (B´), a magnified view of the 

mushroom bodies from the RESCUE strain is presented; calyx (Cx), peduncle (P), vertical lobe (VL), medial lobe (ML). (E) Learning is fully 

rescued in the mushroom-body subset RESCUE strain.  

All other details as in the legend of Fig. 3. 
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body neurons are included in a given Gal4 strain, broad regions of the calyx, and hence a 

fairly broad range of olfactory input space, should be covered. 

In any event, using the D52H-Gal4 construct, we next test for learning ability in a mushroom-

body-subset RESCUE strain (w1118, D52H-Gal4/w1118; UAS-syn, syn
97/syn

97) as compared to 

its genetic controls (EFFECTOR control: w1118/w1118; UAS-syn, syn
97/syn

97; mushroom-body-

subset DRIVER control: w
1118, D52H-Gal4/w1118; syn

97/syn
97; wild-type CS). We find that 

these genotypes differ in learning ability (Fig. 11E; Kruskal-Wallis test: P< 0.05; H= 13.85; 

df= 3; N= 12, 10, 12, 12), such that the mushroom-body–subset RESCUE larvae learn just as 

well as wild-type CS (Fig. 11E; P> 0.55; U= 51; sample sizes as above), whereas they learn 

better than either the mushroom-body-subset DRIVER control larvae (Fig. 11E; P< 0.05/ 3; 

U= 18; sample sizes as above) or the EFFECTOR control larvae (Fig. 11E; P < 0.05/ 3; U= 

21.0; sample size as above). 

Together, we must conclude that Synapsin expression in roughly to handful of mushroom 

body neurons, defined by expression from the D52H-Gal4 driver, can be sufficient to rescue 

the syn
97- mutant learning defect. 

 

Experiment 6: No rescue in projection neurons 

 

Given that in both bees (Hammer and Menzel, 1998; Faber et al., 1999; Farooqui et al., 2003; 

Peele et al., 2006) and flies (Thum et al., 2007) the projection neurons have been suggested as 

an additional site of an odour-sugar memory trace, we next test whether learning is restored in 

projection-neuron RESCUE larvae (w1118 /w1118; GH146-Gal4/+; UAS-syn, syn
97/ syn

97) as 

compared to their genetic controls (projection-neuron DRIVER control: w1118/w1118; GH146-

Gal4/+; syn
97/ syn

97; EFFECTOR control: w
1118/w1118; UAS-syn, syn

97/ syn
97) and the wild-

type CS strain. Learning scores between these genotypes are significantly different (Fig. 12E; 

Kruskal-Wallis test: P< 0.05; H= 19.15; df= 3; N= 10, 10, 10, 10); importantly, however, 

projection-neuron RESCUE larvae show learning indices significantly smaller than wild-type 

CS (Fig. 12E; U-test: P< 0.05/ 3; U= 9; sample size as above) and indistinguishable from 

either genetic control (Fig. 12E; projection-neuron RESCUE versus projection-neuron 

DRIVER control: U-test: P> 0.05/ 3; U= 43.5; projection-neuron RESCUE versus 

EFFECTOR control: U-test: P> 0.05/ 3; U= 46; sample sizes as above).  

 



70 

 
 

Fig. 12: No rescue in the projection neurons. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) immunoreactivity of whole-mount 

larval third instar brains. Brains of wild-type CS (A) and the projection-neuron RESCUE strain (B, B´) show Synapsin staining, but brains of 

DRIVER control larvae and EFFECTOR control larvae do not. In (B´), a magnified view of the projection neurons from the RESCUE strain is 

presented; optic lobe anlagen (*), projection neuron (PN), antennal lobe (AL), inner antennocerebral tract (i ACT), calyx (Cx), lateral horn 

(LH). (E) Synapsin expression in projection neurons is not sufficient to restore learning ability. (F) No significant differences in learning 

ability become apparent between larvae heterozygous for the GH146-Gal4 construct as compared to wild-type CS and w
1118

 mutant 

larvae; this excludes a dominant-negative effect of the GH146-Gal4 driver construct. 

All other details as in the legend of Fig. 3. 
 

 

This may suggest that Synapsin expression in projection neurons, as covered by GH146-Gal4, 

is not sufficient for restoring learning ability in syn
97- mutants. However, as is the case for any 

observation of lack-of-rescue, a caveat needs to be filed: It may be that the driver construct 

has a dominant negative effect due to the site of its insertion in the genome. For example, 

Synapsin expression from the GH146-Gal4 construct may actually support a rescue of the 

syn
97- mutant learning defect, but the GH146-Gal4 insertion itself may cause a defect in 

learning, such that the rescue unwittingly remains unrecognized. Therefore, we compare 

larvae heterozygous for the GH146-Gal4 construct to wild-type CS and w1118 mutant larvae; 
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learning scores of these three genotypes are indistinguishable (Fig. 12F; Kruskal-Wallis test: 

P> 0.05; H= 0.04; df= 2; CS: N= 10, 10, 10). Thus, one cannot attribute the lack-of-rescue by 

expressing Synapsin from a GH146-Gal4 driver to a dominant-negative effect of the GH146-

Gal4 construct. Thus, we conclude that expression of Synapsin in projection neurons, as 

covered by GH146-Gal4, is not sufficient for rescuing the syn
97 mutant learning defect. 

Regarding the expression pattern of Synapsin supported by GH146-Gal4, we note that 

consistent with what has been reported previously (Marin et al., 2005; Masuda-Nakagawa et 

al., 2005; Ramaekers et al., 2005), a substantial fraction of the projection neurons (at least 13-

16 of the total of about 21) are expressing Synapsin. Correspondingly, we observe expression 

throughout the input and output regions of the projection neurons, namely the antennal lobe, 

the calyx of the mushroom body, and the lateral horn (Fig.s 12B and B´). Obviously, 

however, expression is not restricted to the projection neurons (see also Heimbeck et al. 

[2001]; Thum et al. [2007]: Strong expression is seen in the optic lobe Anlagen, a site where 

in the wild-type CS no Synapsin is expressed [marked with (*) in Fig. 12B]). As synapse 

formation in the lamina emerges at the earliest in the midpupal period (~55%; Frohlich and 

Meinertzhagen, 1982), this ectopic expression of Synapsin in the developing visual system 

likely is without consequence in our paradigm.  

Interestingly, however, when the GH146-Gal4 driver is used to express GFP, we note that in 

addition to the expression in the projection neurons and the optic lobe Anlagen, a single 

mushroom body-extrinsic neuron per hemisphere is GFP-positive (Fig. 13 and Movie 4). 

Conceivably, this neuron also expresses Synapsin in the projection-neuron RESCUE larvae, 

but such expression may remain unrecognized in terms of Synapsin immunoreactivity in 

whole-mount larval brain preparations. 

Thus, neither in the projection neurons, nor potentially in the mentioned mushroom body-

extrinsic cell, a rescue of the syn
97- mutant learning defect is possible.  

 



72 

 
 

Fig. 13: Projection neuron expression of GFP in larval whole mounts. (A-C) GH146-Gal4 cells expressing GFP. 3D reconstruction of anti-

GFP immunoreactivity of whole-mount larval third-instar brains. The projection neurons are heavily stained. Additionally, a mushroom 

body extrinsic neuron (►) shows strong GFP immunoreactivity as well. (A) Whole larval brain. (B, C) Magnification of projection neurons 

and extrinsic mushroom body neurons. Optic lobe anlagen (*), antennal lobe (AL), inner antennocerebral tract (i ACT), projection neuron 

(PN), calyx (Cx), lateral horn (LH). 
 

 

We next seek to confirm the lack-of-rescue in GH146-Gal4 using another projection-neuron 

RESCUE strain (w1118 /w1118; NP225-Gal4/+; UAS-syn, syn
97/ syn

97). It turns out that all 

above conclusions are confirmed: Learning scores significantly differ between this projection-

neuron RESCUE strain, the EFFECTOR control (w1118/w1118; UAS-syn, syn
97/ syn

97), the 

projection-neuron DRIVER control (w1118/w1118; NP225-Gal4/+; syn
97/ syn

97), and wild-type 

CS (Fig. 14E; Kruskal-Wallis test: P< 0.05; H= 16.99; df= 3; N= 10, 10, 10, 10). Also, these 

projection-neuron RESCUE larvae do not learn as well as wild-type CS do (Fig. 14E; U-test: 

P< 0.05/ 3; U= 10; sample sizes as above); actually, they perform as poorly as either genetic 

control (Fig. 14E; projection-neuron RESCUE versus DRIVER control: U-test: P> 0.05/ 3; 

U= 42; projection-neuron RESCUE versus EFFECTOR control U-test: P> 0.05/ 3; U= 40; 

sample sizes as above). Thus, the learning defect in syn
97 mutants cannot be rescued using the 

projection-neuron driver NP225-Gal4. 
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Fig. 14: No rescue in the projection neurons. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) immunoreactivity of whole-mount 

larval third instar brains. Brains of wild-type CS (A) and the projection-neuron RESCUE strain (B, B´) show Synapsin staining, but brains of 

DRIVER control larvae and EFFECTOR control larvae do not. In (B´), a magnified view of the projection neurons from the RESCUE strain is 

presented; projection neuron (PN), antennal lobe (AL), inner antennocerebral tract (i ACT), calyx (Cx), lateral horn (LH). (E) Synapsin 

expression in projection neurons is not sufficient to restore learning ability. (F) No significant differences in learning ability become 

apparent between larvae heterozygous for the NP225-Gal4 construct as compared to wild-type CS and w
1118

 mutant larvae; this excludes a 

dominant-negative effect of the NP225-Gal4 driver construct. 

All other details as in the legend of Fig. 3. 
 

 

Again, such a lack-of-rescue calls for testing whether the NP225-Gal4 insertion may have a 

dominant-negative effect on learning; this is not the case, as heterozygous NP225-Gal4 larvae 

show learning scores indistinguishable from wild-type CS and w
1118 larvae (Fig. 14F; 

Kruskal-Wallis test: P> 0.05; H= 0.15; df= 2; N= 13, 11, 11). 

Regarding expression pattern, it seems that NP225-Gal4 labels a very similar, if not identical, 

set of cells as does GH146-Gal4; this includes expression in projection neurons, the optic lobe 

Anlagen, as well as a mushroom body extrinsic neuron which also in NP225-Gal4 is 
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uncovered using GFP expression (Fig. 15, Movie 5), but not Synapsin expression (Fig. 14B 

and B´). 

Thus, despite what we believe are sincere efforts, there is no evidence to suggest that 

Synapsin expression in the projection neurons were sufficient to restore the odour-sugar 

learning defect in larval syn
97- mutants. 

 

 
 

Fig. 15: Projection neuron expression of GFP. (A- C) Gal4-expressing cells in NP225–Gal4 monitored by UAS-GFP. 3D reconstruction of 

anti-GFP immunoreactivity of whole-mount larval third instar-brains. We find strong GFP expression in the projection neurons. 

Additionally, a mushroom body extrinsic neuron (►) shows strong GFP immunoreactivity as well. (A) Whole larval brain. (B, C) 

Magnification of projection neurons and extrinsic mushroom body neurons. Optic lobe anlagen (*), antennal lobe (AL) , inner 

antennocerebral tract (i ACT), projection neuron (PN), calyx (Cx), lateral horn (LH). 
 

 

Experiment 7: Rescue without mushroom body expression? 

 

The above experiments have shown that Synapsin expression in the mushroom body, but not 

in projection neurons, is sufficient to restore the syn
97- mutant defect in larval odour-sugar 

learning. This raises the question whether such mushroom body expression of Synapsin in 

turn would also be required for learning. To this end, we use a combination of the elav-Gal4 
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driver with an mb247-Gal80 element: While elav-Gal4 supports brain-wide expression 

including the mushroom body, the mb247-Gal80 element leads to expression of Gal80 in the 

mushroom body, such that in the mushroom body Gal80 can suppress Gal4 and thus prevent 

Synapsin expression. 

 

 
 

Fig. 16: No rescue by Synapsin expression outside of the mushroom bodies. (A-D) Anti-Synapsin (white) and anti-F-actin (orange) 

immunoreactivity of whole-mount larval third instar brains. Brains of wild-type CS (A) and the no-mushroom body RESCUE strain (B, B´) 

show Synapsin staining, but brains of DRIVER control larvae and EFFECTOR control larvae do not. For conveniance, (B´) shows only the 

Synapsin staining in the no-mushroom RESCUE strain. (E) Synapsin expression outside the mushroom bodies is not sufficient for restoring 

learning ability. (F) Heterozygous mb247-Gal80 larvae learn as well as wild-type CS and w
1118

 larvae excluding a dominant negative effect 

of the mb247-Gal80 construct. 

All other details as in the legend of Fig. 3. 
 

 

Comparing learning ability in such no-mushroom body RESCUE larvae (w1118, elav-

Gal4/w1118; mb247-Gal80/+; UAS-syn, syn
97/ syn

97) to wild-type CS as well as to their genetic 

controls (no-mushroom body DRIVER control: w
1118, elav-Gal4/w1118; syn

97/ syn
97; 

EFFECTOR control: w
1118, / w

1118; mb247-Gal80/+; UAS-syn, syn
97/ syn

97) reveals a 
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significant difference in learning ability (Fig. 16E; Kruskal-Wallis test: P< 0.05; H= 14.40; 

df= 3; N= 12, 12, 12, 12). Importantly, the no-mushroom body RESCUE larvae do not learn 

as well as wild-type CS (Fig. 16E; U-test: P< 0.05/ 3; U= 24; sample sizes as above); rather, 

learning ability is as poor as in the genetic controls (Fig. 16E; no-mushroom body RESCUE 

versus EFFECTOR control: U-test: P> 0.05/ 3; U= 68; no-mushroom body RESCUE versus 

DRIVER control: U-test: P> 0.05/ 3; U= 69.5; sample sizes as above). Such lack-of-rescue 

cannot be attributed to a dominant-negative effect of the mb247-Gal80 construct, because 

heterozygous mb247-Gal80 larvae learn as well as wild-type CS and w1118 (Fig. 16F; Kruskal-

Wallis test: P> 0.05; H= 1.15; df= 2; N= 13, 11, 12). 

In terms of Synapsin expression, the reduction of mushroom body expression can be 

documented clearly (Fig.s 16B and B´). However, it seems that mb247-Gal80 leads to a 

reduction of Synapsin expression also in places outside the mushroom body (Fig. 16B and B´; 

and see also Fig. 17 for blocking GFP-expression in the mushroom bodies).  

 

 
 

Fig. 17: No-mushroom body expression of GFP. (A) Elav-Gal4 and (B) elav-Gal4, mb247-Gal80 flies were crossed to UAS-GFP. 3D 

reconstruction of anti-GFP immunoreactivity of whole-mount larval third-instar brains. (A) The larval brain shows strong GFP expression 

throughout the different neuropils, including strong expression in the mushroom bodies. (B) GFP expression in the mushroom body is 

almost completely blocked by Gal80. However, mb247-Gal80 apparently leads to a reduction of GFP expression also outside the 

mushroom bodies. Antennal lobe (AL), mushroom body (MB), ventral nerve court (VNC). 
 

 

This may be due to the mb247-element supporting different expression patterns in the mb247-

Gal4 strain as compared to the mb247-Gal80 strain, possibly due to the different insertion 

sites of the respective transgenes; alternatively, Gal80 may have non-cell autonomous effects 

and/ or may for to-be-characterized reasons reduce transgene expression in general. In any 

event, we can conclude that Synapsin expression outside of the coverage of mb247-Gal80 is 

not sufficient to rescue the syn
97 mutant learning defect; in turn, those neurons which are 
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covered by mb247-Gal80 obviously do need to express Synapsin in order for normal levels of 

learning to be supported. 

 

To summarize, olfactory learning is impaired upon lack of Synapsin (in the deletion mutant 

syn
97) or reduction of Synapsin expression (by means of pan-neuronal RNAi). Acute pan-

neural expression of Synapsin (inducible elav-Gal4) and constitutive local expression in only 

the mushroom body (mb247-Gal4 as well as D52H-Gal4), fully restore learning, whereas no 

such restoration of learning is found by Synapsin expression throughout large parts of the 

brain excluding the mushroom bodies, or by Synapsin expression in specifically the projection 

neurons (GH146-Gal4 and NP225-Gal4). Thus, in order for learning to be restored, Synapsin 

expression in the mushroom bodies is evidently sufficient and likely necessary within the 

mushroom bodies of larval Drosophila. 
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DISCUSSION 

 

We show that the learning defect in the syn
97- mutant (Michels et al., 2005) can be 

phenocopied by an RNAi-mediated knock-down of Synapsin (Fig. 4E), and can be rescued by 

acutely restoring Synapsin (Fig. 7E and F). Furthermore, locally restoring Synapsin in the 

mushroom bodies fully restores learning ability (Fig.s 8E and 11E), whereas such restoration 

in the projection neurons does not. Also, if Synapsin is restored in wide areas of the brain 

except for the mushroom bodies, learning ability is not restored (Fig. 16E). 

We therefore conclude that a Synapsin-dependent memory trace is located in the mushroom 

bodies, and tentatively suggest that this is the only site where such a trace is established 

regarding odour-sugar short-term memory in larval Drosophila. 

 

A projection neuron conundrum? 

This scenario is in contrast to a recent report concerning adult flies: (Thum et al., 2007) argue 

that regarding the Rutabaga-dependent short-term memory trace after odour-sugar learning in 

adult Drosophila, projection neurons as well as mushroom bodies can accommodate memory 

traces. Before venturing into a discussion of this apparent discrepancy, however, we note that 

the projection neuron rescue regarding Rutabaga as reported by (Thum et al., 2007) may not 

actually come about by Rutabaga expression in the projection neurons. That is, Rutabaga 

expression was approximated indirectly, by expressing GFP from the respective projection 

neuron Gal4 drivers (GH146-Gal4 and NP225-Gal4). Indeed, none of the Rutabaga local-

rescue studies published to-date (Zars et al., 2000; Schwaerzel et al., 2003; Akalal et al., 2006; 

Liu et al., 2006) reports the actual expression pattern of the Rutabaga protein (exception being 

McGuire et al. [2003] who report faint anti-Rutabaga immunoreactivity in the mushroom 

bodies of c772-Gal4 [loc. cit. Fig. 3]). Clearly, such indirect assessment can lead astray (Ito et 

al., 2003; Saper and Sawchenko, 2003); this may be particularly so with respect to the 

GH146-Gal4 and NP225-Gal4 driver-strains, as both strains cover, in addition to expression 

in the projection neurons, a prominent mushroom body-extrinsic neuron in both adult 

(Heimbeck et al., 2001; Thum et al., 2007) and larval Drosophila (Marin et al. [2005]; see 

also our Fig.s 13 and 15). This raises the possibility that a rescue of learning ability using 

these driver strains actually comes about by transgene expression in this mushroom body-

extrinsic neuron. Thus, the apparent discrepancy between our present conclusion and Thum et 

al. (2007) may regard the function of this mushroom body-extrinsic neuron, rather than the 

projection neurons. 
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In any event, using the same Gal4-driver strains (GH146-Gal4 and NP225-Gal4), there is an 

apparent discrepancy between the successful Rutabaga-rescue for adult odour-shock learning 

on the one hand, and a lack of such rescue with respect to Synapsin in the case of larval 

odour-sugar learning on the other hand; this discrepancy might have various reasons: 

 

(i) Projection neurons may house a memory trace in adult, but not larval Drosophila. 

However, despite the reduced cell number in larvae, the general layout of the olfactory system 

appears strikingly similar between larvae and adult (Gerber et al., 2008). We therefore 

hesitate to believe that major qualitative differences in functional architecture have to be 

reckoned with. 

(ii) The projection neuron-memory trace may be Rutabaga-dependent, but Synapsin-

independent. Molecularly, however, Rutabaga may rather act upstream of Synapsin. That is, 

the current working model of memory trace formation holds that the Rutabaga adenylyl 

cyclase acts as a coincidence detector for an aminergic reinforcement signal and the odour-

induced activation of the mushroom body neurons (Heisenberg [2003]; this notion is largely 

based on the analyses of synaptic plasticity in Aplysia during classical conditioning: Abrams 

et al., 1998; Byrne and Kandel, 1996; Lechner and Byrne, 1998). The ensuing increase in 

cAMP levels and PKA activity then is thought to lead to phosphorylation of a number of 

effector proteins, potentially including Synapsin (Hilfiker et al., 1999; Fiumara et al., 2004). 

Such Synapsin phosphorylation then is thought to allow recruitment of synaptic vesicles from 

the reserve pool to the readily releasable pool (Hilfiker et al., 1999), so that upon later 

presentation of the learnt odour, more transmitter can be released (but see Sudhof [2004] for a 

critical discussion of this working model of Synapsin function in Drosophila). While 

experiments to directly verify this working model in the Drosophila mushroom body are still 

lacking, we note that such action of Rutabaga and Synapsin within the same signalling 

cascade is consistent with the lack of additivity of the syn
97 and rut

2080 mutations in adult 

odour-shock learning (S. Knapek, H. Tanimoto, Max-Planck Institut für Neurobiologie, 

Martinsried, Germany, pers. comm.). Given the apparent conservation of both adenylyl 

cyclase and Synaspin function across evolution, it does not appear straightforward to expect 

that the signalling cascade downstream of Rutabaga is different in projection neurons as 

compared to the mushroom bodies. 

(iii) We may, concerning Synapsin, have unwittingly overlooked a projection neuron rescue. 

The most obvious reason for such inadvertence may be that the P-element insertions carrying 

GH146-Gal4 and NP225-Gal4 disrupt an endogenous gene, thereby causing dominant 
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learning impairments and masking an actually successful rescue. This, however, could be 

ruled out by showing that larvae heterozygous for these insertions learn as well as wild-type 

larvae (Fig.s 12F and 14F). 

Alternatively, it may be that the fraction of projection neurons that express Gal4 in the larva is 

insufficiently low. However, GH146-Gal4 and NP225-Gal4 express Synapsin in 13-16 from a 

total of 21 projection neurons in the larva (~ 60 %), which about matches the fraction of 

projection neurons covered in the adult (~ 83 [GH146-Gal4] and ~ 70 [NP225-Gal4] from an 

estimated total of 150 projection neurons: Heimbeck et al., 2001; Tanaka et al., 2004). 

Finally, Synapsin staining in the projection neurons is relatively faint (Fig.s 12B´ and 14B´); 

thus, levels of Synapsin expression in the larvae may have been too low to restore learning. 

Given the lack of anti-Rutabaga immunohistochemistry concerning GH146-Gal4 and NP225-

Gal4, however, an educated guess about Rutabaga levels is impossible; therefore, although it 

remains a theoretical possibility, one can at present not reasonably compare expression levels 

of Synapsin versus Rutabaga. And even if this were possible, judgements as to whether the 

respective levels of expression are appropriate for restoring learning ability would be difficult. 

(iv) The adult expression pattern of GH146-Gal4 and NP225-Gal4 may include neurons that 

are not covered in the larva, and/ or which are not yet functionally mature. Again, careful 

assessment of anti-Rutabaga immunohistochemistry is mandatory to see whether this 

argument holds.  

Taken together, none of these lines of argument seems fully compelling to explain the 

apparent discrepancy between our present results and the ones presented by Thum et al al. 

(2007). We note, however, that mushroom-body expression of a dominant-negative form of 

Gαs (Gαs
*) does impair adult odour-sugar learning (Thum, 2006b; loc. cit. Fig. 13), a finding 

that is inconsistent with a fully independent odour-sugar memory trace within the adult 

projection neurons. Obviously, experiments to induce a local knock-down of Rutabaga in the 

mushroom bodies via RNAi could help clarifying this point. Finally, it should be kept in mind 

that in adults, but not in larvae, the animals have to be starved before the experiment, such 

that any discrepancy between larvae and adult, as well as the reported discrepancies between 

odour-shock and odour-sugar learning within the adult stage, may partially be affected by 

motivational differences. 

In the light of all these reasonings, it seems wise to postpone judgement as to whether there 

actually is a discrepancy between larvae and adult, and if so: how it may have to be explained. 
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Mushroom body 

It seems remarkable that expression of Synapsin in only a handful of mushroom body neurons 

is sufficient to fully restore learning scores (Fig. 11E). That is, using the D52H-Gal4 driver 

strain, a maximum of 7 mushroom body neurons (of a total of about 600 mushroom body 

neurons with fully developed dendritic arborizations [Lee et al., 1999]; for an estimation of a 

total of 1800 larval mushroom body neurons based on fiber counts in electron microscope 

sections, see [Technau and Heisenberg 1982]) express Synapsin; despite this low number of 

cells, however, the majority of the total of 36 mushroom body-glomeruli (Masuda-Nakagawa 

et al., 2005) appear innervated. Actually, such broad coverage of the mushroom body-input 

region may be expected: Masuda-Nakagawa (2005) showed that each mushroom body neuron 

typically receives input in a random subset of six out of the total of appr. 36 glomeruli. Thus, 

if more than six mushroom body neurons are included in a given Gal4 strain, fairly broad 

regions of the calyx, and hence a fairly broad range of the olfactory input space, should be 

covered (see also Murthy et al. [2008]; Turner et al. [2008]). Nevertheless, the seven 

mushroom body neurons covered by the D52H-Gal4 driver strain obviously allow for fewer 

combinatorial activity patterns than the whole set of mushroom body neurons (under the 

assumption that each neuron can only be either active or not, seven neurons allow for 27= 128 

combinations of activity, whereas 600 neurons allow for 2600 combinations); therefore, the 

ability of this driver strain to support differential conditioning with relatively similar odours 

may be compromised. As we find, however, that wild-type larvae show hardly any 

generalization between the odours we have tested to date (n-amylacetate, 1-octanol, and 3-

octanol; Y.-c. Chen, Universität Würzburg, Germany, pers. comm.), testing this hypothesis 

has to await the identification of perceptually sufficiently similar odour pairs (see e.g. Cobb 

and Domain [2000]; Boyle and Cobb [2005]; Kreher et al. [2008]). In any event, we would 

also like to mention that possibly the neurons covered by D52H-Gal4 are ‘special’. That is, 

the D52H-Gal4 element includes parts of the expression pattern of Dunce, as it includes a 

dunce enhancer sequence (Qiu and Davis, 1993). The dunce gene codes for a cAMP-specific 

phosphodiesterase and is required for normal learning and memory (Tully and Quinn, 1985; 

Dauwalder and Davis, 1995), potentially in the larva as well (Aceves-Pina and Quinn, 1979; 

Tully et al., 1994). Antibodies against Dunce have been taken to suggest that the most 

intensely stained region in adult and larval brains is the mushroom body (Nighorn et al., 

1991). Thus, although only few mushroom body neurons are labeled by D52H-Gal4, it may 

be that these neurons are particular in that they express a particular dunce transcript and are 

thus dedicated for establishing a memory trace. 
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Outlook into molecular network 

Whereas the molecular mechanisms of coincidence detection by the type I adenylyl cyclase 

during training are well known and appear widely conserved across the animal kingdom 

(Dudai et al., 1988; Abrams et al., 1998; Renger et al., 2000; Heisenberg, 2003), the question 

what the downstream processes are that allow more transmitter being released at the moment 

of testing remain a challenge. As argued above, it seems conceivable that the PKA consensus 

site(s) of Synapsin are required for reserve-pool vesicle recruitment, and hence for memory 

trace formation and ultimately altered olfactory behaviour. Together with the efforts of the 

Drosophila research community which focus on different aspects of presynaptic function 

(Kim et al. [2003]; Schwaerzel et al. [2003]; Steinert et al. [2006]; Wagh et al. [2006]; 

Lissandron et al. [2007]), tackling these issues may eventually yield a comprehensive picture 

of memory trace formation not only on the cellular level, but also in terms of the underlying 

presynaptic network. An unbroken chain of explanation from a defined biochemical event like 

the phosphorylation of a given serine within a PKA consensus site to a learnt change in 

behaviour is not only interesting from a basic research point of view. Rather, the apparent 

homology of many of the molecular determinants for synaptic and behavioural plasticity 

suggests that such an endeavour may have relevance for biomedical research. Last but not 

least, understanding which specific sites along the sensory-motor circuit are altered to 

accommodate behavioural changes may be inspiring for the design of ‘intelligent’ technical 

equipment as well. 
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Summary 
 

Animals need to adapt and modify their behaviour according to a changing environment. In 

particular, the ability to learn about rewarding or punishing events is crucial for survival. One 

key process that underlies such learning are modifications of the synaptic connection between 

nerve cells. This Thesis is concerned with the genetic determinants of such plasticity, and 

with the site of these modifications along the sensory-to-motor loops in Drosophila olfactory 

learning. 

I contributed to the development and detailed parametric description of an olfactory 

associative learning paradigm in larval fruit flies (Chapter I.1.). The robustness of this 

learning assay, together with a set of transgenic Drosophila strains established during this 

Thesis, enabled me to study the role for Synapsin, a presynaptic phosphoprotein likely 

involved in synaptic plasticity, in this form of learning (Chapter I.2.), and to investigate the 

cellular site of the corresponding Synapsin-dependent memory trace (Chapter I.3.). These data 

provide the first comprehensive account to-date of the neurogenetic bases of learning in larval 

Drosophila. 

The role for Synapsin was also analyzed with regard to pain-relief learning in adult 

fruit flies (Chapter II.1.); that is, if an odour precedes an electric shock during training, flies 

subsequently avoid that odour (‘punishment learning’), whereas presentation of the odour 

upon the cessation of shock subsequently leads to approach towards the odour (‘relief 

larning’). Such pain-relief learning was also the central topic of a study concerning the white 

gene (Chapter II.2.), which as we report does affect pain-relief as well as punishment learning 

in adult flies, but leaves larval odour-food learning unaffected. These studies regarding pain-

relief learning provide the very first hints, in any experimental system, concerning the genetic 

determinants of this form of learning. 
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Zusammenfassung 
 

Tiere müssen sich den wechselnden Umweltbedingungen anpassen und ihr Verhalten 

dementsprechend ändern. Insbesondere ist die Fähigkeit bestrafende und belohnende 

Ereignisse zu lernen wesentlich für das Überleben. Ein Schlüssel-Prozess, der solchem Lernen 

unterliegt, sind Veränderungen in der synaptischen Verbindung zwischen Nervenzellen. Diese 

Arbeit beschäftigt sich mit den genetischen Bestimmungsgrößen solcher Plastizität und mit 

dem Ort an, dem diese Veränderungen entlang der sensorisch-motorischen Nervenbahn des 

olfaktorischen Lernens in Drosophila stattfinden. 

 

Ich habe an der Planung und der Festlegung der Parameter eines olfaktorischen 

assoziativen Lernparadigmas von Drosophila Larven mitgewirkt (Kapitel I.1.). Die 

Robustheit dieses Lernparadigmas, zusammen mit einer Anzahl an genetisch veränderten 

Drosophila Stämmen, die ich während dieser Arbeit entwickelt habe, ermöglichte es mir, die 

Rolle des Synapsins zu untersuchen. Synapsin ist ein präsynaptisches Phosphoprotein und 

wahrscheinlich an synaptischer Plastizität beteiligt, welche bei dieser Art von Lernen eine 

Rolle spielt (Kapitel I.2.). Außerdem ermöglichte es mir den zellulären Ort der Synapsin-

abhängigen Gedächtnisspur zu untersuchen (Kapitel I.3.)  

Diese Daten liefern den ersten umfassenden Wissensstand über neuro-genetische Grundlagen 

des larvalen Lernens. 

Die Rolle des Synapsin wurde auch im „Erleichterungslernen“ in adulten Fliegen 

analysiert (Kapitel II.1.). Wenn während des Trainings ein Duft einem elektrischem Schock 

vorausgeht, vermeiden Fliegen danach diesen Duft („Beschtrafungslernen“), wohingegen die 

Verabreichung des Duftes nach dem Ende des Schocks anschließend zu einer Annäherung in 

Richtung Duft führt („Erleichterungslernen“). Solches „Erleichterungslernen“ war auch der 

Schwerpunkt einer Reihe von Experimenten, die sich mit dem „White“-Gen beschäftigten 

(Kapitel II.2.). Wie gezeigt beeinflusst dieses Gen sowohl das „Erleichterungs“- als auch das 

„Bestrafungs“- Lernen in adulten Fliegen; jedoch hat es keine Auswirkungen auf das Duft-

Futter-Lernen in Larven. Diese Experimente, die sich mit „Erleichterungslernen“ 

beschäftigen, liefern die neuesten Hinweise in Systemen, die sich mit den genetischen 

Bestimmungsgrößen dieser Form von Lernen beschäftigen. 
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