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General abstract

What is learning? How is memory being formed? It seems that learning and mem-
ory are different concepts, which nevertheless share a common ground. Like two
sides of the same coin. You can not have memory without learning, but you can
forget what you have learned. Therefore, establishing a memory is a highly complex
and dynamic process. Different molecular changes, structural changes as well as
physiological changes within neurons are involved in the process of forming a spe-
cific memory (also known as memory trace). It is generally assumed that changes
in synaptic transmission is a fundamental cornerstone in the formation of memory
and it is conserved throughout the animal kingdom. These changes are either re-
versible and refer to labile, short-lasting memories, or they are persistent and refer
to longer-lasting memories. Persistent memories, by definition, are resistant to anes-
thetic disruption and require consolidation processes, which in turn require transient
changes of intracellular signalling cascades that ultimately lead to de-novo protein
synthesis. Thereby changes in intracellular signalling cascades alter synaptic effi-
ciency and provide the feature of transforming learned behaviours into persistent
memories. It was shown in Drosophila adults that memory formation after aversive
Pavlovian conditioning consolidates from a labile short-term component to a more
stable and longer lasting form within in hours. This process requires the timely con-
trolled action of different cellular components. Beside this gradual transition exists
another memory component in parallel: an anesthesia resistant memory (ARM),
which is resistant to cold shock treatment and independent from the requirement
of de-novo protein synthesis. However, the underlying biochemical mechanisms of
forming ARM are less characterized. To date, the radish (rsh) gene is the only molec-
ular link to the poorly understood ARM formation. Compared to adult Drosophila,
memory formation was only sporadic analyzed at its larval stage and comprehen-
sive analysis of the involved neuronal and molecular mechanisms are still absent.
The aim of my work is therefore to analyse the underlying molecular and neuronal
mechanisms involved in the formation of learning and memory in Drosophila larvae.
The parts chapter 1 till chapter 4 contain a short general introduction (chapter 1),
followed by a presentation why Drosophila is a "Jack of one trade, master of none" in
neuroscientific research due to its outstanding one of its kind techniques to manip-
ulate gene expression, neurons and neuronal circuitries in the brain of Drosophila.
Thereafter a brief description about associative olfactory learning in general is given
and the specific neuronal and molecular mechanisms of memory formation are ex-
plained chapter 3. In chapter 4 I describe briefly the used methods and tools I
developed during my work. The following presentation of the results obtained dur-
ing this thesis is divided in six parts (chapter 5 to chapter 10), according to the
submitted manuscripts or manuscripts in preperation. First, in chapter 5 a detailed
description of methodological details of appetitive associative olfactory learning in
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Drosophila larvae is presented, followed by an analysis of the influence of the nutri-
onal value on associative appetitive olfactory learning (chapter 6). Chapter 7 and
chapter 8 represents the main focus of my work. I was interested in the analysis
of the underlying mechanism of appetitive and aversive associative olfactory mem-
ory on a genetic and also on a functional level. However, I focused mainly on the
deconstruction of the mnemonic organization of aversive olfactory memory using
high concentration of sodium chloride. Therefore I adapted and extended gustatory
associative olfactory training regimes to analyse larval olfactory memory formation
in a comprehensive way. Furthermore I established several protocols to meet the
requirements to identify how learned informations are stored and maintained on
different molecular and neuronal levels in the brain of Drosophila larvae. I char-
acterized and decoded the fundamental neuronal and cellular principles underlying
the formation and maintenance of aversive associative olfactory memory in the lar-
val stage of Drosophila. In chapter 9 the dependency of larval behaviour on the
composition of agarose substrates was analysed. Last but not least a recapitulation
of available paradigms in larval associative conditioning is given and furthermore
the state of the art knowledge about the underlying neuronal and molecular mech-
anism of larval associative memory formation is explained (chapter 10). In each of
these chapters, the relevant questions are introduced, the materials and methods are
given, and the results and interpretations are presented, all in the form of scientific
publications. Chapter 5 is a video article published 2013 in Journal of Visualized
Experiments (JoVE) [Apostolopoulou et al., 2013]. Chapter 6 is a peer-reviewed
article published 2012 in Chemical Senses (Chem. Senses) [Rohwedder et al., 2012].
Chapter 7 is a peer-reviewed article published 2016 in PLOS Genetics [Widmann
et al., 2016]. Chapter 8 is a manuscript in preparation for submission to PLOS
ONE [Widmann et al., in preparation]. Chapter 9 is a peer-reviewed article pub-
lished 2014 in Frontiers in Behavioral Neuroscience [Apostolopoulou et al., 2014a].
Chapter 10 is a review article submitted to Journal of Insect Physiology [Widmann
et al., under review]. In chapter 11 an overall discussion about the obtained results
form chapter 5 to chapter 10 is given.
In conclusion, first, my thesis deals with technical aspects concerning existing be-
havioural paradigms. Therefore, I established several protocols, with which it is now
possible to analyse the formation of memory with every existing learning paradigm.
Second, this thesis deepens our knowledge about the neuronal and molecular funda-
mentals of the formation of memory in Drosophila melanogaster larvae. And third,
I showed for the first time the existence of a larval anesthesia resistant memory
(lARM). Therefore my work significantly improves the understanding of the cellular
events taking place in the formation of memory in larvae. With the extension of
the already existent two-odour reciprocal paradigm used for associative olfactory
conditioning in Drosophila larvae and the development of several protocols to in-
terfere with memory formation it is now possible to analyse memory formation in
Drosophila comparable as it is done in Drosophila adults. Furthermore compara-
tive studies between larvae and adults are now conceivable. In addition, together
with the published larval connectome it is now imaginable to analyse learning and
memory on a single cell level.



Allgemeine Zusammenfassung der
Thesis

Wie lernt das Gehirn? Wie verarbeitet es erlernte Informationen? Zwei essentielle
Fragen eines sehr komplexen Vorgangs. Es scheint, dass per definitionem Lernen
und Gedächtnis zwei gänzlich unterschiedliche Vorgänge sind. Allerdings verhalten
sich beide wie zwei Seiten ein und derselben Medaille. Die Bildung einen Gedächt-
nisses wäre ohne lernen nicht mögliche, allerdings kann man gelerntes auch wieder
vergessen. Demzufolge ist der Prozess der Gedächtnisbildung ein sehr komplexes
und aus vielen unterschiedlichen Vorgängen bestehendes Ereignis, welcher niemals
graduell abläuft. Er beruht auf einer Vielzahl von Veränderungen: auf Verän-
derungen in der Zusammensetzung molekularer Bestandteile neuronaler Zellen, auf
strukturellen Veränderungen innerhalb von Synapsen und nicht zuletzt auf physiol-
ogischen Veränderungen neuronaler Verbindungen. Es scheint ein weithin gültiges
Gesetz zu sein, dass die Grundlage bei der Bildung eines Gedächtnisses in den Eigen-
schaften der Synapsen selbst zu finden ist. Aufgrund von Veränderungen im Zustand
von Synapsen durch Lernvorgänge verändert sich auch deren Signalweiterleitung,
was als synaptische Plastizität bezeichnet wird. Derartige Veränderungen liegen
in zwei Varianten vor: ungefestigt oder gefestigt. Sind sie nicht gefestigt, werden
die Veränderungen wieder rückgängig gemacht. Allgemein nimmt man an, dass
diese Form der synaptischen Plastizität für das Kurzzeitgedächtnis verantwortlich
ist. Demgegenüber gibt es auch Veränderung in den Synapsen die von Tagen, über
Wochen bis hin zum Ende eines Lebens existieren können. Diese Form der synap-
tischen Plastizität wird für die Bildung von Langzeitgedächtnis benötigt. Die her-
ausstechendste Eigenschaft des Langzeitgdächtnisses besteht darin, dass diese struk-
turellen Veränderungen über einen sehr langen Zeitraum bestehen bleiben und kaum
je wieder zu löschen sind. Um eine allerdings eine solche nicht-reversible strukturelle
Veränderung in den Synapsen herbeizuführen, wird allerdings die Synthese neuer
Proteine benötigt. Hierfür wird die zelluläre Maschinerie der Proteinproduktion
benötigt, wobei die Aktivierung von Signalkaskaden eine essentielle Rolle einnimmt.
Diese Aktivierung bildet die Grundlage um gelernte Informationen längerfristig
abzuspeichern und zu einem späteren Zeitpunkt wieder abrufen zu können. Klas-
sische Konditionierungsexperimente bei der Fruchtfliege Drosophila melanogaster
hat ergeben, dass Vertreter dieser Art zum einen in der Lage sind ein Kurz- und
Langzeitgedächtnis zu bilden zum anderen aber auch ueber zwei verschiedene Arten
eines Langzeitgedächtnisses verfügen. Durch den Prozess der Konsolidierung wird
ein gebildetes Kurzzeitgedächtnis in ein länger stabiles Gedächtnis uberführt. Dieser
Vorgang benötigt allerdings eine Interaktion verschiedenster Gehirnstrukturen und
eine Veränderung in der zellulären Maschinerie von Neuronen. Es konnte gezeigt
werden, dass der Neubildung von Proteinen eine essentielle Rolle zukommt. Ebenso
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konnte aber auch gezeigt werden, dass darüberhinaus eine zweite Variante eines
länger anhaltenden Gedächtnisses in Drosophila existiert. Dieses Gedächtnis wurde
"anesthesia resistant memory" (abgekürzt ARM) genannt, da es immer noch nach-
weisbar ist, auch wenn den Fliegen nach dem Training ein Kälteschock appliziert
wird. Dieses Gedächtnis benötigt hingegen aber nicht die Neusynthese von Proteinen
und stellt neben dem Langzeitgedächtnis eine zweite Form eines stabilen Gedächt-
nises dar. Dies steht im Widerspruch zur allgemeinen Annahme, dass ein stabiles
Gedächtnis eben genau die hier fehlende Neubildung von Proteinen benötigt. Die
essentiell Frage ist, wie wird ARM aber dann gebildet und wie wird die Stabilität
garantiert? Bis zum heuten Zeitpunkt kann man diese Frage nicht restlos beant-
worten, denn es ist sehr wenig darüber bekannt. Man weiss nur, dass der Aktivität
eines Gens, das radish (rsh) Gen, eine essentielle Rolle zukommt. Schaut man sich
die Gedächtnisbildung in Drosophila Larven an, stellt man fest, dass darüber nur
sehr wenig geforscht wurde und eine genau Analyse der molekularen und neuronalen
Vorgänge bis heute aussteht. Genau dies ist der Fokus meiner vorliegenden Arbeit.
Das Ziel war es die genauen molekularen und neuronalen Vorgänge zu beschreiben,
die bei Drosophila Larven eine Rolle spielen.
Kapitel 1 - 4 enthalten eine allgmeine Einführung in das Thema (Kapitel 1), einen
Überblick über die Fruchtfliege und warum es so ein optimaler Modelorganismus für
die Neurobiologie ist (Kapitel 2). Desweiteren werde ich kurz erklären was Lernen
und Gedächtnis überhaupt ist (Kapitel 3) und abschliessend noch die Methoden und
entwickelten Protokolle vorstellen, die während meiner Doktorarbeit entwickelt wur-
den (Kapitel 4). Der Resultateil ist in Abhängigkeit der Publikationen aufgeteilt,
die während meiner Doktorarbeit entstanden sind. In Kapitel 5 wird das method-
ologische Vorgehen bei der Durchführungen von Duftkonditionierung unter der Ver-
wendungen eines Zuckerstimulus beschrieben. Kapitel 6 beschreibt den Einfluss
der metabolischen Eigenschaft auf verschiedenste Verhalten in Drosophila Larven.
Kapitel 7 und 8 bilden den Hauptteil meiner Arbeit. Hier wird die Formierung eines
aversiven Gedächtnisses im Detail beschrieben. Desweiteren habe ich die genauen
molekularen und neuronalen Vorgänge auf funtionellem - also auch genetischem -
Level analysiert. Während meiner Arbeit habe ich zudem bestehende Paradigmen
ausgeweitet und Protokolle entwickelt, mit denen es jetzt möglich ist, die Formierung
eines Gedächtnisses sowohl auf molekularer als auch neuronaler Ebene in der Larve
untersuchen zu können. Kapitel 9 beschreibt den Einfluss der Agarosekonzentra-
tion auf verschiedenste Verhalten in der Larve. Kapitel 10 enthält eine Übersicht
was bis zum heutigen Zeitpunkt über Lernen und die Bildung eines Gedächtnisses
bekannt ist. Alle Kapitel des Resultteils sind in Form wissenschaftlicher Publika-
tionen aufgebaut und somit wird zuerst eine allgemeine Einleitung gegeben, ein
Überblick über die verwendeten Materialien und Methoden, anschliessend werden
die Resultate gezeigt und eine abschliessende Diskussion dient der Interpretation
der gewonnenen Daten. Kapitel 5 ist ein Videoartikel, welcher 2013 in Journal of
Visualized Experiments (JoVE) veröffentlicht wurde [Apostolopoulou et al., 2013].
Kapitel 6 ist ein Peer-Review Artikel, welcher 2012 in der Fachzeitschrift Chem-
ical Senses (Chem. Senses) veröffentlicht wurde [Rohwedder et al., 2012]. Kapi-
tel 7 ist ein Peer-Review Artikel, welcher 2016 in der Fachzeitschrift PLOS Ge-
netics veröffentlicht wurde[Widmann et al., 2016]. Kapitel 8 is ein noch nicht
veröffentlichtes Manuskript, welches bei PLOS One eingereicht werden soll [Wid-
mann et al., in preparation]. Kapitel 9 ist ein Peer-Review Artikel, welcher 2014 in



xxxi

der Fachzeitschrift Frontiers in Behavioral Neuroscience veröffentlicht wurde [Apos-
tolopoulou et al., 2014a]. Kapitel 10 ist ein Übersichtsartikel, welcher bei der
Fachzeitschrift Journal of Insect Physiology eingereicht wurde [Widmann et al., un-
der review]. In Kapitel 11 gebe ich dann eine abschliessende Diskussion, die die
verschiedenen Resultate zusammenfasst.
Zusammenfassend lässt sich sagen, dass ich während meiner Arbeit zum einen beste-
hende Lernparadigmen untersucht, angepasst und erweitert habe, und dass ich zu-
dem verschiedenste Protokolle entwicklt habe, mit denen es jetzt möglich ist, mit
allen bestehenden Lernpardigmen die Gedächtnsibildung in der Larve anzuschauen.
Desweiteren habe ich das Wissen über die molekularen und neuronalen Grundla-
gen über die Gedächtnisbildung in der Larve erweitert und konnte zum ersten Mal
zeigen, dass Larven ein Kälteschock resistentes Gedächtnis aufweisen. Auf der Basis
der genauen Beschreibung der Vorgänge während der Gedächtnisbildung ist es somit
jetzt auch möglich vergleichbare Studien - wie es in der erwachsenen Fliege gemacht
wurde - durchzuführen und diese miteinander zu vergleichen. Zudem kann man
unter Verwendung des vorhandenen Konnektoms für die Larve diesen Vorgang auf
Einzellzell Ebene anschauen und das Wissen über die Mechanismen der Gedächt-
snisbildung Stück für Stück erweitern, bis man am Ende restlos aufklären kann wie
die Gedächtnisbildung im Generellen funktioniert.
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Chapter 1

General introduction

Every living individual is subject of an eternal cycle of life and death. Therefore,
its existence is finite and consequently the duration of its being is defined by its
affiliation to a species and its own fortune. Therefore, the only possibility to ensure
the persistence over time lies in the creation of copies of its own. Charles Darwin
emphasised this 1859 with his eminent book On the Origin of Species as all life is
connected and related to each other and that there is an ongoing ’struggle for exis-
tence’ in nature. However this means not neccesarily to be the strongest but rather
evince the ability to survive and reproduce. In terms of the concept of survival of
the most reproducible organism Richard Dawkins extended this to the smallest unit,
survival of individual genes1 [Dawkins, 1976]. Only genes, which lead to the fittest
phenotype will be the winner in this competition. Thus, the ultimate goal of genes
is to create vehicles, which are able to exist long enough to pass their genes into the
next generation. However such vehicles, also known as organisms, exist in an ever-
changing environment and the capacity to reversibly adjust its own physiology to
short term changes can be a crucial factor between life and death. Therefore, every
individual is born with a set of innate behavioural machinery in order to interact
with the environment. These sets of innate behaviours are genetically determined,
hardly influenced through the environment and occur naturally to every member
of a certain species whenever a triggering stimulus is present. However with only
innate behaviour an organism is not able to respond to situations physically not
present or to analyse current stimuli for meaning. Thus, harbouring the ability to
deal with novelities and complexities in a changing world might provide the key for
this kind of flexibility to react appropriately not only to pre-existing environmental
conditions but also to unforeseen events. Therefore, one of the most outstanding ca-
pabilities of higher evolved organisms is the capacity to constantly learn new tasks,
integrate new skills and preserve them as memory entities in order to predict an
outcome of an event and as a consequence adapt quickly to changes in environmen-
tal conditions. For example, associative learning is a keystone in forecasting actions
from environmental stimuli. It enables animals to predict occurrences such as the
existence of food, predators, social partners or changes in the environment not only
based on genetically fixed programs but on past experiences.
Two forms of memory, a labile, short lasing memory and a robust, longer-lasting
memory can be distinguished and are highly conserved in the animal kingdom (e.g.
reviewed in [Kandel et al., 2014]). Several studies in different organisms revealed

1The Selfish Gene, first published 1976
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that memories are formed due to changes in synaptic transmission, whereby tempo-
rary, reversible changes refer to labile, short-lasting memories and persistent, protein
synthesis dependent changes to stable, longer-lasting memories (e.g. reviewed in
[Sutton and Schuman, 2006]). Longer-lasting memories are resistant to anesthetic
disruption and require consolidation processes, which require transient changes of
intracellular signalling cascades that ultimately lead to de-novo protein synthesis
and thereby altering synaptic efficiency and providing the feature of transforming a
learned behavior into a persistent memory (e.g. reviewed in [H. P. Davis and Squire,
1984; Bailey et al., 1996; Kandel, 2001; Dudai, 2004]). These cellular mechanisms
appear to be evolutionary conserved throughout the animal kingdom (e.g. reviewed
in [Kandel et al., 2014]). To analyse these cellular mechanisms one has to find a
system with which specific changes in neuronal components can be causally linked
to modification in a behaviour during learning an memory. Both, in vertebrates and
invertebrates, there is a variety of different learning mechanisms existent. Widely
used models for learning and memory are the gill-withdrawal reflex of Aplysia cal-
ifornica (A. californica) [Kupfermann and Kandel, 1969] (five different forms of
learning: habituation, dishabituation, sensitization, classical and operant learning
(e.g. reviewed in [Kandel et al., 2014])), associative olfactory learning in the fruit fly
Drosophila melanogaster (D. melanogaster) [Quinn and Dudai, 1976; Aceves-Pina
and Quinn, 1979] and the honeybee Apis mellifera (A. mellifera) [Menzel and Erber,
1978] (e.g. reviewed in [Menzel, 2012]), and fear conditioning in mammals2 [Watson
and Rayner, 1920; Rescorla, 1968; Wagner et al., 1968] (mostly used in classical and
operant learning).
Due to the fact of excellent genetic and molecular tools the "Jack of one trade, mas-
ter of none" model organism Drosophila melanogaster is widely used to elucidate
the neuronal and biochemical mechanism of associative learning and memory. Un-
der natural conditions associative learning is a keystone in forecasting actions from
environmental stimuli. Forming an associative memory enables animals to predict
occurrences such as the existence of food, predators, social partners or changes in
the environment not only based on genetically fixed programs, but on past expe-
riences. Despite the ability of Drosophila to form a rich variety of different kinds
of associative memories [Quinn and Dudai, 1976; Tempel et al., 1983; Tully et al.,
1994; McBride et al., 1999; Liu et al., 2006; Colomb et al., 2009; Kaun et al., 2011],
usually associative olfactory learning and memory is examined. It turned out that
even in Drosophila the formation of associative memory is a highly dynamic pro-
cess and involves multiple neuronal structures and molecular circuits. Over the past
decades compelling data revealed that the formation of associative olfactory memory
- memorizing the contingency between an odour with an aversive or appetitive stim-
ulus - involves several neuronal circuitries and cross talks between different brain
regions, in which the unique brain structure called mushroom bodys (MBs) has
an outstanding role by virtue of its capability to integrate the odour stimulus and
the aversive or appetitive stimulus through cyclic adenosine 3’,5’-monophosphate
(cAMP) mediated synaptic plasticity (e.g. reviewed in [Busto et al., 2010; Kahsai
and Zars, 2011]).
However, there are growing evidences that things are unlikely to be straightforward
as originally conceived. Multitudinous studies in Drosophila adults have shown, that

2The best-known example of fear conditioning is the Little Albert experiment by Watson and
Rayner in 1920
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parameters like feeding state, age of flies, timing of the stimuli and the modalities
of unconditioned stimuli can influence distinct aspects of memory formation and
in extreme cases lead to a mechanistically different types of memory being formed
[Yamazaki et al., 2007; Krashes and Waddell, 2008; Galili et al., 2011; Hirano et al.,
2013; Musso et al., 2015]. Furthermore, it is generally assumed that longer-lasting
memories are resistant to anesthetic disruption and are based on consolidation pro-
cesses, which require transient changes of intracellular signaling cascades that ul-
timately lead to de-novo protein synthesis and thereby altering synaptic efficiency
and providing the feature of transforming a learned behaviour into a persistent
memory (e.g. reviewed in [H. P. Davis and Squire, 1984; Bailey et al., 1996]).
However, since the discovery of a protein synthesis independent but resistant to
anaesthetic disruption longer-lasting memory component called anesthesia resistant
memory (ARM) in adult Drosophila [Tully et al., 1994], the overall question emerged
how ARM is maintained over time although cold anesthesia disrupt neuronal sig-
naling and molecular changes are elusive. The separation of longer-lasting memory
components into protein synthesis dependent and independent processes was not
only shown in Drosophila adult, but also in long-term memory (LTM) formation in
Aplysia (early-LTM and late-LTM) [Alberini et al., 1994; Martin et al., 1997; Casa-
dio et al., 1999; Bailey et al., 2000], honeybees (early-LTM and late-LTM) [Menzel
et al., 1993; Wittstock et al., 1993; Menzel et al., 2001] and hippocampal long-term
potentiation (LTP) (early-LTP and late-LTP) in mammals [Frey et al., 1993] (e.g.
reviewed in [Burrell and Sahley, 2001]). There are strong evidences that the un-
derlying mechanism of forming protein synthesis dependent longer-lasting memories
depend, inter alia, on the activity of canonic cAMP/protein kinase A (PKA) trig-
gered transcriptional processes, which ultimately lead to de novo protein synthesis
and synaptic plasticity induced stabilization of memory (e.g. reviewed in [Kandel,
2012]). Indeed, the correlation between protein synthesis and cAMP/PKA signal-
ing responsible for the formation of longer-lasting memory was shown in Drosophila
adults by using genetic screens, the artficial inhibition of protein synthesis and func-
tional studies of the analysis of the activity of cAMP and PKA [Tully et al., 1994;
Yin et al., 1995; Yin and Tully, 1996; Blum et al., 2009; Tomchik and R. L. Davis,
2009; Gervasi et al., 2010]. Contrary, the cellular mechanisms underlying the forma-
tion and maintenance of ARM still remains vague. A few studies showed that ARM
is highly dependent on the function of the radish (rsh) gene [Folkers et al., 1993,
2006], on proper PKA activity [Horiuchi et al., 2008], on the activity of Bruchpilot
(Brp), a synaptic active zone protein [Knapek et al., 2011]. However resolving the
underlying mechanisms of the formation of ARM in its entirety may help to under-
stand how learned information is stored and maintained on different molecular and
cellular levels. Thus, to identify general principles in the formation of memory, it
is useful to contrast several specifications of memory formation. Considering the
feature of Drosophila being a holometabolous organism, a second, non stationary
state exists. This state, the larval stage, exhibits a less complex organization of
the central nervous system (CNS) with less neurons (approximately 10,000) but are
capable of forming associative memories after being sensory information, like taste,
smell, noxious or visual stimuli (see section 3.1 and section 4.2.1 for further expla-
nations). This and the fact of only changing the developmental stage and not the
organism per se makes the Drosophila larvae a suitable model organism to close still
existing gaps of the knowledge about the cellular organisation of memory formation
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in general. However only few studies have envisaged memory formation processes in
Drosophila larvae (see section 3.2) and a comprehensive analysis is still missing.

1.1 References
Aceves-Pina, E. O. and W. G. Quinn (1979). Learning in normal and mutant

Drosophila larvae. In: Science 206.4414, pp. 93–6. doi: 10 .1126/science .206 .
4414.93.

Alberini, C. M., M. Ghirardl, R. Metz, and E. R. Kandel (1994). C/EBP is an
immediate-early gene required for the consolidation of long-term facilitation in
Aplysia. In: Cell 76.6, pp. 1099–1114. doi: 10.1016/0092-8674(94)90386-7.

Bailey, C. H., D. Bartsch, and E. R. Kandel (1996). Toward a molecular definition
of long-term memory storage. In: Proc Natl Acad Sci U S A 93.24, pp. 13445–52.
doi: 10.1073/pnas.93.24.13445.

Bailey, C. H., M. Giustetto, H. Zhu, M. Chen, and E. R. Kandel (2000). A novel
function for serotonin-mediated short-term facilitation in aplysia: conversion of
a transient, cell-wide homosynaptic hebbian plasticity into a persistent, protein
synthesis-independent synapse-specific enhancement. In: Proc Natl Acad Sci U
S A 97.21, pp. 11581–6. doi: 10.1073/pnas.97.21.11581.

Blum, A. L., W. Li, M. Cressy, and J. Dubnau (2009). Short-and long-term mem-
ory in Drosophila require cAMP signaling in distinct neuron types. In: Current
Biology 19.16, pp. 1341–1350. doi: 10.1016/j.cub.2009.07.016.

Burrell, B. D. and C. L. Sahley (2001). Learning in simple systems. In: Current
opinion in neurobiology 11.6, pp. 757–764. doi: 10.1016/s0959-4388(01)00281-1.

Busto, G. U., I. Cervantes-Sandoval, and R. L. Davis (2010). Olfactory learning in
Drosophila. In: Physiology (Bethesda) 25.6, pp. 338–46. doi: 10.1152/physiol.
00026.2010.

Casadio, A., K. C. Martin, M. Giustetto, H. Zhu, M. Chen, D. Bartsch, C. H. Bailey,
and E. R. Kandel (1999). A transient, neuron-wide form of CREB-mediated long-
term facilitation can be stabilized at specific synapses by local protein synthesis.
In: Cell 99.2, pp. 221–237. doi: 10.1016/s0092-8674(00)81653-0.

Colomb, J., L. Kaiser, M.-A. Chabaud, and T. Preat (2009). Parametric and genetic
analysis of Drosophila appetitive long-term memory and sugar motivation. In:
Genes, Brain and Behavior 8.4, pp. 407–415. doi: 10.1111/j.1601-183x.2009.
00482.x.

Davis, H. P. and L. R. Squire (1984). Protein synthesis and memory: a review. In:
Psychol Bull 96.3, pp. 518–59. doi: 10.1037//0033-2909.96.3.518.

Dawkins, R. (1976). The Selfish Gene. In: NewYorkCity: OxfordUniversityPress.
Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram?

In: Annu Rev Psychol 55, pp. 51–86. doi: 10.1146/annurev.psych.55.090902.
142050.

Folkers, E., P. Drain, andW. G. Quinn (1993). Radish, a Drosophila mutant deficient
in consolidated memory. In: Proc Natl Acad Sci U S A 90.17, pp. 8123–7. doi:
10.1073/pnas.90.17.8123.

Folkers, E., S. Waddell, andW. G. Quinn (2006). The Drosophila radish gene encodes
a protein required for anesthesia-resistant memory. In: Proc Natl Acad Sci U S
A 103.46, pp. 17496–500. doi: 10.1073/pnas.0608377103.

http://dx.doi.org/10.1126/science.206.4414.93
http://dx.doi.org/10.1126/science.206.4414.93
http://dx.doi.org/10.1016/0092-8674(94)90386-7
http://dx.doi.org/10.1073/pnas.93.24.13445
http://dx.doi.org/10.1073/pnas.97.21.11581
http://dx.doi.org/10.1016/j.cub.2009.07.016
http://dx.doi.org/10.1016/s0959-4388(01)00281-1
http://dx.doi.org/10.1152/physiol.00026.2010
http://dx.doi.org/10.1152/physiol.00026.2010
http://dx.doi.org/10.1016/s0092-8674(00)81653-0
http://dx.doi.org/10.1111/j.1601-183x.2009.00482.x
http://dx.doi.org/10.1111/j.1601-183x.2009.00482.x
http://dx.doi.org/10.1037//0033-2909.96.3.518
http://dx.doi.org/10.1146/annurev.psych.55.090902.142050
http://dx.doi.org/10.1146/annurev.psych.55.090902.142050
http://dx.doi.org/10.1073/pnas.90.17.8123
http://dx.doi.org/10.1073/pnas.0608377103


1.1 References 5

Frey, U., Y.-Y. Huang, and E. R. Kandel (1993). Effects of cAMP simulate a late
stage of LTP in hippocampal CA1 neurons. In: Science 260.5114, pp. 1661–1665.
doi: 10.1126/science.8389057.

Galili, D. S., A. Lüdke, C. G. Galizia, P. Szyszka, and H. Tanimoto (2011). Olfactory
trace conditioning in Drosophila. In: Journal of Neuroscience 31.20, pp. 7240–
7248.

Gervasi, N., P. Tchenio, and T. Preat (2010). PKA dynamics in a Drosophila learning
center: coincidence detection by rutabaga adenylyl cyclase and spatial regulation
by dunce phosphodiesterase. In: Neuron 65.4, pp. 516–29. doi: 10.1016/j.neuron.
2010.01.014.

Hirano, Y., T. Masuda, S. Naganos, M. Matsuno, K. Ueno, T. Miyashita, J. Horiuchi,
and M. Saitoe (2013). Fasting launches CRTC to facilitate long-term memory
formation in Drosophila. In: Science 339.6118, pp. 443–6. doi: 10.1126/science.
1227170.

Horiuchi, J., D. Yamazaki, S. Naganos, T. Aigaki, and M. Saitoe (2008). Protein
kinase A inhibits a consolidated form of memory in Drosophila. In: Proc Natl
Acad Sci U S A 105.52, pp. 20976–81. doi: 10.1073/pnas.0810119105.

Kahsai, L. and T. Zars (2011). Learning and memory in Drosophila: behavior, ge-
netics, and neural systems. In: Int Rev Neurobiol 99, pp. 139–167. doi: 10.1016/
b978-0-12-387003-2.00006-9.

Kandel, E. R. (2012). The molecular biology of memory: cAMP, PKA, CRE, CREB-
1, CREB-2, and CPEB. In: Molecular Brain 5.1, p. 14. doi: 10.1186/1756-6606-
5-14.

Kandel, E. R. (2001). The molecular biology of memory storage: a dialog between
genes and synapses. In: Biosci Rep 21.5, pp. 565–611. doi: 10 .1126/science .
1067020.

Kandel, E. R., Y. Dudai, and M. R. Mayford (2014). The molecular and systems
biology of memory. In: Cell 157.1, pp. 163–86. doi: 10.1016/j.cell.2014.03.001.

Kaun, K. R., R. Azanchi, Z. Maung, J. Hirsh, and U. Heberlein (2011). A Drosophila
model for alcohol reward. In: Nature neuroscience 14.5, pp. 612–619. doi: 10.
1038/nn.2805.

Knapek, S., S. Sigrist, and H. Tanimoto (2011). Bruchpilot, a synaptic active zone
protein for anesthesia-resistant memory. In: J Neurosci 31.9, pp. 3453–8. doi:
10.1523/jneurosci.2585-10.2011.

Krashes, M. J. and S. Waddell (2008). Rapid consolidation to a radish and protein
synthesis-dependent long-term memory after single-session appetitive olfactory
conditioning in Drosophila. In: J Neurosci 28.12, pp. 3103–13. doi: 10.1523/
jneurosci.5333-07.2008.

Kupfermann, I. and E. R. Kandel (1969). Neuronal controls of a behavioral response
mediated by the abdominal ganglion of Aplysia. In: Science 164.3881, pp. 847–
850. doi: 10.1126/science.164.3881.847.

Liu, G., H. Seiler, A. Wen, T. Zars, K. Ito, R. Wolf, M. Heisenberg, and L. Liu
(2006). Distinct memory traces for two visual features in the Drosophila brain.
In: Nature 439.7076, pp. 551–556. doi: 10.1038/nature04381.

Martin, K. C., A. Casadio, H. Zhu, E. Yaping, J. C. Rose, M. Chen, C. H. Bailey, and
E. R. Kandel (1997). Synapse-specific, long-term facilitation of aplysia sensory
to motor synapses: a function for local protein synthesis in memory storage. In:
Cell 91.7, pp. 927–938. doi: 10.1016/s0092-8674(00)80484-5.

http://dx.doi.org/10.1126/science.8389057
http://dx.doi.org/10.1016/j.neuron.2010.01.014
http://dx.doi.org/10.1016/j.neuron.2010.01.014
http://dx.doi.org/10.1126/science.1227170
http://dx.doi.org/10.1126/science.1227170
http://dx.doi.org/10.1073/pnas.0810119105
http://dx.doi.org/10.1016/b978-0-12-387003-2.00006-9
http://dx.doi.org/10.1016/b978-0-12-387003-2.00006-9
http://dx.doi.org/10.1186/1756-6606-5-14
http://dx.doi.org/10.1186/1756-6606-5-14
http://dx.doi.org/10.1126/science.1067020
http://dx.doi.org/10.1126/science.1067020
http://dx.doi.org/10.1016/j.cell.2014.03.001
http://dx.doi.org/10.1038/nn.2805
http://dx.doi.org/10.1038/nn.2805
http://dx.doi.org/10.1523/jneurosci.2585-10.2011
http://dx.doi.org/10.1523/jneurosci.5333-07.2008
http://dx.doi.org/10.1523/jneurosci.5333-07.2008
http://dx.doi.org/10.1126/science.164.3881.847
http://dx.doi.org/10.1038/nature04381
http://dx.doi.org/10.1016/s0092-8674(00)80484-5


6 General introduction

McBride, S. M., G. Giuliani, C. Choi, P. Krause, D. Correale, K. Watson, G. Baker,
and K. K. Siwicki (1999). Mushroom body ablation impairs short-term memory
and long-term memory of courtship conditioning in Drosophila melanogaster. In:
Neuron 24.4, pp. 967–977.

Menzel, R., U. Gaio, M. Gerberding, E. Nerarava, and S. Wittstock (1993). For-
mation of long term olfactory memory in honeybees does not require protein
synthesis. In: Naturwissenschaften 80.8, pp. 380–382. doi: 10.1007/bf01138799.

Menzel, R. (2012). The honeybee as a model for understanding the basis of cognition.
In: Nature Reviews Neuroscience 13.11, pp. 758–768. doi: 10.1038/nrn3357.

Menzel, R. and J. Erber (1978). Learning and memory in bees. In: Sci. Am 239.1,
pp. 102–110. doi: 10.1038/scientificamerican0778-102.

Menzel, R., G. Manz, R. Menzel, and U. Greggers (2001). Massed and spaced learn-
ing in honeybees: the role of CS, US, the intertrial interval, and the test interval.
In: Learning & Memory 8.4, pp. 198–208. doi: 10.1101/lm.40001.

Musso, P. Y., P. Tchenio, and T. Preat (2015). Delayed dopamine signaling of en-
ergy level builds appetitive long-term memory in Drosophila. In: Cell Rep 10.7,
pp. 1023–31. doi: 10.1016/j.celrep.2015.01.036.

Quinn, W. G. and Y. Dudai (1976). Memory phases in Drosophila. In: Nature
262.5569, pp. 576–7. doi: 10.1038/262576a0.

Rescorla, R. A. (1968). Probability of shock in the presence and absence of CS in
fear conditioning. In: Journal of comparative and physiological psychology 66.1,
pp. 1–5. doi: 10.1037/h0025984.

Sutton, M. A. and E. M. Schuman (2006). Dendritic protein synthesis, synaptic
plasticity, and memory. In: Cell 127.1, pp. 49–58. doi: 10.1016/j.cell.2006.09.014.

Tempel, B. L., N. Bonini, D. R. Dawson, and W. G. Quinn (1983). Reward learning
in normal and mutant Drosophila. In: Proceedings of the National Academy of
Sciences 80.5, pp. 1482–1486.

Tomchik, S. M. and R. L. Davis (2009). Dynamics of learning-related cAMP signaling
and stimulus integration in the Drosophila olfactory pathway. In: Neuron 64.4,
pp. 510–21. doi: 10.1016/j.neuron.2009.09.029.

Tully, T., T. Preat, S. C. Boynton, and M. Del Vecchio (1994). Genetic dissection of
consolidated memory in Drosophila. In: Cell 79.1, pp. 35–47. doi: 10.1016/0092-
8674(94)90398-0.

Wagner, A. R., F. A. Logan, and K. Haberlandt (1968). Stimulus selection in animal
discrimination learning. In: Journal of experimental psychology 76.2p1, p. 171.
doi: 10.1037/h0025414.

Watson, J. and R. Rayner (1920). Conditional Emotional Reponses. In: Journal
Emotional Response 3.

Wittstock, S., H.-H. Kaatz, and R. Menzel (1993). Inhibition of brain protein synthe-
sis by cycloheximide does not affect formation of long-term memory in honeybees
after olfactory conditioning. In: Journal of Neuroscience 13.4, pp. 1379–1386.

Yamazaki, D., J. Horiuchi, Y. Nakagami, S. Nagano, T. Tamura, and M. Saitoe
(2007). The Drosophila DCO mutation suppresses age-related memory impair-
ment without affecting lifespan. In: Nat Neurosci 10.4, pp. 478–84. doi: 10.1038/
nn1863.

Yin, J. C., M. Del Vecchio, H. Zhou, and T. Tully (1995). CREB as a memory
modulator: induced expression of a dCREB2 activator isoform enhances long-

http://dx.doi.org/10.1007/bf01138799
http://dx.doi.org/10.1038/nrn3357
http://dx.doi.org/10.1038/scientificamerican0778-102
http://dx.doi.org/10.1101/lm.40001
http://dx.doi.org/10.1016/j.celrep.2015.01.036
http://dx.doi.org/10.1038/262576a0
http://dx.doi.org/10.1037/h0025984
http://dx.doi.org/10.1016/j.cell.2006.09.014
http://dx.doi.org/10.1016/j.neuron.2009.09.029
http://dx.doi.org/10.1016/0092-8674(94)90398-0
http://dx.doi.org/10.1016/0092-8674(94)90398-0
http://dx.doi.org/10.1037/h0025414
http://dx.doi.org/10.1038/nn1863
http://dx.doi.org/10.1038/nn1863


1.1 References 7

term memory in Drosophila. In: Cell 81.1, pp. 107–15. doi: 10 . 1016 / 0092 -
8674(95)90375-5.

Yin, J. C. and T. Tully (1996). CREB and the formation of long-term memory. In:
Curr Opin Neurobiol 6.2, pp. 264–8. doi: 10.1016/s0959-4388(96)80082-1.

http://dx.doi.org/10.1016/0092-8674(95)90375-5
http://dx.doi.org/10.1016/0092-8674(95)90375-5
http://dx.doi.org/10.1016/s0959-4388(96)80082-1


8 General introduction



Chapter 2

Drosophila melanogaster - Jack of
one trade, master of none

2.1 Jack of one trade, master of none
The fruit fly Drosophila melanogaster in the order Diptera and the family Drosophil-
idae has been a versatile and powerful model organism in a variety of different
biological disciplines like molecular biology, genetics, developmental biology, cell bi-
ology and neurobiology for nearly a century now (for further reading see review
articles [Arias, 2008; Bellen et al., 2010; Rubin and Lewis, 2000]). Focusing on the
usage of Drosophila in neurobiology a huge variety of fundamental mechanisms in
the development of the nervous system (e.g. reviewed in [Doe, 2008; Hartenstein
et al., 2008]), axon guidiance and target recognition (e.g. reviewed in [Dickson,
2002]), functionalities of ion channels (e.g. reviewed in [Littleton and Ganetzky,
2000]), synaptic transmission and remodeling (e.g. reviewed in [Bellen et al., 2010;
Cingolani and Goda, 2008]), and neuronal and molecular mechanisms underlying
varieties of different behaviours like courtship [Hotta and Benzer, 1976], circadian
rhythms [Konopka and Benzer, 1971], foraging-related behaviour in larvae [Osborne
et al., 2001], sleep [Hendricks et al., 2000; Shaw et al., 2000], learning and memory
[Quinn et al., 1974] has been uncovered (e.g. reviewed in [Sokolowski, 2001]). More-
over it has proved oneself that in this day and age Drosophila is also a sophisticated
model organism to understand the fundamental mechanisms that are involved in
the development of neurological disorders (e.g. reviewed in [Jeibmann and Paulus,
2009]) in the human brain. Furthermore, Drosophila is currently the model organ-
ism that exhibits the most sophistaced genetic manipulation techniques of all higher
eukaryotes (e.g. reviewed in [Valle Rodríguez et al., 2012]). These advanced tools do
not only have deep impact in research areas like genetics or developmental biology,
they are also useful studying fundamental mechanisms in Drosophila neurobiology
research.
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2.2 Drosophila - a work horse in the lab

2.2.1 Milestones in Drosophila research

The 18th and 19th cenuries were characetrised through a variety of discoveries but
also unexpected serendipities in all fields of natural science. Thereupon the field of
natural science changed dramatically into investigating natural phenomena observa-
tionally and it is now state-of-the art to search for common patterns in nature. As
a result an increasing interest in utilisation of different, so-called model organisms,
arised in order to make generalized assumptions about known principles in nature
and extend them. In the beginning of the 20th century a variety of different model
organisms like Escherichia coli (E. coli) (e.g. reviewed in [Blount, 2015]), Sac-
charomyces cerevisiae (S. cerevisiae) (e.g. reviewed in [Botstein and Fink, 2011]),
and multicelluar organisms like Arabidopsis thaliana (A. thaliana) (e.g. reviewed
in [Koornneef and Meinke, 2010]), Zea mays (Z. mays)(e.g. reviewed in [Strable
and Scanlon, 2009]), Caenorhabditis elegans (C. elegans) (e.g. reviewed in [Ankeny,
2001]), D. melanogaster (e.g. reviewed in [Arias, 2008]), Mus musculus (M. muscu-
lus) (e.g. reviewed in [Paigen, 2003a,b]), to name a few, were introduced in biological
research (e.g. reviewed in [Davis, 2004]). The use of Drosophila goes all back to the
so-called "father" of Drosophila research, Thomas Hunt Morgan, at the beginning
of the 20th century [Kohler, 1994]. He was honoured with the Nobel Prize in 19331

for conforming the chromosome theory of inheritance [Bridges, 1916; Morgan, 1910].
A next major step was done by Hermann Muller, who discoverd that x-ray radia-
tions led to tremendous increase in the mutation rate in the genome of Drosophila
[Muller, 1928]. He was honoured with the Nobel Prize in 19462. During the follow-
ing centuries the fruit fly Drosophila turned from being a common pest to the most
valuable model organism as it is nowadays. Certain eminent milestones in scientific
research (for a summary see [Rubin and Lewis, 2000] and [Stephenson and Metcalfe,
2012]), like discovering the genetic control of conserved signaling pathways of early
embryogenesis [Lewis, 1978; Nüsslein-Volhard and Wieschaus, 1980]3, or pioneering
the usage of Drosophila in neuroscience by Seymour Benzer and colleagues in the
early 1970s by simply applying the same mutagenesis strategies that are widely used
in the field of developmental biology. The work by Benzer not only formed the basis
of understanding the principles of circadian rhythms [Konopka and Benzer, 1971]
but it also laid the foundation of behavioral neurogenetics [Weiner, 2014]. The latest
milestone in 100 years of Drosophila was done in the late 1990s, when the the first
release of the genome sequence of Drosophila was published by using a whole genome
shotgun sequencing approach [Adams et al., 2000]. Most recently the discovery of
the involvement of the Toll pathways in the activation of innate immunity [Lemaitre
et al., 1996] was honoured with the nobel prize in 20114.

1The Nobel Prize in Physiology or Medicine, 1933, http://nobelprize.org/nobel_prizes/
medicine/laureates/1933/

2The Nobel Prize in Physiology or Medicine, 1946, http://nobelprize.org/nobel_prizes/
medicine/laureates/1946/

3Christiane Nüsslein-Volhard, Eric Wieschaus, and Ed Lewis were honoured with the nobel
prize in 1995 (The Nobel Prize in Physiology or Medicine, 1995, http://nobelprize.org/nobel_
prizes/medicine/laureates/1995/

4The Nobel Prize in Physiology or Medicine, 2011, https://www.nobelprize.org/nobel_prizes/
medicine/laureates/2011/

http://nobelprize.org/nobel_prizes/medicine/laureates/1933/
http://nobelprize.org/nobel_prizes/medicine/laureates/1933/
http://nobelprize.org/nobel_prizes/medicine/laureates/1946/
http://nobelprize.org/nobel_prizes/medicine/laureates/1946/
http://nobelprize.org/nobel_prizes/medicine/laureates/1995/
http://nobelprize.org/nobel_prizes/medicine/laureates/1995/
https://www.nobelprize.org/nobel_prizes/medicine/laureates/2011/
https://www.nobelprize.org/nobel_prizes/medicine/laureates/2011/
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2.2.2 Different aspects to use Drosophila as a model organ-
ism

Favouring Drosophila as a model organism of choice to understand complex bi-
ological processes has several aspects. First, many basic molecular and cellular
processes remain largely intact during evolution. For example, a variety of differ-
ent cell signaling pathways in Drosophila involved in embryogenesis, cell commu-
nication or controlling homeostasis are highly conserved in the animal kingdom.
This and the fact that Drosophila is a multi-cellular organism with ∼19,000 genes5

and ∼13,600 protein-coding genes [Adams et al., 2000]6 but only 4 chromosomes
(one gonosome, two large metacentric autosomes and an additional small autosome)
makes Drosophila a versatile model organism to analyse fundamental principles. In
behavioural neuroscience Drosophila plays a noteworthy role due to the fact that
it possesses a complex nervous system and many key features of memory forma-
tion function parallel to vertebrates. For example cellular processes involved in the
formation of learning and memory are highly conserved (e.g. reviewed in [Kandel,
2012]). Furthermore Drosophila adults and larvae exhibit a rich reportoire of com-
plex behaviour tasks (for more details see [Gerber and Stocker, 2007; Kahsai and
Zars, 2011]). However, despites its complexity and intricate behavioural output, the
amount of neurons is much smaller (∼100,000 in adult flies and ∼10,000 in the lar-
val stage) and their projections cluster into neuropil structures and their cell bodies
located in the outer surface of the brain (cortical rind) [Strausfeld, 2012]. Furthe-
more the brain of Drosophila uses many of the same canonical neutrotransmitters as
vertebrates (e.g. reviewed in [Martin and Krantz, 2014]). Additionally, mechanism
in neurotransmitter storage, release and recycling are also evolutionary conserved
between Drosophila and vertebrates (e.g. reviewed in [Martin and Krantz, 2014]).
Therefore using Drosophila may help to understand the fundamental functionality
of not only the Drosophila brain but also in general. Second, Drosophila exhibits
also technical advantages over vertebrate model. They are easy to culture under lab-
oratory conditions, have a short and simple reproductive cycle (for further details
see section 2.2.3) and produce a large number of offspring. Third, Drosophila has
the most sophisticated toolkit of all metazoans. There is huge variety of techniques
to manipulate neuronal expressed genes (e.g. binary expression screens, forward
and reverse genetic approaches or monitor and manipulate neuronal activity (for
further details see section 2.4)). Fourth, a hallmark of the genetic model organism
Drosophila is the ability to generate stable inbred lines, which carry mutations in
the genome that can lead to severe phenotypic defects. This is possible by using
balancer choromosomes, which exhibits visible marker and multiple inversions. This
balancer chromosomes have three main features: recessive and lethal mutations can
be prevented from being selected out, homologous recombination is suppressed and
selection of offspring is easily feasible. Last but not least, the complete sequence
and annotation of the genome of Drosophila is freely accessible and can be accessed
via FlyBase7. It has been shown, that approximately 75% of genes responsible for
human disease genes have homologs in Drosophila [Lloyd and Taylor, 2010]. This

5Annotation release 6.15, http://flybase.org/static_pages/docs/release_notes.html
6The current number of protein-coding genes is 13,929 (annotation release 6.15, http://flybase.

org/static_pages/docs/release_notes.html)
7A Database of Drosophila Genes & Genomes, http://flybase.org

http://flybase.org/static_pages/docs/release_notes.html
http://flybase.org/static_pages/docs/release_notes.html
http://flybase.org/static_pages/docs/release_notes.html
http://flybase.org
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makes Drosophila an ideal model organism for studying the underlying mechanism
of human diseases.

2.2.3 Life cycle of Drosophila
The fruit fly Drosophila belongs to the superorder Endopterygota and is conse-
quently a holometabolous insect with a larval and pupal stage prior to the adult
stage. In the pupal stage dramatic reorganization of the body plan occurs and most
of the embryonic and larval structures are being destroyed. Drosophila posses 17
embryonic stages (stage 1 - stage 17), three larval stages (first, second, third instar8

larvae), a pupal stage and an adult stage, also called imago (see figure 1). It exists
strong scientific evidence that a correlation between temperature and development
time exists in all insects (e.g. reviewed in [Angilletta Jr et al., 2004]). The higher
the temperature, the faster the generation time, but the smaller the imago and vica
verse (e.g. reviewed in [Angilletta Jr et al., 2004]). It was shown in Drosophila that
the development time - referring here to the time from egg to the adult fly - declines
as the rearing temperature increases (under biological conditions normally between
15◦C and 30◦C) [Al-Saffar et al., 1995, 1996]. For example it takes approximately
7 days at 29◦C, 9 till 10 days at 25◦C, 11 days at 22◦C, and 19 days at 18◦C till
maturation in Drosophila. Under standard laboratory conditions (25◦) the duration
of embryogenesis is about 24 hours, the first and second instar larval stage about 1
day, the third instar larval stage 3 till 4 days and the pupal stage about four days
[Lints et al., 1983]. The average life expectancy of adult flies are 45 till 60 days days
[Lints et al., 1983], but various genetic (e.g. altering the activity of genes like I am
not dead yet (Indy) [Rogina et al., 2000], Insulin-like receptor (InR) (InR) [Tatar
et al., 2001], chico [Clancy et al., 2001], Methuselah (mth) [Y.-J. Lin et al., 1998])
and environmental manipulation (temperature [Miquel et al., 1976] or dietary re-
striction[Mair et al., 2003]) can influence longevity (e.g. reviewed in [He and Jasper,
2014]) and the maximum life span can only be estimated conservatively.
The females of Drosophila produce oocytes with already defined anterior-posterior
and dorsal-ventral axes due to maternal activity. The eggs have a length of about 1.5
mm and the egg cells are surrounded by a inner vitelline membrane and couted by
an outer, extracellular chorion layer. Two respiratory filaments are located anterior.
The embryogenesis in Drosophila consists of 17 different and precisely timed stages
[Campos-Ortega and Hartenstein, 2013]. Superficial cleavage takes place between
stage 1 and stage 5, gastrulation at stage 6 and stage 7, germ band elongation
and retraction between stage 8 and stage 13, head involution and dorsal closure
at stage 14 and stage 15, and differentiation at state 16 and stage 17 [Campos-
Ortega and Hartenstein, 2013]. The three larval stages of Drosophila differs in their
body size and possesses two molting events controlled by the steroid hormone 20-
hydroxyecdysone (also known as ecdysone) from the ring gland [Schubiger et al.,
1998]. The first and second instar larvae mainly eat on substrates the eggs were
laid in, whereas the third instar larvae feed also, but leave at a specific time point
the food source in order to undergo pupation. The pupal stage of Drosophila is
mainly characterized by its complete stationary state and a complete reorganisation
of the body plan. During metamorphosis most embryonic and larval structures are
destroyed and replaced by adult structures, which originate mainly from two sets

8Developmental stage of insects between each moult till maturation
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of cells: the imaginal discs and the histoblasts. These cells are carried through the
larval stage as undifferentiated and mitotic cells. However some of the larval organs
like the Malpighian tubules, the fat bodies and gonads maintain during metamor-
phosis. Whilst the main purpose of the larval stage is growing and therefore eating is
the main agenda, the adult stage is characterized as a stage of sexual reproduction.
Adult male flies are sexually matured within hours after emerging, however female
flies have matured eggs not until 2 days after eclosion and the average fecundity is
about 600 eggs.

Figure 1: Life cycle of Drosophila melanogaster Drosophila undergoes a life cycle of four
stages: egg, larva, pupa, and adult. Once fertilized, the life cycle takes only about 12 days to com-
plete at room temperature (for unknown reason corresponds to 25◦C). After egg laying Drosophila
undergoes embryongenesis (stage 1 - 17) (see 1) and the fertilized embryo emerges within 24 hours
(22-24 hours) into the larval stage (see 2). The larval stage in Drosophila consists of three different
stages: first instar larva (L1), second instar larva (L2), and third instar larva (L3). After one
day the first instar larva undergoes the first larval moult (see 3) and again after another day the
second instar larva undergoes the second larval moult (see 4). Two till three days later the third
instar pupates (see 5) and undergoes a dramatic reorganization of the body plan (metamorphosis)
(3.5 - 4 days) (see 6) and the imago eclose. Adult male flies are sexually matured within hours
after emerging, however female flies have matured eggs not until 2 days after eclosion, and the
cycle begins again.

2.3 Drosophila - a versatile model organism in
neuroscientific research

The fruit fly Drosophila had a huge impact on uncovering the principles of the
development of the nervous system not only in its own species but also in gen-
eral, since fundamental principles of neuronal development are conserved in higher
evolved animals. First, the discovery of the highly conserved Notch signaling path-
way and its keyplayers in Drosophila [Campos-Ortega, 1988; Poulsen, 1950; Vässin
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et al., 1987; Wharton et al., 1985] shed light on the fundamental mechanism in-
volved in controlling the fate of cells through local cell interactions (e.g reviewed
in [Artavanis-Tsakonas et al., 1995, 1999]). Additionally, it has been shown that
components of the Notch signaling pathway is also involved in learning and mem-
ory in adult Drosophila [Pavlopoulos et al., 2008]. Second, the discovery of the
homeotic genes [Lewis, 1978] unrevealed the principles of pattern formation during
development in Drosophila and showed that they encode for evolutionary conserved
homeobox-containing proteins [McGinnis et al., 1984]. Hox genes are keyplayer in
defining specificity of motor neuron–muscle connectivity (e.g. reviewed in [Dasen
et al., 2005]) and in the genetic program of neural crest migration (e.g. reviewed
in [Dupin et al., 2006]). Third, systematic chemical mutagenesis screens [Lewis and
Bacher, 1968] identified several genes important for the development of Drosophila
[Nüsslein-Volhard et al., 1984] and led to to identification of conserved signaling
pathways (e.g. Hedhog, Wingless, Decapentaplegic, Robo), which are important for
vertebrate neurogenesis (e.g. reviewed in [Ho and Scott, 2002]), neuronal migration
(e.g reviewed in [Gaiano, 2008]), growth guidance (e.g. reviewed in [Charron and
Tessier-Lavigne, 2007]), and maintenance and differentation of neuronal stem cells
(e.g. reviewed in [Pozniak and Pleasure, 2006]).
Since the uncovering of the fundamental mechanism underlying circiadian rhythms
by applying a simple behavioural assay (light countercurrent assay) [Konopka and
Benzer, 1971] the fruit fly Drosophila, has also ventured the field of behavioral neu-
rogenetics. The establishment an associative olfactory learning in Drosophila [Quinn
et al., 1974] and the discovery of the first learning mutant dunce (dnc) [Dudai et al.,
1976] was another contribution to analyse the impact of molecular mechanisms on
behaviour by inducing and selecting single-gene mutation. Moreover it has been
shown that Drosophila exhibits a rich reportoire of complex behaviour tasks like
circadian rhythms [Konopka and Benzer, 1971], sleep [Hendricks et al., 2000; Shaw
et al., 2000], learning and memory [Quinn et al., 1974], courtship [Hotta and Ben-
zer, 1976], feeding [Al-Anzi et al., 2010, 2009; William et al., 2007], aggression
[Chen et al., 2002], or motivation [Krashes et al., 2009; S. Lin et al., 2014]. Studies
in the larvalneuromuscular junction (NMJ) identified several mechanism involved
in synaptic transmission, which are nowadays used to manipulate neuronal activ-
ity. For example, the identification of only two classes of behavioural phenotypes
(temperature-sensitive (ts) paralytic mutants (e.g paralyticts (parats) [Suzuki et al.,
1971]) and ether-induced leg shaking mutants (e.g. Shaker (Sh), ether-a-go-go (eag)
[Kaplan and Trout III, 1969])) led to the identifaction of several voltage-gated ion
channels, which are responsible for the electrical excitability of cells and play a cru-
cial role in neuronal signal processing (e.g. reviewed in [C. Koch and Segev, 2000])
and synaptic plasticity (e.g. reviewed in [Voglis and Tavernarakis, 2006] and for
homeostatic plasticity [Frank, 2014]). Additionally, the role of components respon-
sible for exo- and endocytosis were first describes in Drosophila (e.g. synaptotagmin
[Littleton et al., 1994; Perin et al., 1991], dynamin [Bliek and Meyerowitz, 1991;
Koenig et al., 1989], synaptobrevin [Broadie et al., 1995; Sweeney et al., 1995]), but
have since turned out to be important for synaptic transmission in vertebrates as
well (e.g. reviewed in [Sudhof, 2004]).
Recents efforts have generated and characterized reporter genes, which are are spe-
cific for only small subsets of the adult Drosophila brain, but have the potential to
cover nearly all of the ∼100,000 neurons of the adult nervous system ([Jenett et al.,
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2012; Pfeiffer et al., 2008, 2010]9. Furthermore, the characterization of new RNA
interference (RNAi) libraries10 [Ni et al., 2008] and genome editing techniques (like
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR asso-
ciated (Cas) took the identifaction of genes involved in neuronal processes on a next
level. These sophisticated new technique allows the analysis of fundamental molecu-
lar and cellular mechanisms of already described behaviours on single-cell levels, but
also has shifted the focus on additional behaviours like phototaxis (e.g. reviewed
in [Vosshall and Stocker, 2007]), agression (e.g. reviewed in [Kravitz, Fernandez,
et al., 2015; Zwarts et al., 2012]), motivation (e.g. reviewed in [Anderson, 2016]),
response to mechanic stimuli (e.g. reviewed in [Kernan, 2007]), escape behaviour
(e.g. reviewed in [Card, 2012]), or courtship behaviour (e.g. reviewed in [Pavlou and
Goodwin, 2013]). Additionally through the initiation of modeling the exact network
of synaptic connection of the Drosophila brain (connectome), it is now possible to
link certain behavioural output to an underlying neuronal circuitry (e.g. reviewed
in [Meinertzhagen, 2016], for the larval brain see [Eichler et al., 2017]).
Last but not least, it has proven that in this day and age the fruit fly Drosophila
is a sophisticated model organism to understand the fundamental mechanisms that
are involved in the development of neurological disorders (e.g. reviewed in [Jeib-
mann and Paulus, 2009]) like neurodegenerative diseases (e.g. reviewed in [Bilen
and Bonini, 2005; Marsh and Thompson, 2006; Stephenson and Metcalfe, 2012]),
the development of drug addiction (e.g. reviewed in [Kaun et al., 2012]), intellectual
disability (ID) (e.g. reviewed in [Androschuk et al., 2015]), psychatric disorders (e.g.
reviewed in [Alphen and Swinderen, 2013; O’Kane, 2011]), or metabolic disorders
(e.g. reviewed in [Jeibmann and Paulus, 2009]) in the human brain. Last but not
least, the larval stage of Drosophila is capabable of of expressing a comprehensive set
of sophisticated behaviours in order to interact with their environment (e.g reviwed
in [Gerber and Stocker, 2007]). Due to the case of their simpler neuronal architec-
ture compared to adult flies, it has been proven that larvae are a suitable model
organism to identify the neuronal basis of these behaviours on a single cell level and
also to understand the cellular processes involved in the formation of memory, which
are still elusive.

2.4 Genetic manipulation of genes, neurons and
neuronal circuitries in the brain of Drosophila

Research in Drosophila neurobiology includes several different aspects, like cell biol-
ogy in neurons, development and degeneration of the nervous system, neural activity
and how they are embedded within a complex neuronal circuitry, and figuring out
the architecture of the Drosphila brain. However, a considerable number of different
neurons and genes are involved in theses processes. For example, to analyse the
fundamental principles of learning and memory, one has first to define a specific
behaviour, second to identify the neurons, which are involved, third to discover the

9www.janelia.org/gal4-gen1, Rubin lines (Bloomington Drosophila Stock Center, http://
flystocks.bio.indiana.edu/Browse/gal4/gal4_Janelia.php)

10Vienna Drosophila Reseach Center, http://stockcenter.vdrc.at/control/library_rnai

www.janelia.org/gal4-gen1
http://flystocks.bio.indiana.edu/Browse/gal4/gal4_Janelia.php
http://flystocks.bio.indiana.edu/Browse/gal4/gal4_Janelia.php
http://stockcenter.vdrc.at/control/library_rnai
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cellular, synaptic and circuit mechanisms, and fourth to understand why these neu-
ronal transformation produces an observed behaviour. Just as in vertebrates, the
brain of Drosophila is capable of producing an incredible wide range of behavioural
sequences in response to sensory stimuli and/or previous experiences (e.g.reviwed
in [Gerber and Stocker, 2007; Kahsai and Zars, 2011]). Different specialized neu-
ronal circuitries within the Drosophila brain are responsible for decoding incoming
sensory modalities and computing the respective behavioural output. However, the
abundance of numerous tools for spatially and temporally targeting gene expression
to specific neurons, manipulating or observing their activity and assaying behav-
ioral consequences, make Drosophila an outstanding model organism to study the
principles of the function and organization of neuronal circuitries, the communica-
tion between neurons and their behavioral consequences. In general, two strategies
are possible: a gene-centric approach and a neuron-centric approach (see figure 2).
First, gene-centric approaches are interested in the involvement of genes responsible
for identified behaviours. They utilize either phenotype-based methods (forward ge-
netic) or gene-based methods (reverse genetic), which both provides the competency
of a better understanding of the role of genes in the brain of Drosophila and helps
to identify neurons. In contrast, neuron-centric approaches are more focused on
the identification of activity patterns and neurons generating specific behaviours by
manipulation neurons or neuronal populations by labeling, monitoring, removing,
or altering their activity.

Figure 2: Characterization of gene-centric or neuron-centric approaches A: In a gene-
centric approach first mutations are induced in the genome of Drosophila via radiation, chemicals
or transposon mutagenesis (forward genetics) (1). Then animals are analysed for deficits in a
certain behaviour using behavioural screens (2). Once an animal with an behavioural phenotype
is identified (3) the deficit is traced back to the genetic cause (reverse genetics) (4). B: First the
necessity of specific neuron is identified through silencing the neuron of interest (1). Afterwards
animals are tested for behavioural deficits (2). Animals with behavioural deficits (3) are then tested
by mapping the neuron and testing the sufficiency (4).

2.4.1 Timely and spatially manipulation of gene function in
Drosophila using targeted gene expression systems

One of the most powerful and sophisticated transgenic techniques is the manipu-
lation of timely and/or spatially restriction of gene expressions in a specific set of
cell populations. Conceptually, gene expression systems can be divided into three
classes: timely control of gene expression (class 1), spatial control of gene expression
(class 2), or controlling gene expression in the dimension time and space (class 3).
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One of the first and widely used expression systems was the binary Gal4-upstream
activating sequences (UAS) expression system [Brand and Perrimon, 1993]. Since its
first description in 1993 [Brand and Perrimon, 1993] a variety of sophistaced methods
have been developed, which utilize alternative expression systems and site-specific
recombination approaches in order to label or manipulate gene expression in specific
sets of cell populations very precisely (for a collection see table 1) (e.g. reviewed in
[Valle Rodríguez et al., 2012]) and is nowadays a standard repertoire for all fields
of biological research. Basically a expression system consists of two components: a

Expression systems Description Literature

Binary expression systems

Gal4-UAS Intersectional gene expression or manipulation with LexA and/or QF [Brand and Perrimon, 1993]

LexA-lexAop Intersectional gene expression or manipulation with Gal4 and/or QF [Lai and T. Lee, 2006]

QF-QUAS Intersectional gene expression or manipulation with Gal4 and/or LexA [Potter et al., 2010]

Ternary expression systems

Split Gal4 Restricting gene expression through partially overlapping promoters [Luan et al., 2006]

Split LexA Restricting gene expression through partially overlapping promoters [Ting et al., 2011]

TARGET Temporally controlled gene expression by using Gal80 [McGuire et al., 2003, 2004]

GeneSwitch Temporally controlled gene expression [Osterwalder et al., 2001]

by using hormone-inducible GAL4 chimeras

Specific Gal4 lines

InSITE Swappable enhancer trap platform [Gohl et al., 2011]

through multiple recombination systems

Janelia Farm library Targeting small population of neurons based on cloned enhancer elements [Pfeiffer et al., 2008]

Clonal analysis systems

MARCM Cell labaling and gene manipulation in specific cell clones [T. Lee and Luo, 1999]

Q MARCM [Potter et al., 2010]

TSG [Griffin et al., 2009]

TS-MARCM [H.-H. Yu et al., 2009]

G-TRACE Spatiotemporal analysis of gene expression [C. J. Evans et al., 2009]

dBrainbow Multicolour labeling of multiple cell leneages under specific activator lines [Hampel et al., 2011]

Flybow Multicolour labeling of multiple cell leneages under specific activator lines [Hadjieconomou et al., 2011]

Table 1: Collection of widely used expression systems

transactivator, which is expressed in a specific pattern and a downstream effector
(also known as responder) with a transactivator specific DNA binding site fused to
a transgenetic effector (see figure 3 A, B, C, D, E). This so-called binary expression
system can be spatially controlled by the regulatory sequence and temporally con-
trolled by compounds that activate or inactivate the transactivator (see figure 3 A).
Technically the two components are split into a driver line (also known as activator
line) (see figure 3 B) and an effector line (also known as responder line) (see fig-
ure 3 D). The driver line contains the sequence specific transactivator sequence with
two functional domains (a specific DNA binding domain and an activation domain)
under the control of a fused tissue specific upstream regulatory sequence (figure 3
B). Normally a regulator sequence is either a cloned promoter fragment with a ex-
pression pattern similar to the endogenous gene (figure 3 C (i)) or generated from
enhancer trap [O’Kane Cahir and Gehring, 1987] screens (see figure 3 C (ii)). In
the effector line, the effector gene is fused to a DNA binding site, which is under
the control of the transactivator expressed through the driver line (see figure 3 D
(i)). Only the binding of the transactivator to the DNA binding site leads to the
expression of the effector gene (see figure 3 D (ii)). To maintain the strength of
expression systems the driver and the effector line are used in a so-called bipartite
approach, which firstly omits the expression of gene products with deleterious ef-
fects, and secondly maintains the timely and spatially controlled expression of genes.
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In a bipartite approach driver and effector line are kept in seperate lines (figure 3 E
(i, ii)). Without the presence of the driver line, the expression of the effector gene
is absence in the effector line (figure 3 E (ii)). Nevertheless by crossing both lines,
the individuals of the offspring generation exhibit both the transactivator as well as
the corresponding DNA binding site and the expression of the effector gene takes
place (figure 3 E (iii)).
Nowadays, several binary expression system exist allowing precise genetic access to
neuronal to neuronal populations and figure 3 F). The Gal4-UAS system [Brand and
Perrimon, 1993] - originally discovered in yeast and then adapted in several model
organism[Fischer et al., 1988; Hartley et al., 2002; Kakidani and Ptashne, 1988; Ma
et al., 1988; Ma and Ptashne, 1987a,b; Ornitz et al., 1991; Scheer and Campos-
Ortega, 1999; Webster et al., 1988] - is the default expression system in Drosophila,
but was complemented by LexA-lexA operator (lexAop) [Lai and T. Lee, 2006] and
the QF-QF upstream activating sequences (QUAS) system [Potter et al., 2010] (see
figure 3 F). The usage of all three expression systems and their extension to ternary
expression systems (see figure 3 G, I) (e.g. split-Gal4 [Luan et al., 2006], split-lexA
[Ting et al., 2011], GeneSwitch [Osterwalder et al., 2001] or TARGET [McGuire
et al., 2003, 2004]) and the application of recombinase-based intersectional strate-
gies is nowadays a standard repertoire for timely and spatially control of neuronal
activity in order to analyse the functionality of the nervous system of Drosophila on
a molecular, cellular, developmental, or behavioral levels (e.g. reviewed in [Venken
et al., 2011]). To control the expression of the driver line several techniques were
developed for generating Gal4 driver lines. First, a cloned promoter fragment can
be used to drive the expression of the transactivator in a pattern similar to that
of the endogenous gene. For example, ubiquitous expression can be archieved by
using tubulin (tub)-Gal4 [Bialojan et al., 1984], actin 5C (Act5c)-Gal4 [Fyrberg et
al., 1983] or heat shock (hs)-Gal4 [Halfon et al., 1997] promoter driver lines. For
only labeling across neuronal structures, pan-neuronal driver lines (e.g embryonic
lethal abnormal vision (elav)-Gal4 [Yao and K. White, 1994], neuronal Synapto-
brevin (nSyb)-Gal4 [Pauli et al., 2008]) or pan-neuromuscular driver lines (myosin
heavy chain (mhc) [Schuster et al., 1996]) can be used. But also the labeling of
only specific sets of neurons (e.g. dopaminergic or serotinergic (Tyrosine Hydrox-
ylase (Th)-Gal4 [Friggi-Grelin et al., 2003], Dopa decarboxylase (Ddc)-Gal4 [H. Li
et al., 2000]), cholinergic (Choline acetyltransferase (Cha)-Gal4 [Salvaterra and
Kitamoto, 2001]), glutamatergic (Drosophila vesicular glutamate transporter (vG-
lut)-Gal4 [R. W. Daniels et al., 2008]) or specific structures (e.g. eye (glass multimer
reporter (GMR)-Gal4 [Hay et al., 1994]) are possible. However, the total number of
defined promoters are limited and for LexA and QF hardly existent. Second, instead
of using a cloned promoter fragment, the expression of effector genes can be driven
by using enhancer trapping [O’Kane Cahir and Gehring, 1987], which makes the
cloning of specific promoters redundant. Pioneered for Gal4 driver lines by random
P element mobilization [Brand and Perrimon, 1993], a large number of Gal4 ex-
pression pattern has been generated [Hayashi et al., 2002; Miyazaki and Ito, 2010].
However the expression pattern are often relatively broad and therefore limiting the
utilization for labeling specific set of neurons. Therefore, a third and most ingenious
approach generating driver lines with restricted expression pattern emerged by using
the site-specific ΦC31 integration system for Drosophila [Bischof et al., 2007; Groth
et al., 2004], which results in thousands of Gal4 lines with unique expression patterns
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in only a small subset of cells in the brain of Drosophila [Jenett et al., 2012; Pfeiffer et
al., 2008, 2010] (see also the Vienna Tiles Gal4 Libray, http://stockcenter.vdrc.at).
It should be mentioned that all of these techniques are easily transferable to gen-
erate lexA and QF driver lines (application of enhancer trap for lexA and QF see
[Pfeiffer et al., 2008]), however only recently developed, there are only a relatively
small number of driver lines available. But several techniques exists, likeGAL4-based
Mosaic-inducible And Reporter-exchangeable Enhancer Trap (G-MARET) [Yagi et
al., 2010], Minos Mediated Integration Cassette (MiMIC)[Venken et al., 2011] or
Integrase Swappable In vivo Targeting Element (InSITE) [Gohl et al., 2011], to
swap the existing Gal4 transgene with another driver. Additionaly, clonal analysis
approaches like MARCM [T. Lee and Luo, 1999], the two-colour techniques TSG
[Griffin et al., 2009] and TS-MARCM [H.-H. Yu et al., 2009], G-TRACE [C. J. Evans
et al., 2009] and the multicolour labeling techniques dBrainbow [Hampel et al., 2011]
and Flybow [Hadjieconomou et al., 2011] allow the analysis of the architecture of
the nervous system of Drosophila and its development at the level of single cells.

http://stockcenter.vdrc.at
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Figure 3: Targeted gene expression systems A: Overview of a binary system. The transacti-
vator (TA) binds to a specific DNA binding site (BS) to activate the expression of an effector (gene
of interest). Different compounds (C) can modulate the activity of the transactivator and permit
temporal control. B: General organization of a driver line. The driver line contains the sequence
specific transactivator sequence with two functional domains (a specific DNA binding domain (BD)
and a activation domain (AD)) under the control of a fused tissue specific upstream regulatory
sequence (RS). C: A regulator sequence is either a cloned promoter fragment with a expression
pattern similar to the specific endogenous gene (i) or generated from enhancer trap screens either
randomly or site-specific (ii). D: General organization of an effector line. In the effector line
the effector gene is fused to a DNA binding site, which is under the control of the transactivator
expressed through the driver line (i). Only the binding of the transactivator to the DNA binding
site leads to the expression of the effector gene (ii). E: Bipartite approach. In a bipartite approach
the expression of the effector gene relies on the breeding transgenic flies that harbour either a tissue
specific RS that drive the expression of the transactivator (i) or the effector gene fused to a specific
DNA BS (ii). Due to the lack of the transactivator, the expression of the effector gene is silenced
(ii). The two components are brought together in a simple genetic cross. The progeny of this cross
express the effector gene in the same pattern as transactivator is expressed (iii). F: Gal4-, Lexa-
and QF-system. The Gal4-UAS system consists of the yeast transactivator Gal4 under the control
of a specific RS and a transgenic effector gene under the control of an upstream activating sequence
(UAS). The lexA-lexAop system consists of the TA BD LexA from the gram-negative bacterium E.
coli either fused to the viral protein AD VP16 or the GAL4 AD. The LexA BD binds to DNA BS
lexAoperator (lexAop) from E. coli fused to the transgenic effector gene. The QF-QUAS system
consists of the TA QF from the fungus N. crassa, which binds to the QF upstream activating se-
quence (QUAS) from N. crassa. G: Overview of ternary system. Like a binary system the ternary
system consists of a TA, which binds to a specific DNA binding site (BS) to activate the expression
of an effector. For temporal and spatial control a repressor (R) can block the activity of the TA
and compounds of either the repressor or TA can modulate their activity additionally.
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H: Split-TA system. In split-TA expression systems the transactivator is split into two hemi-drivers
(TA-BD (i) and TA-AD (ii)), and cannot result in actication when expressed individually. Both
hemi-drivers are fused to leucine zipper dimer dimerization and reconstitute a functional drive when
expressed together (iii). Both hemi-drivers are under the control of a seperated regulator sequence
(TA-BD (RS 1) and TA-AD (RS 2)) with different expression patterns (iv), and results in a
overlapping expression pattern. I: GeneSwitch and TARGET. The TARGET expression system
(i) utilizes temperature sensitive version of Gal80 (GAL80ts) [Matsumoto et al., 1978], which
binds to the activation domain of Gal4 and therefore inhibits the activation of the expression of the
effector gene. By a simple shift towards higher temperature the repression of Gal4 is alleviated. In
GeneSwitch (ii), the Gal4 driver is a fusion of the Gal4 binding domain, the progesterone receptor
and the activation domain human Nf-κ B gene (p65) fused to the Gal4 activation domain. The
expression of an effector gene requires the presence of RU486 (mifepristone).

2.4.2 Forward and reverse genetic aproaches
The identifcation of genes involved in several neurobiological processes needs the
application of foward genetic based phenotyping mutant screens and the exact iden-
tification of the particular gene through reverse genetic aproaches. Forward genetic
methods seek to identify novel players in biological systems through phenotypic
driven identification of random modifications in the genome that alter gene function
by screening a population of animals. Contrary to that, reverse genetic methods
are specialized in a biased analysis of a specific phenotype by selectively disrupt a
known gene.
All forward genetic approaches can either be done by observing naturally occurring
mutation or by inducing them with radiation, chemicals or transposon mutagen-
esis. The usage of chemical ethylmethane sulfonate (EMS) [Alderson, 1965] has
led to the identification of a variety of neurobiological processes like neuronal iden-
tity (e.g reviewed in [Doe, 2008]), neuroronal specification (e.g. reviewed in [Doe,
2008]), circadian clock [Konopka and Benzer, 1971], courtship [Hotta and Benzer,
1976], or learning and memory [Quinn et al., 1974], to name a few. The identi-
fication of new loci affecting neuronal features are mostly done with P elements
[Rubin and Spradling, 1982], PiggyBac [Handler and Harrell Ii, 1999] and Minos
[Loukeris et al., 1995] transposons. The usage of transposon mutagenesis led to the
identification of genes involved in olfaction[Kulkarni et al., 2002; Rollmann et al.,
2005], agression [Edwards et al., 2009], ethanol induced behaviour [Kong et al., 2010;
LaFerriere et al., 2008] or sleep [Cirelli et al., 2005]. Contrary to forward genetic
screens, in which the identification of new phenotype is paramount, in reverse ge-
netics approaches one is interested in a particular gene and this requires methods
to selectively disrupt the gene of interest. Different methods are possible: gene tar-
geting using homologous recombination [Rong and Golic, 2000], imprecise excision
of transposon [S. B. Daniels et al., 1985; Voelker et al., 1984] or local transposi-
tion techniques [P. Zhang and Spradling, 1993] to name a few. However, the most
promising candidates are genome editing and RNAi. First, since establishing RNAi
in Drosophila [Boutros et al., 2004] it turned out to be a highly efficient approach
by not permanently alter the coding sequence of gene, but eliminate the function
of gene by reducing its mRNA levels through the expression of short inverted re-
peat RNA hairpins in a target specific manner (e.g. teviewed in [Perrimon et al.,
2010]). The original version used random inserted UAS -RNAi construct, but new
libraries ensures well characterized location in the genome to guarantee high-level
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expressions and prevent insertion, which could affect other genes [Ni et al., 2008].
Second, several genome editing techniques based on targetable-endonuclease systems
like zinc-finger nucleases (ZFNs) [Bibikova et al., 2003, 2002], transcription activa-
tor like effector nucleases (TALENs) [Beumer et al., 2013; T. Kondo et al., 2014;
J. Liu et al., 2012] or CRISPR/Cas9 has been recently estabablished in Drosophila.
CRISPR/Cas9 [Bassett et al., 2013; Gratz et al., 2013, 2014; S. Kondo and Ueda,
2013; Sebo et al., 2014; Z. Yu et al., 2013] is the most promising candidate, since it
has the potential to generate not only complete loss-of-functions alleles genes of the
whole Drosophila genome, but also generate specific mutation in coding sequences
order to analyse the function of a specific gene or analyse the function of a specific
protein domain (e.g. reviewed in [Bassett and J.-L. Liu, 2014]).

2.4.3 Identification of neurons and assigning their function
within a neuronal circuitry

Once neurons involved in computing a distinct behaviour are identified, one has to
understand the cellular mechanisms like the representation of neuronal activity in
a specific circuit and how this reflects the expressed behaviour. As mentioned, the
identification can be done by either applying forward genetic screens, cell-specific
rescue experiments (reverse genetic approaches) or by probing neurons using binary
expression system to visualize the expression pattern. To understand how neurons
encode and process a specific behavior the next step is to analyse, if the proposed
neurons are necessary and sufficient to explain this specific behaviour. This is mostly
done by using binary expression system, in which the transactivator controls the ex-
pression of functional transgenes that permit the visualization, recording, silencing,
activation and interference of neurons. However neurons do respond rarely to only
one stimulus and in the rarest case they are binary. Therefore, not only the identi-
fication of a specific neuron is important, but also its activity pattern. Functional
imaging and electrophysiological recording are useful tools to address this question.
To demonstrate the necessity of neurons involved in generating a specific behaviour,
usually these neurons have to be silenced. If this prcedure leads to an disruption in
the behavioural performance, one can assume that the silenced neurons are some-
how required. For example, neurons can be silenced either by blocking synaptic
transmission (e.g. tetanus toxin light chain (TNT) [Sweeney et al., 1995], reducing
excability (e.g. inward rectifier Kir2.1, modified Shaker K(+) channel [Baines et al.,
2001; B. H. White et al., 2001]), killing them with cell death genes (head involu-
tion defective (hid), reaper (rpr) [Grether et al., 1995; K. White et al., 1994]), or
by temporally controlling synaptic transmission (Dynamin mutant shibirets (shi ts)
[Kitamoto, 2001]). The next step is to test sufficiency by triggering the activity of
a specific neuron or a group of neurons in order to confirm that this activity alone
can replicate the specific behaviour. The activation of neurons can be done by tem-
porally activate neuron using light-activated or temperature sensitive ion channels
(e.g. dTRPA1, TRPM8, ChR2, CsCrimson [Peabody et al., 2009; Rosenzweig et al.,
2005, 2008; W. Zhang et al., 2007]). Another approach to test the sufficiency can be
done by screening for mutant flies exhibiting a specific behavioural defect and then
rescuing this effect only in these sets of neurons, which are assumed to be responsible
to generate this specific behaviour.
Monitoring neuronal activity is a useful approch for not only identifying neurons re-
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sponsible for a specific behaviour but also to analyse the pattern of activity. Several
techniques are conceivable, like functional imaging and single-cell recording. The
idea in using functional imaging to turn the influx of Ca2+ during action potential
firing into account, due to the case that Ca2+ is a ubiquitous second messanger with a
essential role for cell excitability and signal transduction. Therefore, synaptic inputs
can be monitored by measuring intracellular Ca2+. Different sensors are possible
but genetically encoded Calcium indicators (GECIs) are widely used. Mostly these
GECIs uses calcium binding peptides, in order to trigger a single split fluorophore
(GCaMP) [Nakai et al., 2001] or energy transfer between to fluorophores (Cameleon,
Camgaroo and TN-XXL) (fluorescence resonance energy transfer (FRET)) [Fiala et
al., 2002; Mank et al., 2008; D. Yu et al., 2003]. The advantage of functional imaging
is its ability to monitor the activity of a set of neurons simultaneously. However,
it exhibits limited sensitivity and slow kinetics [Jayaraman and Laurent, 2007; Mao
et al., 2008; Pologruto et al., 2004]. Single cell recording is a powerful tool to un-
derstand membrane excability in the nervous system. However, it was generally
assumed, that due to the small size of CNS of Drosophila patch clamp techniques
are not feasible. However, several studies showed that the usage of in situ patch
clamp recording is to some extent applicable. They were able to conduct recordings
from any neuron in the adult Drosophila brain [Gu et al., 2009; Gu and O’Dowd,
2007] and the ventral nerve cord in larvae and adults [Choi et al., 2004; Duch et al.,
2008; Fayyazuddin et al., 2006; Ikeda and Koenig, 1988; Ryglewski and Duch, 2009;
Srinivasan et al., 2012; Worrell and Levine, 2008]. Electrophysiological recordings
exhibit high sensitivity and temporal resolutions. Additionally, electrophysiological
recordings can be targeted by marking this cells with fluorescence proteins.
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Chapter 3

The neuronal and molecular
mechanisms of learning and
memory

3.1 Associative olfactory learning and memory in
Drosophila larvae

First, two questions arise. What is learning? What is memory? According to Eric
Kandel, "Learning is the process by which we acquire knowledge about the world"
[Kandel et al., 2000]. While this definition has philosophical depth, it does not help
much in what to study. Another definitions says that "Learning refers to a more
or less permanent change in behavior which occurs as a result of practice" [Kimble,
1961] and which defines learning as a more or less permanent change in the be-
havioural output of an individual. One can just say that learning is the ability of an
individual to adapt its behavioural output in virtue of past experiences. Thus, the
internal change of an animal has to be changed accordingly to an external input. In
general, learning can be subdivided into two different forms: associative and non-
associative learning. Non-associative learning occurs through the presentation of
repeated trials of a single stimulus, which either leads to an increase (sensitization)
or to a decrease of a behavioural response (habituation). Associative learning refers
to the formation of an association between two stimuli (classical conditioning) or
between a stimuli and a response (operant conditioning). Furthermore, associative
learning is a keystone in forecasting actions from environmental stimuli. It enables
animals to predict occurrences such as the existence of food, predators, social part-
ners or changes in the environment not only based on genetically fixed programs
but on past experiences. In operant conditioning, also known as instrumental con-
ditioning, an innate behaviour of an organism is either strengthened or weakened in
response to an external stimuli and its based on exploitations of consequences of its
own behaviour [Skinner, 1938]. In classical conditioning, also known as Pavlovian
conditioning, an innate behavioural response of an individual is linked to a presvi-
ously neutral stimulus irresponsible of its own behaviour [Pavlov, 1927]. What then
is memory? Again, accoring to Eric Kandel "... memory is the process by which that
knowledge of the world is encoded, stored, and later retrieved" [Kandel et al., 2000].
This emphazises the concept that the formation of memory is a gradual process in
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which gained knowledge of the world is kept somewhere and retrieved when it is
needed. Furthermore, it is not a unitary process but consists of several forms, which
can be grouped into at least two categories. One is explicit (also known as decler-
ative memories), like knowledge of facts, and has to be recalled into consciousness
in order be usable. The other is implicit (also known as non-declarative memories)
and stores information about how to perform something. Its recall happens uncon-
sciously. What is the connection between learning and memory? Due to positive
or negative external stimuli (or inputs), the internal state of an organism alters.
Learning enables an organism to adjust its behaviour in response to these changes.
By storing this experienced states in a memory, an individual is able to behave dif-
ferently to a subsequent exposure to the same stimulus.
Associative learning, such as classical conditioning, is a keystone in forecasting ac-
tions from environmental stimuli. It enables animals to predict occurrences such
as the existence of food, predators, social partners or changes in the environment
not only based on genetically fixed programs but on past experiences. In classical
conditioning (see figure 4), which goes all back to the founding father Ivan Pavlov
[Pavlov, 1927], an organism learns to associate an initially neutral stimulus (NS)
with a biological salient event, which might be either aversive or appetitive. The NS
exhibits no or a weak response when presented. The biologically potent stimulus
is called an unconditioned stimulus (US). After repeated pairing the NS becomes
biological meaningful (now called conditioned stimulus (CS)) and is visible as a con-
ditioned response (CR) when the CS is presented alone. Usually the CR is similar
to the unconditioned response (UR), however, it is relatively impermanent due to its
acquisition through experience. In aversive classical conditioning, the US exhibits
negative properties and will generate an escape or avoidance behaviour, whereas in
appetitive conditioning the US and CS have positive properties and will generate a
positive (e.g. approaching, consumption) behaviour in an organism [Pavlov, 1927].
It is generally assumed that both systems are mutually inhibitory, meaning an aver-
sive signal not only elicits defensive or avoidance behaviour, it also suppresses the
appetitive motivational system and vice verse. Depending on the time and order-
ing of pairing, several classical conditioning procedures can be distinguished: delay
conditioning, trace conditioning, simultaneous conditioning and temporal condition-
ing. Classical conditioning has a long history in studying learning and memory in
invertebrates (e.g. reviewed in [Perry et al., 2013]) - due to the fact that inverte-
brates exhibit a tremendous diverse species and an enormous range of body plans
and nervous systems. Furthermore, notwithstanding the exhibition of complex be-
haviours, they exhibit a much simpler neuronal network. Additionally the genome
is typically less complex, which reduces the total number of genes involved in learn-
ing and memory. However, despite the enormous amount of studies, some model
organism stand out in the field of invertebrate learning and memory research (e.g.
reviwed in [Giurfa, 2007a]). First, the use of the sea snail A. californica provides an
outstanding cellular model to study neuronal events associated with learning and
memory (e.g. reviewed in [Kandel et al., 2014]). Second, the honeybee A. mellifera
is a robust and powerful model organism in classical conditioning due to two power-
ful tools - the proboscis extension response (PER) [Bitterman et al., 1983; Takeda,
1961] and the sting extension response (SER) [Vergoz et al., 2007], which are widely
used to understand the behavioural, cellular and molecular basis of appetitive and
aversive olfactory learning and memory (e.g. reviewed in [Giurfa, 2007b, 2003; Ham-
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Figure 4: Classical associative learning. In the pre-training phase the unconditioned stimulus
(US) causes automatically an unconditioned response (UR). On the contrary, the neutral stimulus
(NS) causes either no or only a weak response. During training the neutral stimulus is repeatedly
paired with the unconditioned stimulus. In the post-training phase the neutral stimulus becomes a
conditioned stimulus (CS), which evokes a conditioned response usually similar to the unconditioned
response.

mer and Menzel, 1995; Menzel, 1999; Menzel et al., 1996]). Third, the fruit fly D.
melanogaster turned out to be a useful genetic system to study associative olfatory
learning and memory and the underlying genetic prerequisites (e.g. reviewed in
[Busto et al., 2010]).
The associative learning ability of the fruit fly D. melanogaster has been demon-
strated in a large variety of operant and classical conditioning paradigms in the
adult and also in the larval stage. First evidences that Drosophila is able to form
associative memories was shown from Quinn and colleague in 1974 in an operant
conditioning approach [Quinn et al., 1974]. By refining this approach to an Pavlo-
vian classical conditioning approach, the field of associative olfactory conditioning
in Drosophila was born [Tully and Quinn, 1985] (see figure 5, D). However, only
recently associative olfactory conditioning was introduced to Droosphila larvae due
to the effort of Gerber and colleagues [Neuser et al., 2005; Scherer et al., 2003].
Since then, research on larval olfactory learning and memory was intensified and
put back into focus. Nowadays, a comprehensive set of learning paradigms exist,
but mainly gustatory associative olfactory conditioning is used. Usually, gustatory
associative olfactory conditioning is classified into a reciprocal ([Scherer et al., 2003])
or non-reciprocal approach [Honjo and Furukubo-Tokunaga, 2005] (see figure 5 E,
F). The major difference between non-reciprocal and reciprocal training regimes is
that in the first case Drosophila larvae trained to change the response to an con-
ditioned response after pairing with the unconditioned stimulus (see section 10.6
E), whereas in the second case the larvae were trained to prefer an one conditioned
stimulus (CS+, paired with an negative or positive stimulus) over another (CS-,
unpaired) (see figure 5 F). In most cases a reciprocal approach is chosen due to the
advantage that the recoprocally trained groups can serve as controls for each other.
Mostly, a two-odour reciprocal training regime with three training repetitions and
fructose as an appetitive unconditioned stimulus is used [Neuser et al., 2005] (e.g.
see chapter 5 [Apostolopoulou et al., 2013] and [Michels et al., 2017]). However,
it is also feasible to use a one-odour reciprocal training regime [Saumweber et al.,
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2011]. Furthermore, it has also been shown that other sugars [Rohwedder et al.,
2012; Schipanski et al., 2008], amino acids (e.g. aspartic acid) [Schleyer et al., 2015]
and aversive substances like quinine [Gerber and Hendel, 2006; El-Keredy et al.,
2012], caffeine [Apostolopoulou et al., 2016] or sodium chloride [Gerber and Hendel,
2006; Niewalda et al., 2008] can meet the requirements for serving as an uncondi-
tioned stimulus. For non-gustatory associative olfactory learning it was shown that
light, temperature, vibration and electric shock are feasaible unconditioned stimuli
[Eschbach et al., 2011; Essen et al., 2011; Gerber et al., 2004; Khurana et al., 2012;
Pauls et al., 2010a].
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Figure 5: Classical conditioning in Drosophila larvae. A-C: Figure legends. D: Classical
olfactory conditioning in Drosophila adults. During olfactory conditioning a group of flies is exposed
to odour 1 (the CS+), which is paired with a negative (electric shock) or a positive (sucrose)
unconditioned stimulus (US) (here electric shock) (1) and subsequently confronted by the unpaired
presentation of a second odor 2 without the application of an unconditioned (CS-) (2). After
training the animals are transferred to a T-maze, where trained flies have to choose between the
two odours (CS+, CS-) (here not shown). E: Non-reciprocal classical conditioning in Drosophila
larvae. In non-reciprocal conditioning, a conditioned stimulus (the CS+, odour 1) is presented
simultaneously with an unconditioned stimulus (US, electirc shock, heat or gustatory stimulus) (i).
This is done on agarose plate. To check if association was successfully the fractional change in the
response to odour 1 before and after training is determined (test not shown here). In case of electric
shock and heat the cycles are repeated several times (n cycle) (ii) [Khurana et al., 2009] or the
pairing is done constantly over a specific period of time in the case of gustatory olfactory conditiong
[Honjo and Furukubo-Tokunaga, 2009, 2005]. F: Reciprocal classical conditioning in Drosophila
larvae. Reciprocal classical conditioning is mostly done in a two-odour reciprocal training regime.
Here, one group of larvae (i,A) are first trained simultaneously to associate an odour (odour 1,
od1) with an negative or positive stimulus (the US) (i,1) and another odour (odour 2, od2), which
is not (i,2) (the contingency is OD1r/OD2). A second group (i,R) receives a reciprocal training
procedure with the contingency (OD1/OD2r). This is usually done on agarose plates. This training
procedure is repeated for a distinct number of cycles (usually three times) (ii). To test if association
took place the reciprocal trained groups must differ in their relative preference for the two odours
due to the different contengencies of the odours and the unconditioned stimulus (test not shown
here). If the reciprocally trained groups differ with respect to their relative preference in this test,
this difference must be due to the different contingencies of the odors and the reward, that is, it
must be due to associative learning.
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3.2 Cellular sites of memory formation inDrosophila
larvae

3.2.1 Synaptic plasticity - a cornerstone of learning and
memory

Several key aspects of learning and memory are shared by all living organisms, from
simple to higher evolved organisms. In a natural context, the computation of a
proper behavioural output as a consequence of diverse sensory modalities and expe-
riences involves the interaction between several neuronal circuitries encoding these
memory components. Cellular memory traces within the brain can be seen as the
fundamental unit in the formation of memory. A memory trace is per se the oc-
curence of any molecular, structural, or physiological change within neurons, which
alters their activity in response to a learned environmental cue. Research during the
past several decades on vertebrates and invertebrates model organisms led to the
idea that not only one universal principle underlies learning and the formation of
memory but several [Byrne, 1987]. First, memory is not a single entity but is based
on distinct memory components (also known as phases) ranging from short-lasting
to longer lasting memories. Second, short-lasting as well as longer-lasting learn-
ing and memory depends upon changes of existing neuronal connections. Third,
these changes involve multiple cellular mechanisms within neurons and are medi-
ated through second-messenger cascades. Fourth, changes in membrane channels
are often correlated with learning and memory. And last but not least, for the for-
mation of longer lasting memory de-novo protein synthesis is indispensable. Two
forms of memory, a labile, short lasting memory and a robust, longer lasting memory
can be distinguished and are highly conserved in the animal kingdom (e.g. reviewed
in [Kandel et al., 2014]). A critical mechanism of learning and the formation of
memory is assumed to be the ability of synapses - the functional unit of the brain -
to be plastic (e.g. reviewed in [Takeuchi et al., 2014]). Several studies in different
organisms revealed that memories are formed due to changes in synaptic transmis-
sion, whereby temporary, reversible changes refer to labile, short lasting memories
and persistent, protein synthesis dependent changes to stable, longer-lasting mem-
ories (e.g. reviewed in [Sutton and Schuman, 2006]). Longer-lasting memories are
resistant to anesthetic disruption and require consolidation processes, which in turn
require transient changes of intracellular signaling cascades that ultimately lead to
de-novo protein synthesis and thereby altering synaptic efficiency and providing the
feature of transforming a learned behavior into a persistent memory (e.g. reviewed in
[Bailey et al., 1996; H. P. Davis and Squire, 1984; Dudai, 2004; Kandel, 2001]). First
evidences that changes in synaptic effiancy within a neuronal circuit are involved in
the storage of acquired information through learning came from anatomical studies
by Santiago Ramon y Cajal ([Cajal, 1894]) and was incorporated into more refined
models by Donald O. Hebb [Hebb, 1949] and Jerzy Konorksi [Konorski, 1948]. First
experimental studies in analysis habituation and sensitization in Aplysia [Carew
et al., 1972; Pinsker et al., 1973] (e.g. reviwed in [Kandel, 2001]), the indentifica-
tion of causal mutations in Drosophila [Dudai et al., 1976; Quinn et al., 1974] and
the discovery of LTP in the mammalian brain [Bliss and Lømo, 1973] conformed
this idea. These mechanisms appear to be evolutionary conserved throughout the
animal kingdom (e.g. reviewed in [Kandel et al., 2014]). On the basis of theses stud-
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ies some commonalities have been formulated. First, patterns of neuronal activity
trigger synaptic changes. Second, increase and decrease in synaptic strength are
both responsible for synaptic plasticity. Third, temporal and molecular properties
of learning and synaptic plasticity are correlated. Fourth, different forms of learning
uses similar cellular mechanisms. One has to keep in mind that synaptic plasticity is
not only referring to potentiation of synaptic connections, it also includes depression
(this was shown by studying LTP and long-term depression (LTD)) (e.g. reviewed
in [Bear and Malenka, 1994]). But what is the fundamental basis of synaptic trans-
mission? Briefly, the arrival of an action potential at the presynapse triggers the
influx of Ca2+, which leads to synaptic vesicle exocytosis at the presynaptic release
site located opposite to the postsynaptic terminal. Binding or releasing neurotrans-
mitter to the postsynaptic receptor leads to a change in the membrane potential of
the postsynapse and lead either to an activiation or inhibition of synaptic signaling
(e.g. reviewed in [Goyal and Chaudhury, 2013]). Second, which mechanisms are in-
volved in synaptic plasticity? On the presynaptic side, changes in release probabilty
of vesicles, the number of release sites or the number of vesicles are involved. On
the postsynaptic on the other hand, the modulation of preexisting receptor sensi-
tivities or conductance, as well as the number of functional receptors play a role.
Additioniolly, pre- and postsynaptic morphological changes alter the efficiancy of
synaptic strength (reviwed in [J.-H. Wang et al., 1997]). In this light, synaptic plas-
ticity can be seen as a universal mechanism to mediate formation and refinement of
neuronal connection and therefore is an underlying mechanim to adapt behaviour
to changing environmental stimuli throughout life. Usually, two types of synaptic
plasticity are distinguished: heterosynaptic plasticity (also known as Hebbian plas-
ticity) [Hebb, 1949] and homeostatic synaptic plasticity (e.g. reviewed in [Vitureira
and Goda, 2013]). Heterosynaptic plasticity is seen as the amplification of simulta-
neous activity of pre- and postsynaptic neurons. Synaptic plasticity is assumed to
be the cellular prerequisite of associative memories [Hebb, 1949; Morris et al., 1986]
(e.g. reviewed in [Martin et al., 2000; Takeuchi et al., 2014]). On the contrary, het-
erosynaptic plasticity has been considered to stabilize neuronal and circuit activity
(e.g. reviewed in [Turrigiano, 2012]). On a moleular level it was shown that the
highly conserved and canonic cAMP/PKA pathway mediates synaptic plasticity in
both vertebrates and invertebrates and plays a critical role in mediating associative
learning and memory (e.g. reviewed in [Kandel, 2012]).

3.2.2 Neuronal and molecular mechanisms in learning and
memory in Drosophila adults - what is known

First of all, what is known in Drosophila adults? At the beginning of the 90’s
of the past century genetic studies in adult Drosophila identified the existence of
at least four temporally and mechanistically distinct memory phases: short-term
memory (STM), middle-term memory (MTM), long-term memory (LTM) and an
anesthetic agents insensitive so-called ARM.While STM and MTM are considered to
be unconsolidated and labile, LTM and ARM are both considered to be consolidated
and longer-lasting [Quinn and Dudai, 1976; Tully et al., 1990, 1994b]. Second, these
memory phases do not only differ in their temporal occurrence and mechanistic
pattern, but also in their underlying cellular and molecular prerequisites. Mutant
analyses indicated that the formation of STM depends on intact cAMP signaling
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[Byers et al., 1981; Drain et al., 1991; Levin et al., 1992; Livingstone et al., 1984],
proper MTM formation relies of the activity of the Amnesiac (amn) gene [Quinn
et al., 1979], and LTM requires cAMP response element-binding protein (CREB)
dependent transcription and de-novo protein synthesis [Yin et al., 1995, 1994]. The
formation of ARM is suggested to occur in parallel while depending on the function
of the rsh gene [Folkers et al., 1993, 2006; Isabel et al., 2004]. Furthermore, it has
been clearly shown that the highly conserved and canonic cAMP/PKA pathway
(e.g. reviewed in [Kandel, 2012]) plays also a fundamental role in the formation of
olfactory learning and memory in Drosophila adults (e.g. reviewed in [Lee, 2015])
(see figure 6). First, two important players of this pathway had been identified
in Drosophila adults: the rutabaga (rut) gene, which encodes for a type I Ca2+-
dependent Angelman Syndrom (AS)1 and dnc, which encodes for a type 4 cAMP-
specific phosphodiesterase (PDE)4 [C. N. Chen et al., 1986; Dudai et al., 1976; Levin
et al., 1992; Livingstone et al., 1984]. Second, both proteins (Dnc and Rut) express
preferentially in the MB. In addition PKA, which is a downstream target of cAMP
[Levin et al., 1992], shows also elevated expression level in the MB [Skoulakis et al.,
1993] and additionally a downregulation of PKA activity leads to impairment in
associative learning and memory [Drain et al., 1991; Li et al., 1996; Skoulakis et al.,
1993]. Third, it has been also shown that the second messenger cAMP serves as
a coincidence detector in the MB of Drosophila adults and regulates the activity
of PKA [Gervasi et al., 2010; Tomchik and R. L. Davis, 2009]. Fourth, if cAMP
signaling is misregulated through the expression of a constitutive active form of
the Gαs subunit of the G-protein coupled receptor olfactory learning and memory
is impaired [Connolly et al., 1996]. Furthermore, a bunch of studies revealed that
several neuronal circuitries within the MB - center of olfactory learning and memory
[Belle and Heisenberg, 1994; Heisenberg et al., 1985] - are involved in the formation
of memories with different valences and various stabilities [Aso et al., 2014; Aso
et al., 2012, 2010; Blum et al., 2009; Bouzaiane et al., 2015; Burke et al., 2012;
Claridge-Chang et al., 2009; Huetteroth et al., 2015; Ichinose et al., 2015; Krashes
et al., 2009; Liu et al., 2012; Owald et al., 2015; Pai et al., 2013; Pascual and Préat,
2001; Plaçais et al., 2013; Qin et al., 2012; Schwaerzel et al., 2003; Séjourné et al.,
2011; Trannoy et al., 2011; Yamagata et al., 2015; Yu et al., 2006; Zars et al., 2000]
and that dopaminergic signaling is responsible for not only writing but also updating
the memory in each compartment [Aso and Rubin, 2016]. Furtermore, one memory
phase stands out from the other: ARM. Contrary to the formation of LTM the
formation of ARM is independent of CREB dependent transcription and de-novo
protein synthesis [Tully et al., 1994b], but relies heavily on the activity of the rsh
gene [Folkers et al., 1993, 2006]. Furthermore it is believed that the formation of
LTM and ARM are represented by separate molecular pathways and are mutually
exclusive [Isabel et al., 2004; Placais et al., 2012].

3.2.3 Neuronal and molecular mechanisms in learning and
memory in Drosophila larvae

What is known about the cellular processes underlying learning and memory in
Drosophila larvae? Is the larval stage of Drosophila also able to form associative
olfactory memories and if yes, are the same cellular mechanisms observable than
in adults? Furthermore, which exact neuronal circuitries and molecular pathways



3.2 Formation of memory 47

Figure 6: Canonic cAMP/PKA pathway as a molecular prerequisite for associative
learning and memory in Drosophila adults.Simultaneuos arrival of the unconditioned stimu-
lus (US) (1) and the conditioned stimulus (CS) (2) leads to an activation of adenylyl cyclase (Rut-
AC) (3) via calcium/calmodulin (Ca2+/CAM) (2) increase and G-protein coupled receptors (2),
respectively. Through the activation of the adenylyl cyclase cyclic adenosine 3’,5’-monophosphate
(cAMP) levels increase synergistically (4). This is negatively regulated through a phosphodiesterase
(Dnc-PDE) (not shown here). Through the activity of cAMP the protein kinase A (PKA) is
activated and phosphotylates several downstream targets that leads, inter alia, to evoke neuro-
transmitters (5) or to de novo protein synthesis through the phosphorylation of cAMP response
element-binding protein (CREB) (6).

are involved? As mentioned above, Drosophila larvae were able to perform different
olfactory learning tasks (e.g. [Aceves-Pina and Quinn, 1979; Apostolopoulou et al.,
2016; Essen et al., 2011; Hendel et al., 2005; Honjo and Furukubo-Tokunaga, 2009,
2005; El-Keredy et al., 2012; Khurana et al., 2009; Khurana et al., 2012; Neuser
et al., 2005; Pauls et al., 2010a; Rohwedder et al., 2012; Schleyer et al., 2011])
(seesection 3.1), however only a few studies described the formation of olfactory
memory in more detail (see [Aceves-Pina and Quinn, 1979; Honjo and Furukubo-
Tokunaga, 2009, 2005; Khurana et al., 2009; Tully et al., 1994a]). These studies
identified several memory phases - ranging from short-lasting to longer lasting mem-
ories - depending on the valence of the conditioned stimulus and the applied training
regime. Furthermore, several molecular players from the cAMP pathway were ad-
dressed and it has also been shown that the rsh gene plays an important role.
Contrary to the lack of involved molecular pathways, a lot is known about the per-
ception of gustatory and olfactory stimuli and where the association takes place.
Several studies elucidated the larval MB can be seen as a center of gustatory asso-
ciative olfactory learning in Drosophila larvae and provides the cellular perequisite of
synaptic plasticity. For example, mutation in the rut and dnc gene and also blocking
the synaptic output of the MB Kenyon Cells (KCs) led to a complete impairment in
gustatory associative olfactory learning [Honjo and Furukubo-Tokunaga, 2005; Pauls
et al., 2010b]. Additionally, the rescue of the synapsin (syn) mutation exclusively
in the MB KCs leads to a restoration of the appetitive associative olfactory learning
phenotype [Michels et al., 2011]. But how does the MB conceive the information of
the gustatory and olfactory stimulus, what is the exact neuronal substrate? Briefly,
for the perception of odours it was shown that Drosophila larvae receive olfactory
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stimuli via 21 olfactory receptor neurons olfactory receptor neurons (ORN) located
in the dorsal organ (DO) [Fishilevich et al., 2005; Kreher et al., 2005; Oppliger et al.,
2000; Python and Stocker, 2002]. The olfactory information is then conveyed to 21
projection neurons (PNs) (1:1 fashion) via the antennal lobe (AL), which projects
either to the lateral horn or the calyx region of the MBs, which are required for gus-
tatory olfactory learning [Masuda-Nakagawa et al., 2010; Ramaekers et al., 2005;
Stocker, 1994; A. S. Thum et al., 2011]. These findings were recently verified though
reconstruction of the the larval antennal lobe at a synaptic resolution [Berck et al.,
2016]. In processing the gustatory information dopaminergic neurons (DANs) play
a essential role for appetitive gustatory information as well as aversive gustatory
information [Selcho et al., 2009]. Furthermore, the same study showed that differ-
ent dopaminergic receptors seem to be involved in gustatory information specifity.
Here, mutation in the dDA1 dopaminergic receptors affect aversive as well as appet-
itive associative olacftory learning, whereas mutation in the DAMB receptor only
affects aversive associative olfactory learning [Selcho et al., 2009]. Furthermore,
the processing of appetitive gustatory could further be specified. Recently, a study
showed that four dopaminergic neurons of the primary protocerebral anterior medial
(pPAM) cluster specifically mediates sugar information to the medial lobe of the MB
[Rohwedder et al., 2016]. Additonally, another study showed that octopaminergic
signaling seems to be responsible for mediating information of sugars without any
energy metabolic meaning [Selcho et al., 2014]. Last but not least, how is the ol-
factory and gustatory information processed within in the MB in order to induce
associative olfactory learning. Back in 2003 Heisenberg introduced a minimal circuit
model for associative olfactory learning in Drosophila adults [Heisenberg, 2003]. He
assumed that odours are represented by activation patterns in the KCs and that
during training the representation occurs simultaneously with modulatory presenta-
tion of gustatory information (avoidance or attraction), which is encoded either via
a dopaminergic or a octopaminergic mushroom body input neurons (MBINs), which
are connected to all KCs. Coincidence activation strengthen synaptic connectivity
of KCs onto extrinsic, initially latentmushroom body output neurons (MBONs).
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Chapter 4

Material and methods

4.1 Fly strains and maintenance
For the behavioural experiments third instar larvae were used, kept en mass and
were reared standard Drosophila medium at 25◦C or 18◦C in constant darkness or
with a 14/10 hourslight/dark cycle. Depending on the rearing temperature the lar-
vae were age 6 days or 10 days after egg-laying. For crosses Drosophila adults were
gently anaesthetized in carbon dioxide. Wild-type strain canton-S larvae were used
in chapter 5, chapter 6 and chapter 9. In chapter 7 and chapter 8 the strains listed
in table 2 were used. All lines were outcrossed over several generations with wild
types canton-S, as mentioned not otherwise, and this strain was used as a genetic
control. Behavioural experiments done with the Gal4-UAS expression system ge-
netic controls were done by crossing w1118 with the respective genotypes (Gal4/w1118

and UAS/w1118), represented as Gal4/+ and UAS/+.

4.2 Associative olfactory conditioning

4.2.1 Two-odour reciprocal conditioning paradigm
Learning experiments were conducted on assay plates (85 mm diameter) filled with
a thin layer of agarose, containing either pure agarose or agarose with the added
appetitive (different sugars) [Rohwedder et al., 2012] or aversive (sodium chloride
or quinine) [Apostolopoulou et al., 2014; El-Keredy et al., 2012; Widmann et al.,
2016] substances (for further information see table 3). As olfactory stimuli different
odours (usually amyl acetate or benzaldehyde) were used and 10µl were loaded into
custom-made Teflon containers (4.5 mm diameter) with perforated lids [Scherer et
al., 2003]. Associative olfactory conditioning was done en-mass (30 animals were
trained in parallel) in a two-odour reciprocal paradigm ([Neuser et al., 2005]) (see
figure 7). In appetitive olfactory conditioning (see figure 7 B) a group of larvae
were exposed to the first odour (odour 1 (od1)) (usually amyl acetate (AM)) while
crawling on agarose medium containing in addition the appetitive gustatory uncon-
ditioned stimulus (1). After a time period of t = ttraining (usually 5 min) larvae
were transferred to a fresh Petri dish in which they were allowed to crawl on pure
agarose medium for the same period of time (ttraining) while being exposed to the
second odour (odour 2 (od2)) (usually benzaldehyde (BA)) (2) (group A with pairing
od1+/od2). A second group of larvae received the reciprocal training regime (group
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R with pairing od1/od2+). The conditioning of both groups (A and R) were done
at the same time. If not stated otherwise, the training procedure were repeated
three times (see section 4.3). The learning ability of both groups were tested by
transferring larvae onto pure agarose plates on which od1 and od2 were presented
on opposite sides. After a time period of t = ttest (usually 5 min) individuals were
counted as located on the side of od1 (nod1), the od2 side (nod2), or in the neutral
zone (nz) (vertical middle axis with a width of a 1 cm) (nnz). For each trained group
(group A and group R) an appetitive preference index (PREFap) was determined
as follows:

PREFap = nod1 − nod2

nap
, (4.1)

in which nap represents the total number ob animals defined by

nap = nod1 + nod2 + nnz. (4.2)

To measure specifically the effect of associative learning that is of the odour-reinforcement
contingency, we then calculated the associative aversive performance index (PIav)
as the difference in preference between the reciprocally trained larvae as follows:

PIap =
PREFod1+/od2 − PREFod1/od2+

2 (4.3)

Division by 2 ensures scores are bound within the intervall [−1; 1]. In aversive olfac-
tory conditioning the training regime was done in the same way as in appetitive olfac-
tory conditioning (see figure 7 C). However, in the test situation agarose plates con-
taining the respective aversive gustatory unconditioned stimulus were used. Again,
the aversive preference index PREFav and the associative aversive performance in-
dex (PIav) was calculated equivalent to equation (4.1) and equation (4.3) as follows:

PREFav = nod1 − nod2

nav
(4.4)

PIav =
PREFod1+/od2 − PREFod1/od2+

2 , (4.5)

in which nav again represents the total number ob animals defined by

nav = nod1 + nod2 + nnz. (4.6)

Consequently negative PIs represent aversive associative learning, whereas positive
PIs indicate appetitive associative learning.

4.2.2 Acuity tests for sensory modalities
The sensory acuity for olfactory stimuli was tested in so-called olfactory preference
assays (figure 8 B (i) (ii)). Here, two custom-made Teflon containers (4.5 mm
diameter) filled with either with 10 µl of an odour of interest odour x (odx) or a
reference container (RC) (empty container (EC) for undiluted odours and paraffin
oil (poc) for diluted odours (10 µl)) were positioned on opposite sides of a pure
agarose plate. The olfactory sensory acuity was tested en-masse by placing a group
of 30 larvae along the vertical middle axis and let them freely crawl. After 5 min,
individuals were counted as located on the side of odx (nodx), the RC side (nRC), or
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Figure 7: Schematic representation of associative olfactory conditioning in
Drosophila larvae using a two-odour reciprocal paradigm. A: Figure legend. B: Schematic
drawing of associative appetitive olfactory conditioning. Training and test are performed en-masse
by using a group of 30 larvae simultaneously. During training a first group of larvae receive the
odour odour 1 paired with the appetitive gustatory unconditioned stimulus while a second odour
(odour 2) was presented alone (od1+/od2) (group A). A second group (group R) receives the re-
verse contingency (od1/od2+). This procedure is repeated three times. During test both odours are
presented on opposite sides. After ttest the number of larvae on each odour side is counted for both
reciprocally trained groups and a performance index (PIap) is calculated that quantifies associative
olfactory learning and memory. C: Schematic drawing of associative versive olfactory conditioning.
Training and test are performed en-masse by using a group of 30 larvae simultaneously. During
training a first group of larvae receive the odour odour 1 paired with the aversive gustatory un-
conditioned stimulus while a second odour (odour 2) was presented alone (od1−/od2) (group A).
A second group (group R) receives the reverse contingency (od1/od2−). This procedure is repeated
three times. During test both odours are presented on opposite sides. After ttest the number of
larvae on each odour side is counted for both reciprocally trained groups and a performance index
(PIav) is calculated that quantifies associative olfactory learning and memory.

in the neutral zone (vertical middle axis with a width of a 1 cm) (nnz). The innate
preference for the olfactory stimulus was calculated as follows:

PREFsoa = nodx − nRC
nsoa

, (4.7)

in which nsoa represents the total number ob animals defined by

nsoa = nodx + nRC + nnz. (4.8)

The sensory acuity for appetitive substances was tested in so-called gustatory ap-
petitive preference assays (figure 8 B (iii)). Here, petri dishes contained agarose,
added with the appetitive substance of interest on one half plus the neutral zone
(vertical middle axis with a width of a 1 cm) of a petri dish. The rest is filled up
with pure agarose. The sensory acuity was tested en-masse by placing a group of
30 larvae in the middle of the gustatory appetitive assay plates and let them freely
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crawl. After 5 min, individuals were counted as located on the side of appetitive
gustatory substance (apgs) (napgs), the pure agarose (pa) side (npa), or in the neutral
zone (vertical middle axis with a width of a 1 cm) (nnz). The innate preference for
the appetitive gustatory substance was calculated as follows:

PREFsgaap = napgs − npa
nsgaap

, (4.9)

in which nsgaap represents the total number ob animals defined by

nsoa = napgs + npa + nnz. (4.10)

The sensory acuity for aversive substances were tested is so-called gustatory aversive
preference assays (figure 8 B (iv)). Here, petri dishes contained pure agarose on
one half plus the neutral zone (vertical middle axis with a width of a 1 cm) of a
petri dish. The rest is filled up with agarose added with the aversive substance of
interest. The sensory acuity was tested en-masse by placing a group of 30 larvae in
the middle of the gustatory appetitive assay plates and let them freely crawl. After 5
min individuals were counted as located on the side of aversive gustatory substance
(avgs) (navgs), the pa side (npa), or in the neutral zone (vertical middle axis with a
width of a 1 cm) (nnz). The innate preference for the appetitive gustatory substance
was calculated as follows:

PREFsgaav = navgs − npa
nsgaav

, (4.11)

in which nsgaav represents the total number ob animals defined by

nsoa = navgs + npa + nnz. (4.12)

4.3 Different training procedures

4.3.1 Variation in the procedure of associative olfactory con-
ditioning

For a comprehensive analysis of the formation of associative olfactory conditioning I
implemented several modification in the classical two-odour reciprocal conditioning
paradigm (figure 9 B-D): variation in the number of training cycle (see figure 9 C),
retention interval (see figure 9 C) and a spaced training procedure comparable to
aduult Drosophila figure 9 D) were introduced.

4.3.2 Application of cold shock treatment
To analyse the anesthesia-resistant memory component in Drosophila larvae (sec-
tion 3.2) cold shock treatment was applied after a specified period of time after
training (usually directly after training) (see figure 9 E). Therefore the larvae were
incubated in ice tap water (4◦C) for one minute and were kept on agarose plates
with added tap water until learning and memory was tested (at least ten minutes
to recover from cold). They started moving within one minute.
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Figure 8: Schematic representation of acuity tests for sensory modalities in
Drosophila larvae. A: Figure legend. B: Olfactory and gustatory perceptions are tested en
masse by testing a total number of 30 larvae simultaneously. To analyse olfactory perception ((i)
and (ii)) larvae are placed in petri dishes containing pure agarose along the vertical middle axis.
For odours diluted in paraffin oil, two containers with either containing the odour of interest (here
odour 1) or paraffin oil are positioned on opposite sides (i). For undiluted odours two containers
with either containing the odour of interest (here odour 1) or an empty container are positioned on
opposite sides (ii). After tsoa (usually 5 min) larvae are counted to calculate an olfactory prefer-
ence index (PREFsoa). To analyse the perception of appetitive substances larvae are placed along
the vertical middle axis of a petri dish containing on one side (one half minus the neutral zone)
pure agarose mixed with the appetitive substance of interest and on the other side (one half plus
the neutral zone) pure agarose (iii). After tsgaap (usually 5 min) larvae are counted to calculate an
olfactory preference index (PREFsgaap). To analyse the perception of appetitive substances larvae
are placed along the vertical middle axis of a petri dish containing on the one side (one half plus
the neutral zone) pure agarose mixed with the aversive substance of interest and on the other side
(one half plus the neutral zone) pure agarose (iv). After tsgaav (usually 5 min, for quinine 3 min)
larvae are counted to calculate an olfactory preference index (PREFsgaav).

4.3.3 Blocking protein synthesis
To test if associative olfactory learning is dependent on de-novo protein synthesis,
cycloheximide treatment were applied (see figure 9 F). Therefore, wild type larvae
were fed with a solution of 35 mM cycloheximide, 5% sucrose (w/v) and tap water.
Two additional groups - 5% sucrose alone or tab water - functioned as treatment
control groups. The treatment was done by adding 300 ml of the solution into
food vials and the larvae were incubated for 20 hours. Before associative olfactory
conditioning the larvae were transferred to an strainer and gently washed with tap
water.

4.3.4 Different treatment protocols
For the application of several treatments (see figure 9 G) larvae received the re-
spective substance usually one hour before training. The substance was applicated
by placing the larvae on agarose plates with the respective substance. Afterwards
larvae were gently transferred to an empty Petri dish and washed with tap water
before training and testing.
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4.3.5 Starvation
Starvation in Drosophila were done by placing the larvae for a particular time in-
tervall in vials containing agarose and tap water prior to training (see figure 9 H).

4.3.6 Heat shock protocol
For the manipulation of gene expression or activity of proteins, which induced
through an increase of the temperature, a heat shock (see figure 9 I) was applied
prior to training. Therefore, food vials with six days old larvae were transferred into
an incubator at 35◦C six hours prior to training

4.3.7 Acutely blocking synaptic output with shibirets

To acutely block synaptic transmission during training, retention interval and test
UAS-shits1 was used (see figure 9 J - M). Larvae were raised at a permissive temper-
ature 19◦C. To block synaptic transmission during training, retention interval and
test larvae (see figure 9 J) were incubated for 2 min in a water-bath at 35◦ prior to
training. The behavioral experiments were then performed as described before (see
figure 9 B), at restrictive temperature of about 35◦C in a custom made chamber
placed within a fume hood. Control experiments were performed with incubation at
room temperature and at permissive temperature of about 23◦C. To block synaptic
transmission during training (see figure 9 K), larvae were incubated for 2 min in
a water-bath at 35◦ prior to training. For the retention interval and test larvae
were transferred to the permissive temperature of about 23◦C. To block synaptic
transmission during retention interval (see figure 9 L), larvae were trained on the
permissive temperature (23◦C). Subsequent to training, larvae were incubated for
2 minutes in a water-bath at 35◦C. For the retention interval larvae were kept on
the restrictive temperature (35◦C) in a custom made chamber placed within a fume
hood. Prior to test the larvae were transferred onto agarose plates containing tap
water for a 10 minutes to cool down larvae at the permissive temperature (23◦C).
To block synaptic transmission during test (see figure 9 M), larvae were trained on
the permissive temperature (23◦C). Afterwards larvae were transferred onto agarose
plate containing tap water. Prior to test the larvae were incubated for 2 minutes in
a water-bath at (35◦C). The test was done at the restrictive temperature (35◦C) in
a custom made chamber placed within a fume hood.
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Figure 9: Established and used protocols in order to meet the requirements to identify
different memory components and underlying molecular and neuronal mechanisms of
the formation of memory in associative olfactory conditioning in Drosophila larvae.
The presentation of the established protocols are shown here for aversive associative olfactory con-
ditioning. However these methods are also usable for appetitive associative olfactory conditioning.
Note, for simplification the reciprocally trained group is not shown. A: Figure legend. B: As-
sociative aversive olfactory learning using sodium chloride as a negative unconditioned stimulus.
The training is repeated three times and the memory is tested on agarose plates mixed with sodium
chloride. A retention time intervall is introduced by placing the larvae on pure agarose plates with
added tap water to increase the humidity. C: Massed training. Aversive associative olfactory con-
ditioning using different numbers of training cycles. Normally one, two or three training cycles are
used. D: Spaced training. Similar to B, but between each training cycle a space of 15 minutes is
introduced. Usually 5 training cycles were applied.
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E: Cold shock treatment. The cold shock treatment was applied by incubating the larvae in ice
tap water (4◦C). The cold shock application can be done at any time after olfactory conditioning,
however it should be done at least 10 minutes before training due to the fact that larvae have to
recover from the cold. F: cycloheximide treatment. The application of cycloheximide was done 20
hours before training in the food vials. G: Application of substances. The application of substances
was usually done by diluting them in tap water and applied them through oral consumption prior to
training. H: Starvation. Starvation in Drosophila were done by placing the larvae in vials contain-
ing agarose and tap water prior to training. I: Heat-shock protocol. Heat shocks were applied for
six hours. Therefore, food vials with six days old larvae were transferred into an incubator at 35◦C
prior to training. The training was done at room temperature. J: Blocking synaptic transmission
during training, retention time and test. Immediately before training, larvae were incubated for 2
min in a water-bath at 35◦C. The training, retention interval and test were performed at restrictive
temperature (35◦C). K: Blocking synaptic transmission during training. Immediately before train-
ing, larvae were incubated for 2 min in a water-bath at 35◦C. The training was then performed
at the restrictive temperature (35◦C). Directly after training the larvae were transferred to room
temperature and were kept there. The test was also done at room temperature. L: Blocking synap-
tic transmission during retention time. The training procedure were done at room temperature.
Directly after training larvae were incubated for 2 minutes in a water-bath at 35◦C and were kept
at restrictive temperature (35◦C). For a cool down the larvae were transferred to room temperature
10 minutes before testing. M: Blocking synaptic transmission during test. The training procedure
were done at room temperature and in the retention time the larvae were kept on room temperature.
2 minutes before training larvae were incubated in a water-bath at 35◦C. The test was done at the
restrictive temperature (35◦C).

4.4 Statistical methods
In this thesis most of the behavioural experiments were evaluated by using the widely
accepted and frequently used null hypothesis significance testing (NHST) approach.
Mainly nil-null hypothesis testing was utilised, which is the most common form of
null hypothesis and it specifies no differences, associations, or effects with an applied
two-tail test [Nickerson, 2000]. Once samples were collected different test statistics
depending on the issue and the distribution of the samples were applied and the
corresponding P values were calculated. Prior to testing the conventional α=0.05
single arbitrary significance level was selected.

4.4.1 Null hypothesis significance testing (NHST)
Statistical significance testing is a fundamental cornerstone in all fields of experi-
mental science in order to gain knowledge from empirical data and to validate if an
observed effect is likely. An often used statistical significance test to examine statis-
tical inferences is the NHST approach, in which an observed effect is tested against
a hypothesis of no effects, differences, associations, or existing relationships. It was
introduced more then 300 years ago by Arbuthnot (1710) to prove the existence of
god, and is nowadays practised as a combination of the concepts of critical rejection
regions developed by Neyman and Pearson [Neyman and Pearson, 1933] and the p-
value developed by Fischer [Fisher, 1956]. However continously criticized for almost
a century - some of the suggestions were summarized in "The new statistic: Why
and how" [Cumming, 2014] - using NHST in the hybrid form is the state-of-the-art
approach in behavioural science. Statistical tests consists normally of hypothesis
tests, in which mostly two hypotheses are formulated: a null and a alternative hy-
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pothesis [Fahrmeir et al., 2016]. The null hypothesis (H0) represents the case that in
a population of empirical data no change, no differences, or relationship is observ-
able. The alternative hypothesis (H1) is simply the opposite. It is true, if H0 is false.
A good hypothesis should be simple, specific and stated in advance [Hulley et al.,
2013]. Depending on H1 a specification in the direction of the association can be
stated (one-tailed hypothesis) or it just simply a testimony about differences (two-
tailed hypothesis). Once hypothesis are formulated in modern NHST the statistical
evdience is represented by a p value [Fisher, 1956], which expresses the probability
of obtaining the observed ore more extreme result, if H0 is true,

p ≡ Pr(data or datamore extreme|H0). (4.13)

Normally, the calculated p value is thresholded with a level of significance (α
level)[Neyman and Pearson, 1933], whereby H0 is rejected if the P value is less than
the α level and the result is said to be statistically significant with the significance
level α. Typical values for α are α = {0.001, 0.01, 0.05}.

4.4.2 Statistical test
Statistical significance testing contains the necessity of using different statistical
tests in order evaluate the validity or invalidity of the null hypothesis. Usually
they are classified into parametric and nonparametric methods [Fahrmeir et al.,
2016]. In parametric tests sample data are assumed to be fully described by a
family of probability distributions (typically normal distribution) involving only a
finite number of unknown parameters. On the contrary, in non-parametric tests
no assumption about the underlying probability distributions of the data samples
are determined. In case the assumptions are correct, parametric tests will produce
a more accurate and precise estimates, meaning have more statistical power and
should be favoured over non-parametric tests. Admittedly they have a greater chance
of failing if assumptions are not correct. However, it is often possible to replace
a parametric test with a corresponding non-parametric test without significantly
affecting the conclusion.
As mentioned in section 4.2.1 the PI, which indicates the strength of the association,
is bounded in the intervall [−1; 1]. To test for abolishment of associative olfactory
learning, the null hypothesis (µ = 0) (the population mean is equal to 0) is tested by
applying a one sample t-test (two-tailed). The null hypothesis is rejected in favour of
the alternative hypothesis if the calculated p value is below the threshold chosen for
statistical significance (usually the 0.10, the 0.05, or 0.01 level). To test if two groups
differ in their associative olfactory learning ability the null hypothesis (µ1 = µ2)
(the means of two population are equal to each other) is tested by applying a two
sample t-test (two-tailed). The null hypothesis is rejected in favour of the alternative
hypothesis if the calculated p value is below the threshold chosen for statistical
significance (usually the 0.10, the 0.05, or 0.01 level). To test if three or more groups
differ in their associative olfactory learning ability, the null hypothesis (µ1 = ... =
µn) (the means of all groups are equal to each other) is tested by applying one-way
ANOVA. The null hypothesis is rejected in favour of the alternative hypothesis if the
calculated p value is below the threshold chosen for statistical significance (usually
the 0.10, the 0.05, or 0.01 level). Other statistical test or analysis methods see the
respective material and methods parts of the results (chapter 5 till chapter 10)
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4.4.3 Data acquisition and and processing
The measured values were mostly retained in tables using Excel 2010 (MS Excel,
Microsoft, Redmont, Washington, USA, 2010) for Windows and Mac OS X. The
statistical analyses and visualizations were done with GraphPad Prism 5 (version
5.0c, 2009) and 7 (version 7.0a, 2016) (GraphPad Software, Inc., San Diego, USA)
for Mac OS X and R (version 2.8.0, 2.14.0, 2.14.2 and 3.3.3) (The R Foundation) for
Windows and Mac OS X. Figure alignments were mostly done with Adobe Photo-
shop (different releases, Adobe Systems Software Ireland Ltd.). For most statistical
significance testing it was ensured that the sample size was at least n = 12. Usu-
ally the sample size of each group and the results of each test are reported in the
corresponding figure legends. The significance level of statistical tests was set to
α = 0.05. Usually, each factors (genotype, treatment or others) tested were con-
trolled by using the respective control groups. The sequence of pairings between
odour and the gustatory unconditioned stimulus was highly randomized. Each be-
havioural experiment were done under controlled conditions. In chapter chapter 6
comparison against chance level and between two samples were done with Wilcoxon
signed rank test. Unless stated otherwise, all behavioural experiments had a sample
size of n = 12. In chapter 7 and chapter 8 for the comparison of single groups
against chance level a one sample t-test or Wilcoxon signed rank test depending
on the violation of the assumption of normal distribution (Shapiro–Wilk test) was
used. Comparisons between two or more groups, which did not violate the as-
sumption of normal distribution (Shapiro–Wilk test) and homogeneity of variance
(Bartlettś test) were analyzed with parametric statistics: unpaired t-test (compar-
ison between two groups) or one-way ANOVA (comparisons between groups larger
than two) followed by planned pairwise comparisons between the relevant groups
with a Tukey honestly significant difference HSD post hoc test. Experiments in
which groups violated one of the two assumptions above were analyzed with non-
parametric tests, such as Mann–Whitney test (comparison between two groups)
or Kruskal–Wallis test (comparisons between groups larger than two) followed by
Dunn’s multiple pairwise comparison. For statistical tests concerning factors equal
to two or more, two-way ANOVA was applied followed by the planned pairwise
multiple comparisons (Bonferroni). Unless stated otherwise, all behavioural experi-
ments had a sample size of n = 16. In chapter chapter 9 comparison against chance
level and between two samples were done with Wilcoxon signed rank test. Compar-
ison between multiple groups Kruskal-Wallis test followed by Wilcoxon rank sum
test and Holm-Bonferroni correction was performed. All behavioural experiments
had a sample size of n > 12.
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Chapter 5

Appetitive Associative Olfactory
Learning in Drosophila larvae

A.A. Apostolopoulou, A. Widmann, A. Rohwedder, J.E. Pfitzenmaier, A.S. Thum.
Appetitive associative olfactory learning in Drosophila larvae. J Vis Exp, (72): 4334,
2013. doi: 10.3791/4334. https://www.ncbi.nlm.nih.gov/pubmed/23438816.

Summary
Organisms can use past experience to adjust present behavior. The larval stage
of Drosophila is able to form associative olfactory memory after pairing an odour
with appetitive or aversive substances, which in turn is observable as avoidance
or attraction behaviour. Several studies analysed associative olfactory condition-
ing in a comprehensive way like investigation of variation in number of training
trial, single assay versus en mass assay, retention time, odours and different con-
centrations of these odours. Eventually, based on its simple setup any dissoluble
substance can be used as an aversive or appetitive stimulus in olfactory condition-
ing in Drosophila larvae. However it turned out, that olfactory conditioning using
fructose as an unconditioned stimulus is very robust and induce a relatively high
behavioural change. Associative olfactory conditioning using fructose as an appet-
itive undconditioned stimulus in an two odour reciprocal en masse assay was first
described in [Neuser et al., 2005]. Here, a description of the methodological details
is given. In a two two odor reciprocal approach two group of larvae ere trained
reciprocally. One group larvae is exposed to an odour A with fructose as an uncon-
ditioned stimulus and is subsequently exposed to an odour B without the presence
of fructose. Meanwhile a second group is trained reciprocally. Subsequently both
groups are tested for their preference of choosing one odour preferentially. This is
presented a performance index (PI), whose associative nature is highly compelling
due the fact that parameters like the pairing of odour and unconditioned stimu-
lus, passage of time and handling do not differ between the two groups [Gerber
and Stocker, 2007]. Furthermore a accompanied video gives a stepwise description
of the experimental procedures (http://www.jove.com/video/4334/Protocol/). The
depicted behavioral setup is simple, cheap, easy to establish in a lab, does not re-
quire high-tech equipment and integrates the information of odour and fructose in
exceptionally reproducible way.

https://www.ncbi.nlm.nih.gov/pubmed/23438816
http://www.jove.com/video/4334/Protocol/
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Abstract: In the following we describe the methodological details of appetitive
associative olfactory learning in Drosophila larvae. The setup, in combination with
genetic interference, provides a handle to analyze the neuronal and molecular fun-
damentals of specifically associative learning in a simple larval brain.
Organisms can use past experience to adjust present behavior. Such acquisition
of behavioral potential can be defined as learning, and the physical bases of these
potentials as memory traces [1-4]. Neuroscientists try to understand how these pro-
cesses are organized in terms of molecular and neuronal changes in the brain by using
a variety of methods in model organisms ranging from insects to vertebrates [5,6].
For such endeavors it is helpful to use model systems that are simple and experimen-
tally accessible. The Drosophila larva has turned out to satisfy these demands based
on the availability of robust behavioral assays, the existence of a variety of trans-
genic techniques and the elementary organization of the nervous system comprising
only about 10,000 neurons (albeit with some concessions: cognitive limitations, few
behavioral options, and richness of experience questionable) [7-10].
Drosophila larvae can form associations between odors and appetitive gustatory re-
inforcement like sugar [11-14]. In a standard assay, established in the lab of B.
Gerber, animals receive a two-odor reciprocal training: A first group of larvae is
exposed to an odor A together with a gustatory reinforcer (sugar reward) and is
subsequently exposed to an odor B without reinforcement [9]. Meanwhile a second
group of larvae receives reciprocal training while experiencing odor A without re-
inforcement and subsequently being exposed to odor B with reinforcement (sugar
reward). In the following both groups are tested for their preference between the
two odors. Relatively higher preferences for the rewarded odor reflect associative
learning - presented as a performance index (PI). The conclusion regarding the
associative nature of the performance index is compelling, because apart from the
contingency between odors and tastants, other parameters, such as odor and reward
exposure, passage of time and handling do not differ between the two groups [9].
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5.1 Protocol
1. Preperation

1. Drosophila wild-type larvae are raised at 25◦C and 60%-80% humidity
in a 14/10 light/dark cycle. For controlling the exact age of the larvae
always 20 females are put with 10 males into one vial (6 cm height and
2.5 cm diameter) that includes about 6 ml of standard fly food. Flies
are allowed to lay eggs for 12 hr and are transferred to a new vial on
the second day. 5-6 days after egg laying larvae reach the feeding 3rd
instar stage if raised at 25◦C and can now be used for the behavioral
experiment. However, one has to ensure to only take larvae that are still
in the food and not the larvae from the side of the vial. These larvae have
already reached "wandering 3rd instar stage" - shortly before pupation -
and their usage complicates the interpretation of the results.

2. Preparation of 2.5% agarose Petri dishes (other labs use also agar concen-
trations of 1% throughout the experiment, however lower concentrations
may allow the feeding 3rd instar larvae to dig into the substrate): Dissolve
2.5 g agarose in 100 ml ddH2O. Heat up the solution in a microwave until
it starts boiling. Carefully agitate the solution and put it back into the
microwave until all agarose is dissolved. Pour the hot agarose solution
into Petri dishes such that the bottom of the Petri dishes is completely
covered and the agarose solution forms a smooth surface. Let the solution
cool down to room temperature and close the lids. Do not immediately
close the lids, because it would allow for condensation of water at the
lids.

3. Preparation of 2 M fructose Petri dishes: Dissolve 2.5 g agarose in 100
ml ddH2O (again, usage of 1% agar concentration is possible; however it
may allow feeding 3rd instar larvae to dig into the substrate). Heat up
the solution in a microwave until it starts boiling. Carefully agitate the
solution and put it back into the microwave until all agarose is dissolved.
Carefully add 35 g of fructose into the hot solution; slowly agitate the
mixture until the sugar is dissolved to avoid boiling retardation. Pour
the hot fructose-agarose solution into Petri dishes such that the bottom
is completely covered and the fructose-agarose solution forms a smooth
surface. Let the solution cool down to room temperature and close the
lids. Do not immediately close the lids, because it would allow for con-
densation of water at the lids.

4. Preparation of 1-octanol (OCT) odor containers: Fill 10 µl of pure OCT
into a custom made Teflon odor container and close it with a lid that has
several small holes to allow for evaporation of the odor. A detailed de-
scription of the containers is given in Gerber and Stocker 2007. Prepare
three odor containers for OCT. Odor containers allow for the evapora-
tion of the inserted chemicals, but avoid that larvae can directly contact
them. Thus, the here described experiments specifically address olfactory
learning in larvae without perturbing gustatory side effects.

5. Preparation of amylacetate (AM) odor containers: Dilute AM 1:50 in
paraffin oil. Fill 10 µl of the dilution into a custom made Teflon odor
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container and close it with a lid that has several small holes to allow
for evaporation of the odor. Prepare three odor containers for AM. The
dilution is important for practical reasons, namely to avoid a strong pref-
erence for one odor over the other that may mask a learning dependent
change in the relative preference between the two odors. The equal at-
traction for both odors may need to be confirmed in the lab before the
experiment by applying the later described test (2.5) with naïve animals.
The values here presented are based on several publications of the Gerber
lab that were recently reproduced by our lab [9,15,16].

6. Labeling of the Petri dishes: Before the behavioral experiments all Petri
dishes have to be coded. That means that fructose containing Petri dishes
have to be marked for example with an "X" or an "A" and agarose only
Petri dishes with a "Y" or a "B". This code should be revealed to the
experimenter only after all data have been recorded. By performing the
experiments b̈lindït is thus not possible that the expectations of the ex-
perimenter can affect the performance of the larvae. To ease an under-
standing for the broad readership in the following we will only talk about
the odors as conditioned stimuli (CS1 or CS2) that are either rewarded
when presented on a fructose Petri dish(+) or non-rewarded when pre-
sented on an agarose only Petri dish(-).

2. Sugar Reward Training and Test

1. Collect 30 feeding 3rd instar larvae from a food vial. Transfer them to
a first Petri dish that contains some drops of tap water and carefully
move them forwards and backwards with a brush. Transfer them to a
second Petri dish that contains also some drops of tap water to check
that no food paste remains on the bodywall of the larvae; otherwise
larvae would be able to experience the food odor during the experiment.
sThis would likely obscure the learning process and their performance in
the test situation.

2. Training: To train larvae to associate odors with an appetitive sugar cue
the following regime is applied. Put an OCT odor container on the left
and right side of an "X" marked - thus, fructose reward containing (+)
Petri dish ("blind" experiment, for details see 1.6). Put the group of 30
feeding 3rd instar larvae onto the middle of the Petri dish, close the lid
and wait for 5 min while the animals are exposed to OCT. Make sure
that the larvae are not trapped inside the water drop and can overcome
the surface tension of it. By that larvae can freely move on the Petri dish
and experience olfactory and/or gustatory stimuli.

3. Training: Remove the larvae from the Petri dish with a moistened brush
and transfer them onto a second Petri dish that is labeled with a "Y"
- thus, agarose only (-) containing Petri dish - and has an AM odor
container located on its left and right side. Close the lid and wait for 5
min while the animals are exposed to AM.

4. Training: Repeat 2.2) and 2.3) twice, such that all 30 larvae experience
three training cycles: CS1/(+) - CS2/(-); CS1/(+) - CS2/(-); CS1/(+) -
CS2/(-). In this experiment CS1 represents OCT and CS2 codes for AM.
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5. Test: Place one AM and one OCT odor container on the opposing sites
of an agarose-only Petri dish. Transfer the trained animals to the middle
of the test Petri dish. Close the lid and wait for 5 min. Subsequently
count the number of larvae on the left side, the middle and right side of
the test Petri dish.

6. Repeat steps 2.1 to 2.5 with a second group of 30 feeding 3rd instar larvae
but swap the experimental roles of AM and OCT such that the animals
receive the following training: CS2/(+) - CS1/(-); CS2/(+) - CS1/(-);
CS2/(+) - CS1/(-). In this experiment CS1 represents OCT and CS2
codes for AM.

7. Possible arrangements for the training. Above we present a training that
exists of three training trials of either OCT/(+) - AM/(-) or in the recip-
rocal group of also three training trials of AM/(+) - OCT/(-). However
to avoid sequence dependent effects during the training it is important to
vary the sequence of the stimuli in following repetitions of the complete
experiment. By varying the CS1 or CS2 order and also the reward pre-
sentation in the first or second presented plate, four different sequences
for the training trials are possible:
First group

a CS1/(+) - CS2/(-)
b CS1/(-) - CS2/(+)
c CS2/(+) - CS2/(-)
d CS2/(-) - CS1/(+)

Reciprocal group
e CS2/(+) - CS1/(-)
f CS2/(-) - CS1/(+)
g CS1/(+) - CS2/(-)
h CS1/(-) - CS2/(+)

To prevent systematic effects of stimuli in the surrounding experimental
environment, one should perform the test in one-half of the cases such
that OCT is presented on the left and AM to the right. In the other half
of the cases AM should be presented on the left and OCT on the right.

3. Tests for Task-relevant Sensory-motor Faculties The design
of the above described experiments allows for analyzing odor-sugar learning
in wild type feeding 3rd instar larvae on its own. However, in daily lab life
researchers usually use two or more different experimental groups of larvae
to compare, if olfactory learning depends on a particular gene, a specific set
of neurons, a mutant stock, a special food diet, different rearing conditions,
toxic chemicals added during development, etc. Thus, in all cases when two or
more experimental groups of larvae are tested one has to do a set of manda-
tory control experiments to test, if the different groups of larvae show proper
sensory-motor acuities. This becomes mandatory as potential phenotypes are
not necessarily due to reduced or abolished abilities to associate odors with
sugar. Rather, potential learning defects could be based on defects at any step
of the sensory-motor circuitry in the processing of odors and/or sugar. Or in
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other words, if a mutant larva is not able to sense sugar, it cannot establish a
sugar memory. But this does not allow concluding that the larva cannot learn.
In detail the following control experiments have to be done to test for proper
OCT, AM and fructose processing of transgenic larvae.

1. Test for naïve OCT preference Collect 30 feeding 3rd instar larvae from
a food vial. Wash them carefully in tap water as described in 2.1. Put a
single OCT odor container on one side of an agarose Petri dish, add the
larvae onto the middle of the Petri dish, close the lid and wait for 5 min,
such that the larvae can crawl on the Petri dish and orient towards the
OCT odor source. Subsequently count the number of larvae on the left
side, in the middle and on the right side of the test Petri dish.

2. Test for naïve AM preference Collect 30 feeding 3rd instar larvae from
a food vial. Wash them carefully in tap water as described in 2.1. Put a
single AM odor container on one side of an agarose Petri dish, add the
larvae onto the middle of the Petri dish, close the lid and wait for 5 min,
such that the larvae can crawl on the Petri dish and orient towards the
AM odor source. Subsequently count the number of larvae on the left
side, in the middle and on the right side of the test Petri dish.

3. Test for naïve sugar preference Collect 30 feeding 3rd instar larvae from
a food vial. Wash them carefully in tap water as described in 2.1. Prepare
Petri dishes that contain 2.5% agarose in one half and a 2 M fructose-
agarose mixture in the other half. Add the larvae onto the Petri dish,
close the lid and wait for 5 min, such that the larvae can crawl on the
Petri dish and orient towards the fructose containing side. Subsequently
count the number of larvae on the left side, in the middle and on the
right side of the test Petri dish.
Preparation of half-half Petri dishes: Prepare normal agarose plates as
described above in section 1.2. When the agarose filled Petri dishes are
cooled down, carefully cut the agarose along the vertical axis with a
scalpel. Remove one half of the agarose from the Petri dish. Add a hot
fructose-agarose solution (for preparation see 1.3) to the empty half of the
Petri dish. Be careful that both halves match and do not form a defined
edge - this affects the larval choice behavior and renders a behavioral
analysis rather difficult [4].

4. Sham training Despite testing if transgenic feeding 3rd instar larvae are
able to distinguish on a wild type level between OCT and air (3.1), AM
and air (3.2) and sugar and pure agarose (3.3), an additional set of test
experiments has recently been introduced (for discussion see Gerber and
Stocker, 2007). The rationale for these experiments is the following. Dur-
ing the training larvae undergo massive handling and successive odor and
sugar stimulation. Thus, it is well possible that the observed learning phe-
notype is misleading (although naïve odor and sugar perception tests are
on a wild type level!). Indeed, it is possible that the transgenic animals
differ from wild type larvae with respect to stress resistance, motivation,
fatigue, sensory adaptation, contextual learning, and changes in satiety.
Thus, Michels et al. (2005) introduced controls that test whether a given
mutant is able to (1) detect AM versus an empty odor container if you
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treat the larvae exactly as during training except that you omit the re-
ward and merely expose to both odors; (2) detect OCT after the same
regime; (3) detect AM versus an empty odor container, if you treat the
larvae in a training-like way except that you omit the odors and merely
expose to the reward; and (4) detect OCT after the same regimen. For a
comprehensive discussion and further details on the methods please see
Michels et al. (2005) and Gerber and Stocker (2007).

4. Data Analysis for Sugar Reward Learning

1. To evaluate the data of the sugar reward learning protocol calculate a
OCT preference index (PREFOCT ) and a (PREFAM) for the two re-
ciprocally trained groups. For the first group that received OCT/(+) -
AM/(-) training:

PREFOCT (OCT + /AM−)

= # larvae onOCT side−# larvae onAM side

# all larvae on left , right , andmiddle side

(5.1)

For the second group that received AM/(+) - OCT/(-) training:

PREFAM(AM + /OCT−)

= # larvae onAM side−# larvae onOCT side

# all larvae on left , right , andmiddle side

(5.2)

2. Calculate a performance index (PI) for the two PREF values from 4.1.
The PI represents associative learning by cancelling out perturbing ef-
fects of odor and punishment exposure, passage of time and handling:

PI = PREFOCT (OCT + /AM−) + PREFAM(AM + /OCT−)
2 (5.3)

Thus PIs can range from -1 to 1. Significantly negative values represent
aversive learning, whereas significantly positive values describe appeti-
tive learning. A complete experiment usually comprises of 10 or more
PIs. Data are visualized as box plots including all values of a given ex-
perimental group. 50% of the values being located within the box; the
median performance index is indicated as a bold line within the box plot.

5. Data Analysis for Task-relevant Sensory-motor Faculties

1. To evaluate the data when testing for proper OCT odor processing cal-
culate an OCT odor preference index as follows:

PREFOCT = # larvae onOCT side−# larvae on other, side

# all larvae on left , right , andmiddle side
(5.4)

2. To evaluate the data when testing for proper AM odor perception calcu-
late an AM odor preference index as follows:

PREFAM = # larvae onAM side−# larvae on other, side

# all larvae on left , right and ,middle side
(5.5)
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3. To evaluate the data when testing for proper fructose perception calculate
an fructose preference index as follows:

PREFfructose = # larvae on fructose side−# larvae on other, side

# all larvae on left , right , andmiddle side
(5.6)

4. Details for the sham training are given in Michels et al. 2005.

5.2 Representative Results
Figure 1A shows an overview of the experimental procedures for larval olfactory
associative learning. By pairing one of the two presented odors with a sugar reward
larvae acquire the behavior potential to express an attractive response towards the
rewarded odor in comparison to the unrewarded odor. Two groups of larvae are
always trained by either pairing the reinforcer with the odor OCT or AM. The
performance index (PI) measures the associative function as the difference in pref-
erence between the reciprocally trained groups.
In case associative function is analyzed in transgenic larvae, tests for basic sensory-
motor ability are required. This is done by offering them the choice between a filled
odor container and air or between pure agarose and agarose plus a sugar. (Sham
training is not shown here). The final distribution of the larvae is noted in a spe-
cific data sheet (Figure 2) and visualized as a box plot (Figure 3). Positive results
indicate an attractive choice behavior for the preference indices and appetitive learn-
ing in case of the performance indices. Negative values indicate an aversive choice
behavior for the calculated preference indices and aversive learning in case of the
performance indices.
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Figure 1: Scheme of the behavioral experiments to measure larval associative olfactory
learning, naïve olfactory preferences and naïve gustatory preferences. A: 30 Drosophila
feeding 3rd instar larvae are placed for five minutes on an agarose Petri dish that contains a sugar
reward of 2 M fructose. At the same time a first odor is provided in Teflon containers (OCT).
Thus larvae can associate an odor stimulus with a positive reinforcer in the first training phase.
Next, larvae are transferred to a second agarose Petri dish without reinforcer but with the second
odor (AM) for again 5 min. The training is repeated three times. Finally, in the test situation
the odor preference of the larvae is measured for the rewarded odor against the non-rewarded odor
on an agarose Petri dish. This allows the calculation of a first preference index (PREFOCT ). A
second group of larvae is trained similarly in a reciprocally way. Here, a second preference index
(PREFAM ) can be calculated. Finally a Performance Index (PI) is calculated by averaging both
preference indices. For further information regarding the sequence of the trials see also 2.7. B: For
analyzing the naïve odor preference, a single odor container filled with either OCT or AM is placed
on one side of a pure agarose Petri dish. 30 feeding 3rd instar larvae are placed in the middle of
the Petri dish and after 5 min the distribution of the larvae on the Petri dish is counted. From the
obtained data an olfactory preference index (PREFolfactory) is then calculated. C: For analyzing
the naïve gustatory preference 2M fructose is filled in one half of a Petri dish that contains pure
agarose on its other side. 30 feeding 3rd instar larvae are placed in the middle of the Petri dish
and after 5 min the distribution of the larvae on the Petri dish is counted. From the obtained data
a gustatory Preference Index (PREFgustatory) is then calculated.
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Figure 2: Example of a raw data sheet for registering and processing data. Example of
a raw data sheet for registering and processing data obtained for A sugar reward learning, B naïve
odor preferences and C naïve gustatory preferences. For all experiments the number of larvae
on the left side, in the middle and on the right side of the Petri dishes are noted. Out of this
information preference indices (PREF ) are calculated. Larval learning is depicted as performance
indices (PI) deriving from computating the PREF s of two reciprocally trained groups. For larger
view see here: https://www.jove.com/files/ ftp_upload/4334/4334fig2large.jpg

https://www.jove.com/files/ftp_upload/4334/4334fig2large.jpg
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Figure 3: Example data visualization Example data visualization obtained for A sugar reward
learning, B naïve odor preferences and C naïve gustatory preferences. Boxplots represent data as
follows: median (bold line within box); the box indicates 50% of all data points whereas the upper
and lower whisker represents the other 25% each. Therefore without outliers the minimum and
maximum values are indicated by the whisker boundaries. Outliers are depicted as small circles
they are defined as any point more than 1.5 times the interquartile range from the 1st and 3rd
quartiles. Statistical analysis of single data points is done with Wilcoxon signed-rank test, whereas
Wilcoxon rank sum test is used for comparison of two data groups. Significance levels are indicated
as n.s. for p ≥ 0.05, * for p < 0.05, ** for p < 0.01 or *** for p < 0.001. Sample size of each
experiment n = 15. For the learning experiments in A always two preference indices (PREF )
of reciprocal experiments are taken to calculate the final performance index (PI). Performance
Indices (PI) are depicted as box plots accordingly.
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5.3 Discussion
The described setup in Drosophila larvae allows for the investigation of associative
olfactory learning within a comparably elementary brain. The approach is sim-
ple, cheap, easy to establish in a lab and does not require high-tech equipment
[9]. We present a version of the experiment, to study appetitive associative learn-
ing reinforced by fructose reward [11]. The described setup is based on a series of
parametrical studies that comprehensively investigated variations in the number of
training trials, single assay versus mass assay, retention time, used odors and odor
concentrations and gender [9,15,34,35]. Thus, the depicted behavioral setup inte-
grates this information in an exceptionally reproducible approach to study higher
brain functions in Drosophila. Ultimately, based on its simple setup the rewarding
or punishing effect of any dissoluble substance can be easily tested with this assay.
In addition, several variants of the paradigm were recently published that allow
the investigation of associative visual learning in the larvae [23,36] (established in
Gerber et al. (2004)); and electric shock, light, heat, quinine or vibrations were
also successfully implemented as aversive reinforcers for associative olfactory learn-
ing [9,17,19-21,37-40]. Thus, a comprehensive set of experimental setups exists to
analyze the behavioral, neuronal and molecular basis of learning and memory in
Drosophila larvae (Figure 5) [13,14,41,42]. Here, we focused exclusively on odor-
fructose learning due to the robustness of the assay and the relatively high perfor-
mance indices that can be achieved. Especially some of the aversive variants lead
to only small behavioral changes. This limits to some extent the application of the
method, besides developmental issues of the animals that make studies on larval
long-term memory rather impossible.
The larval brain consists of only about 10,000 neurons in its entirety. Thus due
to its relative simple (in terms of numbers) organization it is well accessible to ge-
netic interference, which in turn allows for advanced studies on the molecular and
neuronal basis of learning and memory. Especially the GAL4/UAS systems and its
recent modifications allow for the genetic manipulation of defined sets of neurons
and up to even single cells in a spatio-temporal manner (Figure 4) [7,10]. Hereby a
comprehensive set of effector lines offers the possibility to visualize these defined sets
of neurons (Figure 4) [25,43] or, alternatively to manipulate their neuronal output
(Table 1). Most often effector genes are applied that can cell-autonomously induce
cell death or inhibit neuronal transmission [29,30,33]. More recently technologies
were developed that allow for a controlled artificial activation of neurons driven by
light or temperature (Table 1) [31,32,44].
In summary, the combination of sophisticated ways of genetic interference and the
here described behavioral experiments allow uncovering the neuronal, molecular and
behavioral basis of learning and memory in the elementary brain of Drosophila lar-
vae.
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Figure 4: Examples of Gal4 lines Examples of Gal4 lines each of which labels a specific set
of cells within the larval brain. Always full z-projections of frontal views of the larval brain are
shown. Specific sets of neurons are labelled by anti-green fluorescent protein (green) in the whole
larval CNS that is visualized by anti-FasII/anti-ChAT doublestaining (magenta). A) NP225 labels
a set of second order olfactory neurons, called projection neurons (arrow) and the developing adult
visual system (arrowhead). B NP2426 marks a set of olfactory interneurons (arrow) at the first
olfactory relay station, called the antennal lobe. C GR66a labels exclusively a set of gustatory sen-
sory neurons that project from peripheral gustatory sensory organs to the subeosophageal ganglion
(arrow). D NP3128 labels several sets of different types of neurons. The arrow marks olfactory
interneurons of the antennal lobe similar to B. The arrowhead highlights a set of dopaminergic neu-
rons that project onto a neuropil region called mushroom body. E H24 marks a set of mushroom
body Kenyon cells (arrow), neurons that where shown to be necessary for larval olfactory learning.
F NP7493 is an example of a relatively unspecific expression pattern that includes several sets of
developing neurons (arrows) that will further differentiate during metamorphosis to form the brain
of the fly. Scale bars = 50 µm.
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Figure 5: Overview summarizing successful attempts to study associative learning
in Drosophila larvae. Olfactory stimuli as well as light can be used as a conditioned stimulus
to be associated with either reward or punishment (unconditioned stimulus). Rewarding stimuli
include sugar and low concentrations of salt; punishing stimuli comprise high concentrations of salt,
quinine, electric shock, heat, mechanical stimulation through vibration (buzz) and light [11,12,17-
24]. For larger view see here: https://www.jove.com/files/ ftp_upload/4334/4334fig5large.jpg

https://www.jove.com/files/ftp_upload/4334/4334fig5large.jpg
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Gal4/UAS constructs often used in our lab

Abbrevation Protein Function Literature

Visualization

UAS-mCD8::GFP green fluorescent protein membrane marker Lee et al., 1999

UAS-n-syb::GFP green fluorescent protein presynaptic marker Ito et al., 1998

UAS-Dscam17.1::GFP green fluorescent protein postsynaptic marker Wang et al., 2004

UAS-NLS::GFP green fluorescent protein cell body marker Robertson et al., 2003

Interference with neuronal signaling

UAS-hid head involution defective induces apoptosis Zhou et al., 1997

UAS-shits dominant negative dynamin blocks vesicle recycling Kitamoto, 2001

UAS-UAS-Kir.2.1::EGFP inwardly rectifying K+ channel blocks vesicle recycling Baines et al., 2001

UAS-UAS-TRPA1 cation channel temperature dependent activation Rosenzweig et al., 2005

UAS-UAS-ChR2 Channelrhodopsin light dependent activation Schroll et al., 2006

Table 1: UAS effector constructs UAS effector constructs often used in the lab to visualize
the neuronal anatomy and manipulate synaptic transmission [25-33].
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Summary
Gustatory stimuli allow an organism not only to orient in its environment like finding
energy rich food sources or to avoid unpleasant or even poisonous substrates. How-
ever it seems that the gustatory system of Drosophila exhibits lower dimensionality
compared to the olfactory system and seems to be designed to classify substances
in a handful of hedonic values. However one study showed that for example sugar-
dependent responses in Drosophila larvae is triggered in a concentration dependent
manner. Therefore it seems reasonable to add more dimensions in the existing space
of gustatory perception. It was shown that Drosophila adults are able to detect the
nutritional value of a sugar and furthermore can even remember its caloric content in
an olfactory conditioning assay. The data from adult flies suggest that flies discrim-
inate and learn different sugar identities and furthermore use two different system.
One is depending on the perception of sugars and one is dependent on post ingestive
metabolic mechanisms. Here a set of seven sugars with either provide nutritional
benefit (fructose, sucrose, glucose, maltodextrin and sorbitol) or not (xylose and
arabinose). We systematically analyse their effect on set of four different behaviours
(survival, choice behavior, feeding behaviour and associative olfactory learning). We
were able to show, that not only the information sugar or not is important also the
perception and evaluation of the nutritional content of a particular sugar influences
the behvioural output. In detail, feeding and survival depends highly on the nutri-
tional value of a sugar whereas the choice behaviour and learning are regulated in a
more complex way since here the content as well as the taste are discriminated.

http://www.ncbi.nlm.nih.gov/pubmed/22695795
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Abstract: Gustatory stimuli allow an organism not only to orient in its environment
toward energy-rich food sources to maintain nutrition but also to avoid unpleasant
or even poisonous substrates. For both mammals and insects, sugars — perceived as
“sweet” - potentially predict nutritional benefit. Interestingly, even Drosophila adult
flies are attracted to most high potency sweeteners preferred by humans. However,
the gustatory information of a sugar may be misleading as some sugars, although
perceived as “sweet,” cannot be metabolized. Accordingly, in adult Drosophila, a
postingestive system that additionally evaluates the nutritional benefit of an in-
gested sugar has been shown to exist. By using a set of seven different sugars, which
either offer (fructose, sucrose, glucose, maltodextrin, and sorbitol) or lack (xylose
and arabinose) nutritional benefit, we show that Drosophila, at the larval stage, can
perceive and evaluate sugars based on both nutrition-dependent and -independent
qualities. In detail, we find that larval survival and feeding mainly depend on the
nutritional value of a particular sugar. In contrast, larval choice behavior and learn-
ing are regulated in a more complex way by nutrition value–dependent and nutrition
value–independent information. The simplicity of the larval neuronal circuits and
their accessibility to genetic manipulation may ultimately allow one to identify the
neuronal and molecular basis of the larval sugar perception systems described here
behaviorally.



94 Nutritional value dependent larval behavior

6.1 Introduction

In the last decade, Drosophila larvae have turned into a suitable model organ-
ism to study the neuronal, molecular, and behavioral basis of chemosensation and
chemosensory learning due to their numerical simplicity on the neuronal level and
genetic tractability (Gerber and Stocker 2007; Gerber et al. 2009). A compre-
hensive set of studies has described the anatomy of the olfactory and gustatory
sensory systems even partially including their organization within higher brain cen-
ters (Fishilevich et al. 2005; Kreher et al. 2005; Colomb et al. 2007; Kwon et al.
2011).
The larval gustatory system consists of three external and three internal organs.
The three external organs are located at the head region: dorsal organ (DO), ter-
minal organ (TO), and ventral organ (VO). The three internal organs are closely
attached to the pharynx: dorsal pharyngeal sense organ (DPS), ventral pharyngeal
sense organ (VPS), and posterior pharyngeal sense organ (PPS) (Gendre et al. 2004;
Gerber and Stocker 2007; Vosshall and Stocker 2007). Gustatory receptor neurons
(GRNs) project from the peripheral sensory organs toward the brain via distinct
nerves: GRNs from the DO via the antennal nerve, GRNs from the TO and VO
via the maxillary nerve, GRNs from the DPS and PPS via the labral nerve, and
GRNs from the VPS via the labial nerve (Gendre et al. 2004; Colomb et al. 2007;
Kwon et al. 2011). In the central nervous system, the terminal endings are orga-
nized in a specific pattern within the suboesophageal ganglion (SOG), the major
taste center (Colomb et al. 2007; Kwon et al. 2011). It was suggested that the ter-
minal sites of individual GRNs deriving from external and internal sensory organs
significantly differ. Although little is known about the potential target neurons of
these terminals, several candidates were recently described. About 20 neurons of
the SOG express the hugin gene and connect the SOG with the protocerebrum, the
ventral nerve cord, the ring gland, and the pharynx (Melcher and Pankratz 2005;
Bader et al. 2007). Interestingly, neuronal signaling of these neurons is involved in
larval feeding (Melcher and Pankratz 2005), in addition to another set of neurons
that express the neuropeptide F (NPF). Only about six NPF-positive neurons are
located within the SOG or the protocerebrum and connect the SOG with higher
brain centers (Garczynski et al. 2002; Wu et al. 2003; Xu et al. 2008). Octopamin-
ergic and dopaminergic neurons are supposed to signal the sugar-dependent reward
information onto higher brain centers like the mushroom body, a brain structure nec-
essary for establishing odor–sugar associations (Hammer and Menzel 1998; Honjo
and Furukubo-Tokunaga 2009; Selcho et al. 2009; Pauls et al. 2010b).
Kwon and colleagues (2011) analyzed the relation between cellular identities and
the expression of putative gustatory receptor genes of 60 members containing Gr
gene family. They identified 39 Gr genes that were expressed in 10 different GRNs
of larvae, which fall into three classes: the DO class (cell body located in the DO
ganglion and projecting toward the DO), the TO distal class (cell body located in
the TO ganglion and projecting toward the TO), and the TO dorsolateral class (cell
body located in the DO ganglion and projecting toward the TO). Furthermore, they
showed that single GRNs express at least two Gr genes, for example, C6 cell (Gr21a
and Gr63a) that detect CO2 (Badre et al. 2005; Kwon et al. 2007; 2011). Other
types of GRNs express many more Gr genes, up to 17 for C1 neuron (Kwon et al.
2011). The 10 neurons identified are likely to respond to bitter food compounds as



6.1 Introduction 95

most of them express the “bitter co-receptor” GR33a. Interestingly, salt reception,
however, was shown to be mediated by another set of GRNs (located within the TO)
that express DEG/ENaC channel genes Pickpocket (ppk). Genetic interference with
ppk11 and ppk19 disrupted the ability of larval to detect low salt concentrations
(Liu et al. 2003). On the contrary, larval sugar perception is still mysterious. None
of the Gr genes that are involved in sugar sensation in adults (Gr5a, Gr61a, Gr64a-f,
and Gr43a) were detected in the larval system (Colomb et al. 2007; Kwon et al.
2011). Thus, although larvae can sense sugars and different sugar concentrations
(Schipanski et al. 2008), it is not known how this chemosensory stimulus is detected
at the receptor level.
Compared with Drosophila olfactory system, gustatory system has a lower dimen-
sionality and seems to be designed to classify substances in a handful of hedonic
values, for example, “nonedible” versus “edible” (Colomb et al. 2007; Colomb and
Stocker 2007; Gerber and Stocker 2007). However, it was shown that the edible
category can trigger sugar-dependent responses differently in larvae (Schipanski et
al. 2008). Thus, it seems reasonable to expand our current view by including more
dimensions like nutritional value of a substance.
Three studies have recently convincingly demonstrated at the behavioral level and
partially by using electrophysiological and blood sugar concentration measurements
that adult Drosophila can detect and even remember the caloric content of differ-
ent sugars (Burke and Waddell 2011; Dus et al. 2011; Fujita and Tanimura 2011).
Three different groups of sugars were investigated for their diet-dependent survival,
feeding, choice, and olfactory appetitive learning. The first group of sugars is per-
ceived by the fly as “sweet” and has a nutritional value (e.g., fructose or sucrose),
the second one is also perceived as “sweet” but cannot be metabolized (zero calo-
rie; e.g., xylose or arabinose), and the third group is not perceived as “sweet” but
has a nutritional value (e.g., sorbitol). Taken together, the data suggest that adult
flies may use two distinct systems in order to discriminate and learn different sugar
identities: one that is Gr gene dependent and evaluates the “sweetness” and second
postingestive system of unknown identity that recognizes the nutritional value.
By investigating how different sugars affect larval survival, choice, feeding, and ap-
petitive olfactory learning, we establish whether or not such a nutrition-based system
exists in Drosophila larvae. We use a set of seven different sugars that offer nutri-
tional benefit to fruitflies (fructose, sucrose, glucose, sorbitol, and maltodextrin)
or lack nutritional benefit (arabinose and xylose). Taken together, our behavioral
data show first that a nutrition-dependent system in larvae indeed exists. Second,
survival and feeding mainly depend on the nutritional value of sugars. Third, lar-
val choice behavior and learning are regulated in a more complex way by nutrition
value–dependent and nutrition value–independent information of sugars. Therefore,
we argue that sugar-dependent behavioral changes are based on a more complex
multistimulus signal. Given the lack of information on the basic organization of
the larval external and internal sensory neurons that detect sugar, our data provide
further understanding of how sugar information is processed in Drosophila larvae.
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6.2 Material and methods

6.2.1 Fly strains
For all experiments, we used wild-type Canton-S larvae. Fly strains were kept on
standardized cornmeal medium at 25◦C under a 14:10 h light:dark cycle. Adult flies
were transferred to fresh food vials every second day and were allowed to lay eggs for
48 h. Third instar feeding-stage larvae aged 96–144 h were removed from vials and
divided into groups of 30 animals that were briefly washed in tap water to remove
food residues.

6.2.2 Survival
To measure sugar-dependent larval survival, 12 wild-type larvae were placed in a
vial that contained either 1% agarose (Sigma Aldrich cat. no. A5093) only, or 1%
agarose plus 2 M sugar at 25◦C . We used the following seven sugars: d-fructose
(Sigma Aldrich cat. no. 47740), d-sucrose (Sigma Aldrich cat. no. 84100), d-glucose
(Sigma Aldrich cat. no. G8270), maltodextrin (Sigma Aldrich cat. no. 419699),
d-sorbitol (Sigma Aldrich cat. no.: W302902), d-xylose (Sigma Aldrich cat. no.
X3877), and d-arabinose (Sigma Aldrich cat. no. A3131). The number of larvae
that were alive was counted from day 1 to day 8. Some drops of tap water were
occasionally added to prevent larvae from dehydrating. The percentage of surviving
larvae was calculated as follows:

Percentage survival = # of living larvae

# total number of larvae
∗ 100 (6.1)

For each group (control and respective sugar), 15 independent experimental groups
were analyzed (n = 15). The data shown in Figure 1 depict the mean and the
standard deviation of them daily for each sugar.

6.2.3 Gustatory preference
For gustatory preference tests, 2.5% agarose solution (Sigma Aldrich) was boiled
in a microwave oven and filled as a thin layer into Petri dishes (85-mm diameter;
Greiner). After cooling, the agarose was removed from half of the plate. The
empty half was filled with 2.5% agarose solution containing fructose, sucrose, glucose,
maltodextrin, sorbitol, xylose, or arabinose (all sugars: 0.1, 1, 2, or 4 M). Assay
plates were used on the same day or stored at 4◦C until the day of experiments.
Groups of 30 larvae were placed in the middle of the plate, allowed to crawl for
5 min, and then counted on the sugar side, the sugar-free agarose side, and the
neutral zone (about 1 cm between both sides). By subtracting the number of larvae
on the pure agarose side (#nS) from the number of larvae on the sugar side (#S)
divided by the total number of counted larvae (#TOTAL), a preference index for the
respective sugar and its concentration was calculated:

PREFsugar = #S −#nS
#TOTAL

(6.2)

Negative PREFsugar values indicate sugar avoidance, whereas positive PREFsugar
values represent sugar attractiveness.
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6.2.4 Feeding
To measure feeding behavior, 30 feeding third instar larvae were placed on a Petri
dish containing one of the seven different sugars at a concentration of 2 M, dissolved
in 1% agarose and 2% indigocarmin (Sigma Aldrich cat. no. 73436). An additional
control group was put on plates containing only 1% agarose and 2% indigocarmin.
Larvae from all these groups were allowed to feed on this substrate for 30 min,
washed in tap water, and, as a group, homogenized in 500 µl of a 1 M ascorbic acid
solution (Sigma Aldrich cat. no. A7506). The homogenate was centrifuged for 5
min at 13,400 rpm. The supernatant was then filtered using a syringe filter (mil-
lipore, 5-µm pores) into a fresh Eppendorf cup and centrifuged again for 5 min at
13,400 rpm. In all, 100 µl of the supernatant was loaded into single wells of a 96-well
plate (Hartenstein, W"urzburg, Germany). Then, using a Sunrise spectrophotome-
ter (Tecan AG, Männedorf, Switzerland) or an Epoch spectrophotometer (BioTek,
Bad Friedrichshall, Germany), absorbance at 610 nm was measured. Relative feed-
ing was calculated by dividing each photometrically measured value minus the blank
control by the mean score obtained for larvae feeding on a pure agarose minus the
blank control:
Relative feeding =

= # absorption on sugar plate−# absorption for blank control

#mean absorption on pure agarose−#mean absorpiton for blank control
(6.3)

For each sugar, 15 independent experimental groups were analyzed (n = 15). The
data shown in Figure 3 are presented as relative feeding in box plots for each type
of sugar.

6.2.5 Odor-sugar learning
All learning experiments were conducted on assay plates filled by a thin layer of
agarose solution (as described above) containing either pure 2.5% agarose or 2.5%
agarose plus fructose, sucrose, glucose, maltodextrin, sorbitol, xylose, or arabinose
at concentrations of 1, 2, and 4 M. As olfactory stimuli, we used 10 µl amyl acetate
(AM, Fluka cat. no. 46022; diluted 1:250 in paraffin oil, Fluka cat. no. 76235) and
benzaldehyde (BA, undiluted; Fluka cat. no. 12010). Odorants were loaded into
custom-made Teflon containers (4.5-mm diameter) with perforated lids as described
in Gerber and Stocker (2007). Learning ability was tested by exposing a first group
of 30 animals to BA while crawling on agarose medium containing sugar as a positive
reinforcer. After 5 min, larvae were transferred to a fresh Petri dish in which they
were allowed to crawl on pure agarose medium for 5 min while being exposed to AM.
A second group of larvae received the reciprocal training. Immediately, after three
training cycles, larvae were transferred onto test plates on which AM and BA were
presented on opposite sides. After 5 min, individuals were counted on the AM side
(#AM), the BA side (#BA), and in a neutral zone. By subtracting the number
of larvae on the BA side from the number of larvae on the AM side divided by the
total number of counted individuals (#TOTAL), we calculated an preference index
for each training group:

PREFAM+/BA = #AM −#BA
#TOTAL (6.4)
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PREFAM/BA+ = #AM −#BA
#TOTAL (6.5)

We then compiled a performance index (PI):

PI = PREFAM+/BA − PREFAM/BA+

2 (6.6)

Negative PIs represent aversive learning, whereas positive PIs indicate appetitive
learning.

6.2.6 Statistical methods
Comparison between two experimental groups was done by using Wilcoxon rank sum
test. To compare experimental groups against chance level, we applied Wilcoxon
signed ranked test (Selcho et al. 2009). All statistical analyses and visualizations
were done with R version 2.8.0 and Windows Excel, respectively. Behavioral data
are presented as box plots, including all values of a given genotype, 50% of the
values being located within the box. The median performance index is indicated as
a bold line within the box plot. Outliers are depicted as small circles. The data in
Figure 1 are presented as line plots. Significance levels shown in the figures refer to
the P value obtained in the statistical tests: n.s. for P ≥ 0.05, * for P < 0.05, **
for P < 0.01, and *** for P < 0.001.

6.3 Results

6.3.1 Experiment 1: Larval survival on specific sugar diet
Led by prior studies on adult Drosophila (Hassett 1949, Burke and Waddell 2011),
we first analyzed how a specific sugar diet affects larval survival. Therefore, we
put first instar wild-type Canton-S larvae into food vials that either contained 1%
agarose or 1% agarose plus 2 M fructose, sucrose, glucose, maltodextrin, sorbitol,
xylose, or arabinose as their sole food source. Daily for 1 week, the percentage
of surviving larvae was calculated for each vial (Figure 1A). The experiment was
completed on day 8 although in several cases, larvae were still alive. For all different
sugar diets, larvae did not pupate.
Larvae kept on an agarose-only diet were used as control. About 50% of them had
died after 2 days; none survived until the end of the experiment (Figure 1B). This
result is in line with data found for adult flies (Hassett 1949; Burke and Waddell
2011). Larvae feeding on agarose that contained in addition fructose, sucrose, or
glucose survived much longer. Even at the end of the experiment, after 8 days, about
50% survived (Figure 1C–E). Raising larvae on agarose containing maltodextrin had
a similar effect on the survival rate: after 8 days about 85% of them were alive,
suggesting a higher nutritional benefit for maltodextrin (Figure 1F). Sorbitol diet
also improved the survival of the larvae compared with pure agarose (Figure 1G).
However, the number of surviving larvae was lower than for the previously mentioned
sugars, only about 4% of the larvae were still alive at the end of the experiment.
Regarding xylose and arabinose, we did not detect any extended lifespan compared
with agarose only (Figure 1H,I). All larvae died in about 3 days.
Taken together, the data suggest that the seven tested sugars differ with respect to
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their nutritional values. Fructose, sucrose, glucose, and maltodextrin and on a lower
level also sorbitol offer carbohydrate sources that prolong larval survival. However,
under these experimental conditions, xylose and arabinose can apparently not be
metabolized.

Figure 1. Larval survival on different sugar diets. A A scheme of the experimental setup.
B-I Percentage survival of wild-type Canton-S larvae that were raised on agarose only B or agarose
containing fructose C, sucrose D, glucose E, maltodextrin F, sorbitol G, xylose H, or arabinose
I. In each panel, larval survival is presented as the mean survival and its standard deviation.
The curve in B indicates baseline survival on pure agarose. Curves in C–F show prolonged larval
survival defined by surviving larvae up to day 8. Curves in G and H show no prolongation of
lifespan compared with baseline survival as all larvae are dead on day 8. Sample size for each data
point is n = 15.
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6.3.2 Experiment 2: Sugar choice
We next tested if naive feeding third instar wild-type Canton-S larvae prefer one
of the seven different sugars dissolved in 2.5% agarose compared with pure 2.5%
agarose (Figure 2A). Preferences were studied at four concentrations: 0.1, 1, 2,
and 4 M. Specifically, we counted the number of larvae after 3 min on a Petri dish
that was split into a sugar containing agarose side and a pure agarose side (Fig-
ure 2A). Schipanski and colleagues (2008) used a similar approach to study the
sugar-dependent choice behavior of naive feeding third instar wild-type larvae for
fructose, sucrose, glucose, and trehalose. Although some of their parameters were
slightly different (e.g., diameter of Petri dish, concentration of agarose and sugar,
test duration), we obtained essentially similar results.
Larvae preferred intermediate concentrations of about 2 M fructose (Figure 2B) and
2 M sucrose (Figure 2C), given a significant difference of the preference indices of 0.1
and 2 M (P = 0.0002 for fructose and P = 0.0006 for sucrose) and the significantly
lower scores for 4 M compared with 2 M (P = 0.015 for fructose and P = 0.0014
for sucrose). Notably, larvae did not show any significant preference for 0.1 M fruc-
tose (P = 0.97) and 0.1 M sucrose (P = 0.24) when tested against pure agarose.
Schipanski and colleagues (2008) further reported that the preferences for glucose
differed from those for fructose and sucrose. Under their test conditions, glucose did
not induce larval choice behavior. Similarly, we also found low preference indices for
glucose, which were significantly different from zero only for 2 M and 4 M (Figure
2D; P = 0.42 for 0.1 M; P = 0.083 for 1 M; P = 0.034 for 2 M and P = 0.0024 for
4 M).
Next we tested larval choice behavior for maltodextrin and sorbitol that had nutri-
tional benefit in the first experiment while being reported to be less palatable for
adult flies. Maltodextrin induced a unique appetitive response in larvae (Figure 2E),
while being highly aversive at 0.1 M (P = 0.00048). No preference was detectable
for 2 M (P = 0.42), whereas 4 M was highly appetitive (P = 0.0033). For sorbitol
the preference was much weaker. Whereas 0.1 M (P = 0.79), 1 M (P = 0.81), and
4 M (P = 0.09) did not elicite any choice behavior, there was a slight preference for
2 M when tested against pure agarose (P = 0.029).
Finally, we used two sugars that were reported to be palatable for adult flies but
were not nutritionally beneficial in the survival assay (Figure 1). For xylose, we only
found weak attraction (Figure 2G). While 0.1 M (P = 0.91), 1 M (P = 0.155) and 4
M (P = 0.056) were not preferred compared with pure agarose, a moderate concen-
tration of 2 M was significantly attractive (P = 0.0068). The larval response for ara-
binose was comparable to fructose and sucrose responses; 0.1 M arabinose dissolved
in agarose was not preferred over pure agarose (Figure 2H; P = 0.46). However,
1, 2, and 4 M arabinose were preferred compared with agarose only (P = 0.014;
P = 0.0025; P = 0.012, respectively). Here again we observed a concentration op-
timum at 2 M as this response was significantly higher than at 1 M (P = 0.0042)
and 4 M (P = 0.0073).
Taken together, all seven sugars were preferred at an intermediate concentration of
2 M (Figure 2). Only for maltodextrin, larvae showed appetitive and aversive choice
responses (Figure 2E). Furthermore, some sugars induced significant responses at
three different concentrations from 1 to 4 M (fructose, sucrose, or arabinose), whereas
three others were only preferred at 2 M, or at 2 and 4 M (glucose, sorbitol, and xy-
lose).
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Figure 2. Larval choice responses for seven different sugars. A A scheme of the exper-
imental setup. A A scheme of the experimental setup. B-I Preference indices are depicted for
fructose, sucrose, glucose, maltodextrin, sorbitol, xylose, and arabinose, respectively. Sample size
for each box plot is n = 12. Significant differences of two groups are indicated at the bottom of each
panel. Differences against zero are given at the top of each panel. n.s. (nonsignificant P > 0.05),
* (P < 0.05), ** (P < 0.01) or *** (P < 0.001).

6.3.3 Experiment 3: Sugar-dependent feeding

We photometrically measured the amount of ingested food in third instar wild-type
Canton-S larvae by placing 30 of them for 30 min on a Petri dish that contained
1% agarose and 2% of a blue dye (indigocarmin). To analyze in which way the
seven different sugars affect feeding, we added each of them individually at 2 M
to the agarose. Relative feeding was calculated by dividing each photometrically
measured sugar-dependent value by the mean agarose feeding scores (Figure 3A).
Thus, a value of 100% for relative feeding represents baseline agarose feeding.
Similar to Schipanksi et al. (2008), we found that baseline feeding is significantly
reduced by adding either fructose or sucrose (Figure 3B; P = 1.2∗10−6 and P = 2.6∗
10−5, respectively). Also glucose, maltodextrin, and sorbitol significantly reduced
feeding of third instar larvae with respect to food ingestion on pure agarose (Figure
3B; P = 4.1 ∗ 10−5, P = 2.9 ∗ 10−5 and P = 1.0 ∗ 10−8, respectively). On the
contrary, xylose and arabinose did not significantly change feeding when compared
with pure agarose feeding (Figure 3B; P = 0.77 and P = 0.68, respectively). Given
the results in Figure 1 that among the seven sugars, only xylose and arabinose do
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not offer nutritional benefit, we suggest that larval feeding is mainly controlled by
a postingestive system that evaluates the nutritional value of a sugar resource at a
concentration of 2 M.

Figure 3. Larval feeding behavior for seven different sugars in relation to baseline
feeding on pure agarose. A A scheme of the experimental setup. B Relative feeding on fructose,
sucrose, glucose, maltodextrin, sorbitol, xylose, and arabinose. All values were normalized for
baseline feeding on pure agarose (100%). Fructose, sucrose, glucose, maltodextrin, and sorbitol
significantly reduce larval feeding. However, xylose and arabinose do not change baseline feeding.
Sample size for each box plot is n = 15. Differences against zero are given at the top of each panel.
n.s. (nonsignificant P > 0.05), * (P < 0.05), ** (P < 0.01) or *** (P < 0.001).

6.3.4 Experiment 4: Larval olfactory learning reinforced by
seven different sugars

In a final experiment, we analyzed the reinforcing potency with respect to odor-
sugar learning of our set of seven sugars at concentrations of 1, 2, and 4 M. We used
a standard assay for analyzing sugar-reinforced associative olfactory learning that
is schematically shown in Figure 4A (Gerber et al. 2004; Michels et al. 2005; Pauls
et al. 2010a; Schleyer et al. 2011; von Essen et al. 2011). Larvae were trained with
two odors one of which was presented together with the respective sugar. Training
was repeated three times. Immediately after training, in the test, the distribution of
larvae between the sugar-paired odor and the unrewarded odor was measured. By
comparing two groups that were trained by either rewarding odor A or odor B, a
performance index reflecting associative olfactory learning was calculated.
Similar to the report by Schipanski et al. (2008), fructose and sucrose had at all
concentrations a similar reinforcing potential to induce appetitive olfactory memory
(Figure 4B, P = 0.0020 compared with zero for all three fructose concentrations;
Figure 4C, P = 0.0.008 for 1 M, P = 0.0019 for 2 M, and P = 0.0020 for 4 M
of sucrose). Also, larvae trained with glucose as a reinforcer showed learning for
all three concentrations (Figure 4D). There was no significant difference between
the three groups if compared pairwise (P > 0.05), and each group significantly
differed from zero (P = 0.014 for 1 M, P = 0.004 for 2 M, and P = 0.002 for
4 M). Remarkably, the sugar-induced behavioral change for maltodextrin differed
from that for all other sugars (Figure 4E). Only 4 M maltodextrin-trained larvae
showed appetitive learning when compared with zero (P = 0.002). Learning at 4 M
was significantly different from learning at 2 M (P = 0.0025) and 1 M (P = 0.014).
Sorbitol, on the other hand, was able to reinforce appetitive learning at all three
concentrations at similar levels (Figure 4F; P > 0.05 for all pairwise comparisons),
which differed significantly from zero (P = 0.006 for 1 M, P = 0.006 for 2 M,
and P = 0.004 for 4 M). Xylose at lower concentrations significantly reinforced
appetitive olfactory learning (Figure 4G), as values for 1 M (P = 0.0019) and 2 M
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(P = 0.0019) were significantly different from zero; however, this was not the case
for 4 M (P = 0.084). Finally, larvae were also significantly attracted to an odor
paired with arabinose at all tested concentrations
In conclusion, we were able to detect significant appetitive olfactory learning for all
seven sugars. Notably, maltodextrin and arabinose seem to reinforce learning more
efficiently at concentrations above 2 or 1 M, respectively, whereas xylose showed the
opposite effect, being more efficient at concentrations below 4 M (Figure 4).

Figure 4. Larval appetitive olfactory learning reinforced by seven different sugars.
A A scheme of the experimental procedure. B–I Performance indices are depicted for fructose,
sucrose, glucose, maltodextrin, sorbitol, xylose, and arabinose, respectively. Sample size for each
box plot is n = 10. Differences against zero are given at the top of each panel. Differences between
two groups are shown if present at the bottom of the panel. n.s. (nonsignificant P > 0.05), *
(P < 0.05), ** (P < 0.01) or *** (P < 0.001).

6.4 Discussion
We systematically analyzed seven different sugars for their effects on survival (Fig-
ure 1), choice (Figure 2), feeding (Figure 3), and learning (Figure 4). Our analysis
includes pentoses (d-xylose and d-arabinose), hexoses (d-fructose and d-glucose), a
disaccharide (d-sucrose), a polysaccharide (maltodextrin), and a polyhydric alcohol
(d-sorbitol) at different concentrations. In the following, we discuss each of these
behaviors separately and outline how these results can be integrated into our current
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understanding regarding the neuronal circuits and mechanisms of larval chemosen-
sation (Figure 5).

6.4.1 Survival

In our first experiment, we tested how specific sugar diets affect larval survival. We
used wild-type Canton-S first instar larvae 24 h after egg laying, that is, shortly
after hatching. Constantly feeding with fructose, sucrose, glucose, maltodextrin, or
sorbitol supported larval survival for up to 8 days (although for sorbitol this is only
true for a small number of individuals) (Figure 1). Thus, all of these sugars offered
a nutritional benefit to the larvae compared with pure agarose, although larval de-
velopment was retarded in all cases, likely due to the lack of protein containing food
resources (data not shown). We found that xylose and arabinose did not offer a
nutritional benefit for the larvae because none survived till day 8 (Figure 1). How-
ever, additional factors may complicate the direct correlation of survival and sugar
dependent nutritional benefit. For instance, our data indicate that larvae ingest less
sorbitol compared with all other sugars (Figure 3). Thus, it is possible that the re-
duced survival on sorbitol is based on a reduced feeding rate. In this case, we would
underestimate the nutritional benefit of sorbitol. In addition, larvae die even faster
on arabinose compared with agarose only (Figure 1). Therefore, we cannot exclude
a poisonous effect of arabinose (e.g by changing the metabolism of the larvae or even
more directly). Interestingly, a similar potential detrimental effect for arabinose was
also shown for adult Drosophila (Hassett 1949; Burke and Waddell 2011). Also in
this case, we underestimate the nutritional benefit of the sugar resource.
However, the effects we observe are similar to those reported by Hassett (1949), de-
scribing that adult flies exclusively fed with fructose, sucrose, glucose, maltodextrin,
or sorbitol showed increased survival compared with controls fed with agarose only.
In his studies, sorbitol was least efficient as about 50% of the adult flies were dead
after 5 days. In contrast to our data, maltodextrin was less efficient in his assay, as
after 8 days, 50% of the adult flies were dead. Hassett’s results were recently con-
firmed by two independen studies. Fujita and Tanimura (2011) showed that either
glucose or to a lesser extent sorbitol offer a nutritional benefit, which allowed adult
flies to survive for up to 120 h. Burke and Waddell (2011) fed sucrose, fructose,
maltodextrin, and sorbitol to adult flies and demonstrated its nutritional benefit
allowing survival up to 96 h. Taken together, all studies convincingly demonstrated
that fructose, sucrose, glucose, maltodextrin, and sorbitol each offers a nutritional
benefit for the fly. The same seems to be true for larvae.
Consistent with our data that neither xylose nor arabinose offers any nutritional
benefit to larvae (Figure 1), Hassett (1949) showed that neither arabinose nor xy-
lose feeding allows half of the tested adult flies to survive for more than 3 days.
These results were recently reproduced by Burke and Waddell (2011) as they also
found no extension in lifespan for adult Drosophila fed on arabinose or xylose com-
pared with adult flies raised on pure agarose. Thus, for the two tested sugars that
did not extend larval survival (Figure 1), similar results were obtained with adult
flies, suggesting that independent of the different developmental stages the same
metabolic pathways are used to exploit sugar-dependent energy sources.
Interestingly, it seems that the ability to exploit sugar as energy source is partially
conserved between insects and humans. Fructose and glucose are metabolized any-
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where in the body (Stryer 1999). The same is true for the disaccharide sucrose,
which is composed of fructose and glucose (Stryer 1999). The polysaccharide mal-
todextrin consists of glucose units linked as chains of variable length, which are as
rapidly digested and absorbed as glucose (Chao et al. 1969; Chao and Graves 1970;
Chao and Weathersbee 1974). Sorbitol can be converted in humans to fructose and
is therefore also metabolized; it is also known as the food additive E420 (Wick et
al. 1951; Olmsted 1953; Stryer 1999). On the contrary, xylose is not metabolized
in humans and is excreted by the kidneys (Chasis et al. 1933; Hemingway 1935;
Shannon and Smith 1935). Arabinose is a naturally occurring monosaccharide that
is not used as sweetener in human food, so the metabolic value is unknown.
Taken together, the seven different sugars used in our study can likely be classified in
two groups, similar as in humans: A group that offers nutritional benefit (fructose,
sucrose, glucose, maltodextrin, and sorbitol) and a group that does not (xylose and
arabinose).

6.4.2 Choice behavior

Sugar-induced choice behavior of naive larvae between pure agarose and agarose
mixed with different sugars at various concentrations was tested in an established
Petri dish assay (Gerber and Stocker 2007). All seven sugars significantly induced
appetitive larval choice behavior (Figure 2). However, some of them showed a
stronger response than others. Similar to Schipanski et al. (2008), fructose and
sucrose supported a strong and fast response for concentrations of 1 M and higher
(Figure 2). The same was also true for arabinose. Moreover, in line with the initial
study was the result that glucose induces weaker attraction at concentrations of 2
M and higher (Schipanski et al. 2008). Sorbitol and xylose only showed a signifi-
cant response at 2 M (Figure 2). Interestingly, larval maltodextrin-induced choice
behavior was different, with respect to not only its strong attraction at 4 M but
also its avoidance at lower concentrations (Figure 2). The reason for the opposing
effect is unknown. Taken together, our data support the idea that larval preference
responses toward sugars follow an optimum function (Schipanski et al. 2008).
In adult flies, sugar-dependent choice behavior was often measured as the ability of a
sugar to induce a proboscis extension response (PER) (DeJianne et al. 1985; Vaysse
et al. 1988; Fujishiro et al. 1990; Wang et al. 2004; Chabaud et al. 2006; Inoshita
and Tanimura 2006; Shiraiwa and Carlson 2007; Gordesky-Gold et al. 2008; Wong
et al. 2009; Masek and Scott 2010; Marella et al. 2012). Similar to our findings,
sucrose, fructose, and arabinose induce PER very efficiently in adult flies, whereas
sorbitol and xylose have only a limited potential (Gordesky-Gold et al. 2008; Burke
and Waddell 2011). Even the response to glucose was reduced compared with fruc-
tose or sucrose (Gordesky-Gold et al. 2008). Thus, the similar response profiles for
larvae and adults triggered by each of these sugars might support a conservation of
the underlying neuronal mechanism. In addition, it is remarkable that neither larval
nor adult choice behavior depends on the nutritional value of the sugar, as arabinose
triggers these responses similar to fructose or sucrose (Gordesky-Gold et al. 2008;
Burke and Waddell 2011). However, the similar response profiles for larval choice be-
havior regarding sorbitol and xylose might suggest that nutritional value–dependent
and nutritional value–independent information of a sugar can induce the behavior.
Yet, these conclusions have to be handled with care, given the limited information
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on larval sugar sensation (Colomb et al. 2007; Kwon et al. 2011). In addition,
we cannot exclude other stimuli that might significantly affect larval choice behav-
ior, such as differences in the viscosity, osmolarity, and surface structure of the two
halves of the Petri dish that either contain sugar or did not contain sugar.

6.4.3 Feeding behavior
In our third experiment, we photometrically measured the amount of ingested food,
either on agarose plates containing only the dye indigocarmine or on plates onto
which one of the seven sugars was added (Figure 3). Similar to Schipanski et al.
(2008), we found reduced food intake in larvae when 2 M fructose or 2 M glucose
was present. The same was true for glucose, maltodextrin, and sorbitol, sugars that
all offer a nutritional benefit for the larvae (although potentially limited in the case
for sorbitol). On the contrary, xylose and arabinose did not reduce larval food intake
(Figure 3), two sugars that do not have a nutritional benefit for the larvae. Thus,
we suggest that at this concentration, a postingestive evaluation system exists that
recognizes the nutritional value of a sugar and downregulates larval food intake.
Interestingly, for even lower sucrose and fructose concentrations, Schipanski et al.
(2008) did not only report a lack of repression of food intake but even a modest
upregulation. Thus, the nutrition-dependent downregulation of feeding seems to
be restricted to high sugar concentrations allowing an appropriate exploitation of
energy rich-food sources.

6.4.4 Learning
The reinforcing potency of sugar-mediated olfactory associative learning was ana-
lyzed using a well-established assay, in which larvae were trained with two odors:
one paired with sugar and the other one presented alone (Gerber and Stocker 2007).
After training, in the test situation, larvae were allowed to distribute between the
two odors. The associative character of the calculated performance index is given
by the comparison of two groups that received reciprocal training (either first odor
or second odor paired with sugar). Appetitive olfactory learning can efficiently be
reinforced by all of the seven tested sugars when tested directly after training (Fig-
ure 4). For five of them, this is even true for all tested concentrations. In detail,
fructose, sucrose, glucose, sorbitol, and arabinose at concentrations from 1 to 4
M - when paired with an odor - induce a positive association when tested after-
ward. Furthermore, for three of these (fructose, glucose, and sorbitol) there was no
concentration dependence for its reinforcing function. However, for sucrose and ara-
binose, learning scores significantly increased at higher sugar concentrations (Figure
4). Only maltodextrin and xylose did not efficiently induce an appetitive olfactory
memory at all tested concentrations. Whereas larvae trained with maltodextrin did
not show any performance at concentrations of 2 M and below, the opposite was
true for xylose-trained animals. Here only concentrations of 2 M and below induced
significant performance scores (Figure 4). Interestingly, for maltodextrin, we found
no aversive odor sugar learning at a concentration of 1 M, although larvae avoid
maltodextrin at this concentration in the choice assay (Figure 2E). Thus, aversive
choice behavior is not directly correlated with aversive odor-sugar learning. This
result is in line with data published for larval low-salt learning, as larvae usually
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Figure 5. The effect of sugar-related information on larval survival, choice, feeding
and learning. A Nutrition-dependent information affects all tested behaviors: survival, feed-
ing, choice, and learning. B Nutrition-independent information of sugars is necessary for choice
behavior and learning but does affect neither the survival of larvae nor their feeding behavior.

avoid a concentration of 0.375 M sodium chloride but form an appetitive association
if the same concentration of sodium chloride is paired with an odor (Niewalda et al.
2008).
Similar to Schipanski et al. (2008), we also found that high concentrations of sucrose
and fructose act as potent reinforcers while only being little effective in governing
choice behavior. They both might reach the asymptote at around 1 to 2 M with-
out any decrement at higher concentrations. The same effect was also reported for
an assay that used individual larvae instead of groups (Neuser et al. 2005). In-
terestingly, we also found that sugars irrespective of their nutritional benefit can
induce appetitive olfactory learning at all tested concentrations. This suggests that
the reinforcing function of a particular sugar is not exclusively based on its nutri-
tional value. Given the fact that we found learning for all tested sugars, we argue
that either nutritional value–dependent or nutritional value–independent informa-
tion alone can reinforce appetitive olfactory learning. Thus, reinforcement in larvae
may not be based on a single appetitive input, but rather on a complex function
or at least on two different but parallel reinforcing stimuli that potentially establish
independent types of appetitive memory.
Interestingly, in adult flies, too, it was recently suggested that the nutritional value
of a sugar can be learned (Burke and Waddell 2011; Fujita and Tanimura 2011).
However, also arabinose that induces a PER but does not support survival can act
as an appetitive reinforcer (Burke and Waddell 2011). Interestingly, arabinose was
only able to efficiently induce adult short-term memory but not long-term memory.
Thus, short-term memory in larvae and adult flies can be reinforced by different
types of sugars depending on nutritional value and also additional stimuli apart
from the nutritional benefit of the sugar. This might not be the case for long-term
memory, as only sugars offering a nutritional benefit were able to induce a stable
high performance level in adult flies when tested after 24 h (Burke and Waddell
2011).
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6.4.5 Outlook
We have analyzed how different sugars affect four different behaviors in Drosophila
larvae. Similar to a previous study, we have uncovered discrepancies between the
dose-effect functions of sugars with regard to choice compared with their reinforcing
potency (Niewalda et al. 2008; Schipanski et al. 2008; Schleyer et al. 2011).
We did not find any correlation between choice and learning behavior on the one
hand and the nutritional benefit of the tested sugars on the other. Thus, both the
nutritional value of a sugar and nutrition-independent signaling are sufficient for
the execution of these behaviors. This may be different for larval feeding, which
seems to depend mainly on the nutritional value of a sugar. Given the importance
for the constantly feeding larvae to initiate an appropriate behavioral response that
maximally exploits a sugar source, by extracting and learning all kinds of possible
parameters, sugar perception by a multidimensional system that includes peripheral
and even postingestive mechanisms appears most reasonable (Figure 5). However,
sugar sensation is likely even more complex, as larval feeding was suggested to be
under neuropeptide control. It was reported that wandering third instar larvae
switch from food attraction to food aversion regulated via neuropeptide F signaling.
Thus, sugars may also induce aversive behaviors within a specific developmental
time frame (Xu et al. 2008). Our data clearly demonstrate that different types of
sugars are not only vital for Drosophila larvae, but can also be perceived by them.
The lack of information about the basic organization (and even the existence) of
external and internal sugar-sensing neurons or about sugar processing in the larval
brain is therefore very puzzling. Our set of experiments provide first insights into
how sugars may be perceived and evaluated at a behavioral level. In a next step,
it should now be possible to uncouple the nutrition-dependent and -independent
sugar-sensing systems that so far complicated a neuronal and molecular analysis.
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Summary
Experiences always leave traces of memory in the nervous system, which help liv-
ing organisms to cope with and adapt to upcoming events in their changing en-
vironment. Associative learning, for instance, such as Pavlovian is a keystone in
forecasting actions from previously encountered environmental stimuli. However,
memory formation is a highly complex and dynamic process and involves the timely
and spatially control of different neuronal circuits and molecular mechanism, which
mostly generate distinct temporal memory phases. Usually, they are classified as
short-lasting or longer-lasting memories. Genetic dissection in Drosophila revealed
at least four temporally and mechanistically different memory phases, which are
controlled on several distinct molecular and neuronal levels. Compared to adult
Drosophila, memory formation was only sporadically analyzed at its larval stage.
Here we deconstruct the larval mnemonic organization after aversive olfactory con-
ditioning. We show that after odor-high salt conditioning larvae form two parallel
memory phases: short lasting component and for the first time in larvae an anesthe-
sia resistant component. We identified that larval short term memory depends on
cyclic adenosine 3’5’-monophosphate (cAMP) signaling and requires the activity of
the synaptic vesicle protein synapin. Contrary, the anesthesia resistant component
relies highly on the radish gen function, protein kinase C activity and the involve-
ment of the protein Bruchpilot, which is a member of the active zone. Furthermore it
requires presynaptic output of mushroom body Kenyon cells and dopamine function.
Given the numerical simplicity of the larval nervous system this work offers a unique
prospect for studying memory formation of defined specifications, at full-brain scope
with single-cell, and single-synapse resolution.
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Abstract: Memory formation is a highly complex and dynamic process. It consists
of different phases, which depend on various neuronal and molecular mechanisms.
In adult Drosophila it was shown that memory formation after aversive Pavlovian
conditioning include - besides other forms - a labile short-term component that con-
solidates within hours to a longer-lasting memory. Accordingly, memory formation
requires the timely controlled action of different neuronal circuits, neurotransmitters,
neuromodulators and molecules that were initially identified by classical forward
genetic approaches. Compared to adult Drosophila, memory formation was only
sporadically analyzed at its larval stage. Here we deconstruct the larval mnemonic
organization after aversive olfactory conditioning. We show that after odor-high
salt conditioning larvae form two parallel memory phases; a short lasting compo-
nent that depends on cyclic adenosine 3’5’-monophosphate (cAMP) signaling and
synapsin gene function. In addition, we show for the first time for Drosophila lar-
vae an anesthesia resistant component, which relies on radish and bruchpilot gene
function, protein kinase C activity, requires presynaptic output of mushroom body
Kenyon cells and dopamine function. Given the numerical simplicity of the larval
nervous system this work offers a unique prospect for studying memory formation
of defined specifications, at full-brain scope with single-cell, and single-synapse res-
olution.
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7.1 Introduction

Experience leaves traces of memory in the nervous system. This assists organisms
to predict and adapt to events in their environment. Both invertebrates and verte-
brates possess a variety of different learning mechanisms [1, 2]. Associative learning,
for instance, enables animals to draw on past experience to predict the occurrence
of food, predators or social partners [3]. Several studies in vertebrates and inver-
tebrates have revealed that associative memories consist of distinct phases, which
differ in duration and time of expression. Throughout the animal kingdom, a labile,
short-term memory can be distinguished from a robust, long-term memory [4–6].
Long-term memory - in contrast to short-term memory - is resistant to anesthetic
disruption and depends on consolidation processes including de-novo protein syn-
thesis [4,6–9].
Genetic studies in adult Drosophila following olfactory classical conditioning us-
ing electric shock as a negative reinforcer have identified distinct temporal memory
phases - short-term memory (STM), middle-term memory (MTM), long-term mem-
ory (LTM) and a so-called anesthesia-resistant memory (ARM) [10,11]. STM and
MTM are both considered to be unconsolidated whereas ARM and LTM are con-
solidated forms of memory. The main property of STM and MTM is a dependency
on the cyclic adenosine 3’5’-monophosphate (cAMP) pathway [12] as exemplified
by early studies of rutabaga (rut) encoded type I Ca2+-dependent adenylyl cyclase
(AC1) [13,14] and dunce (dnc) encoded type 4 cAMP-specific phosphodiesterase
(PDE4) [15–17]. Consolidated LTM and ARM are assumed to be represented by sep-
arate molecular pathways [18]. In contrast to ARM formation, LTM requires cAMP
response element-binding protein (CREB) dependent transcription and de-novo pro-
tein synthesis [10,19,20]. Nevertheless, ARM is resistant to anesthetic agents [21],
which cause retrograde amnesia in both invertebrates and vertebrates [6,8,21,22].
Furthermore ARM formation requires the activity of the radish gene [23,24]. Taken
together, in adult Drosophila classical conditioning following odor-electric shock re-
inforcement establishes at least four sequential and/or parallel memory phases (but
see also [25] for a further subdivision of ARM). However, there is growing evidence
that things are unlikely to be as straightforward as originally envisaged. For exam-
ple, changing parameters of the training regime, such as feeding state, age of flies,
timing of the stimuli and the reinforcing stimulus affects distinct aspects of memory
formation and in the most extreme case leads to a mechanistically different type of
memory being formed [26–29].
Based on the above described,well-established genetic interventions that have func-
tional implications for adult Drosophila we have analyzed memory formation at the
larval stage. Although Drosophila larvae are able to form olfactory and visual mem-
ories [30–41], only a few studies have described larval memory formation in more de-
tail. Larval olfactory memory also consists of different phases [32,36,40,42,43]. How-
ever, some of the studies identified only a short-lasting memory [32,42], while others
studies came to the conclusion that the larval memory consists of both, a short-
lasting and a long-lasting component [36,40,43]. Furthermore, genetic dissection of
the larval memory linked memory formation to the cAMP pathway [32,36,40,42,43].
However, two of these studies have shown in addition, that rsh1 mutants and turnip
(tur) mutants, which are reduced in protein kinase C (PKC) activity, showed an
impairment in larval memory [36, 40]. Recapitulating the appearance of sequen-
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tial and/or parallel memory phases in larvae is rather difficult, since these molecu-
lar processes were suggested to be independent of cAMP signaling. Here we have
deconstructed the larval mnemonic organization after odor-high salt conditioning.
Therefore we adapted paradigms from adult Drosophila, which allowed us to iden-
tify different components of larval memory. We applied (i) a cold shock in order
to identify an anesthesia resistant form and (ii) blocked protein synthesis in order
to distinguish protein synthesis independent from the protein synthesis dependent
forms. We have shown that depending on the training regime Drosophila larvae are
capable of forming distinct memory phases. Following odor-high salt training we
identify three different specifications. We describe for the first time an anesthesia
resistant memory in larvae (lARM) that it is not affected by cold shock treatment
and is evident for up to four hours after training. The component (we use this term
here as we were not able to distinguish between the acquisition, consolidation and
retrieval of lARM) relies on radish and bruchpilot gene function, as well as presynap-
tic output of mushroom body Kenyon cells (MB KCs) and dopaminergic signaling.
Furthermore, it utilizes the PKC pathway in contrast to traditional cAMP signaling.
Second,we describe a short lasting component (evident for up to 20 minutes after
one cycle training) that depends on traditional cAMP signaling and synapsin gene
function. Third, we identify a CREB dependent component that requires a spaced
training protocol, which is composed of five cycles of conditioning spaced by rest
intervals of 15 minutes.

7.2 Material and methods

7.2.1 Fly stocks and maintenance
Fly strains were reared on standard Drosophila medium at 25◦C or 18◦C in constant
darkness or with a 14/10 hr light/dark cycle. For behavioral analysis we used rut1,
rut2080, dnc1, rsh1 [14,17,24] (kindly provided by T. Preat), DCOB3, DCOH2 [27]
(kindly provided by M. Saitoe), fumin [78] (kindly provided by M. Heisenberg) and
syn97 [54, 111] (kindly provided by B. Gerber) mutants. All lines were outcrossed
over several generations with wild type Canton-S that was used as a genetic control.
In addition, we used the two dopamine receptor mutants damb and dumb2 and their
genetic controls [71]. Note, that in contrast to earlier studies the damb mutant
was outcrossed to Canton-S over several generations. To rescue the rsh dependent
phenotype by artificial ubiquitous rsh expression we used rsh1; hs-rsh larvae [23]
(kindly provided by T. Zars). To express Gal4 in all larval KCs we used the driver
line OK107 [48,113] (DGRC no. 106098). UAS-shits1 was used to acutely block
synaptic output from KCs [49] (BDSC no. 7068). In addition, we used the four
effector lines UAS-EGFRDN [68] (kindly provided by T. Roeder), UAS-RNAiB3C8

[59] (kindly provided by H. Tanimoto), UAS-PKCi [114] (kindly provided by B.
Brembs), and UAS-Creb2-b [115] (kindly provided by S.Waddell).

7.2.2 Aversive olfactory conditioning
Experiments were conducted on assay plates (85mm diameter, cat. no. 82.1472,
Sarstedt, Nu"umbrecht) filled with a thin layer of 2.5% agarose containing either
pure agarose (Sigma Aldrich cat. no.: A5093, CAS no. 9012-36-6) or agarose plus
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reinforcer. We used 1.5M and 2.0M sodiumchloride (Sigma Aldrich cat. no. S7653,
CAS no. 7647-14-5) [44], 2.0M fructose (Sigma Aldrich cat. no. 47740, CAS no.
57-48-7) [110, 116] and 6mM quinine (quinine hemisulfate salt monohydrate, Sigma
Aldrich cat. no. Q1250, CAS no. 207671-44-1) [34, 45]. As olfactory stimuli,
we used 10 µl amyl acetate (AM, Fluka cat. no. 46022; CAS no. 628-63-7; diluted
1:250 in paraffin oil, Fluka Cat. No.: 76235, CAS No.: 8012-95-1) and benzaldehyde
(BA, undiluted; Fluka Cat. No.: 12010, CAS No.: 100-52-7). Odorants were loaded
into custom-made Teflon containers (4.5-mm diameter) with perforated lids [109].
Learning ability was tested by exposing a first group of 30 animals to AM while
crawling on agarose medium containing in addition sodium chloride as a negative
reinforcer. After 5 min, larvae were transferred to a fresh Petri dish in which they
were allowed to crawl on pure agarose medium for 5 min while being exposed to BA
(AM+/BA). A second group of larvae received the reciprocal training (AM/BA+).
If not stated otherwise, three training cycles are used. Depending on the memory
retention larvae were transferred onto another agarose plate prior to training and
kept for the indicated time before testing thememory. To increase humidity tap
water was added. Memory is tested by transferring larvae onto test plates on which
AM and BA were presented on opposite sides. For fructose reinforcement the test
plates contains pure agarose whereas for sodium chloride and quinine reinforcement
agarose plates containing the respective reinforcer are used. After 5 min, individuals
were counted as located on the AM side (#AM), the BA side (#BA), or in a 1 cm
neutral zone. By subtracting the number of larvae on the BA side from the number
of larvae on the AM side, and dividing by the total number of counted individuals
(#TOTAL), we determined a preference index for each training group:

PREFAM+/BA = (#AM −#BA)
#TOTAL

PREFAM/BA+ = (#AM −#BA)
#TOTAL

(7.1)

To measure specifically the effect of associative learning that is of the odor-reinforcement
contingency, we then calculated the associative performance index (PI) as the dif-
ference in preference between the reciprocally trained larvae:

PI = PREFAM+/BA − PREFAM/BA+

2 (7.2)

Negative PIs thus represent aversive associative learning,whereas positive PIs indi-
cate appetitive associative learning. Division by 2 ensures scores are bound within
(−1; 1).

7.2.3 Heat-shock treatment

Heat shocks were applied for six hours. Therefore, food vials with six days old
larvae were transferred into an incubator at 35◦C. We heat-shocked the w,rhs1;hs-rsh
transgenic flies, rsh1 mutants and as controls wild type and w1118 larvae. Afterwards
each group received an aversive olfactory training regime at room temperature.
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7.2.4 Cold-shock treatment
For cold-shock experiments larvae were incubated in ice tap water (4◦C) for one
minute. Larvae were allowed to recover by transferring them onto agarose plates.
They started moving within one minute and were kept on the agarose plates at 23◦C
until testing.

7.2.5 Cycloheximide treatment
To test if aversive olfactory learning is dependent on de novo protein synthesis, wild
type larvae were fed 35 mM cycloheximide (+CXM; Sigma Aldrich cat. no. C7698;
CAS o. 66-81-9) in 5% sucrose (w/v), 5% sucrose alone (-CXM) or tab water (-
CXM, -SUC) for 20 hours before the experiment [10]. Therefore, 300 ml of solution
was added into food vials. Before the experiment larvae were gently transferred to
an empty Petri dish and washed with tap water before training and testing.

7.2.6 MPH feeding
Methylphenidate (MPH; Sigma Aldrich cat. no. M2892; CAS no. 298-59-9), was
orally administered to the larvae, as it was shown that oral consumption of MPH is
sufficient to inhibit theDrosophila dopamine transporter [80]. MPH was diluted in
tap water with a concentration of 2 mM, stored in the refrigerator and used within
7 days. MPH was applied for one hour to a group of 30 larvae in Petri dishes with
an inner diameter of 35 mm (Greiner). Afterwards larvae were gently transferred to
an empty Petri dish and washed with tap water before training and testing.

7.2.7 Acutely blocking synaptic output with shibirets

To acutely block synaptic output we used UAS-shits1 [49]. Immediately before the
experiment, larvae were incubated for 2 min in a water-bath at 37◦C. The behavioral
experiments were then performed as described before, at restrictive temperature
of about 35◦C in a custom made chamber placed within a fume hood. Control
experiments were performed with incubation at room temperature and at permissive
temperature of about 23◦C.

7.2.8 Statistical methods
All statistical analyses and visualizations were done with GraphPad Prism 5.0.
Groups that did not violate the assumption of normal distribution (Shapiro–Wilk
test) and homogeneity of variance (Bartlett’s test) were analyzed with parametric
statistics: unpaired t-test (comparison between two groups) or One way ANOVA
followed by planned pairwise comparisons between the relevant groups with a Tukey
honestly significant difference HSD post hoc test (comparisons between groups larger
than two). Experiments with data that were significantly different from the assump-
tions above were analyzed with non-parametric tests, such as Mann–Whitney test
(comparison between two groups) or Kruskal–Wallis test followed by Dunn’s multi-
ple pairwise comparison (comparisons between groups larger than two). To compare
single genotypes against chance level, we used One sample t test or Wilcoxon signed
rank test. For statistical test concerned with factors equal two or more, two way
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ANOVA was applied followed by the planned pairwise multiple comparisons (Bon-
ferroni). The significance level of statistical tests was set to 0.05. Figure alignments
were done with Adobe Photoshop. Data were presented as box plots, 50% of the
values of a given genotype being located within the boxes, whiskers represent the
entire set of data. Outliers are indicated as open circles. The median performance
index was either indicated as a bold line and themean as a cross within the box
plot or symbol expressed as means ± s.e.m. Unless stated otherwise, all olfactory
conditioning experiments are n = 16.

7.2.9 Immunostaining
Third instar larvae were put on ice and dissected in phosphate-buffered saline (PBS)
[71,117,118]. Brains were fixed in 3.6% formaldehyde (Merck, Darmstadt) in PBS
for 30 min. After eight times rinsing in PBT (PBS with 3% Triton-X 100, Sigma-
Aldrich, St. Louis,MO), brains were blocked with 5% normal goat serum (Vector
Laboratories, Burlingame, CA) in PBT for 2 hours and then incubated for two days
with primary antibodies at 4◦C. Before applying the secondary antibodies for two
days at 4◦C, brains were washed eight times with PBT. After secondary antibody
incubation, brains were washed eight times with PBT and mounted in Vectashield
(Vector Laboratories, Burlingame, CA) between two cover slips and stored at 4◦C in
darkness. Images were taken with a Zeiss LSM510M confocal microscope with x25 or
x40 glycerol objectives. The resulting image stacks were projected and analyzed with
Image-J (National Institutes of Health, Bethesda,Maryland, http://imagej.nih.gov/
ij) software. Contrast and brightness adjustment as well as rotation and organization
of images were performed in Photoshop (Adobe Systems Inc., San Jose, CA).

7.2.10 Antibodies
To analyze the expression pattern of OK107-Gal4 rabbit anti-GFP antibody (A6455,
Molecular Probes; 1:1000) and two different mouse antibodies for staining the cholin-
ergic neuropil (ChAT4B1; DSHB, Iowa City, IA, 1:150) and axonal tracts (1d4 anti-
Fasciclin 2; DSHB, Iowa City, IA; 1:50) were applied [71,117]. A specific antibody
for the Synapsin protein was used to verify the mutation syn97 (monoclonal mouse
anti-syn, 3C11; DSHB, Iowa City, IA, 1:10) [54]. To analyze if the expression level
of Bruchpilot is specifically reduced in the MB KCs by driving UAS-RNAiB3C8 via
OK107-Gal4, monoclonal mouse anti-nc82 was used (nc82, DSHB, Iowa City, IA,
1:10) [58]. As secondary antibodies goat anti-rabbit IgG Alexa Fluor 488 (A11008,
Molecular Probes, 1:200) and goat anti-mouse IgG Alexa Fluor 647 (A21235, Molec-
ular Probes, 1:200) were used.

7.3 Results

7.3.1 Drosophila larvae establish an aversive olfactory mem-
ory that lasts several hours

Third instar Drosophila larvae are able to learn to associate an odor with punishing
high salt concentrations [39,44]. Thus we utilized a well-established and standard-
ized two odor reciprocal olfactory conditioning paradigm with 1.5M sodium chloride

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
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(NaCl) as negative reinforcement and tested memory persistence by assaying lar-
vae at increasing times after training (Fig 1A). Please note that the standardized
paradigm consists of three training trials (Fig 1B). Significant aversive olfactory
memory was evident up to four hours after training (Fig 1C). However, the memory
exhibited a gradual decay as the time interval increased and was no longer statis-
tically significant after five hours (Fig 1C). The result is supported by nonlinear
regression analysis, which describes the retention curve of odor-high salt memory
through an exponential decay function (Fig 1C). This suggests that the initially
formed odor-high salt memory gradually decays over time.

Fig 1.: Aversive olfactory memory after odor-high salt conditioning lasts up to four
hours A: Schematic drawing of the used two odor reciprocal training paradigm. During training,
thirty larvae receive the odor n-amylacetate (AM) paired with an aversive reinforcer (high salt
concentration) while benzaldehyde (BA) was presented alone (AMSalt / BAPure) (Group 1). Group
2 receives the reverse contingency (AMPure / BASalt). The training was three times repeated.
During test both odors are presented on opposite sides. After 5 minutes the number of larvae on each
odor side is counted for both reciprocally trained groups and a performance index (PI) is calculated
that quantifies associative olfactory memory. B: Flowchart that summarizes the details of the
behavioral paradigm in an alternative way. This representation is used throughout the manuscript.
Note, for simplification the reciprocally trained group is not shown. C: Larval aversive olfactory
memory using three training repetitions was tested in wild type larvae at different time points after
conditioning ranging from 0±300 minutes. The aversive memory is stable up to four hours (One
sample t test, p < 0.05 for t = [0; 250min]; p > 0.05 for t = 300min). The memory decay was
fitted into an exponential decay function (nonlinear regression analysis, R2 = 0.257, τ = −145.9).
Memory performance significantly different from random distribution (p < 0.05) is indicated in
black, random distribution (p ≥ 0.05) in light grey. Sample size is n = 16 for each group. All data
are given as means ±s.e.m.
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7.3.2 Aversive olfactory learning and memory is indepen-
dent of de-novo protein synthesis and resistant to cold
shock

Our data show that larvae can associate odors with high salt punishment and that
the learning dependent change in behavior lasts several hours. In adult Drosophila
two types of longer-lasting memories were described, called ARM and LTM. Besides
being resistant to anesthetic disruption, ARM is apparently independent of protein
synthesis [29]. Yet, LTM formation requires de novo protein synthesis [10,19]. In
order to test if the memory is dependent on de novo protein synthesis, we fed lar-
vae the translation-inhibitor cycloheximide (CXM) 20 hours before the experiment
[10]. Then odor-high salt memory was tested immediately or 60 minutes after three
cycle standard training (Fig 2A). Performance was unaffected by CXM treatment
(Fig 2A and S1A Fig), suggesting that the formed memory is independent of de
novo protein synthesis. This conclusion is further supported by two additional find-
ings. First, the deleterious effect of blocking protein synthesis using CXM became
apparent by constantly feeding CXM over a longer period of time. CXM treated
larvae did neither pupate nor eclose in contrast to both control groups (S1B Fig).
Second, the transcription factor cAMP response element binding protein (CREB)
is universally required for LTM, and it has been reported that a dominant-negative
dCreb2b repressor transgene driven by a heat-shock promoter (hs-dCreb2b)reduces
LTM formation in a heat-shock dependent manner [19,20]. Expression of dCreb2b
via OK107-Gal4 specifically in the larval MB Kenyon cells did not change odor-high
salt memory tested immediately or 60 minutes after training when compared to both
genetic controls (Fig 2B and S1C Fig). Yet, adult Drosophila are only capable of
forming LTM following a spaced training protocol composed of at least five cycles of
conditioning separated by inter-trial intervals of 15 minutes [10,11,25]. Therefore we
established a spaced training paradigmfor larval odor-high salt conditioning (S1D
Fig; five training cycles, 15 minutes inter-trial interval). Spaced training induced a
learning dependent change of the behavior of two genetic control groups, but not
in the behavior of transgenic larvae expressing dCreb2b via OK107-Gal4 specifically
in the larval MB Kenyon cells (S1D Fig). Thus, the obtained results suggest that
the established type of odor-high salt memory is paradigm dependent. However, the
prominent component established following three cycle standard training is indepen-
dent of protein synthesis - and therefore by a general criteria of memory formation
not LTM.
Next, we tested whether odor-high salt memory following three cycle standard train-
ing is resistant to anesthesia. We established a cold shock treatment protocol. We
trained larvae as described before but put them directly into cold water (4◦C) for
one minute after training. Larvae were then transferred onto a room temperature
agar plate to recover and memory was tested after different retention times. As
shown in Fig 2C (see also S2C Fig) applying a cold shock treatment did not disrupt
odor-high salt memory tested 10, 60, 120 and 180 minutes after training (10 minutes
is necessary for recovery from the cold). Even applying a stronger cold shock of 5
minutes, which completely paralyzed larvae, did not affect odor-high salt memory
(S2B Fig). We also tested whether cold shock treatment applied 0, 10, 20 or 40
minutes after training disrupted 60 minutes memory. Again, no significant defect
was revealed (Fig 2D and S2D Fig). To test if larval memory following three cy-
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cle standard training is in general resistant to cold shock treatment we additionally
used 6mM quinine as a negative reinforcer [34,45] and 2.0M fructose as an appetitive
reinforcer (Fig 2E and 2F). For both stimuli the established memory was resistant
to cold shock treatment. Please note that in case of fructose reinforcement the ob-
tained memory was partially reduced. Implications for larval appetitive olfactory
learning and memory are later discussed. All in all, our results show for the first
time that larvae independent of the applied reinforcer are able to form a type of
anesthesia resistant memory.

Fig 2.: Drosophila larvae establish an anesthesia resistant type of memory (lARM.)
Training and different treatment protocols are shown at the top of each panel. A: Effect of cy-
cloheximide (CXM) on larval aversive olfactory memory of wild type larvae tested directly and
60 minutes after three cycle standard training. Application of CXM 20 hours before training did
neither affect aversive olfactory memory at 0 minutes nor at 60 minutes after training (Two way
ANOVA, p = 0.313).
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B: Expression of a dominant-negative dCREB2-b repressor transgene (dCREB2-b) in MB KCs via
OK107-Gal4 did not affect larval aversive olfactory memory tested 0 and 60 minutes after three
cycle standard training (Two way ANOVA, p = 0.134 between the experimental group OK107-
Gal4/UAS-dCREB2-b and both control groups). C: Effect of cold shock application on the retention
of larval aversive olfactory memory. Directly after training wild type larvae received a one minute
cold shock at 4◦C. The memory was tested 10, 60, 120 and 180 minutes after three cycle standard
training. Cold shock application did not reduce aversive olfactory memory at any time point (Two
way ANOVA, p = 0.403). D: Effect of cold shock treatment on larval aversive olfactory memory
tested 60 minutes after three cycle standard training. Cold shock treatment was applied 0, 10, 20 or
40 minutes after conditioning. Cold shock applied at different time points did not reduce aversive
olfactory memory of wild type larvae tested 60 minutes after three cycle standard training (Two
way ANOVA, p = 0.149). E: Cold shock application administered directly after odor-6 mM quinine
training did not reduce aversive olfactory memory in wild type larvae tested 10 minutes after three
cycle standard training (Unpaired t test, p = 0.610). PF: Conditioning with 2.0 M fructose reward
in wild type larvae led to an appetitive olfactory memory, which is partially sensitive to cold shock
treatment (Unpaired t test, p = 0.031). Yet, appetitive olfactory memory is not completely vanished
(One sample t test, p = 0.026). Sample size is n = 16 for each group if not indicated otherwise. In
Fig 2E and 2F differences between groups are depicted above the respective box plots, at which ns
indicates p ≥ 0.05 and * p < 0.05. Grey boxes indicate a memory performance above chance level
(p < 0.05). Small circles indicate outliers. In Fig 2A-2D differences between groups are depicted
below the symbols, at which ns indicates p ≥ 0.05. Memory performance significantly different from
random distribution (p < 0.05) is indicated in black. The data in Fig 2A-2D are shown as means
±s.e.m. The data in Fig 2E and 2F are shown as box plots.

7.3.3 The radish gene is necessary for larval anesthesia re-
sistant learning and memory

It was shown in adultDrosophila that the radish (rsh) gene plays a pivotal role for the
formation of ARM [11,24]. Hereinafter we therefore focused on rsh gene function.
We first analyzed the memory performance of rsh mutant larvae following three
cycle standard training immediately after training or after 60 minutes (Fig 3A). In
both cases rsh1 mutants showed no significant performance (Fig 3A). To ascertain
whether this effect is due to the mutation in the radish gene we performed a rescue
experiment (Fig 3B). We tested rsh1 mutants that harbor a wild type rsh transgene,
hs-rsh, that allows to induce ubiquitous expression of rsh following heat shock [23].
Non-induced larvae showed a lack of anesthesia resistant learning and/or memory,
similar to larvae that carry only the rsh1 mutation. Yet, ubiquitous expression of rsh
shortly before the experiment rescued the phenotype (Fig 3B). However, at a reduced
level as compared to wild type controls (Fig 3B). Yet, task-relevant sensory-motor
abilities of rsh1 larvae are defective in responding to the odor benzaldeyhde (BA)
(S3B and S3D Fig). To clearly show that the impairment for rsh1 mutants is based
on a loss of the ability to associate odor with high salt concentrations, we performed
additional experiments. We used a one odor reciprocal paradigm(S3C Fig) [46].
Here BA presentation is replaced by paraffin oil that does not provide any olfactory
information for the larva. Again rsh1 larvae showed no anesthesia resistant learning
and/or memory (S3C Fig.). In summary, we thus conclude that the behavioral
phenotype is due to the fact that the mutation in the rsh gene prevents larvae from
establishing, consolidating and/or recalling anesthesia resistant memory. Please
note that our experiments did not allow to distinguish between the three different
processes.
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Fig 3.: Odor-high salt learning and/or memory depends on radish gene function.
Training and temperature protocols are shown at the top of each panel. A: In contrast to wild
type larvae, aversive olfactory learning and/or memory is impaired in rsh1 mutants tested 0 and
60 minutes after three cycle standard training (One sample t test, p = 0.95 tested at 0 minutes,
p = 0.31 tested at 60 minutes). B: Rescue experiment of rsh1 learning and/or memory phenotype
using a hs-rsh transgene. The transgene was induced via a heat-shock of 35◦C for 5.5 hours
(continuous line). The control group was kept at 22◦C for 5.5 hours (dashed line). Without heat-
shock experimental animals (rsh1, w,rsh1;hs-rsh) tested 0 minutes after three cycle standard training
distributed randomly (One sample t test, p = 0.09 for rsh1, p = 0.52 for w,rsh1;hs-rsh). Yet, both
genetic controls showed an aversive memory (One sample t test, p < 0.0001 for wild type, Wilcoxon
signed rank test, p = 0.0001 for w1118). After heat-shock application only rsh1 mutants distributed
randomly (One sample t test,p = 0.25). Yet, ubiquitous induction of rsh expression partially
rescues the learning and/or memory phenotype (One sample t test, p = 0.0009, unpaired t test,
p = 0.01 comparing w,rsh1;hs-rsh and w1118). Both control groups showed a memory performance
above chance level (One sample t test, p < 0.0001 for wild type, p<0.0001 for w1118). Differences
between groups are depicted above the respective box plots, at which ns indicates p ≥ 0.05 and *
p < 0.05. Grey boxes show memory performance above chance level (p < 0.05), whereas white boxes
indicate random distribution (p ≥ 0.05). Small circles indicate outliers. Sample size isn = 16 for
each group if not indicated otherwise.

7.3.4 Bruchpilot gene function is necessary at the presy-
naptic terminals of mushroom body Kenyon cells for
anesthesia resistant learning and memory

Next we analyzed if intrinsic MB KCs are required for anesthesia resistant learning
and/or memory following three cycle standard training due to its conserved role
in larval and adult olfactory memory formation [32,42,47,48]. Expression of the
temperature-sensitive dominant negative form of dynamin shibirets1 (UAS-shits1)
[48,49] via the OK107-Gal4 in all KCs allows to block synaptic KC output at a re-
strictive temperature of 35◦C due to impaired vesicle recycling (Fig 4A). In contrast
to both genetic control groups, OK107-Gal4/UAS-shits1 larvae showed no anesthe-
sia resistant learning and/or memory (Fig 4A). Yet significant difference was only
detectable between the UAS-shits1/+ control and OK107-Gal4/UAS-shits1 (Fig 4A).
Control experiments revealed no gross defects in task-relevant sensory-motor abil-
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ities (S4A Fig). In addition UAS-mCD8::GFP expression driven by OK107-Gal4
verified MB specificity in all KCs besides a limited expression in the ventral nerve
cord and brain hemispheres (Fig 4D) [48]. Repetition of the experiment with a sec-
ond mushroom body specific driver H24-Gal4 [48] verified the results obtained for
OK107-Gal4 (S4C and S4D Fig). Thus, we conclude that KC output is necessary
for anesthesia resistant learning and/or memory.
In adult Drosophila two presynaptic determinants, Synapsin (Syn) and Bruchpilot
(Brp), play a pivotal role in controlling the release of KC vesicles. The evolutionary
conserved phosphoprotein Syn is responsible for building a reserve pool of vesicles
necessary to maintain vesicle release under high action potential frequencies [50–53].
Adult syn97 mutants showed a defect in aversive olfactory memory that is indepen-
dent of ARM formation [54,55]. The active zone protein Brp, which is a homolog to
the ELKS/CAST protein family, is an essential component of the presynaptic dense
bodies regulating the release probability of synaptic vesicles [56–58]. The presence
of Brp in presynaptic terminals of KCs of adults was suggested to be necessary for
establishing ARM [59]. To investigate if both proteins are required for anesthesia
resistant learning and/or memory following three cycle standard training, we tested
a syn deficient mutant syn97 and brp specific RNAi knockdown in all MB KCs via
OK107-Gal4 (Fig 4B and 4C). Gene activity of syn was not required for anesthesia
resistant learning and/or memory (Fig 4B). The performance of syn97 mutants was
statistically indistinguishable from wild type larvae that served as a genetic control
(Fig 4B). Lack of the Syn protein in syn97 was verified using a Syn specific antibody
(Fig 4E) [47]. In contrast Brp function was necessary for anesthesia resistant learn-
ing and/or memory (Fig 4C). It was completely absent in OK107-Gal4/UAS-brp-
RNAiB3C8 larvae (Fig 4C). Cell specific knockdown of brp in MB KCs was verified
by antibody staining (Fig 4F). In addition, brp RNAi knockdown did not reveal
gross defects in task-relevant sensory-motor abilities (S4B Fig.). Consequently, we
suggest presynaptic activity of the active zone protein Brp in MB KCs is necessary
to establish, consolidate and/or retrieve lARM. Please note that our experiments
did not allow to distinguish between the three different processes.
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Fig 4.: Presynaptic output of mushroom body Kenyon cells is necessary for odor-
high salt learning and/or memory. A: Effect of the blockade of presynaptic output of MB
KCs via UAS-shits1 using OK107-Gal4 driver line on odor-high salt learning and/or memory using
three cycle standard training. Larvae were raised at the permissive temperature (19◦C) and shifted
to restrictive temperature during training and testing. In contrast to both genetic controls that
show lARM (One sample t test, p = 0.01 for OK107-Gal4/+, p = 0.0003 for UAS-shits1/+),
shits1 expression driven via OK107-Gal4 leads to a complete loss of odor-high salt learning and/or
memory tested immediately after three cycle standard training (One sample t test, p = 0.64). Note,
only the UASshits1/+ control but not the OK107-Gal4/+ control was significantly different from
the experimental group UAS-shits1/OK107-Gal4 (Tukey post hoc test, p = 0.018 and p = 0.22,
respectively). B: The presynaptic protein Synapsin is not involved in lARM formation. syn97

loss-of-function mutants showed odor-high salt learning and memory (One sample t test, p <
0.0001) and behaved non-distinguishable from the genetic control group (Unpaired t test, p = 0.96).
C: In contrast to both genetic controls (OK107-Gal4/+ and UAS-brp-RNAiB3C8), knockdown of
the presynaptic protein Brp in the KCs by driving UAS-brp-RNAiB3C8 via OK107-Gal4 abolishes
odor-high salt learning and/or memory (One sample t test, p = 0.56 for OK107-Gal4/UAS-brp-
RNAiB3C8, p < 0.0001 for OK107-Gal4/+, p < 0.0001 for UAS-brp-RNAiB3C8).
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D: Shows a frontal view projection (left) of a OK107-Gal4/UAS-mCD8::GFP larval brain labeling
the entire set of MB KCs (anti-GFP in green and anti-FasII, anti-ChAT neuropil staining in
magenta). Additional staining is detectable in the ventral nerve cord (vnc) and neurons that express
Drosophila insulin-like proteins (dilp). On the upper right panel a zoom in of the MB is shown.
On the lower right panel only the GFP channel is depicted. Scale bars: left panels 50µm, right
panels 25µm. E: Shows frontal view projections of a wild type brain (left panel) or the syn97 loss-
of-function mutant (right panel) stained with anti-synapsin (magenta). As reported, anti-synapsin
was only detected in the wild type brain but completely absent in the syn97 loss-of-function mutant.
Scale bars: 50 µm. F: Shows a single section of a frontal view of brain hemispheres of a wild
type (left panel) and an experimental larva (right panel) using anti-nc82 to recognize Brp. In
contrast to wild type larvae, no anti-nc82 staining was detectable in the MB (shown at the peduncle
and the medial lobe level by arrows). Scale bars: 25µm. Differences between groups are depicted
above the respective box plots, ns indicates p ≥ 0.05. Different lowercase letters indicate statistical
significant differences from each other at level p < 0.05. Grey boxes show memory performance
above chance level (p < 0.05), white boxes indicate random distribution (p ≥ 0.05). Small circles
indicate outliers. Sample size is n = 16 for each group if not indicated otherwise.

7.3.5 Anesthesia resistant learning and memory is indepen-
dent of the cAMP/protein kinase A pathway but re-
quires protein kinase C activity

Molecular studies in several model organisms - including Drosophila - elucidate
cAMP as crucial secondmessenger in memory formation. A proposed model for the
molecular mechanism underlying olfactory memory formation is shown in Fig 5A. An
association between the odorant and the reinforcement signals elicits an activation
of type I Ca2+-dependent AC encoded by the rut gene via calcium/calmodulinand
G-protein stimulation [13,14,60]. This synergistic activation of AC produces an in-
crease in intracellular cAMP concentration [12]. Intolerable cAMP concentration is
prevented through the activity of a type 4 cAMP-specific PDE encoded by the dnc
gene [12–14] cAMP for its part activates PKA [61]. The activation of PKA leads
either to the phosphorylation of a variety of downstream targets (e.g. Synapsin,
Na+ and K+ channels) for forming a short-lasting memory [47,62–64] or the phos-
phorylation of CREB forming a long-lasting memory [19,20,65].
To uncover the molecular pathways responsible for anesthesia resistant learning
and/or memory following three cycle standard training we tested larvae carrying
three classical learning mutations having deficits in cAMP signaling: rutabaga1,
rutabaga2080 and dunce1[14,17,24] (Fig 5B). All three mutants showed lARM that was
indistinguishable from wild type controls (Fig 5B). These results indicate that the
formation, consolidation and retrieval of lARM is independent of the cAMP/PKA
signaling pathway. This conclusion is further supported by two additional findings.
First, hypomorphic alleles of the DCO gene locus (DCOB3 andDCOH2), which en-
codes the major catalytic subunit of the cAMP-dependent PKA (PKAc) showed
normal lARM similar to genetic controls (Fig 5C). In adults these heterozygous
DCOB3/+ and DCOH2/+ mutants show a 50% reduction of PKA activity and sup-
press age related memory impairment [27,66]. Second, epidermal growth factor
receptor (EGFR) signaling to a Ras/Neurofibromatosis type I (NFI) pathway was
suggested to act via a Rut-AC independent AC to activate PKA function [67]. No-
tably pan neuronal expression of a dominant negative isoform of EGFR (EGRFDN)
impairs olfactory memory formation of Drosophila larvae after bidirectional condi-
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tioning [68]. Yet, expression of EGFRDN in all KCs using the OK107-Gal4 did
not affect lARM (Fig 5D). Please note that our results do not exclude a potential
contribution for these genes at later time points after three cycle standard training.
Therefore, biochemical pathways independent of cAMP/PKA signaling cascades
have to be involved in lARM tested directly after three cycle standard training.
PKC signaling (Fig 5E) may serve this function as tur mutants that have a reduced
PKC activity are impaired in olfactory learning in adult Drosophila [69]. Further-
more, expression of a truncated constitutively active isoform of PKC (PKCζ) res-
cues the memory defects of rsh1 mutants [70]. In fact, transgenic larvae expressing
a specific peptide inhibitor of PKC (PKCi) in all KCs using OK107-Gal4 showed
strongly reduced anesthesia resistant learning and/or memory in contrast to both
genetic controls (Fig 5F). Control experiments revealed no gross defects in task-
relevant sensory-motor abilities (S5 Fig). Thus, we conclude that the formation,
consolidation and retrieval of lARM tested directly after training is independent of
the cAMP/PKA pathway and may instead require PKC signaling in KCs.

Fig 5.: Odor-high salt learning and/or memory following three cycle standard training
is independent of the cAMP/PKA pathway. Training protocols are shown at the top of each
panel.
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A: Working hypothesis that links the classical cAMP/PKA signaling pathway to the association
of the unconditioned (US, high salt) and conditioned stimulus (CS, odor). Joined presentation of
US and CS activates AC through simultaneous activation of Ca2+/CaM and G-protein stimula-
tion. This results in the activation of the cAMP/PKA pathway. The activation of PKA leads
either to the phosphorylation of a variety of downstream targets to change neuronal signaling on
a shorter time scale or to phosphorylate CREB to form long-lasting memory. An arrowhead in-
dicates stimulatory effects, whereas inhibitory effects are represented as a bar. GPCR: G-protein
coupled receptor, VDCC: voltage-dependent calcium channel, ACh: acetylcholine, DA: dopamine,
AC: adenylate cyclase, CaM: calcium/calmodulin-dependent protein kinase, cAMP: cyclic AMP,
PDE: phosphodiesterase, PKA: protein kinase A, CREB: cyclic AMP response element-binding
protein. B: rut1, rut2080 and dnc1 mutant larvae showed lARM comparable to wild type con-
trols (One way ANOVA, p = 0.14). C: DCO encodes for the major catalytic subunit of PKA
in Drosophila. Adults covering heterozygously the alleles DCOB3/+ and DCOH2/+ show a 50%
reduction of PKA activity. DCOB3/+ and DCOH2/+ heterozygous mutant larvae showed normal
lARM (One sample t test, p = 0.001 and p = 0.004), they performed at the same level as wild
type larvae that served as a genetic control (One way ANOVA, p = 0.84). D: Epidermal growth
factor receptor (EGFR) signaling to a Ras/Neurofibromatosis type I (NFI) pathway was reported
to activate PKA. Expression of a dominant-negative isoform of EGFR (EGFRDN) in the MB
KCs via OK107-Gal4 does not affect lARM (One sample t test, p = 0.0017), as the experimental
group performed at the same level as both genetic controls (Kruskal-Wallis, p = 0.14). E: Working
hypothesis for an alternative signaling pathway that allows larvae to form lARM. GPCR activa-
tion activates PLC that binds to downstream target elements, which stimulate PKC. Activation
of typical forms of PKC needs also the binding of intracellular Ca2+. An arrowhead indicates
stimulatory effects, whereas inhibitory effects are represented as a bar. GPCR: G-protein coupled
receptor, DA: dopamine, PLC: phospholipase C, PKC: protein kinase C, DAG: diacylglycerol, IP3:
inositoltriphosphat. F: Suppression of PKC activity in MB KCs by expressing an inhibitory pseu-
dosubstrate of PKC (PKCi) under the control of OK107-Gal4 leads to a decrease in odor-high salt
learning and/or memory (Kruskal-Wallis, p = 0.0001). Differences between groups are depicted
above the respective box plots, at which ns indicates p ≥ 0.05. Different lowercase letters indicate
statistical significant differences at level p < 0.05. Grey boxes show memory performance above
chance level (p < 0.05), whereas white boxes indicate random distribution (p ≥ 0.05). Small circles
indicate outliers. Sample size is n = 16 for each group if not indicated otherwise.

7.3.6 Dopamine signaling is necessary for lARM formation
The current model for associative learning in Drosophila states that during training
the unconditioned punishing stimulus is mediated by a specific set of dopaminergic
neurons onto MB KCs via G-protein receptor signaling [42,71–74]. In Drosophila
the dopamine D1-like receptor family that includes two different dopamine recep-
tors, called dDA1 and DAMB, was reported to be necessary for larval and adult
learning [75,76]. Generally, activation of D1-like receptors was shown to be linked
with cAMP/PKA-signaling via Gαs signaling (Fig 5A) [77]. Yet, more recently it
was reported that D1-like receptors also activate phospholipase C (PLC) via the
Gαo signaling, which leads to an activation of PKC (Fig 5E) [77]. Thus we were
wondering if lARM formation depends on dopaminergic signaling. In line with prior
results, we found that mutants for both receptor genes dumb2 (for dDA1) and damb
(for DAMB) show a defect in anesthesia resistant learning and/or memory following
three cycles standard training (Fig 6A and S6A Fig) [72]. In addition, fumin (fmn)
mutant larvae that have a mutation in the dopamine transporter (dDAT) gene [78] -
and thus have enhanced DA levels in adults [79] - also show an impairment in anes-
thesia resistant learning and/or memory (Fig 6B) (for further details see S6B and
S6C Fig). Finally, acute oral administration of methylphenidate (“Ritalin”, MPH)
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rescued the behavioral phenotype of rsh1 mutant larvae in a dose-dependent manner
(Fig 6C and S6D Fig). MPH application in Drosophila, similar to its function in
humans, increases DA levels by inhibiting the dopamine transporter (dDAT) that
mediates dopamine reuptake from the synaptic cleft [80]. In adults it was shown
that oral administration of MPH rescues deficits in optomotor responses of rsh1

mutants [81]. Summarizing, three different experiments suggest that dopaminergic
signaling is necessary to establish, consolidate and/or retrieve lARM. Please note
that - although the effect of DA is likely specific for the establishment of the memory
- our experiments did not allow to distinguish between the three different processes.

Fig 6.: Dopaminergic signaling is necessary for odor-high salt learning and/or mem-
ory following three cycle standard training Training and methylphenidate treatment protocols
are shown at the top of each panel. A: Odor-high salt learning and/or memory was reduced in
damb as well as in dumb2 dopamine (DA) receptor mutants compared to their respective controls
(Unpaired t test, p = 0.002 for damb, Mann-Whitney test, p = 0.001 for dumb2). B: An increase
in DA signaling through mutating the dopamine transporter (DAT) in fumin (fmn) mutant larvae
leads to reduction of odor-high salt learning and/or memory compared to control larvae (Unpaired
t test, p = 0.015). C: Effect of methylphenidate (MPH) treatment prior of three cycle standard
training on odor-high salt learning and/or memory. Larvae were fed MPH for one hour in order to
impair DAT function. MPH application was done at a concentration of 0.0 (control), 0.5 and 2.0
mM. An acute increase in dopaminergic signaling through a reversible blockage of DAT via MPH
application leads to a restoration of odor-high salt learning and/or memory in rsh1 mutants (One
sample t test, p = 0.04 for 0.5 mM, p = 0.003 for 2.0 mM). Significant differences between wild
type and rsh1 mutants was seen for 0.0 mM and 0.5 mM, but not for 2 mM MPH (Bonferroni
post hoc pairwise comparisons, p < 0.0001, p = 0.015 and p = 0.412, respectively). Sample size is
n = 16 for each group if not indicated otherwise. In Fig 6A and 6B differences between groups are
depicted above the respective box plots, at which * indicates p < 0.05. Grey boxes show memory
performance above chance level (p < 0.05). Small circles indicate outliers. In Fig 6C differences
between groups are depicted below the symbols, at which ns indicates p ≥ 0.05 and * p < 0.05.
Memory performance significantly different from random distribution (p < 0.05) is indicated in
black, random distribution (p ≥ 0.05) in light grey. The data are shown as means ±s.e.m.
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7.3.7 One cycle odor-high salt conditioning establishes two
distinct memory phases in Drosophila larvae

Conditioning Drosophila larvae via three cycle standard training takes about 45
minutes. Yet, two studies on larval aversive olfactory learning suggest that short
lasting memory phases exist that are only detectable up to 20 or 50 minutes after
training onset [36,42]. These results could mean that three cycle standard training
- routinely used in our previous experiments - based on its temporal dimension does
not allow to identify short lasting memories. Therefore we established a one cycle
training paradigm that only takes about 10 minutes for conditioning (Fig 7). Signif-
icant aversive olfactory memory was evident 0, 10, 20 and 60 minutes after training
(Fig7A and S7A Fig). To our surprise, one cycle training increased aversive memory
compared to three cycle training (both groups were tested immediately after train-
ing) (S7B Fig).
Next, we tested whether odor-high salt memory following one cycle training is re-
sistant to anesthesia. As shown in Fig 7B (see also S7D Fig) applying a cold shock
treatment did partially disrupt odor-high salt memory tested 10 minutes after train-
ing (10 minutes is necessary for recovery from the cold). In contrast, memory tested
20 or 60 minutes after one cycle training was cold shock resistant (Fig 7B). Based on
these results we conclude that - independent of the number of training trials—odor-
high salt conditioning leads to the formation of lARM. However, at the same time
a second short lasting memory is established that can only be detected for up to 30
minutes after training onset. Therefore the short lasting memory can only be ana-
lyzed after one cycle training but not in longer lasting protocols using two or three
training cycles (S7C Fig). This conclusion is further supported by two additional
findings. First, genetic interference with rsh and brp gene function, both involved in
the formation, consolidation and/or retrieval of lARM, tested immediately after one
cycle training only partially impaired the performance of experimental larvae (Fig
7C and 7F). These results are different than the ones obtained following three cycle
standard training (Fig 3 and Fig 4C) since they imply the presence of a second,
lARM independent, memory phase. Second, rut2080, dnc1 and syn97 mutants tested
immediately following one cycle training performed on a lower level than genetic
controls (Fig 7D and 7E). Again, the results are different compared to the ones
obtained following three cycle standard training (Fig 4B and Fig 5B) and suggest
that the formation, consolidation and/or retrieval of a larval short lastingmemory
(lSTM) under these circumstance depends on cAMP signaling.
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Fig 7.: Aversive olfactory memory after one cycle odor-high salt conditioning consist
of two different components. Training and cold shock treatment protocols are shown at the top
of each panel. A: Aversive olfactory memory following one cycle training was tested at different
time points after conditioning. 60 minutes after training the memory was still detectable (One
sample t test, p < 0.0001 for each group). B: Cold shock application immediately after one cycle
odor-high salt training reduced aversive olfactory learning and/or memory. Yet, the effect was
only detectable in comparison to control animals when tested 10 minutes after one cycle training
(Bonferroni post hoc pairwise comparisons p < 0.05). No difference was seen between both groups
20 and 60 minutes after one cycle training (Bonferroni post hoc pairwise comparisons p < 0.05).
C: rsh1 mutants compared to wild type control animals showed reduced or completely impaired
aversive olfactory learning and/or memory after one cycle training (p < 0.0001, for both). When
tested directly after one cycle training rsh1 mutants showed aversive olfactory memory, however,
at a lower level than wild type larvae (Unpaired t test, p < 0.0001). D: rut2080 and dnc1 mutants
compared to wild type control animals showed reduced aversive olfactory learning and/or memory
tested immediately after one cycle training (Bonferroni post hoc pairwise comparisons p < 0.0001
for both). No difference was detectable for both mutants when tested 20 minutes after conditioning.
Furthermore no differences in the memory performance for the mutants were observable between
0 and 20 minutes (p < 0.0001 for each comparison). E: syn97 loss-of-function mutants showed
reduced aversive olfactory learning and/or memory tested immediately after a single-training cycle
(Unpaired t test, p < 0.0001). However, the mutation in syn97 did not completely abolish aversive
olfactory learning and/or memory (One sample t test, p < 0.0001).
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F: Compared to both genetic controls (OK107-Gal4/+ and UAS-brp-RNAiB3C8), knockdown of
the presynaptic protein Brp in MB KCs by driving UAS-brp-RNAiB3C8 via OK107-Gal4 reduced
aversive olfactory learning and/or memory tested immediately after one cycle training (Kruskal-
Wallis, p = 0.0001). In contrast to three cycle standard training, abolishment of aversive olfactory
learning and/or memory tested immediately after one cycle training was only partially (One sample
t test, p < 0.0001). Sample size is n = 16 for each group if not indicated otherwise. In Fig 7B-
7D differences between groups are depicted below the data; ns indicated p ≥ 0.05 and * p < 0.05.
Memory performance significant different from random distribution (p < 0.05) is indicated in black,
whereas random distribution (p ≥ 0.05) was shown in light grey. The data are shown as means
±s.e.m. In Fig 7E and 7F differences between groups are depicted above the respective box plots; *
indicates p < 0.05. Different lowercase letters indicated statistical significant differences from each
other at level p < 0.05. Grey boxes indicate a memory performance above chance level (p < 0.05).
Small circles indicate outliers.

7.4 Discussion

7.4.1 Drosophila larvae are able to establish an anesthesia
resistant form of memory

Memory formation and consolidation usually describes a chronological order, par-
allel existence or completion of distinct short-, intermediate- and/or long-lasting
memory phases. For example, in honeybees, in Aplysia, and also in mammals two
longer-lasting memory phases can be distinguished based on their dependence on
de-novo protein synthesis [82–85]. In adult Drosophila classical odor-electric shock
conditioning establishes two co-existing and interacting forms of memory - ARM
and LTM - that are encoded by separate molecular pathways [18].
Seen in this light,memory formation in Drosophila larvae established via classical
odor-high salt conditioning seems to follow a similar logic. It consist of lSTM and
lARM (Fig 8A) (for a spaced training protocol see also S1D Fig). Aversive olfactory
lSTM was already described in two larval studies using different negative reinforcers
(electric shock and quinine) and different training protocols (differential and abso-
lute conditioning) [36,42]. Our results introduce for the first time lARM that was
also evident directly after conditioning but lasts longer than lSTM (Fig 8A). lARM
was established following different training protocols that varied in the number of
applied training cycles (S7C Fig) and the type of negative or appetitive reinforcer
(Fig 2C–2F). Thus, lSTM and lARM likely constitute general aspects of memory
formation in Drosophila larvae that are separated on the molecular level.

7.4.2 Molecular pathway underlying aversive learning and
memory in Drosophila larvae

Memory formation depends on the action of distinct molecular pathways that
strengthen or weaken synaptic contacts of defined sets of neurons (reviewed in
[1,73,86–88]). The cAMP/PKA pathway is conserved throughout the animal king-
dom and plays a key role in regulating synaptic plasticity. Amongst other examples
it was shown to be crucial for sensitization and synaptic facilitation in Aplysia [1,86],
associative olfactory learning in adult Drosophila and honeybees [85,88], long-term
associative memory and long-term potentiation in mammals [89–92].
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For Drosophila larvae two studies by Honjo et al. [42] and Khurana et al. [36]
suggest that aversive lSTM depends on intact cAMP signaling. In detail, they
showed an impaired memory for rut and dnc mutants following absolute odor-bitter
quinine conditioning [42] and following differential odor-electric shock conditioning
[36]. Thus, both studies support our interpretation of our results. We argue that
odor-high salt training established a cAMP dependent lSTM due to the observed
phenotypes of rut, dnc and syn mutant larvae (Fig 7D and 7E). The current molec-
ular model is summarized in Fig 8B. Yet, it has to be mentioned that all studies on
aversive lSTM in Drosophila larvae did not clearly distinguish between the acqui-
sition, consolidation and retrieval of memory. Thus, future work has to relate the
observed genetic functions to these specific processes.
In contrast, lARM formation utilizes a different molecular pathway. Based on dif-
ferent experiments, we have ascertained, that lARM formation, consolidation and
retrieval is independent of cAMP signaling itself (Fig 5B), PKA function (Fig 5C),
upstream and downstream targets of PKA (Figs 5D and 4B) and de-novo protein
synthesis (Fig 2A and 2B) (but see also for spaced conditioning S1D Fig). Instead
we find that lARM formation, consolidation and/or retrieval depends on rsh gene
function (Fig 3), brp gene function (Fig 4C), dopaminergic signaling (Fig 6) and
requires presynaptic signaling of MB KCs (Fig 4A and 4C and S4C–S4E Fig).
Interestingly, studies on adult Drosophila show that rsh and brp gene function, as
well as dopaminergic signaling and presynaptic MB KC output are also necessary
for adult ARM formation [23–25,59]. Thus, although a direct comparison of larval
and adult ARM is somehow limited due to several variables (differences in CS, US,
training protocols, test intervals, developmental stages, and coexisting memories),
both forms share some genetic aspects. This is remarkable as adult ARM and lARM
use different neuronal substrates. The larval MB is completely reconstructed during
metamorphosis and the initial formation of adult ARM requires a set of MB α/β
KCs that is born after larval life during puparium formation [25,93,94].
In addition, we have elicited the necessity of PKC signaling for lARM formation in
MB KCs (Fig 5C). The involvement of the PKC pathway for memory formation is
also conserved throughout the animal kingdom. For example, it has been shown that
PKC signaling is an integral component in memory formation in Aplysia [95–98],
long-term potentiation and contextual fear conditioning in mammals [99–101] and
associative learning in honeybees [102]. In Drosophila it was shown that PKC
induced phosphorylation cascade is involved in LTM as well as in ARM forma-
tion [103]. Although the exact signaling cascade involved in ARM formation in
Drosophila still remains unclear, we established a working hypothesis for the under-
lying genetic pathway forming lARM based on our findings and on prior studies in
different model organisms (Fig 8B). Thereby we do not take into account findings
from Horiuchi et al. [66] and Scheunemann et al. [104] in adult Drosophila. These
studies show that PKA mutants have increased ARM [66] and that dnc sensitive
cAMP signaling supports ARM [104]. Thus both studies directly link PKA signaling
with ARM formation.

7.4.3 Working hypothesis for lARM formation
It was shown that KCs act on MB output neurons to trigger a conditioned response
after training [105,106]. Work from different insects suggests that the presynaptic
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output of an odor activated KCs is strengthened if it receives at the same time
a dopaminergic, punishment representing signal. Our results support thesemodels
as they show that lARM formation requires accurate dopaminergic signaling (Fig
6) and presynaptic output of MB KCs (Fig 4A and 4C). Yet, for lARM forma-
tion dopamine receptor function seems to be linked with PKC pathway activation
(Fig 5). Indeed, in honeybees, adult Drosophila and vertebrates it was shown that
dopamine receptors can be coupled to Gαqq proteins and activate the PKC path-
way via PLC and IP3/DAG signaling [107,108]. As potential downstream targets of
PKC we suggest radish and bruchpilot. Interference with the function of both genes
impairs lARM (Figs 3 and 4C). The radish gene encodes a functionally unknown
protein that has many potential phosphorylation sites for PKA and PKC [23]. Thus
considerable intersection between the proteins Rsh and PKC signaling pathway can
be forecasted. Whether this is also the case for the bruchpilot gene that encodes for
a member of the active zone complex remains unknown. The detailed analysis of the
molecular interactions has to be a focus of future approaches. Therefore, our work-
ing hypothesis can be used to define educated guesses. For instance, it is not clear
how the coincidence of the odor stimulus and the punishing stimulus are encoded
molecularly. The same is true for ARM formation in adult Drosophila. Based on our
working hypothesis we can speculate that PKC may directly serve as a coincidence
detector via a US dependent DAG signal and CS dependent Ca2+ activation.

7.4.4 Appetitive learning and memory in Drosophila larva
Do our findings in general apply to learning and memory in Drosophila larvae?
To this the most comprehensive set of data can be found on sugar reward learn-
ing. Drosophila larva are able to form positive associations between an odor and
a number of sugars that differ in their nutritional value [31,32,47,109–111]. Using
high concentrations of fructose as a reinforcer in a three cycle differential training
paradigm (comparable to the one we used for high salt learning and fructose learning
(Figs 1 and 2F)) Michels et al. [47,111] found that learning and/or memory in syn97

mutant larvae is reduced to ∼ 50% of wild type levels. Thus, half of the memory seen
directly after conditioning seems to depend on the cAMP-PKA-synapsin pathway.
Our results in turn suggest that the residual memory seen in syn97 mutant larvae is
likely lARM (Fig 2F). Thus, aversive and appetitive olfactory learning and memory
share general molecular aspects. Yet, the precise ratio of the cAMP-dependent and
independent components rely on the specificities of the used odor-reinforcer pair-
ings. Two additional findings support this conclusion. First, Kleber et al. [112]
recently showed that memory scores in syn97 mutant larvae are only lower than in
wild type animals when more salient, higher concentrations of odor or fructose re-
ward are used. Usage of low odor or sugar concentrations does not give rise to a
cAMP-PKA-synapsin dependent learning and memory phenotype. Second, Honjo
et al. [32] showed that learning and/or memory following absolute one cycle condi-
tioning using sucrose sugar reward is completely impaired in rut1, rut2080 and dnc1

mutants. Thus, for this particular odor-reinforcer pairing only the cAMP pathway
seems to be important. Therefore, a basic understanding of the molecular pathways
involved in larval memory formation is emerging. Further studies, however, will be
necessary in order to understand how Drosophila larvae make use of the different
molecular pathways with respect to a specific CS/US pairing.
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Fig 8.: A molecular working hypothesis for lARM formation. A: Memory formation
in Drosophila larvae occurs through at least two different components, which are genetically and
functionally distinct. First, larval short-term memory (lSTM, light blue) occurs immediately after
training, but decays within 20 minutes. Second, larval anesthesia-resistant memory (lARM, light
magenta) also appears immediately after training, but lasts for a longer period of time. In contrast
to lSTM, lARM is resistant to anesthetic disruption. At any given time interval after training the
observed memory is the summed output of both components. B: Memory formation in Drosophila
larvae after classical olfactory conditioning depends on protein kinase A (PKA) and protein kinase
C (PKC) function, which are involved in two different signaling pathways. During conditioning MB
KCs receive an olfactory stimulus via cholinergic projection neurons (conditioned stimulus CS) and
a punishing stimulus from dopaminergic neurons (unconditioned stimulus US). In KCs binding of
dopamine leads to a dissociation of a G-protein subunit from G-protein coupled receptors (GPCR).
The CS is perceived by KCs via acetylcholine receptors (AChR). Its activation leads to an opening
of a voltage-dependent calcium channel (VDCC) and leads to an intracellular Ca2+ influx. This
mechanism is thought to be shared between both signaling pathways.
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In the classical pathway (left side, molecular elements tested in this study are highlighted in light
blue), coincident stimulation of CS and US leads to an activation of type I adenylyl cyclase (AC) via
Ca2+/Calmodulin and dopamine dependentG protein (Gαs) signaling, respectively. Active AC cat-
alyzes the intracellular cAMP production, which is negatively regulated through a phosphodiesterase
(PDE) to maintain cAMP concentrations at a tolerable level. cAMP serves as a regulatory signal
for PKA, which phosphorylates different substrates like Synapsin (Syn) or CREB in order to induce
short or long-lasting presynaptic plasticity. PKC signaling (right side, molecular elements tested
in this study are highlighted in light magenta) has been shown in different species as an integral
pathway for memory formation. Dopamine receptors were reported to couple to Gαq to regulate
phospholipase C (PLC). Activation of PLC increases intracellular inositol triphosphate (IP3) and
diacylglycerol (DAG) levels. Whereas IP3 stimulates the release of Ca2+ from the endoplasmic
reticulum, DAG is a physiological activator of PKC. The downstream elements of PKC are not
well described. We suggest that lSTM formation depends on the classical cAMP/PKA pathway,
whereas early lARM formation depends on PKC signaling rather than on cAMP/PKA signaling.
This assumption is based on the analysis of nine different genes (light purple: lARM phenotype,
light blue: lSTM phenotype). In addition, we suggest that PKC can be linked with Radish (Rsh)
and Bruchpilot (Brp) as direct or indirect downstream partners. This is so far hypothetical. Yet,
a structural analysis on Rsh reported that it has several PKC phosphorylation sites. Ultimately,
regulation of Brp via PKC signaling would change the organization of the active zone to provide a
molecular substrate for presynaptic plasticity. DA: dopamine, Ach: Acetylcholine, CaM: Calmod-
ulin, RP: reserve pool, RRP: readily releasable pool.
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7.5 Supporting Information

7.5.1 Supplement figure S1

S1 Fig.: Aversive olfactory learning and/or memory is independent of de-novo protein
synthesis. Training and different treatment protocols are shown at the top of each panel. A:
Cycloheximide (CXM) treatment applied before training did not reduce aversive olfactory learning
and/or memory of wild type larvae.
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For all three groups aversive olfactory learning and/or memory tested immediately after three
cycle standard training was significantly different from random distribution (One sample t test,
p < 0.0001, respectively) and not significantly different from each other (One way ANOVA,
p = 0.33). For all three groups aversive olfactory learning and/or memory tested 60 minutes
after three cycle standard training was significantly different from random distribution (One sam-
ple t test, p < 0.0001, p = 0.0004, and p < 0.0001, respectively) and not significantly different
from each other (Kruskal-Wallis, p = 0.29). B: CXM treatment prevented wild type larvae from
pupation (after 5 days) and eclosion (after 10 days) after metamorphosis (red line). Control groups
(blue lines) that were raised on standard food or on a sucrose diet showed no effect. Results are
shown as means and s.e.m. For each group 10 repetitions were done. A significant number of
surviving animals is indicated in black (p < 0.05), whereas a non-significant number of pupae
or flies is marked in light grey (p ≥ 0.05). C: Aversive olfactory learning and/or memory was
not affected when interfering with CREB function of mushroom body Kenyon cells (MB KCs) us-
ing UAS-dCREb2-b and OK107-Gal4. Experimental OK107-Gal4/UAS-dCREB2b larvae showed
learning and/ormemory (One sample t test, p < 0.0001, respectively) comparable to two genetic
controls (Kruskal-Wallis, p = 0.15) when tested immediately after three cycle standard training.
Experimental OK107-Gal4/UAS-dCREB2b larvae showed learning and memory tested 60 minutes
after three cycle training (One sample t test, p = 0.0004, p = 0.006 and p = 0.002, respectively)
comparable to two genetic controls (One way ANOVA, p = 0.64). D: We trained larvae using a
spaced training protocol consisting of five training cycles with 15 minutes rest intervals in between.
Aversive olfactory learning and/or memory is completely abolished when interfering with CREB
function of MB KCs using UAS-dCREb2-b/OK107-Gal4 larvae (One sample t test, p = 0.180).
Both genetic controls showed aversive olfactory learning and memory indistinguishable from each
other (Tukey post hoc test, p = 0.916). Sample size is n = 16 for each group if not indicated
otherwise. In S1A, S1C, S1D Fig. differences between groups are depicted above the respective
box plots; ns indicates p ≥ 0.05. Different lowercase letters indicate statistical significant differ-
ences from each other at level p < 0.05. Grey boxes show memory performance above chance level
(p < 0.05), whereas white boxes indicate random distribution (p ≥ 0.05). Small circles indicate
outliers in S1B.
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7.5.2 Supplement figure S2

S2 Fig.: Drosophila larvae establish an anesthesia resistant type of memory following
odor high salt conditioning. Training and different treatment protocols are shown at the top
of each panel. A: Wild type larvae were trained using the standard three cycle odor-high salt
conditioning paradigm. Three different groups were tested: An experimental group received a cold
shock (one minute in a 4◦C ice water bath) directly after conditioning. A second group received
the same cold shock treatment before the conditioning phase. A third group was not cold shocked.
Memory was tested after a short recovering phase of 10 minutes after conditioning.
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Cold shock treatment before or after three cycle standard training did not affect learning and mem-
ory of the larvae (One sample t test, p < 0.0001, p = 0.0002, p < 0.0001 and p < 0.0001,
respectively). All three groups performed on the same level (One way ANOVA, p = 0.68). B: In
addition, we also tested if a harsh cold shock treatment of 5 minutes at 4◦C that completely paral-
yses the larvae affected the performance of the animals. Also under these conditions experimental
larvae showed learning and memory that was resistant to cold shock anesthesia (Two way ANOVA,
p = 0.07 comparing duration of the cold shock, p = 0.76 comparing if cold shock treatment was
applied or not). C: Aversive olfactory learning and memory tested at 10, 60, 120 and 180 minutes
after conditioning. Experimental groups received a cold shock directly after three cycle standard
training. In all four cases cold shock treated larvae behaved on a comparable level as control groups
(Unpaired t test, p = 0.4, p = 0.5, p = 0.68 and p = 0.16, respectively). D: Aversive olfactory
memory was tested 60 minutes after three cycle standard training; experimental groups received a
cold shock 0, 10, 20 or 40 minutes after conditioning. In all four cases cold shock treated larvae
behaved as control groups (Unpaired t test, p = 0.5, p = 0.88, p = 0.71 and p = 0.79, respectively).
Sample size is n = 16 for each group if not indicated otherwise. In S2A, S2C, S2D Fig differ-
ences between groups are depicted above the respective box plots; ns indicates p ≥ 0.05. Grey boxes
indicate a performance above chance level (p < 0.05). In S2B Fig differences between groups are
depicted below the symbols; ns indicates p ≥ 0.05. A performance significant different from random
distribution (p < 0.05) is indicated in black. The data are shown as means ±s.e.m.
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7.5.3 Supplement figure S3

S3 Fig.: Sensory acuity tests for larvae with impaired radish gene function. A:
Schematic representation of chemosensory acuity tests. Olfactory perception is analyzed by putting
30 larvae in the middle of a Petri dish with either an amyl acetate (AM) or a benzaldehyde (BA)
containing odor container on one side and an empty container (EC) on the other side. After 5
minutes larvae are counted to calculate an olfactory preference index.
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For gustatory acuity tests, 30 larvae are put in the middle of a Petri dish that contained pure
agarose on one side and agarose plus a high salt concentration on the other side. After 5 minutes
larvae were counted to calculate a gustatory preference index. B: Naive olfactory and gustatory
acuity tests for rsh1 mutant and wild type control larvae. Olfactory preference for AM of rsh1

mutant larvae were not different from the one of wild type controls (Unpaired t test, p = 0.30).
rsh1 mutant larvae, however, did not show any significant preference for BA (One sample t test,
p = 0.23). Gustatory avoidance for high-salt concentration of rsh1 mutant larvae is not different
from the one of wild type controls (Unpaired t test, p = 0.84). C: Due to the fact that rsh1 mutants
showed an impaired BA preference, we applied a one odor paradigm. In contrast to three cycle
standard training, larvae received only AM and instead of BA paraffin oil (no odor information)
during odor-high salt conditioning (one odor paradigm). In line with the results for two odor
conditioning rsh1 mutant larvae behaved significantly different compared to wild type control larvae
(Unpaired t test, p = 0.0001) and showed no learning and/or memory (One sample t test, p = 0.26).
The training protocol is shown at the top of the panel. D: Naive olfactory and gustatory acuity tests
of experimental and control larvae used to rescue rsh gene function. Olfactory preference for AM
for rsh1 and w,rsh1;hs-rsh were comparable to their controls at both temperatures (Mann-Whitney
test, p = 0.24, p = 0.82, p = 0.22 and p = 0.10, respectively). However, again rsh1 larvae showed
significant differences in their BA preference compared to controls (Unpaired t test, p < 0.0001,
p = 0.49, p < 0.0001 and p = 0.68, respectively). High-salt avoidance of rsh1 and w,rsh1;hs-rsh
larvae was indistinguishable from the behavior of controls (Mann-Whitney test, p = 0.06, p = 0.36,
p = 0.11 and p = 0.34, respectively). Sample size is n = 16 for each group if not indicated otherwise.
Differences between groups are depicted above the respective box plots; ns indicates p ≥ 0.05 and *
p < 0.05. Grey boxes indicate a memory performance above chance level (p < 0.05), whereas white
boxes indicate a memory performance at chance level (p ≥ 0.05). Small circles indicate outliers.
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7.5.4 Supplement figure S4

S4 Fig.: Presynaptic output of mushroom body Kenyon cells is not necessary for
naïve behaviors towards olfactory and gustatory stimuli. A: Sensory acuity tests when
interfering with neuronal output of mushroom body Kenyon cells (MB KCs) using UAS-shits1 and
OK107-Gal4. Experimental (OK107-Gal4/UAS-shits1) and control larvae (OK107-Gal4/+ and
shits1/+) showed no difference in their naïve responses to AM, BA and high salt (for AM: One
way ANOVA, p = 0.25, for BA: Kruskal-Wallis, p = 0.09 and for high salt: One way ANOVA,
p = 0.08).
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B: Sensory acuity tests when knocking down brp in the MB KCs via UAS-brp-RNAiB3C8

and OK107-Gal4. Experimental (OK107-Gal4/UAS-brp-RNAiB3C8) and control larvae (OK107-
Gal4/+,UAS-brp-RNAiB3C8/+) showed no difference in their naïve responses to AM, BA and high
salt (Kruskal-Wallis, p = 0.54, p = 0.27 and p = 0.68, respectively). C: Blockade of presynap-
tic output of MB KCs via UAS-shits1 using another driver line H24 completely impaired aversive
olfactory learning and/or memory. Larvae were raised at the permissive temperature (19◦C) and
shifted to restrictive temperature before and during three cycle standard training and testing. In
contrast to both genetic controls aversive olfactory learning and/or memory tested immediately
after three cycle standard training was completely abolished in H24-Gal4/UAS-shits1 larvae (One
sample t test, p < 0.0001 for both control groups and p = 0.853 for H24-Gal4/UAS-shits1). D:
Sensory acuity tests when interfering with neuronal output of mushroom body Kenyon cells (MB
KCs) using UAS-shits1 and H24-Gal4. Experimental (H24-Gal4/UAS-shits1) and control larvae
(H24-Gal4/+,UAS-shits1/+) showed no difference in their naïve responses to AM, BA and high
salt (One way ANOVA, p = 0.517, p = 0.184 and p = 0.753, respectively). E: Shows a frontal view
projection (left) of a H24-Gal4/UAS-mCD8::GFP larval hemispheres labeling the entire set of MB
KCs (anti-GFP in green and anti-FasII, anti-ChAT neuropil staining in magenta). The observed
staining is nearly specific for the larval MB. Below a zoom in of the MB is shown. Further below
only the GFP channel is depicted. Scale bars: upper panel 50µm, middle and lower panel 25µ.
Sample size is n = 16 for each group if not indicated otherwise. Differences between groups are
depicted above and below the respective box plots; ns indicates p ≥ 0.05. Grey boxes indicate a
memory performance above chance level (p < 0.05). Small circles indicate outliers.

7.5.5 Supplement figure S5

S5 Fig.: Sensory acuity tests of larvae with impaired PKC function. A: Sensory acuity
tests when suppressing PKC activity in the MB KCs using an inhibitory pseudo substrate of PKC
(PKCi). For more details see S3A Fig. The inhibition of PKC did not alter the perception of AM,
BA or high salt. Experimental and control groups were indistinguishable from each other (One way
ANOVA, p = 0.99, p = 0.40 and p = 0.50, respectively). Sample size is n = 16 for each group
if not indicated otherwise. Differences between groups are depicted above or below the respective
box plots, ns indicates p ≥ 0.05. Grey boxes indicate a memory performance above chance level
(p < 0.05). Small circles indicate outliers.
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7.5.6 Supplement figure S6

S6 Fig.: Sensory acuity test for larvae with impaired dopaminergic signaling. Training
and methylphenidate (MPH) treatment protocols are shown at the top of each panel. A: Sensory
acuity tests of the dopamine (DA) receptor mutants dumb2 and damb. Both receptors mutants
perceived AM, BA and high salt stimuli comparable to controls (for AM: unpaired t test, p = 0.25
and p = 0.83, for BA: Mann-Whitney test, p = 0.07 and unpaired t test, p = 0.41, for high salt:
unpaired t test, p = 0.57 and p = 0.28). B: Sensory acuity tests of the DAT mutant fumin (fmn).
fmn mutant larvae showed no difference in their naïve responses to AM and high salt (Unpaired
t test, p = 0.10 and p = 0.64, respectively). However, the naïve response to BA was impaired
(Unpaired t test, p = 0.06).
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C: In line with the results for two odor conditioning, fmn mutant larvae using a one odor learning
paradigm (to omit BA as a sensory stimulus) behaved significantly different compared to wild type
control larvae (paired t test, p = 0.0003). They showed no aversive olfactory learning and/or
memory (One sample t test, p = 0.06). D: Aversive olfactorymemory in rsh1 and wild type
control larvae after methylphenidate (MPH) treatment using different concentrations. Memory
was tested directly after three cycle standard training. Aversive olfactory learning and memory was
indistinguishable from random distribution for the rsh11 mutant without MPH application (One
sample t test, p = 0.94). After application of 0.5 mM MPH rsh11 mutant larvae showed reduced
learning and/or memory compared to wild type controls (One sample t test, p = 0.03, unpaired t
test, p = 0.01). After application of 2.0 mM MPH rsh11 mutant larvae performed as wild type
controls (Unpaired t test, p = 0.11). Sample size is n = 16 for each group if not indicated otherwise.
Differences between groups are depicted above or below the respective box plots; ns indicates p ≥ 0.05
and * p < 0.05. Grey boxes indicate a memory performance above chance level (p < 0.05), whereas
white boxes indicate a memory performance at chance level (p ≥ 0.05). Small circles indicate
outliers.
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7.5.7 Supplement figure S7

S7 Fig.: Aversive olfactory high salt reinforced learning and memory using only one
training trial. Training and cold shock treatment protocols are shown at the top of each panel.
A: Aversive olfactory learning and/or memory using a one cycle training protocol was tested at
four different retention times after conditioning (0, 10, 20 and 60 minutes). Statistical significant
differences were revealed between the groups (One way ANOVA, p < 0.0001).
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The performance indices measured immediately and 10 minutes after one cycle training were in-
distinguishable from each other (Tukey post hoc test, p = 0.945). Alike the performance indices
measured 20 and 60 minutes after once cycle training showed no statistical significance differences
(Tukey post hoc test, p = 0.874). However the performance indices measured 0 and 10 minutes
after conditioning where at a higher level than the ones measured 20 and 60 minutes after condi-
tioning when analyzed with Tukey post hoc test (p < 0.0001 for 0 and 20, p < 0.0001 for 0 and
60, p = 0.0001 for 10 and 20 and p < 0.0001 for 10 and 60). B: Aversive olfactory learning and
memory established with increasing training cycles (One cycle, two cycles and three cycles) revealed
significant differences between one cycle training and two or three cycle training (One way ANOVA,
p = 0.003; Tukey post hoc test p = 0.037, p = 0.033, respectively). For two and three cycle training
no difference was detected (p = 0.705). C: Cold shock treatment directly after training partially
impaired aversive olfactory learning and/or memory when tested 10 minutes after one cycle train-
ing. No difference was detected between cold shock treated and control larvae tested 10 minutes
after two and three cycle training (Unpaired t-test, p = 0.0001 for one training cycle, p = 0.623
for two training cycles and p = 0.396 for three training cycles). D: Aversive olfactory learning
and memory of cold shock treated larvae and control groups tested 10, 20 and 60 minutes after one
cycle training. Only cold shocked treated larvae tested 10 minutes after one cycle training showed a
significant reduction compared to controls that perceived no cold shock. No effect was seen between
cold shocked and control groups tested 20 and 60 minutes after one cycle training (Unpaired t test,
p = 0.0001 for 10 minutes, p = 0.934 for 20 minutes and p = 0.681 for 60 minutes). E: Aversive
olfactory learning and/or memory of rsh1 mutants measured immediately and 20 minutes after one
cycle training was reduced compared to wild type larvae (Unpaired t test, p < 0.0001 for both). Fur-
thermore, rsh1 mutant revealed a complete loss of aversive olfactory learning and/or memory only
when measured 20 minutes after one cycle training but not when measured immediately after one
cycle training (One sample t-test, p = 0.383). F: Aversive olfactory learning and/or memory of
rut2080 and dnc1 mutants was reduced compared to wild type larvae when measured directly after one
cycle training (One way ANOVA, p < 0.0001; Tukey post hoc test, p < 0.0001 for both compared to
wild type control and p = 0.902 compared to each other). For both mutants learning and memory
was not completely abolished (One sample t test,p < 0.0001 for both). Aversive olfactory learning
and memory of both mutants tested 20 minutes after one cycle training was indistinguishable from
the one of wild type larvae (One way ANOVA, p = 0.106).
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Chapter 8

Time-dependent molecular and
cellular fundamentals of anesthesia
resistant memory in Drosophila
larvae Drosophila larvae

A. Widmann, M. Artinger, K. Boepple, C. Sauter, T. Frickey and A.S. Thum.
Molecular and cellular underpinnings responsible for the maintenance of anesthesia
resistant memory in Drosophila larvae. In preperation.

Summary
The larval stage of Drosophila forms after associative olfactory conditioning sev-
eral two parallel memory phases. A short-lasting component (lASTM) and larvae
an anesthesia resistant component (lARM). The formation of lARM relies heavily
the activity of the radish gene and involves protein kinase C activity. However,
the mechanisms of maintaining lARM over time are still unknown, since molecular
changes are only temporally and protein synthesis is not involved in lARM. We
tested to possibilities. Is prolonged activity involved? And play structural changes
in synaptic morphology a role? Therefore we tested lARM at a later time point
and tested several molecular candidates for an impairment in lARM. Contrary to
lARM tested directly after training, lARM tested at a later time point revealed the
dependency on several different molecules and signaling cascades.
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Abstract: A remarkable ability of the brain is its capacity to learn new
tasks, integrate new skills and preserve them as memory entities in order to adapt
quickly to changes in environmental conditions. Several studies in different organ-
isms revealed that memories are formed within neuronal circuits due to changes
in synaptic transmission, whereby temporary, reversible changes refer to labile,
short-lasting memories and persistent, protein synthesis dependent modifications
to stable, longer-lasting memories. After odor-salt conditioning Drosophila larvae
establish a larval form of anesthesia resistant memory (lARM) that initially
co-exists with a larval short-term memory (lSTM), but becomes the predominant
memory component after a short time intervall. We have shown that lARM
formation relies heavily on the activity of the radish gene and involves protein
kinase C activity. However, molecular changes are usually only temporarily and
therefore likely insufficient to maintain and consolidate lARM over time. Therefore,
we tested if prolonged activity through protein degradation mechanisms is involved
and if structural changes in synaptic morphology plays a role in maintaining
lARM over time. Furthermore we analysed possible targets of the radish gene in
a bionformatic approach. Our results indicate that indeed morphological changes
may be involved since a mutation in the Rac gene showed an impairment in lARM.
Furthermore our data revealed that the degradation processes via the proteasome
is also involved. Therefore proposed a model at which the prolonged activity of
several signaling cascades and the involvement in structural changes in synaptic
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morphology play a role in maintaining lARM over time.
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8.1 Introduction

A remarkable ability of the brain is its capacity to learn new tasks, integrate new
skills and preserve them as memory entities in order to adapt quickly to changes
in environmental conditions. Associative memory, for example, enables animals
to predict the future using past experience. Several studies in different organ-
isms revealed that memories are formed within neuronal circuits due to changes in
synaptic transmission; whereby temporary, reversible changes refer to labile, short-
lasting memories and persistent, protein synthesis dependent modifications to stable,
longer-lasting memories (for review, see [1]). Longer-lasting memories are resistant
to anesthetic disruption and require consolidation processes, which in turn require
transient changes of intracellular signaling cascades (for review, see [2, 3]). These
mechanisms appear to be evolutionary conserved throughout the animal kingdom
(for review, see [4]). One prominent example is the classical cyclic adenosine 3’5’-
monosphosphate protein kinase A (cAMP)/PKA) pathway, which is necessary for
many types of learning and memory including presynaptic facilitation in Aplysia (for
review, see [5]), associative olfactory learning in insects (for Drosophila reviewed in
[6], for honeybees reviewed in [7]), and long-term associative memory in mammals
[8, 9].
Both, invertebrates and vertebrates possess a variety of different learning mecha-
nisms. In Drosophila the most commonly studied form of learning is classical olfac-
tory conditioning, in which larval or adult Drosophila associate an odor (conditioned
stimulus, CS) with a positive or a negative unconditioned stimulus (US) (for review,
see [10, 11]). Throughout development Drosophila is able to form different mem-
ory phases, which vary in their temporal dynamics and molecular basis (for larvae
[15-19], for adults [12-14]). Adult Drosophila form two longer-lasting memory com-
ponents, which are genetically independent: Long-term memory (LTM) depends on
de-novo protein synthesis, utilizes the classic cAMP/PKA pathway (reviewed in [6]),
and relies on the activity of the cAMP response element-binding protein (CREB)
[19-21]. Anesthesia resistant memory (ARM), on the other hand, by definition is
resistant to anesthetic disruption by cold shock and independent of cAMP/PKA
signaling and de-novo protein synthesis [14, 19].
Drosophila larvae, in turn, after aversive odor-salt conditioning establish a larval
from of ARM (lARM) that initially co-exists with a larval short-term memory
(lSTM), but becomes the predominant memory component after about 20 min-
utes after training [19]. In addition to its initial behavioral description we have
also shown that lARM on the genetic level relies on radish and bruchpilot gene
function, protein kinase C activity (see also Fig.1B), requires presynaptic output of
mushroom body Kenyon cells (MB KCs) (see also Fig.1B) and dopamine function
[19]. It has been shown in several species that PKC has a conserved role in learning
and memory in Aplysia [22-25], fear conditioning in mammals [26]), and associative
learning in honeybees [27] and Drosophila [28]. We suggested that PKC could serve
as a pivotal element in providing the initial molecular basis of forming lARM in the
manner, that it is an activator of several downstream targets [19] (see also Fig.1A).
Drosophila larvae, in turn, after aversive odor-salt conditioning establish a larval
from of ARM (lARM) that initially co-exists with a larval short-term memory
(lSTM), but becomes the predominant memory component after about 20 minutes
after training [19] (see also Fig. 1A). In addition to its initial behavioral description
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we have also shown that lARM on the genetic level relies on radish and bruchpi-
lot gene function, protein kinase C activity (see also Fig.1B), requires presynaptic
output of mushroom body Kenyon cells (MB KCs) (see also Fig.1B) and dopamine
function [19]. It has been shown in several species that PKC has a conserved role
in learning and memory in Aplysia [22-25], fear conditioning in mammals [26]), and
associative learning in honeybees [27] and Drosophila [28]. We suggested that PKC
could serve as a pivotal element in providing the initial molecular basis of forming
lARM in the manner, that it is an activator of several downstream targets [19] (see
also Fig.1A).
However, molecular changes are usually only temporarily and therefore likely in-
sufficient to maintain and consolidate lARM over time. Besides de-novo protein
synthesis two additional mechanisms are for this purpose discussed. First, it is
generally considered that structural changes in synaptic morphology, which are in
parallel to or independent of protein synthesis, are also involved in the stabilization
of memory over time (reviewed in [34]). Indeed, a genome-wide microarray analysis
of rsh mutant Drosophila larvae revealed that several genes involved in membrane
excitability, synaptic transmission, cytoskeletal regulation, cell adhesion and cellu-
lar signaling are differential regulated compared to wild type controls [35]. Second,
there is growing evidence that not only protein synthesis but also protein degra-
dation through the ubiquitin-proteasome pathway (UPS) plays a critical role for
synaptic plasticity and the formation and consolidation of memory (reviewed in [36-
39]). Numerous studies revealed the necessity of protein degradation in presynaptic
long-term facilitation (LTF) in Aplysia [40, 41], fear conditioning in rats [42-44] and
associative learning in honeybees [45]. Whether consolidation of lARM depends on
any of these mechanisms has not been addressed to date.
To initially identify genetic mechanisms involved in the maintenance and consolida-
tion of lARM over time we used our established aversive classical olfactory training
regime and tested a comprehensive set of genetic tools for effects on longer lasting
memories at later time point after training. We find that contrary to early stage
lARM tested immediately after training, later stage lARM tested 60 minutes after
training requires cAMP/PKA activity. Furthermore, we show that the ubiquitin-
proteasome pathway and potential actin remodeling are required for later stage
lARM. However, presynaptic output of the MB KCs seems not to be necessary for
memory consolidation since blockage between training and testing did not impair
later stage lARM. Summarized these results provide an entry point to uncover the
molecular and cellular principles involved in the maintenance and consolidation of a
memory component over time, focusing on effects that are independent of de-novo
protein synthesis.

8.2 Material and methods

8.2.1 Fly stocks and maintenance
Fly strains were reared on standard Drosophila medium at 25◦C or 18◦C with a
14/10 hr light/dark cycle. For behavioral analysis we used rut1, rut2080, dnc1, rsh1

[29, 48, 49] (kindly provided by T. Preat), DCOB3, DCOH2 [57] (kindly provided
by M. Saitoe), fumin [77] (kindly provided by M. Heisenberg) and syn97 [79, 111]
(kindly provided by B. Gerber) and Drac1EY 0584 [] (BDSC no.: 15461) mutants.
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All lines were outcrossed over several generations with wild type CantonS that was
used as a genetic control. In some case we used also w1118 as a genetic control. In
addition, we used the two dopamine receptor mutants damb and dumb2 and their
genetic controls [70]. Note, that in contrast to earlier studies the damb mutant was
outcrossed to CantonS over several generations. To express Gal4 in all larval KCs
we used the driver line OK107 [112, 113] (DGRC no.: 106098). UAS-shits was used
to acutely block synaptic output from KCs [114] (BDSC no.: 7068). In addition,
we used six effector line UAS-EGFRDN [59] (kindly provided by T. Roeder), UAS-
RNAiB3C8 [81] (kindly provided by H. Tanimoto), UAS-PKCi [115] (kindly provided
by B. Brembs) and UAS-DTS5 ;UAS-DTS7 [].

8.2.2 Aversive olfactory conditioning
Experiments were conducted on assay plates (85mm diameter, Cat. No.: 82.1472,
Sarstedt, Nümbrecht) filled with a thin layer of 2.5% agarose containing either pure
agarose (Sigma Aldrich Cat. No.: A5093, CAS No.: 9012-36-6) or agarose plus
reinforcer. We used 1.5M and 2.0M sodium chloride (Sigma Aldrich Cat. No.:
S7653, CAS No.: 7647-14-5) [117] as a negative reinforcer. As olfactory stimuli, we
used 10 µl amyl acetate (AM, Fluka Cat. No.: 46022; CAS No.: 628-63-7; diluted
1:250 in paraffin oil, Fluka Cat. No.: 76235, CAS No.: 8012-95-1) and benzaldehyde
(BA, undiluted; Fluka Cat. No.: 12010, CAS No.: 100-52-7). Odorants were loaded
into custom-made Teflon containers (4.5 mm diameter) with perforated lids [118].
We used an aversive two odor reciprocal training paradigm and tested the memory
60 minutes after training [19]. During training, a group of 30 larvae were exposed to
AM while crawling on agarose medium containing in addition sodium chloride as a
negative reinforcer. After 5 min, larvae were transferred to a fresh Petri dish in which
they were allowed to crawl on pure agarose medium for 5 min while being exposed
to BA (AMsalt)/BApure). A second group of larvae received the reciprocal training
(AMPure/BASalt). The training procedure is repeated three times. If not stated
otherwise, the memory was tested 60 minutes after training. Therefore larvae were
transferred onto another agarose plate after training and kept there for 60 minutes
before testing the memory. To increase humidity tap water was added. During
the test both odors are presented on opposite sides. The plates in the test situation
contain sodium chloride. After 5 min, individuals of both reciprocally trained groups
were counted as located on the AM side (#AM), the BA side (#BA), or in a 1 cm
neutral zone (#N). By subtracting the number of larvae on the BA side from the
number of larvae on the AM side, and dividing by the total number of counted
individuals (#AM + #BA + #N), we determined a preference index PREF for
each training group:

PREFAMsalt/BApure = (#AM −#BA)
#TOTAL

PREFAMpure/BAsalt = (#AM −#BA)
#TOTAL

(8.1)

To measure specifically the effect of associative learning that is of the odor-
reinforcement contingency, we calculated the associative performance index (PI)
as the difference in preferences between the reciprocally trained larvae:

PI =
PREFAMsalt/BApure − PREFAMpure/BAsalt

2 (8.2)



166 Maintenance of larval ARM

This means: negative PIs represent aversive associative learning. Division by 2
ensures scores are bound within (-1; 1).

8.2.3 Sensory acuities
For each aversive olfactory learning experiment at the two different time points (0
and 60 minutes) where performed within the same period. We already tested for
most of the experiments the sensory acuities [19], however we summarized them in
Table S3 and Table S4.

8.2.4 Heat-shock treatment
For the heat-shock treatment larvae were raised at a permissive temperature (19◦C).
Heat-shock were applied 6 hours before training. Therefore, food vials with 10 days
old larvae were transferred into an incubator with (35◦C). Afterwards each group
received an aversive olfactory training regime at room temperature (22◦C).

8.2.5 Acutely blocking synaptic output with shibirets

To acutely block synaptic output we used UAS-shits1 [114]. Larvae were raised
at a permissive temperature (19◦C). We either block during the retention time or
during the recall. For blocking during retention larvae were trained on a permissive
temperature (22◦C). Subsequent to training larvae were incubated for 2 minutes in
a water-bath at 35◦C. For the retention interval larvae were kept on the restrictive
temperature (35◦C) in a custom made chamber placed within a fume hood. Prior
to test the larvae were transferred onto agarose plates containing tap water for a 10
minutes cool down larvae at the permissive temperature. The test was also done on
the permissive temperature (22◦C). Blocking during the recall larvae were trained on
the permissive temperature (22◦C). Afterwards larvae were transferred onto agarose
plate containing tap water. Prior to test the larvae were incubated for 2 minutes in
a water-bath at 35◦C. The test was done at the restrictive temperature (35◦C) in a
custom made chamber placed within a fume hood.

8.2.6 Statistical methods
All statistical analyses and visualizations were done with GraphPad Prism 7.0. All
groups did not violate the assumption of normal distribution (Shapiro-Wilk test)
and homogeneity of variance (Bartlett’s test) and were analyzed with parametric
statistics. We analyzed the data applying a two-way ANOVA analysis in respect
to genotype and time (0 or 60 minutes). In order to identify significant differences
between groups we executed Bonferroni post hoc tests for the following compar-
isons. We applied pairwise comparison amongst the respective genotypes at the two
different time points (0 and 60 minutes) and also for each genotype between 0 and
60 minutes. The results of the Bonferroni post hoc tests are summarized in Table
S2. We compared lARM tested directly and 60 minutes after training for different
genotypes among each other, and also for each genotype between 0 and 60 minutes.
To compare single genotypes against chance level, we used the one sample t-test
(two-tailed) for each sample. For lARM tested directly after training, the analysis
was done in [19]. The results for lARM tested 60 minutes after are summarized in
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Table S1 and in the supplemental figures (Fig.S1A-S1E, Fig.S2A-S2D, Fig.S3C). For
the supplemental figure Fig.S1A a one-way ANOVA followed by planned pairwise
comparisons with a Dunnett post hoc test of the relevant groups against wild type
was applied. The significance level of statistical tests was set to α=0.05. Figure
alignments were done with Adobe Photoshop CC 2014. The data are shown as
means ± s.e.m.. In the supplement material data were presented as box plots, 50%
of the values of a given genotype being located within the boxes; whiskers represent
the entire set of data. Outsiders are indicated as open circles. The median of the
performance index (PI) was indicated as a bold line and the mean as a cross within
the box plot. Unless stated otherwise, all olfactory conditioning experiments are
n = 16.

8.2.7 Bioinformatic methods
Amino acid sequence for the radish (CG44424, also known as CG18646 or
CG42628) gene of Drosophila melanogaster were obtained from the Drosophila
database FlyBase (http://flybase.org/reports/FBgn0265597.html) (FlyBase ID
FBgn0265597) (2015.12.15). Multiple alignments of amino acid sequences were
done using MUSCLE (http://www.drive5.com/muscle/) with standard parame-
ters (2015.12.15) [119]. Alignments or single amino acid sequences were visual-
ized and compared using alnedit.jar provided from the applied bioinformatics lab
of the University of Constance (http://bioinformatics.uni-konstanz.de/downloads/)
(2015.12.15). Predictions of functional domain were done using Conserved Do-
main Database (CDD) (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
[120-123] or SMART (Simple Modular Architecture Research tool) using the Pfam
database of protein domain families (http://smart.embl-heidelberg.de) [86, 87].

8.3 Results

8.3.1 lARM tested 60 minutes after training requires the
cAMP/PKA pathway

We have shown that after aversive olfactory conditioning two memory components,
lSTM and lARM, are established in Drosophila larvae [19]. Shortly after training
within about 20 minutes lSTM decays leaving lARM as the predominant memory
phase remaining [19]. Both memory phases seem to be initially encoded through
separate molecular pathways [19] (see also Fig.1B). Aversive lSTM depends on intact
cAMP signaling [16, 18, 19], whereas early aversive lARM utilizes the PKC pathway
and requires the activity of the rsh gene [19]. However, it was shown in Drosophila
adults that under certain circumstances PKA mutants showed an increase of ARM
[46] and also restricting cAMP to a certain level had an impact on ARM [47]. These
findings linked the cAMP/PKA pathway directly to ARM, albeit we have shown that
the larvae utilizes rather the PKC signaling pathway than the classical cAMP/PKA
pathway to establish lARM [19] (see also Fig.1B). However one study in Drosophila
adults claimed that later tested ARM depends on proper PKA signaling, whereby
initial ARM was unaffected [Widmann et al., 2016]. Therefore, were curious if this
is also the case for larvae and performed additional experiments to test if genetic
manipulation in cAMP/PKA pathway leads to impairment in formation, consolida-

http://flybase.org/reports/FBgn0265597.html
http://www.drive5.com/muscle/
http://bioinformatics.uni-konstanz.de/downloads/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://smart.embl-heidelberg.de
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tion and/or recall of lARM at a later time point (60 minutes). To do so we used the
standardized two-odor reciprocal olfactory conditioning paradigm with three train-
ing repetitions using 1.5M sodium chloride (NaCl) as negative reinforcercement [19]
and tested the memory 60 minutes after training (Fig.1A). First, we applied three
training repetitions due to the case that only lARM is detectable [19]. This as-
sures that possible interaction on a molecular and/or cellular level between lSTM
and lARM is reduced to a minimum. Second, we tested lARM 60 minutes after
training since lARM at this time point and lARM tested directly after training are
indistinguishable from each other in wild type larvae [19]. In the following we refer
to lARM tested directly after training as lARM0min and lARM tested 60 minutes
after training as lARM60min. First, we analyzed if impairment in cAMP signaling
has any impact on the persistence of lARM. Two genes, which are affected in the
classical learning mutants rutabaga (rut) [48] and dunce (dnc) [49] are known to
be involved in different aspects of cAMP signaling. The gene rut encodes for a
type I Ca2+-dependent adenylyl cyclase (AC1) [50], and dnc encodes for a type 4
cAMP-specific phosphodiesterase (PDE4) [51, 52]. AC1 is proposed to be involved
in the contiguity detection of Ca2+/Calmodulin (Cam) and G-proteins signals in
classical conditioning by elevating cAMP levels (for review, see [53]), whereas PDE4
is involved in restricting cAMP levels to certain subcellular locations (for review,
see [54]).

Figure 1: A molecular based working hypothesis for larval anesthesia resistant mem-
ory (lARM) formation. A: Schematic drawing of the used two-odor reciprocal training paradigm
[19]. During training, a group of 30 larvae (Group 1) receives the odor n-amylacetate (AM) paired
with an aversive reinforcer (high salt concentration) while the second odor benzaldehyde (BA) was
presented alone (AMSalt/BAPure). A second group of 30 larvae (Group 2) receives the reverse
contingency (AMPure/BASalt). The training is repeated three times. Afterwards the larvae are
transferred onto a new agorose plate and are kept there for 60 minutes. During the test both
odors are presented on opposite sides. After 5 minutes the number of larvae on each side for both
reciprocally trained are counted and a performance index (PI) is calculated. This quantifies the
associative aversive olfactory memory (adapted from [19]).
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B: After classical conditioning memory formation depends on protein kinase A (PKA) and protein
kinase C (PKC) function, which are involved in the formation of two different memory components
(larval short-term memory (lSTM) and early larval anesthesia resistant memory (lARM0min).
During conditioning mushroom body Kenyon cells (MB KCs) receive the olfactory stimulus via
cholinergic projection neurons (defined as conditioned stimulus, CS) and the aversive gustatory
stimulus via dopaminergic neurons (defined as unconditioned stimulus, US). Both stimuli are pro-
cess in MB KCs as follows: binding of dopamine (DA) leads to a dissociation of G-protein sub-
units from the G-protein coupled receptors (GPCR) and binding of acetylcholine (ACh) leads to an
opening of a voltage-dependent calcium channel (VDCC) and as a consequence intracellular Ca2+

levels are rising. This mechanism is thought to be shared between both signaling pathways. In
the classical pathway (left side), simultaneous stimulation of dopaminergic (Gαs) and cholinergic
receptors leads to the activation of adenylyl cyclase (AC) and as a consequence cyclic adenosine
3’,5’-monophosphate (cAMP) levels are rising, which is negative regulated through a phosphodi-
esterase (PDE) to maintain cAMP at a tolerable level. The molecule cAMP serves as regulatory
signal for PKA, which phosphorylates downstream targets like Synapsin (Syn) or cAMP response
element-binding protein (CREB) in order to induce short- or long-lasting synaptic plasticity. An
alternative pathway (right side) including PKC signaling is based on dopaminergic activation (Gαq)
of phospholipase C (PLC), which leads to an increase of intracellular inositol triphosphate (IP3)
and diacylglycerol (DAG) levels. The second messenger IP3 activates the release of intracellular
Ca2+ from the endoplasmatic reticulum whereas DAG is a physiological activator of PKC. Down-
stream targets of PKC are not well described. We hypothezised, that Radish (Rsh) is activated via
PKC. Additionally, regulation of a member of the active zone (AZ) complex, Bruchpilot (Brp),
via PKC signaling would change the organization of the AZ to provide a molecular substrate for
presynaptic plasticity. CaM: Calmodulin, RP: reserve pool, RRP: readily releasable pool. Taken
and adapted from [8]

We tested the learning mutants rut1, rut2080 and dnc1 for which we have already
shown that these mutations did not lead to impairment in lARM0min ([19]) (see
also Fig.2A). Surprisingly, all three mutants exhibited a complete abolishment of
lARM60min (Fig.2A, Fig.S1B). Wild type larvae did not show statically significant
differences between lARM0min and lARM60min (Fig.2A). Second, we examined if
genetic interference with PKA function, which is a proximate downstream target
of cAMP leads to impaired lARM. We tested the hypomorphic alleles DCOH2 and
DCOB3 of the DCO gene locus, which encodes the major catalytic subunit of PKA
[55, 56]. It was shown in adults that heterozygous DCOB3/+ and DCOH2/+ mutants
showed a 50% reduction of PKA activity [57]. Again, we have already shown that
both heterozygous mutants did not reveal any impairment in lARM0min [19] (see
also Fig.2B). However, both heterozygous mutants showed a complete abolishment
of lARM60min (Fig.2B, Fig.S1C). The wild type control did no show any decrease of
lARM measured 60 minutes after training compared to lARM tested directly after
training (Fig.2B). However, it should be mentioned that lARM60min for both mu-
tants were indistinguishable from the wild type control (Fig.2B). Nonetheless, we
assume that PKA plays a role for lARM over time rather than being involved in the
initial formation.
Alternatively, we also tested if an alternative Rut-AC independent signaling cascade
may also play a role for later stage lARM. We tested epidermal growth factor recep-
tor (EGFR) signaling to a Ras/Neurofibromatosis type I (NFI) pathway that was
suggested to act via a Rut-AC independent AC to activate PKA function [58]. Al-
though it was shown, that pan neuronal expression of a dominant negative isoform
of EGFR (EGFRDN) impairs larval olfactory learning after a bidirectional condi-
tioning [59], expression of EGFRDN in all MB KCs via the OK107-Gal4 driver line
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neither affected aversive lARM0min [19] (see also Fig.2C) nor lARM60min (Fig.2C,
Fig.S1D). Both genetic controls did not exhibit statistically significant differences
in lARM tested directly after training or 60 minutes after training (Fig.2C).
Therefore, lARM seems to depend on signaling pathways of two different second
messenger cascades. We have shown that intact PKC signaling in the MB KCS is
required for the initial formation of lARM [19] (see also Fig.2D, Fig.S1E), yet in-
creasing the retention interval revealed a consecutive function for the cAMP/PKA
signaling pathway for later stage lARM. The cAMP dependent effect likely begins
early after training, since rut1 and dnc1 mutant larvae showed a reduction or com-
plete impairment of lARM when tested only 10 minutes after training (Fig.S1A).
Therefore a scenario can be considered, in which PKC rather takes place in lARM
formation and PKA is needed for the maintenance or consolidation of lARM over
time. Yet, this conclusion is limited, given that we cannot experimentally address
the function of PKC for the maintenance or consolidation lARM due to the complete
initial lARM impairment.
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Figure 2: For the maintenance of larval anesthesia resistant memory the activity of
protein kinase A is required. Training and heat shock protocols are shown at top of each panel.
For simplification the reciprocally trained group is not shown. In each experiment most of the data
points for lARM tested directly after training (0 minutes) were already analyzed in our previous
paper [19]. We analyzed the data applying a two way ANOVA analysis in respect to genotype and
time (0 or 60 minutes). In order to identify significant differences between groups of interest we
executed Bonferroni post hoc tests. A: The genes rutabaga (rut) and dunce (dnc) are involved in
manipulating cAMP levels, where rut encodes for a type I Ca2+-dependent adenylyl cyclase (AC1)
and dnc for a type 4 cAMP-specific phosphodiesterase (PDE4). All three learning mutants (rut1,
rut2080, dnc1) exhibit a complete abolishment in lARM tested 60 minutes later (One sample t-test,
p = 0.0013, p = 0.185, p = 0.475, p = 0.632, respectively). Further analysis using two-way ANOVA
shows significant differences in all three mutants in respect to genotype and time (p < 0.0001 for
both). Interaction between genotype and time is not detectable (p = 0.128). Bonferroni post hoc
analyses show no significant differences within comparisons between all genotypes tested directly
after training (p ≥ 0.05 for all), but 60 minutes later for rut1, rut2080 and dnc1 against wild type
(p < 0.05). Comparisons between the two time points for each genotype show significant differences
in the mutant rut1 and rut2080 but not in dnc1 and in wild type larvae (p ≥ 0.05 for wild type,
p < 0.05 for rut1, p < 0.05 for rut2080, p ≥ 0.05 for dnc1). B: DCO encodes for the major catalytic
subunit of PKA in Drosophila. Adult Drosophila, which are heterozygous for the alleles DCOB3

and DCOH2 (DCOB3/+ and DCOH2/+ showed a 50% reduction of PKA activity. Both heterozy-
gous mutant larvae (DCOB3/+ and DCOH2/+) exhibit a complete abolishment of lARM tested 60
minutes after training (One sample t-test, p = 0.0046, p = 0.565, p = 0.627, respectively). Further
analysis using two-way ANOVA reveals significant differences in lARM only in the factor time in
respect to comparison between wild type, both heterozygous mutants (DCOB3/+, DCOH2/+) and
the two time points (0 and 60 minutes) (p = 0.364 for genotype, p = 0.0007 for time).
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Interaction between genotype and time is not detectable (p = 0.655). Bonferroni post hoc analyses
do not indicate significant differences within wild type and the two experimental groups (DCOB3/+,
DCOH2/+) tested directly after training (p ≥ 0.05 for all) and tested 60 minutes later (p ≥ 0.05
for all). Comparisons between the two time points for wild type control and both experimental
groups indicate no significant differences (pp ≥ 0.05 for all). C: Epidermal growth factor recep-
tor (EFGR) signaling to a Ras/Neurofibromatosis type I (NFI) pathway was reported to activate
PKA independently of the cAMP/PKA pathway. Comparison between control groups (OK107/+,
UAS-EGFRDN/+), OK107/UAS-EGFRDN and the two time points (0 and 60 minutes) reveals
significant differences in lARM only in the factor time analyzed by two-way ANOVA (p = 0.324
for genotype, p = 0.0004 for time). Interaction between genotype and time is not detectable
(p = 0.878). Bonferroni post hoc analyses do not indicate significant differences within control
groups and OK107/UAS-EGFRDN tested directly after training (p ≥ 0.05 for all) and tested 60
minutes later (p ≥ 0.05 for all). Comparisons between the two time points for control groups and
OK107/UAS-EGFRDN indicate no significant differences (p ≥ 0.05 for all). D: Expressing an
inhibitory pseudosubstrate of PKC (PKCi) under the control of OK107-Gal4 shows no detectable
lARM tested 60 minutes after training (One sample t-test, p = 0.0008, p = 0.0001, p = 0.295,
respectively). Suppression of PKC activity in the MB KCs by expressing an inhibitory pseudosub-
strate of PKC (PKCi) under the control of OK107-Gal4 leads to significant differences in lARM
in respect to comparison between control groups (OK107/+, UAS-PKCi/+), OK107/UAS-PKCi
and the two time points (0 and 60 minutes) analyzed by two-way ANOVA (p < 0.0001 for geno-
type, p = 0.004 for time). Interaction between genotype and time is not detectable (p = 0.551).
Bonferroni post hoc analyses indicate significant differences between the experimental group and
both control groups tested directly after training (p < 0.05 for OK107/+ vs. OK107/UAS-PKCi,
p < 0.05 for UAS-PKCi/+ vs. OK107/UAS-PKCi) and tested 60 minutes later (p < 0.05 for
OK107/+ vs. OK107/UAS-PKCi, p < 0.05 for UAS-PKCi/+ vs. OK107/UAS-PKCi). Compar-
isons between the two time points for control groups and experimental group indicate no significant
differences (p ≥ 0.05 for all). E: Dominant temperature-sensitive alleles DTS5 and DTS7 exhibit
a mutation in the β6 and β2 subunit of the 20S proteasome respectively and leads to an inhibition
of UPS mediated protein degradation in several systems and tissues in Drosophila. The transgenes
UAS-DTS5 and UAS-DTS7 were induced via a heat-shock of 35◦C for 5.5 hours. Expression of
UAS-DTS5 and UAS-DTS7 (UAS-DTS5;UAS-DTS7) in MB KCs driven by OK107-Gal4 and heat
shock activated prior to training show lARM different from random distribution tested directly af-
ter training (One sample t-test, p = 0.0001, p = 0.0001, p = 0.0003, respectively), but leads to a
complete abolishment of lARM tested 60 minutes later (One sample t-test, p < 0.0001, p = 0.0001,
p = 0.587, respectively). Two-way ANOVA shows significant differences in lARM in respect to com-
parison between the three genetic groups and the two time points (0 and 60 minutes) expressing
UAS-DTS5 and UAS-DTS7 (UAS-DTS5;UAS-DTS7) in the MB KCs driven by OK107-Gal4 and
heat shock activation prior to training (p = 0.004 for genotype, p = 0.026 for time). Interaction
between genotype and time is not detectable (p = 0.203).

Bonferroni post hoc analyses indicate no significant differences within control groups (OK107/+
and UAS-DTS5;UAS-DTS7/+) and OK107/UAS-DTS5;UAS-DTS7 tested directly after training
(p ≥ 0.05 for all) but significant differences between OK107/UAS-DTS5;UAS-DTS7 and both con-
trol groups tested 60 minutes later (p < 0.05 for UAS-DTS5;UAS-DTS7/+ vs. OK107/UAS-
DTS5;UAS-DTS7, p < 0.05 for UAS-DTS5;UAS-DTS7/+ vs. OK107/UAS-DTS5;UAS-DTS7).
Comparisons between the two time points for control groups and OK107/UAS-DTS5;UAS-DTS7
indicate significant differences for the experimental group (p < 0.05). Differences between groups
are depicted below the symbols, at which ns indicates p ≥ 0.05 and * indicates p < 0.05. Memory
performance statistically significant different from random distribution (p < 0.05) is indicated in
black and random distribution (p ≥ 0.05) is indicated in light grey. The data are shown as means
±s.e.m.
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8.3.2 lARM tested 60 minutes after training requires pro-
tein degradation utilizing the ubiquitin-proteasome
system

Albeit we have shown that the maintenance or consolidation of lARM over time is
dependent on, inter alia, the cAMP/PKA signaling pathway, it is not quite clear at
which time point and to which extend each component is involved. After an aversive
conditioning trial dopamine signaling vanishes but second messengers have to be ac-
cumulate in order to reach certain threshold levels to guarantee the maintenance or
consolidation of lARM over time. Alternatively, a similar effect can be achieved by
stabilizing proteins of second messenger cascades in an active state. For example, it
was shown that the ubiquitin-proteasome system (UPS) is responsible for the degra-
dation of the regulatory (R) subunit of PKA [60]. Since R subunits inactivate the
catalytic (C) subunit of PKA, a selectively degradation of R subunits would lead
to prolonged activity of PKA after transient cAMP signaling. Indeed, persistent
activity of PKA regulated through UPS is involved in long-term facilitation (LTF)
in Aplysia and LTM formation in mammals [40, 41, 61]. However, it was so far not
addressed if protein degradation through UPS is involved in memory formation in
Drosophila larva.
In Drosophila, the DTS5 (also known as Pro261) and DTS7 (also known as Prosβ21)
dominant temperature-sensitive (DTS) mutation affect the β6 and β2 subunit of
the 20S proteasome respectively [62-64]. Several studies confirmed that both mu-
tations cause interferences in UPS-mediated protein degradation in several tissues
in a temperature dependent manner [65-69]. We expressed DTS5 and DTS7 (UAS-
DTS5 ;UAS-DTS7 ) in all MB KCs using the OK107-Gal4 driver line, and induced
the dominant temperature-sensitive mutation using a heat-shock protocol [19] (see
also Fig.2E). Heat-induced larvae with inhibited proteasome function showed no im-
pairment in lARM tested directly after training (Fig2E, Fig.S2F). However, larvae
tested 60 minutes after training exhibited a complete abolishment of lARM (Fig.2F,
Fig.S2F). lARM0min and lARM60min was not affected in both control groups, which
were behaviorally indistinguishable from each other (Fig.2E). Therefore, we con-
clude that the UPS is not involved in early stage lARM, but necessary for a later
stage of lARM over time. It is tempting to speculate that the UPS has an impact
on stabilizing PKA and thus ensures its prolonged activity over time. This would
further emphasize that cAMP/PKA signaling is necessary at a later stage of lARM
(lARM60min).

8.3.3 The role of dopaminergic signaling on lARM tested
60 minutes after training

The current model for aversive associative learning in Drosophila proclaims that
during learning the unconditioned punishing stimulus is mediated through a spe-
cific set of dopaminergic neurons onto the MB KCs via G-protein couple receptor
(GPCR) signaling (for larvae [16, 70], for adults for review, see [10, 71, 72]). It was
recently reported, that two members of the dopamine D1-like receptor family, called
dDA1 and DAMB, are involved in adult and larval associative learning [19, 70, 73,
74]. In general, activation of D1-receptors are on the one hand linked to induce
the cAMP/PKA pathway via Gαs signaling and on the other hand modulate PKC
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via activation of phospholipase C (PLC) through Gαq signaling (for review, see [75,
76]). We have recently proposed a hypothetical model which links lARM formation
to the PKC pathway through a presumable induction of Gαq dependent second mes-
senger cascade [19] (see also Fig.1B). Here we were wondering if dopamine signaling
in a recurrent feedback dependent manner is required for the later stage of lARM.
Such a recurrent feedback loop was recently reported for LTM formation in adult
Drosophila [Ichinose et al., 2015].
First, we analyzed two mutant alleles dumb2 (for dDA1) and damb (for DAMB) us-
ing our standard protocol and tested both for lARM60min. Both mutants exhibited
a defect in lARM60min (Fig.3A, 3B), however in both cases the effect was partial
(Fig.3A, 3B, Fig.S1A). The respective control group of damb and dumb2 did not re-
veal any statistically significant differences in lARM0min and lARM60min. Second, we
also examined the effect of an increased dopamine level using fumin (fmn) mutant
larvae with altered dopamine transporter (DAT) function. Flies bearing a mutation
in the in the fmn mutant flies exhibit enhanced DA level [77, 78]. Lately, we have
shown, that fmn mutants showed impairment but not a complete abolishment of in
lARM0min [19] (see also Fig.3C). Contrary, lARM tested 60 minutes after training
was completely absent in fmn mutant larvae (Fig.3C, Fig.S2B). Again, wild type
control larvae did not exhibit any statically significant differences in lARM tested
directly after training and 60 minutes later (Fig.3C).
In summary we thus conclude that the maintenance or consolidation of lARM is
critically regulated through the initial dopaminergic signaling that triggers down-
stream second messenger molecules. Especially enhanced dopamine levels in fmn
mutant larvae completely abolished of lARM tested 60 minutes after training.

Figure 3: Continuous dopaminergic signaling is not required for the maintenance of
larval anesthesia resistant memory. Training and heat shock protocols are shown at top of
each panel. For simplification the reciprocally trained group is not shown. In each experiment the
data points for lARM tested directly after training (0 minutes) were already analyzed in our previous
paper [19]. We analyzed the data applying a two way ANOVA analysis in respect to genotype and
time (0 or 60 minutes). In order to identify significant differences between groups we executed
Bonferroni post hoc tests for the following comparisons.
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A: The mutant damb of the dopamine receptor DAMB, which is a member of the D1-like receptor
family, shows significant differences in lARM only in the factor genotype in respect to compar-
isons between the two genotypes and the two time points (0 and 60 minutes) analyzed by two-way
ANOVA (p < 0.0001 for genotype, p = 0.058 for time). Interaction between both factors is not
detectable (p = 0.184). Bonferroni post hoc analyses indicate significant differences between wild
type and damb tested directly after training and 60 minutes later (p < 0.05 for all). Both, wild type
larvae and damb mutants show no significant differences between the two time points (p ≥ 0.05
for both).B: A second dopamine D1-like receptor dDA1 mutant dumb2 shows significant differences
in lARM in respect to comparison between the two genotypes and the two time points (0 and 60
minutes) analyzed by two-way ANOVA (p < 0.0001 for genotype, p = 0.012 for time). Interaction
between both factors is not detectable (p = 0.359). Bonferroni post hoc analyses indicate significant
differences between control group and dumb2 tested directly after training and also 60 minutes later
(p < 0.05 for all). Both, control group and dumb2 do not show significant differences between the
two time points (p ≥ 0.05 for both). C: A prolonged DA signaling through a mutated dopamine
transporter (DAT) using fumin (fmn) mutant larvae leads to a complete abolishment of lARM tested
60 minutes after training (One sample t-test, p = 0.0002 for control group, p = 0.110 for fmn).
Mutated dopamine transporter DAT using the fumin mutant (fmn) reveals significant differences in
respect to comparison between the two genotypes and the two time points time (0 and 60 minutes)
analyzed by two-way ANOVA (p < 0.0001 for genotype, p = 0.0001 for time). Interaction between
both factors is not detectable (p = 0.093). Bonferroni post hoc analyses indicate significant differ-
ences between control group and fmn directly after training and also 60 minutes later (p < 0.05
for all). Contrary to the control group, fmn mutants show significant differences between the two
time points (p < 0.05). Differences between groups are depicted below the symbols, at which ns
indicates p ≥ 0.05 and * indicates p < 0.05. Memory performance statistically significant different
from random distribution (p < 0.05) is indicated in black and random distribution (p ≥ 0.05) is
indicated in light grey. The data are shown as means ±s.e.m.

8.3.4 The role of the presynaptic determinants Synapsin
and Bruchpilot in lARM tested 60 minutes after train-
ing

Synaptic transmission comprises the structural integrity of a special structure, the
active zone (AZ), since this structure represents the synaptic vesicle-releasing site
and therefore transforms incoming action potential (AP) into a chemical signal at
high levels of temporal and spatial precision. It is generally assumed that vesicles
are guided to the AZ membrane, subsequently docked and primed, and after Ca2+
influx fused and released (reviewed in [Sudhof, 2012]). In Drosophila two presy-
naptic determinants, Synapsin (Syn) and Bruchpilot (Brp) have been implicated
in aversive olfactory learning [19, 79-81]. Both proteins play a pivotal role in con-
trolling the release of vesicle in the MB KCs [31-33, 82-85]. However, the exact
molecular mechanism underlying memory-related regulation of the vesicle releases
at the presynapses remains still unclear. The evolutionary conserved phosphopro-
tein Syn is responsible for regulating a reserve pool (RP) of vesicles necessary to
maintain vesicle release under high action potential frequencies [82-85]. Adult syn97

mutant showed a defect in aversive olfactory memory, which is independent of ARM
[79, 80]. The mammalian homolog to the ELKS/CAST protein family, Bruchpilot
(Brp), is an essential component of the presynaptic dense bodies (T-bars) of AZs
[31-33]. For the structural integrity of AZs the presence of Brp is essential [31-33].
Brp was suggested to be involved in ARM in Drosophila adults [81]. Recently, we
have also shown that this is also the case for aversive lARM [19] (see also Fig.1B).
Accordingly we tested if vesicle release of lARM at a later stage is also regulated
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through the presence of the presynaptic determinants Syn and Brp. We found that
Syn is not involved in lARM tested 60 minutes after training due to the fact that
syn97 mutant larvae exhibited no impairment in lARM60min (Fig.4A, Fig.S2C). Next,
we addressed if a complete lack of Brp has an impact on lARM tested 60 minutes
after training. We suppressed the expression of Brp in all MB KCs using trans-
genic RNA interference (RNAi) approach [33]. Indeed, a knockdown of Brp using
OK107-Gal4 driver line for targeting brp RNAi expression in KCs led to a complete
abolishment of lARM60min (Fig.4B, Fig.S2D). Both control groups did not reveal
any statistically significant differences in lARM0min and lARM60min (Fig.4B). We
thus conclude that Brp function but not Syn function is required for early and later
stages of lARM. Please note that this conclusion for Brp function is limited as lARM
is already completely abolished when tested directly after training.

Figure 4: Presynaptic determinant Bruchpilot is involved in synaptic transmission at
presynaptic terminals of mushroom body Kenyon cells at a later stage of larval anes-
thesia resistant memory. Training protocols are shown at top of each panel. For simplification
the reciprocally trained group is not shown. In each experiment the data points for lARM tested
directly after training (0 minutes) were already analyzed in our previous paper [19]. We analyzed
the data applying a two way ANOVA analysis in respect to genotype and time (0 or 60 minutes).
In order to identify significant differences between groups we executed Bonferroni post hoc tests for
the following comparisons. A: The presynaptic determinant Synapsin (Syn) shows significant dif-
ferences in lARM only in the factor time in respect to comparison between wild type, syn97 mutants
and the two time points (0 and 60 minutes) analyzed by two-way ANOVA (p = 0.992 for genotype,
p < 0.0001 for time). Interaction between both factors is not detectable (p = 0.923). Bonferroni
post hoc analyses indicate no significant differences between syn97 mutants and the wild type control
tested directly after training and tested 60 minutes later (p ≥ 0.05 for both). Comparisons for wild
type and syn97 mutant larvae between 0 and 60 minutes reveal significant differences (p < 0.05,
p < 0.05, respectively).
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B: A knockdown of the presynaptic protein Brp in the MB KCs by driving UAS-brp-RNAiB3C8

via OK107-Gal4 leads to a complete loss of lARM tested 60 minutes later (One sample t-test,
p < 0.0001, p < 0.0001, p = 0.925, respectively). A knockdown of the presynaptic protein Brp
in the MB KCs by driving UAS-brp-RNAiB3C8 via OK107-Gal4 leads to significant differences
in lARM within control groups (OK107/+ and UAS-brp-RNAiB3C8), OK107/UAS-brp-RNAiB3C8

and the two time points (0 and 60 minutes) analyzed by two-way ANOVA (p < 0.0001 for genotype,
p = 0.012 for time). Interaction between both factors is not detectable (p = 0.213). Bonferroni post
hoc analyses indicate significant differences between OK107/UAS-brp-RNAiB3C8 to both control
groups tested directly after training (p < 0.05 for w1118/UAS-brp-RNAiB3C8 vs. OK107/UAS-
brp-RNAiB3C8, p < 0.05 for w1118/UAS-brp-RNAiB3C8 vs. OK107/brp-RNAiB3C8) and tested 60
minutes later (p < 0.05 for w1118/UAS-brp-RNAiB3C8 vs. OK107/UAS-brp-RNAiB3C8, p0.05 for
w1118/UAS-brp-RNAiB3C8 vs. OK107/UAS-brp-RNAiB3C8). Comparisons for both control groups
and experimental group between the two time points indicate no significant differences (p ≥ 0.05
for all). Differences between groups are depicted below the symbols, at which ns indicates p ≥ 0.05
and * indicates p < 0.05. Memory performance statistically significant different from random
distribution (p < 0.05) is indicated in black and random distribution (p ≥ 0.05) is indicated in light
grey. The data are shown as means ±s.e.m.

8.3.5 Proposed downstream target of the radish gene is nec-
essary for lARM tested 60 minutes after training

It is well known for Drosophila that the radish (rsh) gene plays a pivotal role for
anesthesia resistant memory throughout development [19, 29, 30]. Earlier reports
suggest that the rsh gene encodes for a functional unknown protein with proposed
phosphorylation sites for the protein kinases PKC and PKA [30]. In line with that,
it was shown, that the Rsh protein is an in vitro target for PKA [35]. We, therefore,
tested if rsh1 mutants are not only impaired for lARM0min but also for lARM60min.
This is clearly the case [19] (see also Fig.5A, Fig.S3A). The control group did not
exhibit any statistically significant differences for lARM tested directly after train-
ing and 60 minutes later (Fig.5A).
In addition we realized that the current FlyBase annotation for rsh has changed
compared to its initial description [Folkers et al., 2006]. The latest release from Fly-
Base annotated for the rsh gene (CG44424) six isoforms (CG44424-PI, CG44424-PJ,
CG44424-PK, CG44424-PL, CG44424-PM and CG44424-PN), which differ in their
length as well as in their amino acid constitution (Fig.5B). It still includes the amber
mutation of the rsh deficient mutant rsh1 described in [30] and several PKA and
PKC binding sites. We did not find any of the five bipartite nuclear localization
sequences (NLS) described in [30]. Thus the new annotation supports that rsh could
be downstream of PKA and/or PKC signaling, but it questions a proposed func-
tion of rsh in gene regulation. However, predictions of functional domains of the
newly annotated isoform I using SMART (Simple Modular Architecture Research
tool) with the Pfam database of protein domain families [86, 87] reveal three dif-
ferent functional domains: a LIM domain, a Rap/Gap domain and a BTB domain
(Fig.5B). These findings rather suggest that rsh maybe be linked to proteins in-
volved in membrane excitability, synaptic transmission, cytoskeletal regulation, cell
adhesion and cellular signaling. This is also supported by a genome-wide microarray
analysis of rsh mutant larvae [35]. It is thus tempting to speculate that structural
rearrangements due to the activity of the Rsh protein may play a role in the forma-
tion or consolidation of lARM.
To validate this new annotation driven hypothesis we tested the P element induced
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loss-of function mutant Rac1EY 0584 of the Rac1 gene of Drosophila [88, 89]. Rac1
(Ras-related C3 botulinum toxin substrate) belongs to the Rho family GTPases,
which act as molecular switches to control complex molecular processes (reviewed
in [90]) like regulating the actin cytoskeleton dynamics, which was extensively stud-
ied in neuronal morphogenesis in Drosophila (reviewed in [91, 92]). Recently Rac1
activity has been linked an active forgetting mechanism in Drosophila [93]. At the
larval stage we showed that Drac1EY 0584 mutants were reduced in lARM tested
directly after training and completely impaired in lARM tested 60 minutes later
(Fig.5C, Fig.S3C). Thus it may well be that rsh function can be linked to cytoskele-
tal rearrangements.
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Figure 5: A new role for the radish gene. A,C: Training protocols are shown at top of each
panel. For simplification the reciprocally trained group is not shown. In each experiment the data
points for lARM tested directly after training (0 minutes) were already analyzed in our previous
paper [19]. We analyzed the data applying a two way ANOVA analysis in respect to genotype and
time (0 or 60 minutes). In order to identify significant differences between groups we executed
Bonferroni post hoc tests for the following comparisons. A: Larvae bearing the rsh1 mutant allele
show significant differences in lARM only in the factor genotype in respect to comparison between
wild type, rsh1 mutants and the two time points (0 and 60 minutes) analyzed by two way ANOVA
(p < 0.0001 for genotype, p = 0.382 for time). Interaction between both factors is not detectable
(p = 0.868). Bonferroni post hoc analyses indicate significant differences between wild type and rsh1

larvae tested directly after training and 60 minutes later (p < 0.05, p < 0.05, respectively). Both,
wild type and rsh1 mutants show no significant differences between the two time points (p ≥ 0.05
for both). B: Schematic diagram showing aligned isoforms of the rsh gene and predicted functional
domains. FlyBase annotated for rsh (CG44424) six isoforms: isoform I (CG44424-PI) (1799 aa),
isoform J (CG44424-PJ) (1774 aa), isoform K (CG44424-PK) (1651 aa), isoform L (CG44424-
PL) (1630 aa), isoform M (CG44424-PM) (1653 aa) and isoform N (CG44424-PN) (1171 aa).
The six isoforms of the radish gene obtained from FlyBase were aligned using MUSCLE with
standard parameters [119]. Gaps represent missing amino acids or single amino acids changes
compared to the longest isoform I. Isoform J and L lack the first 23 amino acids, whereas isoform
N the first 629 amino acids. Isoform J, K and L reveal a gap between positions 1108 till 1254
whereas Isoform J and K show a single amino acid change from cysteine (C) to tyrosine (Y) at
position 1428, followed by a gap of two missing amino acids.
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The amber mutation (C to T transition) of the rsh deficient mutant rsh1 described in [30] is located
at position 519 of the amino acid sequence of the isoform I. The antibody-binding site described
in described in [30] (CRFNRRQSSQSDDVCRYRGRR) is located at positions (528-549) and thus
placing the rsh1 allele at position 0-583 of the isoform I. Predictions of functional domains in
isoform I using SMART (Simple Modular Architecture Research tool) with the Pfam database of
protein domain families (http:// smart.embl-heidelberg.de) [86, 87] reveal three functional domains:
a LIM domain (568-622 aa, e-value: 0.00775), a Rap/Gap domain (892-1075 aa, e-value: 2e-61)
and a BTB domain (1297-1526 aa, e-value: 1.44e-7). Two cDNA clones (IP18538, GH005851)
are located at position ( , , respectively).C: P element insertion mutant of Drac1, Drac1EY0584,
shows lARM different from random distribution tested directly after training (One sample t-test,
p < 0.0001 and p = 0.0004, respectively), but leads to a complete abolishment of lARM tested 60
minutes later (One sample t-test, p < 0.0001 and p = 0.589, respectively). Using two-way ANOVA
analysis revealed significant differences in lARM in respect to comparison between control group,
Drac1EY 0584 and the two time points (0 and 60 minutes) (p < 0.0001 for genotype). Interaction
between both factors is not detectable (p = 0.9556). Bonferroni post hoc analyses indicate significant
differences between Drac1EY 0584 mutants and the control group tested directly after training and 60
minutes later (p < 0.05, p < 0.05, respectively). Comparisons for control group and Drac1EY 0584

mutant larvae between the two time points reveal no significant differences (p ≥ 0.05 for both).
Differences between groups are depicted below the symbols, at which ns indicates p ≥ 0.05 and *
indicates p < 0.05. Memory performance statistically significant different from random distribution
(p < 0.05) is indicated in black and random distribution (p ≥ 0.05) is indicated in light grey. The
data are shown as means ±s.e.m.

8.4 Discussion
It is widely assumed, that after learning memories are formed due to changes in
synaptic transmission and that these changes have to be stabilized in order to en-
sure the persistence of longer-lasting memories (for review, see [1]). Insofar are
structural changes in a neuronal network besides protein synthesis dependent pro-
cesses considered to be a major component in producing synaptic modifications
maintenance and consolidation of memories (reviewed in [94, 95]). [14]. Previously
we have shown that even the larval stage of Drosophila is able to form at least
two co-existing memory components differing in longevity and underlying signaling
pathways after aversive olfactory conditioning [19]. In this context we have proven
that lARM is stable for a longer period, independent of de-novo protein synthesis,
and resistant to hypothermic disruption [19].
But what about the molecular and cellular mechanisms that guarantee the stability
and persistence of a memory over time, especially the ones that are independent of
de-novo-protein synthesis? This was so far not addressed in larvae. Therefore in
this study we have used a set of genetic tools to analyze lARM 60 minutes after
training. Our results suggest that in larvae later stages of lARM are maintained or
consolidated rather on the molecular level than via utilizing protein synthesis or via
integration of recurrent neuronal activity. The results are summarized in a working
hypothesis (Fig.6A) that we will discuss in the following.

http://smart.embl-heidelberg.de
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Figure 6: A proposed molecular working hypothesis for the formation and mainte-
nance of aversive larval anesthesia resistant memory (lARM). F,G; Training and tem-
perature shift protocols are shown at top of each panel. For simplification the reciprocally trained
group is not shown. A: The maintenance depends on two different signaling cascades and the
involvement of structural changes in synaptic morphology play a role in maintaining lARM over
time. B: Effect of the blockade of presynaptic output of MB KCs during the 60 minutes retention
interval via UAS-shits1 using OK107-Gal4 driver line on lARM tested 60 minutes after training.
Larvae were raised at the permissive temperature (19◦C) and shifted to the restrictive temperature
(35◦C) only during the retention interval. Blocking presynaptic output during the retention interval
leads to lARM tested 60 minutes after training that is indistinguishable from both control groups
(One way ANOVA, p = 0.235). C: Effect of the blockade of presynaptic output of MB KCs dur-
ing test via UAS-shits1 using OK107-Gal4 driver line on lARM tested 60 minutes after training.
Larvae were raised at the permissive temperature (19◦C) and shifted to the restrictive temperature
(35◦C) only during test. Blocking presynaptic output during test leads to a complete abolishment
of lARM tested 60 minutes after training (One sample t test, p = 0.147, respectively). Both control
groups (OK107/+ and UAS-shits1/+) show lARM significant different from random distribution
(One sample t test, p < 0.0001, p = 0.0001, respectively). Comparison between the groups reveals
significant differences (One way ANOVA, p < 0.0001), which occurs between both control groups
and OK107/UAS-shits1 (Tukey post hoc test, p < 0.0001, p < 0.0001, respectively). Both control
groups show lARM that is undistinguishable from each other (Tukey post hoc test, p = 0.619).
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Differences between groups are depicted above the respective box plots, at which ns indicates p ≥ 0.05
and different lowercase letters statistical differences from each other at level p < 0.05. Grey boxes
show performance indices above chance level (p < 0.05), white boxes indicate random distribution
(p ≥ 0.05). Small circles indicate outliers. Sample size is n = 16 for each group if not indicated
otherwise. AC: adenylyl cyclase, ACh: acetylcholine, Brp: Bruchpilot, CaM: Calmodulin, cAMP:
cyclic adenosine 3’,5’-monophosphate, CREB: cAMP response element-binding protein, CS: condi-
tioned stimulus, DA: dopamine, DAG: diacylglycerol, Gαs: G-protein αs subunit, Gαq: G-protein
αs subunit, GPCR: G-protein coupled receptors, IP3: inositol triphosphate, PKA: protein kinase
A, PKAC: catalytic subunit of PKA, PKAR: regulatory subunit of PKA, PKC: protein kinase
C, PLC: phospholipase C, RP: reserve pool, RRP: readily releasable pool, Rac1: Ras-related C3
botulinum toxin substrate 1, Rsh: Radish, Syn: Synapsin, US: unconditioned stimulus, VDCC:
voltage-dependent calcium channel.

8.4.1 Several distinct molecular pathways ensure the for-
mation and maintenance of larval anesthesia resistant
memory

We have recently shown that the activity of PKC plays a pivotal role in lARM in
Drosophila larvae [19] (see also Fig.1B). We suggested that PKC could provide the
cellular basis of forming lARM in the manner, that this protein kinase directly serve
as a coincidence detector in the MB KCs and furthermore we hypothesized that it
is an activator of several downstream targets. Our analysis revealed rsh and brp
as potential candidates [19]. Although this study shed light in the molecular un-
derpinnings of lARM formation in Drosophila larvae the complete signaling cascade
responsible for lARM is still far from elucidated. For example, the mechanism as-
suring the maintenance of lARM over time has not been addressed yet. Here, we
analyzed if alteration in several second messenger cascades through genetic manip-
ulation has also an impact on lARM at a later stage. Astonishingly, after odor-high
salt conditioning lARM tested 60 minutes after training reveals some differences
in involved signaling molecules compared to lARM tested directly after training.
Contrary to lARM tested directly after training, lARM tested 60 minutes later re-
veals the surprising fact that it is dependent on the cAMP/PKA pathway (Fig.2A,
Fig.2B). First, larvae revealed after high-salt odor conditioning a complete abolish-
ment of lARM tested 60 minutes after training in classical learning mutants (dnc
and rut) (Fig.2A). Second, both heterozygous mutants (DCOH2/+ and DCOB3/+)
of the catalytic subunit of PKA showed also a complete abolishment of lARM tested
60 minutes after training (Fig.2B). Additionally, in most instances wild type larvae
do not exhibit any significant differences in lARM0min and lARM60min. This em-
phasizes the hypothesis that distinct molecular pathways are needed to ensure the
formation of lARM and maintaining it over time and that this pathways works co-
operatively in a timely and spatial dependent manner (Fig.6A). We have shown that
PKC is needed for lARM0min (Fig.1D) and the cAMP/PKA pathway for lARM60min
(Fig.1A, 1B). Since lARM0min and lARM60min in larvae expressing PKCi in the MB
KCs is indistinguishable from each other (Fig.1D) we cannot determine if PKC is
also involved at a later stage of lARM. We suggested that PKC provides the molec-
ular basis for ensuring the coincidence detection between the two stimuli and the
cAMP/PKA pathway activates several downstream targets involved in maintaining
lARM (Fig.6A).
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8.4.2 Prolonged activity of protein kinase A plays a critical
role in maintaining larval anesthesia resistant memory
over time

One common effect of cAMP/PKA signaling is an increase in synaptic excitabil-
ity in synapses mediated through phosphorylation-induced reduction in potassium
channel conductance [97, 98]. However this would not explain the maintenance of
lARM over time since molecular changes are elusive and neurotransmitter signaling
vanished over time. However one can think about amplification mechanism in order
to prolong intercellular signaling long after receptor activation has stopped. It has
been shown in long-term facilitation in Aplysia that the regulatory subunit of PKA
was degraded through UPS, which leads to a persistent activity of PKA [60, 99].
In line with that mutation in β6 and β2 subunit of the 20S proteasome leads to a
complete abolishment of lARM60min (Fig.1E). This would emphasize the hypothesis
that an elevated PKA activity in the absence of cAMP is able to stabilize lARM on a
molecular level (Fig.6B). Admittedly, these findings are contradictory to a study in
Drosophila adults, where a reduction in PKA activity leads to an increase in ARM
[46]. However, one can assume that ARM is differently regulated in Drosophila
adults and larvae, since lARM is predominant memory component after a short pe-
riod of time [19]. Furthermore we have shown here that cAMP signaling play an
essential role in stabilizing lARM since mutation in rut and dnc showed a complete
abolishment for lARM60min (Fig.1A). One can argue that the initial concentration of
cAMP is needed in order to activate PKA. This is in line with the observation that
both DA receptor mutants showed a general decrease in lARM, but are not involved
in in the maintenance of lARM since lARM0min and lARM60min are indistinguish-
able from each other (Fig.2A, 2B). Admittedly, the involvement of Rut-AC1 was
never observed in Drosophila adults. However, to our knowledge only two studies
dealt with ARM tested directly after training and none of these two studies analyzed
rut mutants [81, 100]. But not only an increase of cAMP is required for stabilizing
lARM also the restriction to certain threshold levels is important (Fig.1A, Fig.S1A).
We hypothesized that cAMP levels has first to be restricted to particular subcellu-
lar compartments, since dnc mutants revealed not only a complete abolishment of
lARM60min but also for lARM tested 10 minutes after training. It was also observed
in Drosophila adults the importance of dnc in the formation of ARM [47, 81, 100].

A new role for the radish gene

One can assume that not only prolonged activity of PKA is responsible for stabilizing
lARM but also structural rearrangement of structural morphology at the synapses.
It was shown that actin can rapidly be polymerized and induce therefore cytoskeletal
rearrangements, which culminate in new synaptic structures [101]. These changes
are too quick to be based on de-novo protein synthesis. Rac1, a protein of the Rho
subfamily of GTP binding proteins (GTPases) (for review, see [90]), is a well-known
candidate for regulating neuronal and synaptic morphology via reorganization of the
actin cytoskeleton [102, 103]. It was shown in mammals to be involved in learning
and memory [104, 105] but also in forgetting mechanism in adult Drosophila [93].
However, here showed, that the Drosophila homolog Drac1 of Rac1 is involved in
stabilizing lARM (Fig.5C). We hypothesized that it may serve as a downstream
target of the rsh gene and thus regulating cytoskeletal rearrangements (Fig.6C).
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Indeed is has been reported in a high-throughput yeast two-hybrid screen that Rsh
interact with Drac1. However a later study was unable to observe a robust Rsh-Rac1
interaction [35]. Due to the fact that Rsh is a protein with an unknown function
we decided to predict the functional domains of the rsh gene using a bioinformatic
approach. This analysis reveals a prediction of three functional domains: a LIM
domain, a Rap-Gap domain and a BTB domain Rap/Gap domain. Rap1 is small
GTPase, which activates Rac1-guanine exchange factor (GEF) Tiam1 [106]. Rap1
is negatively regulated through Rap1-GTPase activating protein (GAP) (for review,
see [107]). It was recently shown that phosphorylation through PKA of Rap1-GAP
leads to an inactivation of Rap1-GAP [108]. Therefore we hypothesized that Rsh
may serve as an inhibitor of Rap1 but binding of PKA leads to an inactivation of
Rsh and therefore Rap1 can activate downstream targets. Indeed, a study revealed
a PKA-dependent phosphorylation of Rsh in-vitro [35]. Additionally it was shown
that cAMP regulate Rap1 activity through direct activation of the Rap guanine
exchange factor (GEF) [109]. Furthermore it was shown, that DAG activates CD-
GEFIII and Ca2+ activates C-GEFI, which also lead to an activation of Rap1 (for
review, see [107]). This would indicate the involvement small G proteins working as
molecular switches, which prevent the molecular signaling cascades from becoming
elusive and furthermore structural changes in synaptic morphology can stabilize
newly formed memory long after neuronal activity has stopped. However, the role
of PKC is still far from resolved, but there is literature that indicates a potential
interaction between PKA and PKC [110].

8.4.3 The maintenance of larval anesthesia resistant mem-
ory depends of molecular signaling cascades rather
than on recurrent feedback loops

We have proposed a model at which the prolonged activity of several signaling cas-
cades and the involvement in structural changes in synaptic morphology play a role
in maintaining lARM over time (Fig.6A). However, we were curious if recurrent sig-
naling in the MB KCs is also involved in maintaining lARM over time. Therefore
we performed an additional experiment. We blocked the synaptic output in the
MB KCs expressing the temperature-sensitive dominant negative form of dynamin
shibirets1 using OK107-Gal4 and applied the restrictive temperature only during
retention time (60 minutes) (Fig.6E). Both control groups and the OK107/UAS-
shits1 larvae did not reveal any significance differences in lARM60min. As expected,
blocking during test lead to a complete abolishment of lARM tested 60 minutes af-
ter training (Fig.6F). This emphasizes the hypothesis that recurrent feedback loops
are not involved in maintaining lARM. However this is somehow contrary to find-
ings in Drosophila adults, where at least three successive memory components were
postulated [100].
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8.5 Supporting Information

8.5.1 Supplement figure S1

S1 Fig.: Memory tested 60 minutes after training Training and heat shock protocol are
shown at top of each panel. For simplification the reciprocally trained group is not shown. A: The
mutant dnc1 showed a complete abolishment of lARM tested 10 minutes after training (One sample
t-test, p = 0.343), whereas the other two mutants and wild type larvae showed lARM different from
random distribution (One sample t test, p < 0.0001, respectively).
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Comparison between the groups reveals significant differences (One-way ANOVA, p = 0.0003),
which occurs between wild type, rut1 and dnc1 but not between wild type and rut2080 (Dunnett post
hoc test against wild type, p = 0.0183, p = 0.0001, p = 0.159, respectively). B: All three learn-
ing mutants show a complete abolishment of lARM tested 60 minutes after training (One sample
t-test, p = 0.185, p = 0.475 and p = 0.632, respectively), whereas wild type larvae show lARM,
which is significant different from random distribution (One sample t-test, p = 0.001). C: Both
heterozygous mutant larvae (DCOH2/+ and DCOB3/+) exhibit a complete abolishment of lARM
tested 60 minutes after training (One sample t-test, p = 0.565, p = 0.627, respectively). Wild type
larvae performed significant different from random distribution (One sample t-test, p = 0.005).
D: Larvae with expression of a dominant-negative isoform of EGFR (EGFRDN ) in the MB KCs
via OK107-Gal4 show lARM tested 60 minutes after training, which is different from random dis-
tribution (One sample t-test, p = 0.018). E: Contrary to both control groups (OK107/+ and
UAS-PKCi/+) suppression of PKC activity in the MB KCs by expressing an inhibitory pseudo-
substrate of PKC (PKCi) under the control of OK107-Gal4 leads to a complete abolishment of
lARM tested 60 minutes after training (One sample t-test, p = 0.0008, p = 0.0001, p = 0.295,
respectively). F: Expression of a dominant temperature-sensitive transgenes UAS-DTS5 and UAS-
DTS7 exhibiting mutations in the 20S proteasome in MB KCs driven by OK107-Gal4 and heat
shock activation prior to training show lARM different from random distribution tested directly
after training (One sample t-test, p = 0.0003), but leads to a complete abolishment of lARM tested
60 minutes later (One sample t-test, p = 0.587). Larvae from both control groups (OK107/+ and
UAS-DTS5;UAS-DTS7/+) show lARM tested directly after training and 60 minutes later signif-
icant different from random distribution (One sample t-test, p = 0.0001, p = 0.0001, p < 0.0001,
p = 0.0001, respectively). Differences between groups are depicted above the respective box plots, at
which ns indicates p ≥ 0.05 and different lowercase letters statistical differences from each other
at level p < 0.05. Grey boxes show performance indices above chance level (p < 0.05), white boxes
indicate random distribution (p ≥ 0.05). Small circles indicate outliers. Sample size is n = 16 for
each group if not indicated otherwise.
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8.5.2 Supplement figure S2

S2 Fig.: Memory tested 60 minutes after training Training protocol is shown at top of
each panel. For simplification the reciprocally trained group is not shown. A: lARM tested 60
minutes after training is different from random distribution in damb and dumb2 dopamine D1-like
receptor mutants (One sample t-test, p = 0.04, p = 0.014, respectively). B: An increase in DA
signaling through a mutated dopamine transporter (DAT) using fumin (fmn) mutant larvae leads
to a complete abolishment of lARM tested 60 minutes after training (One sample t-test, p = 0.110,
respectively). Larvae from w1118 control performed significant different from random distribution
(One sample t-test, p = 0.0002).
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C: syn97 mutant larvae tested 60 minutes after odor-high salt conditioning show lARM different
from random distribution (One sample t-test, p = 0.0006). D: Knockdown of the presynaptic
protein Brp in MB KCs through driving UAS-brp-RNAiB3C8 expression via OK107-Gal4 leads to a
complete loss of lARM tested 60 minutes training (One sample t-test, p = 0.925). Larvae from both
control groups (OK107/+ and UAS-brp-RNAiB3C8/+) performed statistic significant from random
distribution (One sample t-test, p < 0.0001, respectively). Grey boxes show performance indices
above chance level (p < 0.05), white boxes indicate random distribution (p ≥ 0.05). Small circles
indicate outliers. Sample size is n = 16 for each group if not indicated otherwise.

8.5.3 Supplement figure S3

S3 Fig.: Identification of functional domains in the radish gene A: Protein sequence
of the radish gene. B: Gene sequence of the isoform I (translate and transcript) (blue) and two
clones (black). C: P element insertion mutant of Rac1, Rac1EY 0584, shows a complete abolishment
of lARM tested 60 minutes after training (One sample t-test, p = 0.487, respectively), but not for
lARM tested directly after training (One sample t-test, p = 0.0004). Larvae from w1118 control
performed significant different from random distribution for both time points (0 and 60 minutes)
(One sample t-test, p < 0.0001, respectively). Grey boxes show performance indices above chance
level (p < 0.05), white boxes indicate random distribution (p ≥ 0.05). Small circles indicate
outliers. Sample size is n = 16 for each group if not indicated otherwise.
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8.5.4 Supplement table S1

Genotype n mean±s.e.m p-value1 significant2

Fig.2A wild type 11 -0.226±0.052 0.0013 *

rut1 15 -0.046±0.033 0.185 ns

rut2080 11 0.018±0.025 0.475 ns

dnc1 13 -0.024±0.049 0.632 ns

Fig.2B wild type 15 -0.134±0.049 0.008 *

DCOB3/+ 18 -0.035±0.080 0.459 ns

DCOH2/+ 15 -0.027±0.091 0.720 ns

Fig.2C OK107/+ 17 -0.235±0.024 <0.0001 *

UAS-EGFRDN/+ 18 -0.285±0.045 <0.0001 *

OK107/UAS-EGFRDN 18 -0.206±0.053 <0.0001 *

Fig.2D OK107/+ 11 -0.157±0.033 0.0008 *

UASPKCi/+ 11 -0.155±0.026 0.0001 *

OK107/UASPKCi 12 0.021±0.019 0.295 ns

Fig.2E lARM0min

OK107/+ 13 -0.253±0.046 0.0001 *

UAS-DTS5 ;UAS-DTS7/+ 12 -0.233±0.039 0.0001 *

OK107/UAS-DTS5 ;UAS-DTS7 16 -0.182±0.040 0.0003 *

Fig.2E lARM60min

OK107/+ 13 -0.199±0.033 <0.0001 *

UAS-DTS5 ;UAS-DTS7/+ 13 -0.217±0.039 <0.0001 *

OK107/UAS-DTS5 ;UAS-DTS7 13 -0.025±0.041 0.587 ns

Fig.3A wild type 16 -0.307±0.045 0.0006 *

damb 16 -0.058±0.036 0.028 *

Fig.3B w1118 16 -0.254±0.032 <0.0001 *

dumb2 16 -0.092±0.033 0.014 *

Fig.3C w1118 10 -0.271±0.046 0.0002 *

fmn 10 -0.142±0.033 0.110 ns

Fig.4A wild type 15 -0.138±0.040 0.005 *

syn97 16 -0.142±0.033 0.002 *

Fig.4B OK107/+ 15 -0.170±0.029 <0.0001 *

UAS-brp-RNAiB3C8/+ 14 -0.183±0.029 <0.0001 *

Ok107/UAS-brp-RNAiB3C8 12 0.004±0.042 0.925 ns

Fig.5C lARM0min

w1118 17 -0.379±0.042 <0.0001 *

Drac1EY 0584 17 -0.154±0.034 0.0004 *

Fig.5C lARM60min

w1118 16 -0.256±0.042 <0.0001 *

Drac1EY 0584 16 -0.023±0.035 0.489 ns

Table S1: Summary of sample size, mean±s.e.m and p-value for each genotype and
experiment. 1p-values for the comparison against chance level for each genotype and experiment
using one sample t-test (two-tailed) analysis. 2The significance level of statistical tests was set to
0.05, at which ns indicates p ≥ 0.05 and * indicates p < 0.05.

8.6 References
1. Sutton MA, Schuman EM. Dendritic protein synthesis, synaptic plasticity, and
memory. Cell. 2006;127(1):49-58.

2. Davis HP, Squire LR. Protein synthesis and memory: a review. Psychol
Bull. 1984;96(3):518-59.

3. Bailey CH, Bartsch D, Kandel ER. Toward a molecular definition of long-
term memory storage. Proceedings of the National Academy of Sciences of



190 Maintenance of larval ARM

the United States of America. 1996;93(24):13445-52. PubMed PMID: 8942955;
PubMed Central PMCID: PMCPMC33629.

4. Yin JC, Tully T. CREB and the formation of long-term memory. Cur-
rent opinion in neurobiology. 1996;6(2):264-8.

5. Kandel ER. The molecular biology of memory: cAMP, PKA, CRE, CREB-1,
CREB-2, and CPEB. Molecular Brain. 2012;5(1):14.

6. Davis RL. Olfactory memory formation in Drosophila: from molecular to
systems neuroscience. Annual review of neuroscience. 2005;28:275-302.

7. Muller U. Learning in honeybees: from molecules to behaviour. Zoology
(Jena). 2002;105(4):313-20.

8. Abel T, Nguyen PV, Barad M, Deuel TA, Kandel ER, Bourtchouladze R.
Genetic demonstration of a role for PKA in the late phase of LTP and in
hippocampus-based long-term memory. Cell. 1997;88(5):615-26.

9. Selcher JC, Weeber EJ, Varga AW, Sweatt JD, Swank M. Protein kinase
signal transduction cascades in mammalian associative conditioning. Neuroscien-
tist. 2002;8(2):122-31.

10. Busto GU, Cervantes-Sandoval I, Davis RL. Olfactory learning in Drosophila.
Physiology (Bethesda). 2010;25(6):338-46. doi: 10.1152/physiol.00026.2010.

11. Gerber B, Stocker RF. The Drosophila larva as a model for studying chemosen-
sation and chemosensory learning: a review. Chemical senses. 2007;32(1):65-89.

12. Quinn WG, Dudai Y. Memory phases in Drosophila. Nature.
1976;262(5569):576-7.

13. Tully T, Boynton S, Brandes C, Dura JM, Mihalek R, Preat T, et al.
Genetic dissection of memory formation in Drosophila melanogaster. Cold Spring
Harbor symposia on quantitative biology. 1990;55:203-11.

14. Tully T, Preat T, Boynton SC, Del Vecchio M. Genetic dissection of
consolidated memory in Drosophila. Cell. 1994;79(1):35-47.

15. Aceves-Pina EO, Quinn WG. Learning in normal and mutant Drosophila
larvae. Science. 1979;206(4414):93-6.

16. Honjo K, Furukubo-Tokunaga K. Distinctive neuronal networks and bio-
chemical pathways for appetitive and aversive memory in Drosophila larvae. The
Journal of neuroscience : the official journal of the Society for Neuroscience.
2009;29(3):852-62.

17. Honjo K, Furukubo-Tokunaga K. Induction of cAMP response element-binding



8.6 References 191

protein-dependent medium-term memory by appetitive gustatory reinforcement in
Drosophila larvae. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 2005;25(35):7905-13.

18. Khurana S, Abu Baker MB, Siddiqi O. Odour avoidance learning in the
larva of Drosophila melanogaster. Journal of biosciences. 2009;34(4):621-31.

19. Widmann A, Artinger M, Biesinger L, Boepple K, Peters C, Schlechter
J, et al. Genetic Dissection of Aversive Associative Olfactory Learning and Memory
in Drosophila Larvae. PLoS Genet. 2016;12(10):e1006378.

20. Perazzona B, Isabel G, Preat T, Davis RL. The role of cAMP response
element-binding protein in Drosophila long-term memory. The Journal of neuro-
science : the official journal of the Society for Neuroscience. 2004;24(40):8823-8.

21. Yin JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, Quinn WG, et
al. Induction of a dominant negative CREB transgene specifically blocks long-term
memory in Drosophila. Cell. 1994;79(1):49-58.

22. Manseau F, Sossin WS, Castellucci VF. Long-term changes in excitabil-
ity induced by protein kinase C activation in Aplysia sensory neurons. J
Neurophysiol. 1998;79(3):1210-8.

23. Sacktor TC, Kruger KE, Schwartz JH. Activation of protein kinase C by
serotonin: biochemical evidence that it participates in the mechanisms underlying
facilitation in Aplysia. J Physiol (Paris). 1988;83(3):224-31.

24. Sossin WS, Sacktor TC, Schwartz JH. Persistent activation of protein ki-
nase C during the development of long-term facilitation in Aplysia. Learning &
memory. 1994;1(3):189-202.

25. Sugita S, Goldsmith JR, Baxter DA, Byrne JH. Involvement of protein
kinase C in serotonin-induced spike broadening and synaptic facilitation in sensori-
motor connections of Aplysia. J Neurophysiol. 1992;68(2):643-51.

26. Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD. The MAPK
cascade is required for mammalian associative learning. Nature neuroscience.
1998;1(7):602-9. doi: 10.1038/2836.

27. Grunbaum L, Muller U. Induction of a specific olfactory memory leads
to a long-lasting activation of protein kinase C in the antennal lobe of the honeybee.
The Journal of neuroscience : the official journal of the Society for Neuroscience.
1998;18(11):4384-92.

28. Zhang J, Little CJ, Tremmel DM, Yin JC, Wesley CS. Notch-inducible
hyperphosphorylated CREB and its ultradian oscillation in long-term memory
formation. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2013;33(31):12825-34. doi: 10.1523/JNEUROSCI.0783-13.2013.



192 Maintenance of larval ARM

29. Folkers E, Drain P, Quinn WG. Radish, a Drosophila mutant deficient
in consolidated memory. Proceedings of the National Academy of Sciences of the
United States of America. 1993;90(17):8123-7.

30. Folkers E, Waddell S, Quinn WG. The Drosophila radish gene encodes a
protein required for anesthesia-resistant memory. Proceedings of the National
Academy of Sciences of the United States of America. 2006;103(46):17496-500.

31. Fouquet W, Owald D, Wichmann C, Mertel S, Depner H, Dyba M, et
al. Maturation of active zone assembly by Drosophila Bruchpilot. The Journal of
cell biology. 2009;186(1):129-45.

32. Kittel RJ, Wichmann C, Rasse TM, Fouquet W, Schmidt M, Schmid A,
et al. Bruchpilot promotes active zone assembly, Ca2+ channel clustering, and
vesicle release. Science. 2006;312(5776):1051-4.

33. Wagh DA, Rasse TM, Asan E, Hofbauer A, Schwenkert I, Durrbeck H,
et al. Bruchpilot, a protein with homology to ELKS/CAST, is required for
structural integrity and function of synaptic active zones in Drosophila. Neuron.
2006;49(6):833-44.

34. Lamprecht R, LeDoux J. Structural plasticity and memory. Nature re-
views Neuroscience. 2004;5(1):45-54.

35. Guan Z, Buhl LK, Quinn WG, Littleton JT. Altered gene regulation
and synaptic morphology in Drosophila learning and memory mutants. Learning &
memory. 2011;18(4):191-206. doi: 10.1101/lm.2027111.

36. Jarome TJ, Helmstetter FJ. The ubiquitin-proteasome system as a criti-
cal regulator of synaptic plasticity and long-term memory formation. Neurobiology
of learning and memory. 2013;105:107-16.

37. Hegde AN. The ubiquitin-proteasome pathway and synaptic plasticity.
Learning & memory. 2010;17(7):314-27.

38. Jarome TJ, Helmstetter FJ. Protein degradation and protein synthesis
in long-term memory formation. Front Mol Neurosci. 2014;7:61. doi: 10.3389/fn-
mol.2014.00061.

39. Kaang BK, Choi JH. Synaptic protein degradation in memory reorgani-
zation. Adv Exp Med Biol. 2012;970:221-40.

40. Chain DG, Casadio A, Schacher S, Hegde AN, Valbrun M, Yamamoto
N, et al. Mechanisms for generating the autonomous cAMP-dependent protein
kinase required for long-term facilitation in Aplysia. Neuron. 1999;22(1):147-56.

41. Hegde AN, Inokuchi K, Pei W, Casadio A, Ghirardi M, Chain DG, et



8.6 References 193

al. Ubiquitin C-terminal hydrolase is an immediate-early gene essential for
long-term facilitation in Aplysia. Cell. 1997;89(1):115-26.

42. Jarome TJ, Werner CT, Kwapis JL, Helmstetter FJ. Activity dependent
protein degradation is critical for the formation and stability of fear memory in the
amygdala. PloS one. 2011;6(9):e24349. doi: 10.1371/journal.pone.0024349.

43. Reis DS, Jarome TJ, Helmstetter FJ. Memory formation for trace fear
conditioning requires ubiquitin-proteasome mediated protein degradation in the
prefrontal cortex. Frontiers in behavioral neuroscience. 2013;7:150.

44. Yeh SH, Mao SC, Lin HC, Gean PW. Synaptic expression of glutamate
receptor after encoding of fear memory in the rat amygdala. Molecular pharmacol-
ogy. 2006;69(1):299-308. doi: 10.1124/mol.105.017194.

45. Felsenberg J, Dombrowski V, Eisenhardt D. A role of protein degrada-
tion in memory consolidation after initial learning and extinction learning in the
honeybee (Apis mellifera). Learning & memory. 2012;19(10):470-7.

46. Horiuchi J, Yamazaki D, Naganos S, Aigaki T, Saitoe M. Protein kinase
A inhibits a consolidated form of memory in Drosophila. Proceedings of the Na-
tional Academy of Sciences of the United States of America. 2008;105(52):20976-81.

47. Scheunemann L, Jost E, Richlitzki A, Day JP, Sebastian S, Thum AS,
et al. Consolidated and labile odor memory are separately encoded within the
Drosophila brain. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 2012;32(48):17163-71. doi: 10.1523/JNEUROSCI.3286-12.2012.

48. Livingstone MS, Sziber PP, Quinn WG. Loss of calcium/calmodulin re-
sponsiveness in adenylate cyclase of rutabaga, a Drosophila learning mutant. Cell.
1984;37(1):205-15.

49. Dudai Y, Jan YN, Byers D, Quinn WG, Benzer S. dunce, a mutant of
Drosophila deficient in learning. Proceedings of the National Academy of Sciences
of the United States of America. 1976;73(5):1684-8.

50. Levin LR, Han PL, Hwang PM, Feinstein PG, Davis RL, Reed RR. The
Drosophila learning and memory gene rutabaga encodes a Ca2+/Calmodulin-
responsive adenylyl cyclase. Cell. 1992;68(3):479-89.

51. Chen CN, Denome S, Davis RL. Molecular analysis of cDNA clones and
the corresponding genomic coding sequences of the Drosophila dunce+ gene, the
structural gene for cAMP phosphodiesterase. Proceedings of the National Academy
of Sciences of the United States of America. 1986;83(24):9313-7.

52. Qiu YH, Chen CN, Malone T, Richter L, Beckendorf SK, Davis RL.
Characterization of the memory gene dunce of Drosophila melanogaster. J Mol
Biol. 1991;222(3):553-65.



194 Maintenance of larval ARM

53. Abrams TW, Kandel ER. Is contiguity detection in classical condition-
ing a system or a cellular property? Learning in Aplysia suggests a possible
molecular site. Trends Neurosci. 1988;11(4):128-35.

54. Houslay MD. Underpinning compartmentalised cAMP signalling through
targeted cAMP breakdown. Trends Biochem Sci. 2010;35(2):91-100. doi:
10.1016/j.tibs.2009.09.007.

55. Kalderon D, Rubin GM. Isolation and characterization of Drosophila cAMP-
dependent protein kinase genes. Genes Dev. 1988;2(12A):1539-56. PubMed PMID:
3215511. 56. Lane ME, Kalderon D. Genetic investigation of cAMP-dependent
protein kinase function in Drosophila development. Genes Dev. 1993;7(7A):1229-43.

57. Yamazaki D, Horiuchi J, Nakagami Y, Nagano S, Tamura T, Saitoe M.
The Drosophila DCO mutation suppresses age-related memory impairment without
affecting lifespan. Nature neuroscience. 2007;10(4):478-84.

58. Hannan F, Ho I, Tong JJ, Zhu Y, Nurnberg P, Zhong Y. Effect of neu-
rofibromatosis type I mutations on a novel pathway for adenylyl cyclase activation
requiring neurofibromin and Ras. Human molecular genetics. 2006;15(7):1087-98.

59. Rahn T, Leippe M, Roeder T, Fedders H. EGFR signaling in the brain
is necessary for olfactory learning in Drosophila larvae. Learning & memory.
2013;20(4):194-200.

60. Hegde AN, Goldberg AL, Schwartz JH. Regulatory subunits of cAMP-
dependent protein kinases are degraded after conjugation to ubiquitin: a molecular
mechanism underlying long-term synaptic plasticity. Proceedings of the National
Academy of Sciences of the United States of America. 1993;90(16):7436-40.

61. Lopez-Salon M, Alonso M, Vianna MR, Viola H, Mello e Souza T, Izquierdo
I, et al. The ubiquitin-proteasome cascade is required for mammalian long-term
memory formation. The European journal of neuroscience. 2001;14(11):1820-6.

62. Holden JJ, Suzuki DT. Temperature-sensitive mutations in Drosophila
melanogaster. XII. The genetic and developmental effects of dominant lethals on
chromosome 3. Genetics. 1973;73(3):445-58.

63. Saville KJ, Belote JM. Identification of an essential gene, l(3)73Ai, with
a dominant temperature-sensitive lethal allele, encoding a Drosophila proteasome
subunit. Proceedings of the National Academy of Sciences of the United States of
America. 1993;90(19):8842-6.

64. Smyth KA, Belote JM. The dominant temperature-sensitive lethal DTS7
of Drosophila melanogaster encodes an altered 20S proteasome beta-type subunit.
Genetics. 1999;151(1):211-20.



8.6 References 195

65. Belote JM, Fortier E. Targeted expression of dominant negative protea-
some mutants in Drosophila melanogaster. Genesis. 2002;34(1-2):80-2. doi:
10.1002/gene.10131.

66. Khush RS, Cornwell WD, Uram JN, Lemaitre B. A ubiquitin-proteasome
pathway represses the Drosophila immune deficiency signaling cascade. Current
biology : CB. 2002;12(20):1728-37.

67. Neuburger PJ, Saville KJ, Zeng J, Smyth KA, Belote JM. A genetic
suppressor of two dominant temperature-sensitive lethal proteasome mutants of
Drosophila melanogaster is itself a mutated proteasome subunit gene. Genetics.
2006;173(3):1377-87. doi: 10.1534/genetics.106.057976.

68. Schweisguth F. Dominant-negative mutation in the beta2 and beta6 pro-
teasome subunit genes affect alternative cell fate decisions in the Drosophila sense
organ lineage. Proceedings of the National Academy of Sciences of the United
States of America. 1999;96(20):11382-6.

69. Speese SD, Trotta N, Rodesch CK, Aravamudan B, Broadie K. The
ubiquitin proteasome system acutely regulates presynaptic protein turnover and
synaptic efficacy. Current biology : CB. 2003;13(11):899-910.

70. Selcho M, Pauls D, Han KA, Stocker RF, Thum AS. The role of dopamine in
Drosophila larval classical olfactory conditioning. PloS one. 2009;4(6):e5897.

71. Heisenberg M. Mushroom body memoir: from maps to models. Nature
reviews Neuroscience. 2003;4(4):266-75.

72. Waddell S. Reinforcement signalling in Drosophila; dopamine does it all after all.
Current opinion in neurobiology. 2013;23(3):324-9. doi: 10.1016/j.conb.2013.01.005.

73. Berry JA, Cervantes-Sandoval I, Nicholas EP, Davis RL. Dopamine is
required for learning and forgetting in Drosophila. Neuron. 2012;74(3):530-42. doi:
10.1016/j.neuron.2012.04.007.

74. Kim YC, Lee HG, Han KA. D1 dopamine receptor dDA1 is required in
the mushroom body neurons for aversive and appetitive learning in Drosophila.
The Journal of neuroscience : the official journal of the Society for Neuroscience.
2007;27(29):7640-7.

75. Beaulieu JM, Gainetdinov RR. The physiology, signaling, and pharma-
cology of dopamine receptors. Pharmacol Rev. 2011;63(1):182-217.

76. Neve KA, Seamans JK, Trantham-Davidson H. Dopamine receptor sig-
naling. J Recept Signal Transduct Res. 2004;24(3):165-205.

77. Kume K, Kume S, Park SK, Hirsh J, Jackson FR. Dopamine is a regu-
lator of arousal in the fruit fly. J Neurosci. 2005;25(32):7377-84.



196 Maintenance of larval ARM

78. Ueno T, Kume K. Functional characterization of dopamine transporter
in vivo using Drosophila melanogaster behavioral assays. Frontiers in behavioral
neuroscience. 2014;8:303. doi: 10.3389/fnbeh.2014.00303.

79. Godenschwege TA, Reisch D, Diegelmann S, Eberle K, Funk N, Heisen-
berg M, et al. Flies lacking all synapsins are unexpectedly healthy but are impaired
in complex behaviour. The European journal of neuroscience. 2004;20(3):611-22.

80. Knapek S, Gerber B, Tanimoto H. Synapsin is selectively required for
anesthesia-sensitive memory. Learning & memory. 2010;17(2):76-9. 81. Knapek S,
Sigrist S, Tanimoto H. Bruchpilot, a synaptic active zone protein for anesthesia-
resistant memory. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 2011;31(9):3453-8.

82. Akbergenova Y, Bykhovskaia M. Synapsin maintains the reserve vesicle
pool and spatial segregation of the recycling pool in Drosophila presynaptic
boutons. Brain research. 2007;1178:52-64.

83. Akbergenova Y, Bykhovskaia M. Synapsin regulates vesicle organization
and activity-dependent recycling at Drosophila motor boutons. Neuroscience.
2010;170(2):441-52.

84. Li L, Chin LS, Shupliakov O, Brodin L, Sihra TS, Hvalby O, et al. Im-
pairment of synaptic vesicle clustering and of synaptic transmission, and increased
seizure propensity, in synapsin I-deficient mice. Proceedings of the National
Academy of Sciences of the United States of America. 1995;92(20):9235-9.

85. Pieribone VA, Shupliakov O, Brodin L, Hilfiker-Rothenfluh S, Czernik
AJ, Greengard P. Distinct pools of synaptic vesicles in neurotransmitter release.
Nature. 1995;375(6531):493-7.

86. Letunic I, Doerks T, Bork P. SMART: recent updates, new develop-
ments and status in 2015. Nucleic Acids Res. 2015;43(Database issue):D257-60.

87. Schultz J, Milpetz F, Bork P, Ponting CP. SMART, a simple modular
architecture research tool: identification of signaling domains. Proceedings of the
National Academy of Sciences of the United States of America. 1998;95(11):5857-64.

88. He Y, Fang X, Emoto K, Jan YN, Adler PN. The tricornered Ser/Thr
protein kinase is regulated by phosphorylation and interacts with furry during
Drosophila wing hair development. Mol Biol Cell. 2005;16(2):689-700. doi:
10.1091/mbc.E04-09-0828.

89. Li W, Baker NE. Engulfment is required for cell competition. Cell.
2007;129(6):1215-25. doi: 10.1016/j.cell.2007.03.054.

90. Etienne-Manneville S, Hall A. Rho GTPases in cell biology. Nature.



8.6 References 197

2002;420(6916):629-35.

91. Hall A. Rho GTPases and the actin cytoskeleton. Science. 1998;279(5350):509-
14.

92. Luo L. Rho GTPases in neuronal morphogenesis. Nature reviews Neuro-
science. 2000;1(3):173-80.

93. Shuai Y, Lu B, Hu Y, Wang L, Sun K, Zhong Y. Forgetting is regu-
lated through Rac activity in Drosophila. Cell. 2010;140(4):579-89.

94. Dudai Y. The neurobiology of consolidations, or, how stable is the en-
gram? Annual review of psychology. 2004;55:51-86.

95. McGaugh JL. Memory - a century of consolidation. Science.
2000;287(5451):248-51.

96. Gervasi N, Tchenio P, Preat T. PKA dynamics in a Drosophila learning
center: coincidence detection by rutabaga adenylyl cyclase and spatial regulation
by dunce phosphodiesterase. Neuron. 2010;65(4):516-29.

97. Delgado R, Davis R, Bono MR, Latorre R, Labarca P. Outward currents
in Drosophila larval neurons: dunce lacks a maintained outward current component
downregulated by cAMP. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 1998;18(4):1399-407.

98. Wright NJ, Zhong Y. Characterization of K+ currents and the cAMP-
dependent modulation in cultured Drosophila mushroom body neurons identified
by lacZ expression. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 1995;15(2):1025-34.

99. Greenberg SM, Castellucci VF, Bayley H, Schwartz JH. A molecular
mechanism for long-term sensitization in Aplysia. Nature. 1987;329(6134):62-5.

100. Bouzaiane E, Trannoy S, Scheunemann L, Placais PY, Preat T. Two
independent mushroom body output circuits retrieve the six discrete components
of Drosophila aversive memory. Cell Rep. 2015;11(8):1280-92.

101. Matus A. Actin-based plasticity in dendritic spines. Science.
2000;290(5492):754-8.

102. Colley NJ. Cell biology. Actin’ up with Rac1. Science. 2000;290(5498):1902-3.

103. Gao FB, Brenman JE, Jan LY, Jan YN. Genes regulating dendritic
outgrowth, branching, and routing in Drosophila. Genes Dev. 1999;13(19):2549-61.

104. Haditsch U, Leone DP, Farinelli M, Chrostek-Grashoff A, Brakebusch
C, Mansuy IM, et al. A central role for the small GTPase Rac1 in hippocampal



198 Maintenance of larval ARM

plasticity and spatial learning and memory. Mol Cell Neurosci. 2009;41(4):409-19.

105. Olenik C, Barth H, Just I, Aktories K, Meyer DK. Gene expression of
the small GTP-binding proteins RhoA, RhoB, Rac1, and Cdc42 in adult rat brain.
Brain Res Mol Brain Res. 1997;52(2):263-9.

106. Arthur WT, Quilliam LA, Cooper JA. Rap1 promotes cell spreading by
localizing Rac guanine nucleotide exchange factors. The Journal of cell biology.
2004;167(1):111-22. doi: 10.1083/jcb.200404068.

107. Bos JL, de Rooij J, Reedquist KA. Rap1 signalling: adhering to new
models. Nat Rev Mol Cell Biol. 2001;2(5):369-77. doi: 10.1038/35073073.

108. McAvoy T, Zhou MM, Greengard P, Nairn AC. Phosphorylation of
Rap1GAP, a striatally enriched protein, by protein kinase A controls Rap1 activity
and dendritic spine morphology. Proceedings of the National Academy of Sciences
of the United States of America. 2009;106(9):3531-6. doi: 10.1073/pnas.0813263106.

109. de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wit-
tinghofer A, et al. Epac is a Rap1 guanine-nucleotide-exchange factor directly
activated by cyclic AMP. Nature. 1998;396(6710):474-7.

110. Lorenzetti FD, Baxter DA, Byrne JH. Molecular mechanisms underly-
ing a cellular analog of operant reward learning. Neuron. 2008;59(5):815-28. doi:
10.1016/j.neuron.2008.07.019.

111. Michels B, Diegelmann S, Tanimoto H, Schwenkert I, Buchner E, Ger-
ber B. A role for Synapsin in associative learning: the Drosophila larva as a study
case. Learning & memory. 2005;12(3):224-31.

112. Pauls D, Selcho M, Gendre N, Stocker RF, Thum AS. Drosophila lar-
vae establish appetitive olfactory memories via mushroom body neurons of
embryonic origin. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 2010;30(32):10655-66. doi: 10.1523/JNEUROSCI.1281-10.2010.



Appendix

Acknowledgments
We thank Lyubov Pankevych and Margarete Ehrenfried for fly care and main-
tenance. Furthermore we thank Claudius Neumann, Tilman Triphan, Wolf
H"utteroth, and Veit-Johannes Widmann for proof reading the manuscript. We
would like to express special thanks to Scott Waddell for his critical comments on
this work. The anatomical analyses were supported by the Bioimaging Facility of
the University of Konstanz. This work was funded by the DFG grants [TH15841-1,
TH15843-1], the SNF grant [31003A_1328121], the Zukunftskolleg of the University
of Konstanz and the Baden-Wuerttemberg Stiftung [all to AST]. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.



200 Maintenance of larval ARM



Chapter 9

Composition of agarose substrate
affects behavioural output of
Drosophila larvae
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Summary
The larval stage of Drosophila exhibits a rich repertoire of sophisticated behaviors in
order to interact with their environment. In most behavioural studies Petri dishes
setups containing either agarose or agarose containing several diluted substances.
However, neither the concentration nor the quality is generally standardized across
the experiments. Furthermore a comprehensive analysis of the effects of agarose on
larval behaviour is still missing. Here we investigated the impact of different agarose
concentration on several larval behaviours and modalities. First we analysed if the
larval behaviours choice, feeding, olfactory learning and locomotion produces differ-
ent behaioural output dependent different agarose concentrations. Second, we inves-
tigated if the behavioural output of different quinine dependent larval behaviours
(choice, feeding and olfactory learning) change in the course of different agarose
concentrations. Indeed, different concentration of agarose led to a variation in the
behavioural output of the analysed behaviors. Larvae feed differently on different
agarose concentrations, they change locomotion according to the agarose concentra-
tion and they are able to associate an odour with as specific agarose concentration.
Additionally, the quinine dependent larval behavioural output changed also in a
agarose specific manner. This leads to the conclusion that different concentrations
of agarose affect the behavioural output in a concentration-dependent manner. As
a result, the comparison between behavioural output of experiments concerning the
same modality could be misleading and a standarization of experiments seems arbi-
trary.

https://www.ncbi.nlm.nih.gov/pubmed/24478658
https://www.ncbi.nlm.nih.gov/pubmed/24478658
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Abstract: In the last decade the Drosophila larva has evolved into a simple
model organism offering the opportunity to integrate molecular genetics with
systems neuroscience. This led to a detailed understanding of the neuronal
networks for a number of sensory functions and behaviors including olfaction,
vision, gustation and learning and memory. Typically, behavioral assays in use
exploit simple Petri dish setups with either agarose or agar as a substrate. However,
neither the quality nor the concentration of the substrate is generally standardized
across these experiments and there is no data available on how larval behavior
is affected by such different substrates. Here, we have investigated the effects of
different agarose concentrations on several larval behaviors. We demonstrate that
agarose concentration is an important parameter, which affects all behaviors tested:
preference, feeding, learning and locomotion. Larvae can discriminate between
different agarose concentrations, they feed differently on them, they can learn to
associate an agarose concentration with an odor stimulus and change locomotion
on a substrate of higher agarose concentration. Additionally, we have investigated
the effect of agarose concentration on three quinine based behaviors: preference,
feeding and learning. We show that in all cases examined the behavioral output
changes in an agarose concentration-dependent manner. Our results suggest that
comparisons between experiments performed on substrates differing in agarose
concentration should be done with caution. It should be taken into consideration
that the agarose concentration can affect the behavioral output and thereby the
experimental outcomes per se potentially due to the initiation of an escape response
or changes in foraging behavior on more rigid substrates.
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9.1 Introduction
Drosophila larvae are able to express a comprehensive set of sophisticated behaviors
to perceive their environment as well as to orientate and locate in it (Gerber and
Stocker, 2007; Gerber et al., 2009). Based on their simple neuronal architecture and
genetic amenability, larvae are used as a model organism to identify the neuronal
basis of these behaviors up to the single neuron level (Fishilevich et al., 2005; Sel-
cho et al., 2009, 2012; Pauls et al., 2010b; Keene et al., 2011). Nearly all of these
behavioral approaches in larvae have in common the use of Petri dishes filled with a
layer of agar or agarose as a substrate for crawling and for preventing dehydration.
Agar is derived from agarophyte seaweeds, primarily from Gelidium and Gracilaria
species (Food and Agriculture Organization of the United Nations; http://www.fao.
org), where it accumulates in the cell walls. Agar is a mixture of at least two polysac-
charides (Araki, 1937); agarose, which has a solidifying property, and agaropectin.
In most behavioral studies, agarose is preferred for substrate preparation, as its high
purity allows for a standardized mixture among different experiments and experi-
mental trials (Fishilevich et al., 2005; Michels et al., 2005, 2011; Pauls et al., 2010a;
Keene et al., 2011; Schleyer et al., 2011; Von Essen et al., 2011; El-Keredy et al.,
2012; Huser et al., 2012; Apostolopoulou et al., 2013). However, in some cases agar
is used, mainly because of its lower cost compared to pure agarose (Khurana et al.,
2009, 2012).
To our knowledge, so far no study has parametrically investigated the role of agarose
concentration on larval behavior. In detail, five randomly chosen larval behavioral
studies used either 0.5% agar (Khurana et al., 2009, 2012), or agarose at concentra-
tions of 1.4% (Aceves-Pina and Quinn, 1979), 1.0% (Luo et al., 2010), or 1–2.5%
(Rohwedder et al., 2012). Thus, agarose concentration varied in different studies
while using the same behavioral assay. In some cases, different agarose concentra-
tions were applied within a single study (Rohwedder et al., 2012). And also, certain
reports are based on different agar substrates (Khurana et al., 2009, 2012), affecting
both the quality and the concentration of the substrate. Additionally, many studies
lack details about the products used. In conclusion, the concentration and quality
of the used agar/agarose substrate was often completely neglected. Thus, as long
as the effects of these parameters on larval behavior are not thoroughly analyzed,
results obtained in different studies using different agarose concentrations may not
be comparable.
Here, we have used ultrapure agarose to investigate whether different agarose con-
centrations have an effect on larval behavior. To this end, we have applied assays
based on sensation and processing of agarose alone as well as on sensation and pro-
cessing of the bitter substance quinine mixed in an agarose solution. More specif-
ically, we performed preference, feeding, learning and locomotion assays. To our
surprise we found that the behavioral outputs of all four paradigms tested depend
on the agarose concentration. Higher agarose concentrations increase larval crawling
speed while reducing gustatory-driven behavioral output. Thus, on a rigid substrate
that prevents animals from burrowing into the medium it is tempting to speculate
that larvae express an escape behavior that represses choice behavior, feeding and
learning.

http://www.fao.org
http://www.fao.org
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9.2 Material and methods

9.2.1 Fly stock and maintenance
Wild type Canton-S (WTCS) flies were raised on standard Drosophila medium at
25◦C. For all behavioral experiments, flies were transferred to new vials and allowed
to lay eggs for two days. The experiments were performed 5 or 6 days after egg laying.
Only feeding stage larvae were used, in groups of 25–30 animals or as individuals.

9.2.2 Choice behavior
To prepare the agarose solution ultrapure agarose (UltraPureTM Agarose; Invit-
rogen; cat. no. 16500500) in ddH2O was heated up in a microwave. Agarose-
quinine mixtures were prepared by adding 6 mM quinine (quinine hemisulfate; Sigma
Aldrich; cat. no. Q1250) in the hot agarose solution and stirring adequately. To
make choice behavior plates, petri dishes were filled with agarose (and when ap-
plicable quinine) solution. After cooling down, the agarose (-quinine) solution was
subsequently removed from the one half of the plate. This half was then refilled with
a second agarose (-quinine) solution. The concentration of agarose [ranging from
0.5–3.5% (w/ml)] and the addition of quinine in the mixtures varied as described
for each experiment in the respective part of the results. During the choice assay
the larvae were placed in the middle of the plate along the vertical axis and were
left to move freely for 5 min. After this time was up, the larvae on one side of the
plate (side A), on the opposite side (side B) and in the middle were counted. As
a middle zone we define a 1 cm zone in the middle of the plate where the larvae
were placed at the beginning of the experiment. The Preference Index (PI) for each
measurement was calculated as follows:

PI = #sideA−#sideB
#total (9.1)

Negative PIs indicate avoidance behavior towards side A.

9.2.3 Quinine diffusion
Petri dishes containing either agarose alone or agarose in different concentrations
and 6 mM quinine were prepared (for details in the concentrations please refer to
the results). Taking into account that quinine solutions are highly fluorescent at
about 460 nm (for details see http://www.olympusmicro.com/primer/techniques/
fluorescence/fluorescenceintro.html) the plates were analyzed under UV light in
BioDocAnalyzer (Biometra) and photos were taken. The mean pixel intensity of
two defined spots of the same pixel size (7̃00 pixel) per plate were defined as region
of interest (ROI). Per single plate one spot was always located in the center of the
plate and one in the periphery along the same longitudinal axis to guarantee a sim-
ilar illumination. Mean values for each ROI were calculated using Fiji. In each case
10 plates were analyzed.

9.2.4 Feeding
Petri dishes used for analyzing feeding behavior on pure agarose were filled with
a solution of different agarose concentrations ranging from 0.5 to 3.5% (w/ml),

http://www.olympusmicro.com/primer/techniques/fluorescence/fluorescenceintro.html
http://www.olympusmicro.com/primer/techniques/fluorescence/fluorescenceintro.html
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and 2% (w/ml) indigo carmin (Sigma Aldrich cat. no. 73436). Petri dishes used
for analyzing feeding behavior on quinine containing substrates were filled with a
solution of agarose at various concentrations, 2% (w/ml) indigo carmin and 6 mM
quinine. For details on the used concentrations please refer to the respective part in
the results. During the feeding assay larvae of all groups were allowed to feed on the
substrate for 30 min, afterwards they were washed in tap water and homogenized
in 500 µl of 1 M ascorbic acid solution (Sigma Aldrich cat. no. A7506). The
homogenate was centrifuged for 5 min at 13,400 rpm. The supernatant was filtered
using a syringe filter (millipore, 5-µm pores) into a new Eppendorf cup and then
centrifuged again for 5 min at 13,400 rpm. 100 µl of the supernatant was loaded
on a 96-well plate (Hartenstein, Würzburg, Germany). The absorbance at 610 nm
of each well mixture was measured using an Epoch spectrophotometer (BioTek,
Bad Friedrichshall, Germany). The final absorbance absorbancefinal of each single
measurement was calculated by deducting the mean absorbance of the blank control
(1 M ascorbic acid) from the absorbance of the relative mixture.

absorbancefinal

= absorbance of themixture− absorbance of the blank control
(9.2)

To calculate the normalized absorbance (absorbancenormalized), the final absorbance
of the larvae fed with 6 mM quinine in a specific agarose concentration
(absorbancefinal,quinine) was divided by the absorbance of the larvae fed with pure
agarose solution (absorbancefinal,pure) in the same concentration.

absorbancenormalized = absorbancefinal,quinine
absorbancefinal,pure

(9.3)

9.2.5 Tracking
Petri dishes containing agarose solutions in different concentrations ranging from
0.5 to 3.5% (w/ml) were prepared. Individual larvae were positioned in the center
of the plate and their locomotion was recorded using a Basler GigE Vision Camera
scA1300-32 gm (objective Fujinon TV Lens HF12.5 HA-1B 1:1.4/12.5 mm) set to 1
frame per second (fps) for 30 s. After 30 s the tracking of the larvae was stopped
to avoid that larvae reach the outer rim of the plate. The data were recorded
using the Multi-Worm Tracker (MWT) software v1.2.0 (Swierczek et al., 2011).
The trajectories for every plate were manually tracked using Fiji MTrackJ plug-in
(http://fiji.sc). The total distance travelled per 30 s was subsequently analyzed per
individual larva using the same software. For each condition 10 larvae were recorded.

9.2.6 Associative olfactory learning
For the quinine associative olfactory learning experiments, Petri dishes filled with
either agarose solution or agarose and 6 mM quinine solution were used. Different
agarose concentrations ranging from 0.5 to 3.5% (w/ml) were used in different ex-
periments. As olfactory stimuli, 10 µl amyl acetate (AM, Fluka cat. no. 46022;
diluted 1:50 in paraffin oil, Fluka cat. no. 76235) and 3-octanol (OCT, undiluted;
Fluka cat. no. 74850) were used. The odorants were loaded into custom-made

http://fiji.sc


9.2 Material and methods 207

Teflon containers (4.5-mm diameter) with perforated lids as described in Gerber
and Stocker (2007). During training a first group of about 30 animals were exposed
to AM (AM+) while crawling on an agarose medium containing 6 mM quinine as
a negative reinforcer. After 5 min, larvae were transferred to a fresh Petri dish in
which they were allowed to crawl on pure agarose medium for 5 min this time being
simultaneously exposed to OCT (OCT). A second group of larvae received the re-
ciprocal training (OCT+, AM). After three training cycles, larvae were transferred
onto test plates on which AM and OCT were presented on opposite sides. After 3
min, individuals were counted on the AM side (#AM), the OCT side (#OCT ), and
the neutral zone on plates containing agarose and quinine solutions. A preference
index (#PREF ) for each training group was calculated by subtracting the number
of larvae on the OCT side from the number of larvae on the AM side and dividing
by the total number of counted individuals.

PREFAM+/OCT = #AM −#OCT
#TOTAL (9.4)

PREFOCT+/AM = #AM −#OCT
#TOTAL (9.5)

A Performance Index (PI) was calculated from the Preference Indices of the two
reciprocally trained groups as follows:

PI = PREFAM+/OCT − PREFOCT+/AM

2 (9.6)

Negative PIs represent aversive quinine-induced learning.
For experiments in which different agarose concentrations were used as the only re-
inforcer, a similar experimental design was applied. In detail, one odor was paired
with low agarose concentration [0.5% (w/ml)] and another with high agarose concen-
tration [3.5% (w/ml)]. During the test phase, larvae were allowed to choose between
the two odors on plates containing 3.5% (w/ml) agarose.

9.2.7 Statistics
For all experiments that analyze different behaviors of Drosophila larvae the data
for all different groups were collected in parallel. To compare across multiple groups
Kruskal-Wallis test followed by Wilcoxon rank sum test and Holm-Bonferroni cor-
rection was performed. Wilcoxon signed ranked test was used to compare one group
against chance level. For the quinine diffusion experiment t-test was used for com-
parisons between two groups after confirming that the data are normally distributed.
Statistical analysis was performed with R version 2.14.0 and Windows Excel 2010.
The data were presented as box plots. The middle line within the box shows the
median, the box boundaries refer to the 25 and 75% quantiles, and the whiskers
represent the 10 and 90% quantiles. Small circles indicate outliers. Asterisks shown
in the figures indicate significance levels: n.s. for p > 0.05, * for p < 0.05, ** for
p < 0.01 and *** for p < 0.001.
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9.3 Results

9.3.1 Higher agarose concentrations decrease quinine avoid-
ance

The preference (or more accurately behavioral choice) assay used here is a simple
paradigm, in which larvae, placed in the center of a Petri dish, are allowed to choose
between two different substrates, presented in the two halves of the dish (Aceves-
Pina and Quinn, 1979; Rohwedder et al., 2012 (Figure 1A). We have shown in a
previous study (Apostolopoulou et al. in preparation) that larvae in this paradigm
avoid a 6 mM quinine mixture vs. pure agarose, if an agarose concentration of
2.5% was used. To address whether agarose concentration affects 6 mM quinine
avoidance behavior, we applied agarose concentrations ranging from 0.5 to 3.5%.
Interestingly, our data show that the agarose concentration can significantly affect
quinine avoidance. In particular, a high agarose concentration of 3.5% elicits a
significantly lower quinine avoidance response than a concentration of 0.5 and 1.0%
(p < 0.05) Thus, in the standard assay used, quinine-dependent avoidance depends
on the agarose concentration; and more specifically, at higher concentrations the
behavioral response is less pronounced compared to lower concentrations.

Figure 1. Larval choice behavior for 6 mM quinine avoidance on different agarose
substrates. A Overview of the experimental setup to test for larval choice behavior using 6 mM
quinine. B Wild-type larvae avoid a 6 mM quinine-agarose mixture vs. pure agarose in a choice
assay using different agarose concentrations (significance against zero is shown at the bottom of the
plot: p < 0.001 for 0.5, 1.0, and 2.5% agarose; p < 0.5 for 3.5% agarose). Larvae are significantly
less repelled, if tested at an agarose concentration of 3.5% compared to 0.5 and 1.0% (p < 0.05
in both cases). Thus, the agarose concentration used affects the behavioral output shown in this
choice assay. Sample size n > 12 for each group. Small circles indicate outliers. *** p < 0.001; *
p < 0.05; n.s., not significant.

9.3.2 Quinine is homogenously dissolved in the agarose sub-
strates used

One concern for these kinds of experiments is of course that quinine - based on
its restricted solubility (El-Keredy et al., 2012) - may not be equally distributed
within the agarose mixture. So if quinine solubility decreases with increasing agarose
concentration one would potentially get a heterogeneous quinine agarose mixture
that may change the larval choice behavior similarly as shown in Figure 1B. To
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control for such an effect we directly traced quinine in the test plates based on its
fluorescent emission at about 460 nm (for details see http://www.olympusmicro.
com/primer/techniques/fluorescence/fluorescenceintro.html). First, we defined two
regions of interest (ROI) of the same pixel size for each test plate and measured the
average fluorescence for each ROI per plaet (Figure 2A). We mixed 6 mM quinine
with 0.5, 1.0, 2.5, or 3.5% agarose and measured 10 plates for each concentration. In
addition, we introduced a reference plate of 1% pure agarose without quinine to show
that the detected fluorescence depends on the presence of quinine (Figure 2A). The
collected data were in each case normally distributed. For each concentration we
detected no difference in the mean fluorescence intensity comparing the two ROIs
(p > 0.05; Figures 2B–F). Thus, we exclude that the less pronounced behavioral
response to quinine (Figure 1B) at higher agarose concentrations is due to non-
homogenous quinine agarose mixtures.

Figure 2. Quinine is homogenously mixed in the different agarose substrates. A Shows
the quinine dependent fluorescence for five different test plates containing only 1% agarose without
quinine, 0.5% agarose with 6 mM quinine, 1.0% agarose with 6 mM quinine, 2.5% agarose with 6
mM quinine and 3.5% agarose with 6 mM quinine (from left top to right bottom). B–F Shows the
mean pixel intensity of two defined regions of interest (ROI) of the same size for each type of test
plate mentioned above. The mean pixel intensities for the two ROIs on each type of test plate are
not significantly different, suggesting a homogenous distribution of quinine within the substrate.
Sample size n = 10 for each group. n.s., not significant. Small circles indicate outliers.

9.3.3 Agarose concentration-dependent choice is context-
dependent

Since different agarose concentrations affect quinine-dependent avoidance, we next
asked whether larvae can discriminate between different agarose concentrations per
se. To test this hypothesis, we filled half of the plate with 3.5% agarose and the
other half with 0.5% agarose and allowed wild-type larvae to choose between these
two different concentrations. In fact, larvae showed a strong preference for 0.5%

http://www.olympusmicro.com/primer/techniques/fluorescence/fluorescenceintro.html
http://www.olympusmicro.com/primer/techniques/fluorescence/fluorescenceintro.html
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agarose over 3.5% agarose (p < 0.001 comparing against chance levels) (Figure
3A). Subsequently, we assessed wild-type larvae in a similar agarose concentration
preference paradigm, but this time 6 mM quinine was added both to 0.5 and 3.5%
agarose sides. To our surprise, the addition of quinine inverted the larval choice
behavior in favor of the 3.5% agarose side (p < 0.01 comparing against chance levels)
(Figure 3A). Thus, agarose-dependent choice behavior turned out to be context-
dependent under the conditions tested.

9.3.4 Quinine is a stronger stimulus than the agarose con-
centration in a choice assay

We next asked which of the two stimuli, agarose concentration or 6 mM quinine is
dominant in a choice assay. In other words, is the quinine-dependent choice behavior
also agarose concentration-dependent? (Figure 3B). To answer this question, we
performed 6 mM quinine-dependent choice experiments using the following agarose
stimuli: 0.5% agarose in the entire Petri dish (first box-plot), 3.5% agarose in the
entire dish (second box-plot), 0.5% agarose on the quinine side and 3.5% on the
pure side of the dish (third box-plot), 3.5% agarose on the quinine side and 0.5% on
the pure side (fourth box-plot). The results of this experiment show that wild-type
larvae always avoid the quinine side irrespective of the agarose concentration on the
same or the opposite side (Figure 3B, the first and second box plots are the same
as shown in Figure 1B). Thus, we conclude that quinine is a stronger stimulus than
agarose concentration and that quinine-dependent choice behavior is independent
of the applied agarose context.

9.3.5 Feeding on different agarose concentrations
To address a possible effect of different agarose concentrations on feeding behav-
ior, we used a standard assay (Rohwedder et al., 2012). Briefly, we allowed different
groups of wild-type larvae to feed on different agarose-concentrated plates, which ad-
ditionally contained the blue dye indigo carmin. Subsequently, we measured photo-
metrically the absorbance of the larval homogenate as an indirect measurement of the
food consumed (Figure 4A). We found that feeding is indeed agarose concentration-
dependent. On 0.5% agarose, larvae feed less compared to 1.0 and 2.5% agarose
(p < 0.001 compared to 1.0% and 2.5%). However, feeding on 3.5% agarose was on
a similar low level as on 0.5% agarose (p > 0.05 compared to 3.5%), although not
significantly different from all other groups (p > 0.05; Figure 4B). Thus, our data
suggest that larval feeding depends on the agarose substrate used—especially when
tested at 0.5% agarose concentration—and there is a trend to show higher levels of
food consumption for intermediate concentrations of 1.0 and 2.5%.

9.3.6 Feeding on different agarose concentrations in the
presence of quinine

In the next experiment, we used a similar approach to measure agarose
concentration-dependent feeding when 6 mM quinine was added as an aversive
substance (Figure 4C). To visualize the quinine-dependent effect on larval feeding
for each concentration, we calculated the normalized absorbance for each agarose
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Figure 3. Agarose- and quinine-dependent choice behavior tested in different contexts.
A Agarose-dependent choice behavior for an agarose concentration of 0.5% over 3.5% without
quinine (left box plot) or in the presence of 6 mM quinine (right box plot). Without quinine, wild-
type larvae avoid 3.5% agarose in favor of the 0.5% agarose side of the Petri dish (p < 0.001). In
the presence of 6 mM quinine in the entire dish, the preference for the two agarose concentrations
reversibly changes compared to the initial situation; now, wild-type larvae avoid 0.5% agarose in
favor of 3.5% agarose (p < 0.01). B Larval choice behavior for 6 mM quinine over pure agarose
tested on different agarose concentration setups. In general, irrespective of the tested combinations
of agarose concentration, wild-type larvae significantly avoid 6 mM quinine over pure agarose, i.e.,
on plates containing 0.5% agarose on both sides (first boxplot, p < 0.001), on plates containing
3.5% agarose on both sides (second boxplot, p < 0.05), on plates in which quinine was presented in
0.5% agarose vs. pure 3.5% agarose (third box-plot, p < 0.01), and on test plates in which quinine
was presented in 3.5% agarose vs. pure 0.5% agarose (fourth box-plot, p < 0.05). Sample size
n > 12 for each group. Small circles indicate outliers. *** p < 0.001; ** p < 0.01; * p < 0.05.

concentration by dividing the absorbance in 6 mM quinine condition with the ab-
sorbance in pure agarose condition (Figure 4C). From our data, we conclude, that
the addition of 6 mM quinine strongly reduces feeding, if added in 1% agarose, as
in this case feeding is significantly decreased almost by 50% (compared to base-
line feeding without quinine indicated by the line at 1.0 normalized absorbance;
p < 0.001). Within limits, this is also the case if tested at 0.5 and 2.5% agarose
(p < 0.01 for both). However, addition of 6 mM quinine does not change feeding
rate at 3.5% agarose concentration as the normalized feeding is not different from
1.0 (p > 0.05). Thus, the quinine-dependent effect on feeding also depends on the
agarose concentration used and is basically absent at a substrate concentration of
3.5%.
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Figure 4. Larval feeding depends on the concentration of the agarose substrate. A
Overview of the experimental setup to test for larval feeding. B Wild-type larvae show different
feeding rates for 0.5, 1.0, 2.5, and 3.5% of agarose. At 0.5% agarose, feeding is lower than feeding
on 1.0% agarose (p < 0.001) and 2.5% (p < 0.001). Feeding at 3.5% agarose is on an intermediate
level that is not significantly to any of the other three groups (p > 0.05). Differences between indi-
vidual groups are shown above the box-plots. C Adding of 6 mM quinine to agarose concentrations
tends to reduce feeding compared to the behavior on pure agarose (here visualized by the normalized
scores for 6 mM quinine feeding divided by pure agarose feeding). However, the effect is limited to
agarose concentrations of 0.5, 1.0 and 2.5% as only at these concentrations the normalized values
are below the baseline feeding observed when the larvae are fed on pure agarose (indicated by 1.0
for normalized absorbance; p < 0.01, p < 0.001, p < 0.01 and p > 0.05 for 0.5, 1.0, 2.5, and
3.5%, respectively). A significant difference for each group against normalized absorbance at 1.0 is
shown below each box-plot. Sample size n > 12 for each group. Small circles indicate outliers. ***
p < 0.001; ** p < 0.01; n.s., not significant.
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9.3.7 Higher agarose concentrations increase larval locomo-
tion

All larval behaviors tested so far presume that larval locomotion of the animal is
not changed by the different agarose substrates during test. Especially, when testing
larval choice behavior the position of the animals is only measured at the end of
the test, thus an agarose-substrate dependent change in locomotion would most
likely directly alter the behavioral output in these experiments. Therefore, we next
tested if larvae show differences in locomotion if tested on pure agarose substrates
of 0.5, 1.0, 2.5, and 3.5%. In detail, we measured the distance that individual wild-
type larva crawl within 30 s. We restricted the tracking to 30 s to exclude that
larvae reach the rim of the test plate (Figure 5A). Interestingly, although in our
experiments higher agarose concentrations tend to elicit lower behavioral responses,
we here observed the opposite effect. At 3.5% agarose concentration larvae showed
a significant increase in the distance that they crawl within 30 s (p < 0.05 compared
to 0.5, 1.0, and 2.5% agarose concentration; Figure 5B). Thus, under the conditions
tested larval locomotion also depends on the agarose concentration of the substrate
and is significantly increased at higher concentrations.

Figure 5. Larval locomotion depends on the agarose concentration of the substrate.
A Overview of the experimental setup to test for larval locomotion. In detail, individual larvae are
positioned on a test plate that is located on a light table to allow for a complete illumination of
the test plate. The position of the larva is recorded by a video camera that is mounted above the
test plate. B Shows the distance that individual wild-type larva crawl within 30 s on test plates
containing 0.5, 1.0, 2.5, or 3.5% agarose. Tracking was restricted to 30 s to exclude that larvae
reach the rim of the test plate. At 3.5% agarose concentration larvae significantly increase the dis-
tance that they crawl within 30 s (p < 0.05 compared to 0.5, 1.0, and 2.5% agarose concentration).
Differences between individual groups are shown above the box-plots. Sample size n = 10 for each
group. Small circles indicate outliers. * p < 0.05.
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9.3.8 Quinine-induced learning takes place only at low
agarose concentrations

To investigate if agarose concentration affects 6 mM quinine-reinforced associative
olfactory learning (Aceves-Pina and Quinn, 1979; Scherer et al., 2003; Hendel et al.,
2005; Gerber and Hendel, 2006; Gerber and Stocker, 2007; El-Keredy et al., 2012),
we used a standardized paradigm using agarose concentrations of 0.5, 1.0, 2.5, and
3.5% (Figure 6A). We found that increasing the agarose concentration from 0.5%
up to 3.5% significantly changes the output of odor-quinine learning (Figure 6B).
For the two lower agarose concentrations (0.5 and 1.0%), odor-quinine learning was
significantly different from chance level (p < 0.001 and p < 0.01, respectively),
whereas for the two higher concentrations (2.5 and 3.5%) this was not the case
(p > 0.05 in both cases). Taken together, associative olfactory learning reinforced by
6 mM quinine seems to be context-dependent, as it was only behaviorally expressed
at lower agarose concentrations and not expressed at higher agarose concentrations.

Figure 6. Larval associative olfactory learning reinforced by 6 mM quinine depends
on the concentration of the agarose substrate. A Overview of the experimental setup to
test for larval associative olfactory learning reinforced by 6 mM quinine. B Wild-type larvae show
different odor-quinine learning for agarose concentrations of 0.5, 1.0, 2.5, and 3.5%. Only at
agarose concentrations of 0.5% and 1.0%, odor-quinine learning leads to the expression of the
association (p < 0.001 for 0.5% agarose and p < 0.01 for 1.0% agarose if tested against zero).
No significant learning is detectable when increasing agarose concentration to 2.5 or 3.5% (for
both cases p > 0.05 if tested against zero). A significant difference for each group against random
distribution is shown below each box-plot. Sample size n > 12 for each group. Small circles indicate
outliers. *** p < 0.001; ** p < 0.01; n.s., not significant.

9.3.9 Agarose concentration alone reinforces associative ol-
factory learning

Our data showed so far that larvae can sense the difference between different agarose
concentrations and that this information can change various behaviors from choice
and feeding to locomotion and learning. Thus, we finally asked if wild-type larvae
can associate a given odor with a specific agarose concentration. To answer this
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question, we modified the learning paradigm used above so that one odor was pre-
sented together with 0.5% agarose and a second odor with 3.5% agarose. During
the test, larvae were allowed to choose one odor over the other on a 3.5% agarose
plate that contained both odors (Figure 7A). In this experiment, larvae showed a
preference for the odor associated with the lower 0.5% agarose concentration over
the odor that was paired with 3.5% agarose (p < 0.001 against chance levels) (Fig-
ure 7B). Thus, we conclude that larvae are able to learn differences in the agarose
concentration. They prefer an odor that predicts the lower agarose concentration of
0.5% and/or avoid an odor that predicts a higher agarose concentration of 3.5%.

Figure 7. Different agarose concentrations can be used as reinforcers for larval asso-
ciative olfactory learning. A Overview of the experimental setup for testing larval associative
olfactory learning reinforced by agarose concentrations of 0.5 and 3.5%. B Wild-type larvae sig-
nificantly avoid an odor presented on a 3.5% agarose substrate over a second odor presented on a
0.5% agarose substrate (p < 0.001). Thus, the agarose concentration of the substrate by itself can
serve as a punishing and/or rewarding stimulus. A significant difference for each group against
random distribution is shown below each box-plot. Sample size n > 12. *** p < 0.001.

9.4 Discussion

9.4.1 The effect of the agarose substrate on larval behavior
was so far completely neglected

Behavioral experiments in Drosophila larvae are usually done by using Petri dishes
filled with agar or agarose as a substrate (Gerber and Stocker, 2007). This offers
a smooth and soft surface for crawling larvae and at the same time prevents de-
hydration. Furthermore, the substrate allows the experimenter to add in principle
every soluble chemical and test its effect on different larval behaviors like survival,
choice behavior, feeding, and learning (Niewalda et al., 2008; Schipanski et al., 2008;
El-Keredy et al., 2012; Rohwedder et al., 2012). Due to the transparency and tem-
perature conductivity of the substrate, visually and temperature-guided behaviors
can also be analyzed (Gerber et al., 2004; Luo et al., 2010; Keene et al., 2011; Von
Essen et al., 2011).
Given the wide use of this experimental substrate, it is surprising that neither the
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agar/agarose quality nor the concentration is standardized in these experiments.
Even more surprising, there are no data available that have analyzed how the sub-
strate itself affects larval behavior. Yet, investigating this issue seems crucial as
the heterogeneity of the agar mixture can highly vary depending primarily on the
quality and concentration of its agarose and agaropectin components as well as on
various other parameters. In this study, we have parametrically analyzed the effect
of agarose concentration in the substrate for different larval behaviors. In detail,
four gradually increasing agarose concentrations of 0.5, 1.0, 2.5, and 3.5% were used
in four well established larval behavioral paradigms: preference, feeding, locomotion
and learning.

9.4.2 Increased agarose concentrations in the substrate re-
duce the expression of quinine driven behaviors

Larvae avoid quinine, they feed less on a quinine-containing substrate and they can
associate an odor with quinine punishment (El-Keredy et al., 2012). However, as we
show here, this is only true if tested on a specific agarose substrate. For all three be-
haviors studied (choice behavior, feeding and associative olfactory learning), larvae
show highest responses at a concentration of 1.0% agarose (Figure 1,4,6). If tested at
a higher concentration of 3.5%, quinine-dependent behavior is either reduced (choice
behavior; Figure 1) or not even expressed (feeding, Figure 4; associative olfactory
learning, Figure 6). In contrast, we detect the opposite effect for larval locomotion
(Figure 5). At a high agarose concentration of 3.5% larvae increase the speed of
locomotion compared to lower concentrations. Thus, potentially on rigid substrates
larvae try to improve the current situation and due to the lower accessibility of gus-
tatory stimuli increase foraging or reduce the response to aversive gustatory driven
stimuli and initiate an escape response. Likely, this effect is further enhanced by
another restriction of the substrate as only at lower agarose concentrations - but not
at 3.5% agarose concentration - larvae are able to burrow into the substrate (data
not shown). Larval burrowing was suggested to be a cooperative behavior that al-
lows larvae to escape predation (Wu et al., 2003; Zhang et al., 2013). In line with
this interpretation, increased locomotion was also described in response to different
stressful stimuli including low humidity, non-nutritive environments, the texture of
the surface of the substrate and noxious heat (Sokolowski et al., 1984; De Belle et
al., 1989; Ohyama et al., 2013).
Drosophila larvae similar to many limbed organisms largely regulate crawling speed
by regulating stride period (Heckscher et al., 2012). Thus, increased locomotion
(e.g., foraging and/or escape responses) is based on additional stride cycles within
the same time interval that consist of two phases, probes of the substrate with
the mouth hooks and muscular contractions passing along the body of the larvae
(Sokolowski et al., 1984). So, if larvae increase locomotion each probe with the
mouth hooks and its adjacent external and internal sensory organs is shortened and
may thus be less sensitive for negative stimuli within the substrate. However, this
interpretation is not entirely conclusive as the external sensory organs can in prin-
ciple collect the same amount of information as they are more often in contact with
the substrate. Thus, further experiments are needed to understand how increased
locomotion affects quinine driven behaviors based on our initial findings.
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9.4.3 Associative olfactory learning

Interestingly, in contrast to odor-quinine learning, odor-sugar learning was shown
to be successful at an agarose concentration of 2.5% for a set of seven different
sugars that either offer nutritional benefit or not (Rohwedder et al., 2012). Thus,
the agarose dependent effect on learning is different depending on the reinforcer. In
line with the conclusion discussed above, it is tempting to speculate that sugar as
a positive reinforcer in the substrate may either repress agarose dependent escape
responses or changes foraging behavior to enable larvae to establish odor-sugar as-
sociations.
In addition, we show that larvae are able to associate an odor with a particular
agarose concentration (Figure 7). Unfortunately, our experiments do not reveal if
0.5% agarose is perceived as a reward and/or 3.5% agarose as punishment. With
respect to reinforcement processing, it was shown for Drosophila larvae and flies
that punishment processing is depending on a particular set of dopaminergic neu-
rons (for larvae: likely the DL1 cluster) (Schwaerzel et al., 2003; Riemensperger et
al., 2005, 2011; Honjo and Furukubo-Tokunaga, 2009; Mao and Davis, 2009; Selcho
et al., 2009; Aso et al., 2010, 2012); whereas appetitive learning was suggested to
be processed by the layered organization of octopaminergic and dopaminergic PAM
cluster neurons (Schwaerzel et al., 2003; Schroll et al., 2006; Honjo and Furukubo-
Tokunaga, 2009; Selcho et al., 2009; Burke et al., 2012; Liu et al., 2012). Thus,
specific genetic interference with neuronal function of the larval neuronal circuits
that encode reward or punishment will allow to uncover the reinforcing character
of the different agarose concentrations. Furthermore, aversive olfactory learning
in larvae reinforced by gustatory punishment—but not electric shock (Pauls et al.,
2010a)—is only expressed in the presence of the negative reinforcer during test (Ger-
ber and Hendel, 2006; Niewalda et al., 2008; Schleyer et al., 2011; El-Keredy et al.,
2012). Hence, olfactory learning reinforced by different agarose concentrations and
tested in the presence and absence of negative gustatory reinforcers or at different
agarose concentrations will also allow to identify the reinforcing character of the
used agarose concentrations.

9.4.4 Low agarose concentrations in the substrate affect
feeding behavior

In addition, not all behavioral effects that are agarose concentration dependent can
be described by the expression of escape responses or changes in foraging behavior
on rigid substrates. In detail, at 0.5% agarose concentration larval feeding is re-
duced compared to intermediate concentrations (Figure 4). The data suggests that
for larval feeding additional properties of the substrate at low agarose concentrations
are also important. So far, several studies suggest that larval feeding is reduced if
the substrate is less accessible as it is more solid, contains noxious components or
is deleteriously cold (Wu et al., 2005a,b; Lingo et al., 2007). Under the particular
conditions that we have tested we would like to expand this list as low agarose con-
centrations that make the substrate more jellylike show a similar effect. This effect
also has to be taken into account when mixing agarose with additional substances
that inhibit agarose from polymerizing (e.g., sucralose; data not shown).



218 Influence of agarose composition on larval behaviour

9.4.5 Potential sensory systems involved in sensing and sig-
naling of agarose concentration

As shown by our results, larvae seem to be able to distinguish different concentrations
of an agarose substrate and to associate odours with different agarose concentrations
(Figures 3,7). Which sensory systems would allow for such a function? Based on
a large number of studies that have analyzed the larval senses, several mechanisms
are possible: (i) The larval head region carries three external sensory organs, called
dorsal, terminal and ventral organ, which are equipped with gustatory and—for the
dorsal organ—with olfactory receptor neurons (Python and Stocker, 2002; Fishile-
vich et al., 2005; Ramaekers et al., 2005; Colomb et al., 2007; Kwon et al., 2011).
In addition, each of these organs also covers a small set of neurons likely involved
in mechanosensation (Python and Stocker, 2002). Thus, it is tempting to speculate
that these organs may also be able to perceive differences in agarose concentra-
tion. (ii) Specialized sensory neurons that tile the larval body wall, the so-called
multidendritic neurons, were shown to be involved in sensing and mediating the
avoidance response to noxious stimuli (Tracey et al., 2003; Shen et al., 2011). There
are four morphologically distinguishable classes of multidendritic neurons, termed
class I–IV, based on the complexity of their arborizations (Grueber et al., 2002).
Interestingly, class I and II have been suggested to perceive mild mechanical stress,
whereas class IV neurons seem to respond to strong thermal and mechanical stress
(Hwang et al., 2007; Zhong et al., 2010). (iii) Even more remarkable, recently in
class III dendritic arborizations a mechanotransduction channel subunit was iden-
tified, called No mechanoreceptor potential C (NOMPC), which mediates gentle
touch sensation and seems to be important for environmental exploration (Yan et
al., 2013). Thus, based on behavioral description and the established genetic tools
to specifically manipulate the neuronal function of each particular sensory system,
it is now possible to analyze if these peripheral sensors mediate the perception of
agarose concentration.

9.4.6 Outlook
In this study we show for the first time that different agarose concentrations in the
substrate can affect the performance of larval behavioral experiments and in some
cases may even be critical for the experimental success. Therefore, direct compar-
isons between experiments using different agarose concentrations can be misleading.
In fact, some of the behavioral phenotypes observed in transgenic animals may
rather be related to the substrate specific expression of new behaviors - like escape
responses. Thus, a standardization of the parameters in assays measuring larval
behavioral preference seems timely.
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Summary
With the pioneering work of Seymour Benzer and colleagues in the early 1970s
Drosophila has become a one of its kind model organism in neuroscientific research.
Due to the simplicity of the larval brain in term of cell number, the huge variety
of different behaviours, almost unlimited genetic access to manipulate gene activity
and neuron, and the larval connectome makes Drosophila larvae to formidable model
organism to analyse complex processes like the cellular fundamentals of learning
and memory on even a single-cell level. Here, we summarize current knowledge
about associative olfactory learning on the behavioural level, about the hypothesized
molecular fundamentals in the formation of memory, and try to integrate neuronal
circuitries based on the newly completed larval connectome.
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Abstract: The Drosophila larva is an attractive model system to study fun-
damental questions in the field of neuroscience. The larva offers - as the adult
fly does - a seemingly unlimited genetic toolbox which allows to visualize, silence
or activate neurons up to the single cell level. However, in combination with
its simplicity in terms of cell number, the larva offers an interesting platform to
study the neuronal correlates of complex processes including associative odor-taste
learning and memory formation. Here, we summarize the current knowledge
about odor-taste learning and memory on the behavioral level and try to integrate
the recent progress on the larval connectome to shed light onto the sub-circuits
necessary, ranging from stimuli detection up to conditional behavioral output.
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10.1 Introduction
For the last 50 years Drosophila melanogaster has become a favorable model system
to study associative olfactory learning and memory (reviewed in Busto et al. 2010).
Initially, Drosophila has been used as an organism that provides facile and unbiased
access to genes. However, in the last two decades, there has been an outstand-
ing emphasis on genetic tool development and consequential Drosophila has evolved
from a suitable model for gene discovery to one offering the opportunity to integrate
molecular genetics with systems neuroscience (Venken et al. 2011). Thus, the cur-
rent research focus lies - among others - on the molecular and neuronal pathways
underlying the acquisition, storage and retrieval of memory at the systems level.
Diverse factors have emphasized the Drosophila larva as a suitable model organism
in neuroscientific research: First, a prerequisite is the elementary organization of the
central larval nervous system that consists of only about 10.000 neurons. Second,
the availability and robustness of behavioral assays, and third the existence of trans-
genic techniques, which allow one to interfere with neuronal networks, small sets of
neurons or even individually identified neurons (Pauls et al. 2015). These advan-
tages together with the ongoing efforts toward the reconstruction of the complete
larval connectome brings a full-brain, single-cell, and single-synapse understanding
of learning and memory for the first time into reach (Eichler et al. in revision) check
in the end about status.
In this review, we will summarize current knowledge and recent progress on odor-
taste learning and memory of the Drosophila larva. We will describe different ex-
perimentally accessible types of odor-taste memories, and how in this respect rele-
vant stimuli are perceived and integrated. For that, we will revisit the underlying
neuronal circuits and define sub-circuits that contribute and become substrate for
modulation during conditioning. Finally, we will report on current findings obtained
when genetically dissecting odor-taste learning and memory.

10.2 Odor-taste learning: Available paradigms
and behavioral results

In 1974, Quinn and coworkers showed for the first time that electric shock can
be used in adult Drosophila to reinforce the formation of aversive odor memories
(Quinn et al. 1974). Only a few years later, Aceves-Pina and Quinn described
olfactory associative learning and memory in Drosophila larvae for the first time
(Aceves-Pina and Quinn 1979). In this study, also larvae were trained to associate
odor information with electric shock stimulation allowing to compare associative
learning in different developmental stages. For the larva, however, these findings
were somewhat forgotten (Heisenberg et al. 1985, Tully et al. 1994). Only about
one decade ago, due to the effort of Bertram Gerber and colleagues, research on
larval learning and memory was intensified and put back into focus (Scherer et al.
2003, Neuser et al. 2005). Since then, classical (or Pavlovian) appetitive olfactory
learning is mainly analyzed using a two-odor, reciprocal training regime with three
repetitions and usually 2M fructose reinforcement (Scherer et al. 2003, Saumweber
et al. 2011). More recently, different variations of the original experimental design
were introduced that e.g. utilize only one-odor or non-reciprocal designs (Honjo and



10.2 Available paradigms and behavioral results 229

Furukubo-Tokunaga 2005, Saumweber et al. 2011). In addition, other sugars like
sucrose, glucose, maltodextrin, sorbitol, xylose and arabinose were shown to fulfil a
reinforcing function (Rohwedder et al. 2012).
The use of sugars is of particular interest as larvae are able to identify "sweet" and
"energy-rich" sugar rewards, certainly, as flies do (Burke et al. 2011, Rohwedder
et al. 2012). In detail, larvae show concentration-dependent odor-taste memories
for only-sweet sugars like xylose and arabinose. However, as these sugars do not
offer a nutritional benefit, larvae do not change their feeding behavior and die as
fast as food-deprived larvae. Contrary, larvae also associate only-nutritional sugars
like maltodextrin or sorbitol that trigger feeding behavior and survival like sweet
and nutritional sugars like fructose, sucrose or glucose (Rohwedder et al. 2012).
This also emphasizes the idea that different sugar stimuli provide diverse valence
for distinct types of behaviors (e.g. learning, feeding or survival; Schipanski et al.
2008; Schleyer et al. 2015). In addition to the various sugars, larvae can also sense
and process low salt concentrations as well as amino acids (e.g. aspartic acid) as
rewards (Niewalda et al. 2008, Schleyer et al. 2015).
Certainly, larvae can establish aversive odor-taste memories. Bitter substances like
quinine and caffeine as well as high salt (sodium chloride) concentrations were in-
troduced as negative reinforcer (Gerber and Hendel 2006, Niewalda et al. 2008,
Schleyer et al. 2011). Salt, however, turned out to be dichotomous. Low concentra-
tions around 0.3M-0.4M can be utilized for appetitive odor-taste learning, while high
salt concentrations peaking at 2M-4M induce the formation of aversive odor-taste
associations (Niewalda et al. 2008, Schleyer et al. 2011, Russell et al. 2011). In
contrast, bitter substances such as quinine and caffeine are clearly aversive regarding
preference behavior, feeding and associative conditioning (Schleyer et al. 2011, El-
Keredy et al. 2012, König et al. 2014, Apostolopoulou et al. 2014b). Noteworthy,
in this sense the larva turned out to be particularly suited for aversive odor-taste
learning, as flies simply deny these substances when purely presented. They only
ingest salty or bitter tastants in mixtures with appetitive food compounds and that
may complicate the interpretation of the results.
In most studies regarding larval associative learning and memory appetitive and
aversive reinforcers are diluted in agarose, which is the main substrate larvae are ex-
posed to during the behavioral experiment. Notably, other experimental procedures
exist, where larvae are exposed to a reinforcer solution, rather than a reinforcer-
agarose substrate (see Honjo and Furukubo-Tokunaga 2005). Interestingly, recent
work focusing on agarose as a potential reinforcer itself revealed that larvae are
potentially able to associate a specific agarose concentration with an odor stimu-
lus (Apostolopoulou et al. 2014a). Thus, although agarose is a non-metabolizable
sugar, it offers a reinforcing function under certain conditions, which therefore, must
be considered when comparing differences in larval behavior.
Additionally, not only taste provides a reinforcing function, as also light, tempera-
ture, vibration and electric shock are widely used for olfactory conditioning in the
larva. Accordingly, learning paradigms for each odor-sensory stimulus combination
are available (Gerber et al. 2004, Pauls et al. 2010a, Eschbach et al. 2011, von Essen
et al. 2011, Khurana et al. 2012). Thus, on the behavioral level a comprehensive set
of paradigms exists to study various aspects of appetitive and aversive odor-taste
learning and memory (as well as for odor-non taste learning and memory) (Table
1).
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Type of learning Training procedure Original reference

appetative learning

odor-sucrose en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-fructose en masse; 2-odor reciprocal paradigm Neuser et al. 2005

odor-maltodextrin en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-sorbitol en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-arabinose en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-glucose en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-xylose en masse; 2-odor reciprocal paradigm Rohwedder et al. 2012

odor-low salt en masse; 2-odor reciprocal paradigm Gerber and Hendel 2006

odor-fructose en masse; 1-odor non-reciprocal paradigm Honjo and Furukubo-Tokunaga 2005

odor-fructose individually; 2-odor reciprocal paradigm Scherer et al. 2003

aversives learning

odor-high salt en masse; 2-odor reciprocal paradigm Gerber and Hendel 2006

light-high salt en masse; 2-odor reciprocal paradigm von Essen et al. 2011

odor-medium salt en masse; 2-odor reciprocal paradigm Gerber and Hendel 2006

odor-quinine en masse; 2-odor reciprocal paradigm Gerber and Hendel 2006

odor-caffeine en masse; 2-odor reciprocal paradigm Apostolopoulou et al. 2016

odor-aspartic acid en masse; 2-odor reciprocal paradigm Schleyer et al. 2015

odor-agarose en masse; 2-odor reciprocal paradigm Apostolopoulou et al. 2014

odor-quinine en masse; 1-odor non-reciprocal paradigm Honjo and Furukubo-Tokunaga 2009

non-taste learning

odor-electric shock en masse; 2-odor reciprocal paradigm Aceves-Pina et al. 1979

odor-light en masse; 2-odor reciprocal paradigm von Essen et al. 2011

odor-buzz en masse; 2-odor reciprocal paradigm Eschbach et al. 2011

odor-heat learning en masse; 2-odor reciprocal paradigm Khurana et al. 2012

odor-electric shock en masse; 1-odor non-reciprocal paradigm Pauls et al. 2010a

odor-heat learning en masse: 1-odor-non reciprocal paradigm Khurana et al. 2012

Table 1: Behavioral paradigms to analyze learning and memory in Drosophila larvae

10.3 Odor-taste learning: The neuronal circuits
Drosophila larvae can form odor-taste associations and to store them in the central
nervous system based on defined physio-chemical changes. Where do these learning
dependent changes take place? Are these changes distributed over the entire central
nervous system or are they localized at a specialized central brain area? Recent
studies in larval and adult Drosophila clearly support the second case. There is
strong evidence that the larval mushroom bodies (MB) - similar to its adult coun-
terpart - forms a specified brain region where olfactory and taste information merge.
The current assumption is that in this brain region learning and memory dependent
plasticity is processed and further relayed onto premotor circuits.

10.3.1 Sub-circuit 1: Perception of odors
In the last decades, light microscopy studies combined with behavioral neurogenetics
revealed that larvae receive olfactory stimuli by only 21 olfactory receptor neurons
(ORN) housed in a single sensillum at its head, the dorsal organ (Oppliger et al.
2000, Python and Stocker 2002, Fishilevich et al. 2005, Kreher et al. 2005). The
olfactory information from a given ORN is further conveyed at the larval antennal
lobe in a direct one-to-one fashion to 21 projection neurons (PNs) that project to
two second order olfactory brain centers: a) the lateral horn, a brain region that is
thought to organize naïve olfactory behavior and b) the calyx region of the mushroom
body, comprised of MB intrinsic Kenyon Cells (KCs), neurons that are required for
odor-taste learning (Ramaekers et al. 2005, Masuda-Nakagawa et al. 2010, Masuda-
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Nakagawa et al. 2011, Thum et al. 2011). Recently these findings were verified and
completed by Berck and coworkers, who reconstructed the larval antennal lobe at
synaptic resolution (connectome) using volume electron microscopy (Berck et al.
2016). In total they identified 81 antennal lobe innervating neurons per hemisphere.
In addition to the known canonical circuit consisting of 21 ORNs/ 21 uniglomerual
PNs gain controlled via 5 GABAergic interneurons, they identified a second parallel
circuit consisting of 14 multiglomerular PNs (mPNs) and hierarchically connected
local neurons (LNs) that were only rudimentary described on light microscopy level.
Whether and how this second, parallel pathway participates in olfaction and odor-
taste learning has to be analyzed.

10.3.2 Sub-circuit 2: Perception of taste
Sensory taste system

Drosophila larvae perceive taste stimuli via three external chemosensory organs po-
sitioned on the head and four internal organs located along the pharynx (Singh and
Singh 1984, Python and Stocker 2002). The seven sensory organs house about 81
gustatory receptor neurons (GRNs) and transfer taste information from the periph-
ery to the subesophageal zone (SEZ) - the first-order taste center of the larval brain.
(Python and Stocker 2002, Colomb et al. 2007, Kwon et al. 2011, Mishra et al. 2013,
Choi et al. 2016, reviewed in Apostolopoulou et al. 2015). Whether these GRNs do
signal “taste-rewards” or “taste-punishments” from the environment of the larvae is
not entirely unraveled so far. For example, GRNs expressing bitter receptors Gr33a
and Gr66a are necessary for the naïve avoidance of bitter substances like quinine,
but they are not necessary for aversive odor-quinine learning (Apostolopoulou et
al. 2014b). On the contrary, this is not true for sensing bitter taste in general, as
the same set of GRNs are necessary for aversive odor-taste learning reinforced by
caffeine (Apostolopoulou et al. 2016). The reception of caffeine triggering aversive
reinforcement can even be pinpointed to a single GRN of the dorsal pharyngeal
organ (Apostolopoulou et al. 2016). Nevertheless, additional mechanisms that are
essential for the reception of taste dependent reinforcement must be considered es-
pecially as alternatives were recently proposed for adult Drosophila and honeybees
(Avestaran et al. 2010, Wright et al. 2010, Miyamoto et al. 2012, Dus et al. 2013,
Gruber et al. 2013). Furthermore, only little information is available about po-
tential target neurons of larval taste afferents. Recent data suggests that neurons
expressing hugin signal bitter taste information to the protocerebrum and thereby
regulate avoidance and feeding (Hückesfeld et al. 2016). Also, octopaminergic (OA)
interneurons receiving their input in the SEZ are suspects for distributing appetitive
gustatory input as an internal reward signal.

Taste reinforcement processing

In 1993, Hammer introduced a single OA VUM neuron as being essential in me-
diating sugar reward information within the honeybee brain (Hammer 1993). Ten
years later Schwärzel and coworkers showed in adult Drosophila that dopaminergic
(DA) neurons mediate punishment information, while OA neurons mediate reward
information (Schwärzel et al. 2003). However, more recently, it turned out that the
suggested separation for OA (mediating reward) and DA (mediating punishment)
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does not pass intensive testing. For example, silencing a specific set of DA neu-
rons conditionally during training abolished both aversive and appetitive odor-taste
learning. This suggests that DA neurons mediate both, positive and negative rein-
forcer information (Selcho et al. 2009). Interestingly, different DA receptors appear
to allow reinforcer specificity, as a mutation in the dDA1 receptor affected both
larval aversive and appetitive odor-taste learning, while a mutation in the DAMB
receptor was specific for aversive odor-taste learning (Selcho et al. 2009). In addi-
tion, recent work by Rohwedder and coworkers suggest that four neurons of the DA
primary protocerebral anterior medial (pPAM) cluster specifically mediates sugar
reward information to the medial lobe of the MBs (Rohwedder et al. 2016). Conse-
quently, DA mediates the relevant information for positive and negative reinforcers
within the larval brain onto the MB. This mode of operations is conserved through-
out development as it applies for adult Drosophila as well (Burke et al. 2011, Burke
et al. 2012).
So, what is the role of OA in Drosophila larval learning? However, with respect to
odor-taste learning, the OA/TA circuitry turned out to be necessary mediating the
sweetness of a sugar rather than the nutritional value, which is mediated by DA neu-
rons (Selcho et al. 2014, Rohwedder et al. 2016). Ablation of OA/TA neurons did
not change odor-taste learning in larvae using fructose (both sweet and nutritious)
or sorbitol (only nutritious) as rewarding stimuli. However, learning performance
was impaired due to the ablation of OA/TA neurons using arabinose (only sweet)
as a reinforcer (Selcho et al. 2014). In line with recent results on adult Drosophila,
it can therefore be concluded that only “sweet” sugar information is processed by
OA neurons upstream of the four DA pPAM neurons that in addition integrate
the nutritional information of a sugar reward. The identity and detailed connectiv-
ity pattern of the potential signaling onto the pPAM cluster of these OA neurons
remains elusive.

Modulation of taste dependent reinforcer information

Memory formation and retrieval is not only dependent on environmental stimuli,
but also relies on the internal state of the animal. Conditional activation of neurons
expressing dNPF (neuropeptide F, an ortholog of mammalian NPY) specifically
during training reduced odor-fructose learning (Rohwedder et al. 2015). In more
detail, Rohwedder and colleagues suggest that artificial activation of dNPF neurons
impairs sugar reward processing and by that the acquisition of memories. Inter-
estingly, dNPF neurons seem to be exclusively modulating appetitive memories as
artificial activation of the same neurons did not alter aversive odor-taste memories,
which appears reasonable as dNPF has a strong impact on feeding behavior in the
larva (Wu et al. 2003, Wu et al. 2005b). Thus, it was hypothesized that dNPF
neurons modulate odor-taste learning by targeting the sugar reward-signaling path-
way, probably depending on the physiological state of the animal (Rohwedder et
al. 2015). In the end, the modulation of odor-taste learning appears important to
match environmental information about food quality and quantity in relation to the
current internal state of the animal. Under certain conditions this would allow the
larva to ignore an actually irrelevant information of a tastant (good or bad), which
typically comes along with stimuli such as sugar, salt or quinine.
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10.3.3 Sub-circuit 3: Mushroom bodies
Mushroom bodies harbor a memory trace

Several findings suggest that the MB harbor a memory trace for odor-taste learn-
ing in Drosophila larvae. Classical learning mutants like dunce and rutabaga are
impaired in larval odor-taste learning (Honjo and Furukubo-Tokunaga 2005; Wid-
mann et al. 2016). Gene products of both genes are enriched in MB KCs and
serve as molecular substrates of cAMP signaling and by that for cellular plasticity
in response to the coincidence detection of odor and taste stimuli (Crittenden et
al. 1998). Accordingly, blockage of synaptic output of MB KCs during odor-taste
training and testing impaired learning and memory (Honjo and Furukubo-Tokunaga
2005, Pauls et al. 2010b). Even more, output of MB KCs was reported to be nec-
essary only during test, but not during training (Honjo and Furukubo-Tokunaga
2005). In addition, MB function is also sufficient for appetitive odor-taste learning.
Larvae of the rover allele of the foraging gene (encoding for a protein kinase G)
showed lower initial scores for odor-taste learning than sitter larvae (Kaun et al.
2007). The behavioral phenotype is based on a lower activity of the foraging gene
in sitter than in rover larvae and can be rescued from sitter to rover learning levels
by boosting expression of the protein kinase G in the MB KCs (Kaun et al. 2007).
Although it is not clear if protein kinase G is directly related to synaptic plasticity,
this is clearly the case for the synapsin (syn) gene product, a presynaptic vesicular
phosphoprotein. syn mutants are impaired in odor-taste learning (Michels et al.
2011, Widmann et al. 2016). Rescuing syn exclusively in MB KCs fully restored
appetitive odor-taste learning (Michels et al. 2011). Consequently: i) the larval MB
provide a substrate for neuronal and cellular plasticity, ii) plasticity in the MB is
necessary for odor-taste learning, iii) plasticity in the MB is sufficient for odor-taste
learning, iv) acquisition of odor-taste memories is abolished if US signaling onto the
MB KCs is impaired during training and v) odor-taste memories are abolished if the
MB KCs cannot provide output during test. We therefore conclude that the MB
form a center for odor-taste learning and memory in the larval brain of Drosophila.

The mushroom body connectome

In 2003, Heisenberg introduced a minimal circuit model for odor memories in adult
Drosophila (Heisenberg 2003). In the following, we will briefly introduce its concept
and contrast the model with the results of the recently established larval MB con-
nectome (Eichler et al. in revision). The Heisenberg model assumes that odors are
represented by the activation of a pattern of KCs. During training this represen-
tation occurs simultaneously with a modulatory reinforcement signal encoded by a
DA (good or bad) or an OA (good) input neuron (MBIN), both MBINs connect to
all KCs. Coincident activation of KCs in turn will strengthen the synaptic connec-
tivity of KCs onto extrinsic MB output neurons (MBON). Thus, in the course of
conditioning, MBONs (that are initially latent) would come to act as odor-specific
neurons that report the presence of a particular odor as an alerting signal for the
conditioned behavior.
The synaptic reconstruction of the larval MB ultrastructure confirms the minimal
MBIN - KC - MBON circuit model. First instar larvae have about 110 KCs per
hemisphere that nearly all receive input from 7 DA neurons, 4 OA neurons, and 5
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neurons of unknown neurotransmitter identity. At the same time, nearly all indi-
vidual mature KCs synapse onto each of the 24 MBONs. Thus, the proposed MBIN
– KC – MBON connectivity is confirmed by the larval MB connectome, it even
includes distinct specifications for reward modulation at the medial lobe and pun-
ishment modulation at the vertical lobe. Yet, Eichler and coworkers also identified
several remarkable additions to the proposed minimal circuit model: i) there is not
only a single bad and good MBIN – KC – MBON motif, rather several ones exist
in parallel. The connectome reconstruction describes in total 16 motifs organized
in 11 functional subunits. ii) KCs do not only connect to MBONs but also at the
same time reconnect to MBINs. iii) MBINs do not only connect to KCs but also
connect directly onto MBONs. iv) KCs can be divided in two subgroups: the first
subgroup gets only input from a single PN, while the second subgroup collects infor-
mation from multiple PNs. v) KC are not isolated among each other as they synapse
intensely onto each other. vi) Similarly, the 24 MBONs are neither separated, nor
connect directly onto motor-circuits, they rather massively integrate the information
of the parallel organized motifs by feed-forward excitation and inhibition (Eichler
et al, in revision).
The function of these additional synaptic connections within the larval MB circuits
is so far elusive. However, due to the now complete anatomical description, one can
now perform experiments in a targeted manner to inspect their potential function in
the future. These functions may well expand beyond classical odor-taste learning.
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Fig.1. Comparison of the Heisenberg model and the connectome. A In 2003, Heisenberg
described that modulatory dopaminergic (DAN, good or bad) and octopaminergic neurons (OAN,
good) connect to the mushroom body (MB) Kenyon Cells (KCs) in order to signal reinforce in-
formation, while KCs are activated by projection neurons (PNs) mediating odor information. In
addition, MB KCs are connected to MB output neurons (MBONs) to elicit conditioned behavioral
output (Heisenberg 2003). (B) However, the connectome reconstructed by Eichler and coworkers
revealed two additional connections. KCs also synapse back onto DANs and OANs, these directly
connect to MBONs as well. Furthermore, KCs can be divided into two types: KCs that receive
from multiple PNs (KC1 and KC2) and those that receive from only one PN (KC3). Strikingly,
the study found that KCs synapse intensely onto each other (Eichler et al. in revision).
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10.3.4 Sub-circuit 4: Premotor circuits
The simple nervous system of the Drosophila larva is able to form associations be-
tween distinct stimuli. Moreover, it can generate many distinct motor patterns
(Vogelstein et al. 2014, Ohyama et al. 2015). However, our current knowledge of
the neuronal circuits downstream of the larval MB that activate appropriate motor
patterns to drive conditional behavioral output is very limited. More work must be
done to understand how the MB connects with the motor circuits. Such approaches
are now feasible given the considerable progress recently achieved for the larval mo-
tor systems. These findings include: i) the identification of muscles, motoneurons
and sensory neurons, ii) the synaptic reconstruction (connectome), iii) the identifica-
tion of command neurons and interneurons that coordinate and generate sequential
motor patterns, iv) the description of multisensory circuits directly upstream of the
motor circuit, and v) the identification of how these circuits select and maintain
sensorimotor decisions (Couton et al. 2015, Itakura et al. 2015, Ohyama et al.
2015, Jovanovic et al. 2016, Zwart et al. 2016).

10.4 Odor-taste learning: The molecular network
Throughout the animal kingdom synaptic plasticity is essential for learning and
memory and it is based on highly conserved molecular signaling pathways (Kandel
2001, Dudai 2004, Davis 2005, Kandel et al. 2014). Among many other important
proteins and enzymes, odor-taste learning and memory in Drosophila larvae depends
on the function of protein kinase A (PKA) and protein kinase C (PKC), which are
involved in two highly conserved but different signaling pathways (Abel et al. 1997,
Sacktor et al. 1988, Sossin et al. 1994, Atkins et al. 1998, Nguyen et al. 2003, Davis
2005, Sacktor et al. 2008, Kandel et al. 2014, Widmann et al. 2016).
During odor-taste training larval MB KCs simultaneously receive an odor stimulus
(CS: conditioned stimulus) via cholinergic PNs and reinforcer information (US: un-
conditioned stimulus) from DA neurons (and/or OA neurons; Gerber et al. 2009,
Selcho et al. 2009, Honjo and Furukubo-Tokunaga 2009, Selcho et al. 2014). At the
cellular level, binding of DA to its G-protein coupled receptor leads to a dissocia-
tion of the G-protein subunit from the corresponding G-protein coupled receptors.
At the same time, the odor stimulus is perceived via acetylcholine receptors. Its
activation leads to an opening of a voltage-dependent calcium channel and influx
of Ca2+. This mechanism is thought to be common in both the PKA and PKC
signaling pathways (Widmann et al. 2016).
For the PKA pathway it is assumed that coincident KC stimulation by the CS
and US pathways leads to an activation of type I adenylyl cyclase (AC; encoded
by rutabaga) via Ca2+/Calmodulin and DA dependent G-protein (Gαs) signaling,
respectively. Active ACs increase intracellular cyclic adenosine 3’5’-monophosphate
(cAMP) levels, which are negatively regulated through phosphodiesterases (encoded
by dunce). cAMP serves as a regulatory signal for PKA, which phosphorylates dif-
ferent substrates like potassium channels, the presynaptic vesicular phosphoprotein
Syn or cAMP response element binding proteins (CREB) to induce cellular or synap-
tic plasticity.
In contrast, only limited knowledge is available to what extent PKC signaling is
involved in learning and memory dependent synaptic plasticity. Widmann and
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coworkers hypothesized that DA receptors coupled to Gαs regulate phospholipase
C (PLC) (Widmann et al. 2016). Activation of PLC increases intracellular inositol
triphosphate (IP3) and diacylglycerol (DAG) levels. Whereas IP3 stimulates the
release of Ca2+ from the endoplasmic reticulum, DAG is a physiological activator of
PKC. Further, PKC is linked with Radish (Rsh) and Bruchpilot (Brp) as direct or
indirect downstream partners. This is so far hypothetical. Yet, a structural analysis
on Rsh reported that it has several PKC phosphorylation sites. Ultimately, regula-
tion of Brp via PKC signaling would change the organization of the active zone to
provide a molecular substrate for presynaptic plasticity.
There is convincing data from different labs that both pathways are established
for odor-taste learning and memory, even when varying different parameters of the
learning paradigms. It seems that in most cases the PKA signaling pathway encodes
for a short-lasting memory component (that may lead under certain circumstance
to long term memory), whereas PKC signaling is essential to establish a prolonged
anesthesia resistant memory component. Whether this dichotomy is indeed a general
principle of odor-taste learning requires further research.
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Fig. 2. Proposed molecular network of learning and memory in Drosophila lar-
vae. Odor-taste learning and memory in Drosophila larvae involves at least the activity of two
different protein kinases. Both protein kinases are parts of two different but conserved signaling
pathways (A,B). After classical olfactory conditioning MB KCs receive an olfactory stimulus (CS:
conditioned stimulus) via cholinergic projection neurons, which is perceived through acetylcholine
receptors (AChR). The activation of these receptors leads to an opening of voltage-dependent cal-
cium channels (VDCC) and a subsequent influx of Ca2+. The information of the reinforcer is
mediated via dopaminergic neurons and the binding of dopamine (DA) to G-protein coupled re-
ceptors (GPCR) leads to the dissociation of G-protein subunits from their corresponding GPCRs.
This mechanism seems to be shared between both pathways. In the classical pathway (1-6) coinci-
dence stimulation of GPCRs and AChRs leads to an activation of type I adenylyl cyclase (AC) via
Ca2+/Calmodulin (CaM) and the G-protein subunit Gαs, respectively (1). As a consequence an
increase in in intracellular cyclic adenosine 3’5’-monophosphate (cAMP) is ascertainable, which
is negatively regulated through a phosphodiesterase (PDE) (2). cAMP serves as a regulatory sig-
nal for protein kinase A (PKA) (3), which phosphorylates different downstream targets (4-6) like
potassium channels (4), the presynaptic vesicular phosphoprotein Synapsin (Syn) (5) or cAMP
response element binding protein (6). In the alternative pathway (7-10) GPCR are coupled to an-
other G-protein, Gαq. The dissociation of this subunit leads to the activation of phospholipase C
(PLC) (7), which increases the intracellular concentration of inositol triphosphate (IP3) (10) and
diacylglycerol (DAG) (8). Simultaneous activation of VDCC leads to an increase in intracellular
Ca2+, which is strengthen through the release of Ca2+ from the endoplasmatic reticulum via IP3.
Both, Ca2+ and DAG are physiological activator of protein kinase C (9). However, identifications
of further downstream targets of PKC are far from resolved. ACh: Acetylcholin, RP: reserve pool,
RPP: readily releasable pool.
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10.5 Outlook
In the last decade, research on odor-taste learning and memory in Drosophila larvae
was intensified on the behavioral, neuronal and molecular level. Based on the various
examples discussed in this review, it is obvious that the larva is a useful and powerful
system to address diverse questions in neuroscience quickly and precisely. Therefore,
the development of the “model organism Drosophila larva” to unravel fundamental
questions in neuroscience, such as the ones focusing on learning and memory, but
also on brain science in more general terms, appears to be accelerating. The efforts
made to reconstruct the entire connectome, to analyze the function of identified
cells due to specific Gal4 lines, new molecular techniques such as single cell RNA
sequencing, CRISPR/Cas9 genome editing or microfluidics based calcium imaging,
and to improve behavioral approaches by automated, multi-color, high resolution
tracking systems, will further improve our understanding on how the larval brain
organizes behavior in general and learning and memory in particular.
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Chapter 11

Discussion

11.1 Associative olfactory learning and memory
in Drosophila larvae

The ability to learn new skills and to store them as memory entities are one of the
most impressive features of higher evolved organisms. In its definitions learning and
memory are like two sides of the same coin. Without their unifying strength life
would consists of a sequence of unrelated moments and interactions with the sur-
rounding environment would be based on a set of already existent innate behaviours.
The formation of memory usually involves encoding, consolidation, storage and later
recall. Usually, in behavioural experiments concerning associative learning the suc-
cessful formation of memory is tested by recalling it in a so-called behavioural test
situation. In Drosophila larvae associative olfactory learning is mostly done in a
two-odour reciprocal en masse assay [Neuser et al., 2005]. Here, behavioral expres-
sion of associative memory is measured as the preference for the conditioned odour.
Therefore, one can only assume the involvement of molecular or neuronal path-
ways in the formation of memory by manipulating them and examine differences in
the behavioural output on an animal or rather a group of animals. Nevertheless,
Drosophila as a model organism feature a rich repertoire of sophisticated tools to
do just exactly that.
Contrary to comprehensive studies in Drosophila on the mechanisms of memory for-
mation after associative olfactory conditioning, only a few studies have described
larval memory formation in more detail [Aceves-Pina and Quinn, 1979; Honjo and
Furukubo-Tokunaga, 2009, 2005; Khurana et al., 2009; Tully et al., 1994a]. Summa-
rizing them, two studies assumed that larval memory consists of only a short-lasting
memory component [Honjo and Furukubo-Tokunaga, 2009, 2005], whereas the oth-
ers observed short- and longer-lasting memory components [Aceves-Pina and Quinn,
1979; Khurana et al., 2009; Tully et al., 1994a]. Furthermore, genetic dissections
of larval learning and memory linked the formation of memory to the cAMP path-
way [Aceves-Pina and Quinn, 1979; Honjo and Furukubo-Tokunaga, 2009, 2005;
Khurana et al., 2009; Tully et al., 1994a], although two of these studies identified
larval memory impairment in the mutants rsh and turnip (tur) [Aceves-Pina and
Quinn, 1979; Khurana et al., 2009]. Therefore a classification of the occurrence of
several memory components like it was done in Drosophila adults [Tully et al., 1990,
1994a] is rather difficult. Additionally, one have to keep in mind, these studies used
distinct training regimes like non-reciprocal gustatory olfactory conditioning [Honjo
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and Furukubo-Tokunaga, 2009, 2005] or olfactory conditioning using electric shock
as an unconditioned stimulus [Aceves-Pina and Quinn, 1979; Khurana et al., 2009;
Tully et al., 1994a]. This makes it even harder to identify the underlying cellular
mechanisms underlying memory formation in larval associative olfactory learning.
One can assume that different contingencies between an odour and and either an
appetitive or aversive stimulus or different treatments lead per se to different mech-
anistic memory components. Indeed, it was shown in Drosophila adults that ap-
petitive and aversive memory represents distinct mechanistic phases of consolidated
LTM memory differing in their underlying cellular mechanisms [Krashes and Wad-
dell, 2008]. Furthermore, I have shown here that environmental cues have indeed
an impact on several larval behaviours (see chapter 8). For example, larvae can not
only associate different agarose concentration, but also quinine-olfactory learning
is affected from different agarose concentration. Additionally, also the metabolic
content of a sugar plays a role in processing the information and has an impact on
several different larval behaviours (see chapter 6). However, comprehensive analyses
dealing with the impact of different experimental conditions on associative olfactory
learning and the formation of memory in Drosophila larvae are still missing.
The main focus of this work was to deconstruct the mnemonic organization after as-
sociative olfactory conditioning and to identify the underlying cellular mechanisms,
meaning a memory trace. Therefore, I tried to address the following questions:
First, how many cellular memory traces comprise the overall engram? Second, in
which region is the specific memory trace formed? Third, how long is the memory
trace persistent? And at least, do different types of conditioning lead to different
memory traces or is it independent of the conditioning protocol? How does one de-
termine cellular memory traces? To analyse the underlying cellular mechanisms one
can either choose techniques to have a direct access to what is going on in the larval
brain after associative olfactory conditioning or a roundabout through observing
larval behaviour after manipulating gene activity or neuronal circuitries. The latter
was particular here the case. I used the two-odour reciprocal conditioning paradigm
with sodium chloride as an unconditioned stimulus. Sodium chloride has several ad-
vantages over other appetitive or aversive stimuli. For example, it has no metabolic
content like different sugars [Rohwedder et al., 2012] and has a dichotomous char-
acter [Niewalda et al., 2008; Schleyer et al., 2011]. Furthermore, it appears that
caffeine has an effect on the learning ability of honeybess and Drosophila not only
on the level serving as an unconditioned stimulus [Apostolopoulou et al., 2016] but
also affecting olfactory learning per se (for review see [Mustard, 2014]). Further-
more, I adapted methods from adult Drosophila in order to meet the requirements
to analyse larval olfactory memory formation comprehensively. Application of cold
shock after conditioning was used in order to a identify anesthesia resistant memory
components (for adults see [Tully et al., 1990, 1994a]). Ancillary, inhibition of pro-
tein synthesis was used in order to distinguish between protein synthesis dependent
and independent memory components (for adults see [Tully et al., 1990, 1994a]).
Additionally variation in the number of training cycles were introduced as it was
shown that the number od training cycles have an effect on initial learning scores
[Pauls et al., 2010].
With the application of a cold shock treatment after training and blocking de novo
protein synthesis using a protein synthesis inhibitor I was able to identify the ex-
istence of several mechanistically distinct memory phases (see chapter 7). This
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is in line with the five previous publications (see [Aceves-Pina and Quinn, 1979;
Honjo and Furukubo-Tokunaga, 2009, 2005; Khurana et al., 2009; Tully et al.,
1994a]). Therefore the occurrence of parallel existence and completion of distinct
short-lasting and longer-lasting memory phases can be seen as an universal con-
cept even in Drosophila larvae. However, its occurrence depends on several distinct
parameters: non-reciprocal and reciprocal conditioning, modality of the used uncon-
ditioned stimulus and application of training cycles (see [Aceves-Pina and Quinn,
1979; Honjo and Furukubo-Tokunaga, 2009, 2005; Khurana et al., 2009; Tully et al.,
1994a], chapter 7). In aversive as well as in appetitive olfactory conditioning (using
electric shock, sodium, quinine, fructose or sucrose) a labile larval short-term mem-
ory (lSTM) [Aceves-Pina and Quinn, 1979; Honjo and Furukubo-Tokunaga, 2009]
and a larval anesthesia resistant memory (lARM) (see chapter 7,figure 11 C) are
observable. However, I described for the first time the occurence of lARM and com-
parable to Drosophila it depends highly on the activity of the rsh gene. This seems
universal for associative olfactory conditioning using a two-odour reciprocal approch
since I was able to show that this memory phase was established following different
training protocols that varied in the number of applied training cycles and with the
use of different gustatory unconditioned stimuli (quinine or sodium chloride) (see
chapter 7, figure 11 B,C). However fructose-odour memory seems less stable as high
salt-odour memory (see figure 11 A). Therefore, lSTM and lARM likely constitute
general aspects of associative olfactory memory formation in Drosophila larvae. Ge-
netic dissection revealed that lSTM depends on intact cAMP signaling since the rut
and dnc mutants showed impairment in associative olfactory conditioning [Honjo
and Furukubo-Tokunaga, 2005; Khurana et al., 2009] (see also chapter 7). This
links the formation of lSTM to the canonic cAMP/PKA pathway (for a hypoth-
esized model see chapter 7, Fig.8B). However, the underlying mechanisms in the
formation of lARM is still elusive.

11.2 Possible cellular sites of larval anesthesia re-
sistant memory

What are the cellular determinants of the formation of lARM after aversive asso-
ciative olfactory memory? What is the exact molecular pathway and which neu-
ronal mechanims are involved? It is assumed that the underlying mechanism of
memory formation is the ability of neurons to be plastic. However, activity depen-
dent synaptic plasticity involves changes in synaptic structures and the function of
synaptic connections. Molecular pathways like the cAMP/PKA pathway mediate
this changes (e.g. reviewed in [Kandel et al., 2014], see also section 3.2.1). For
lARM I have identfied that the initial memory, what is observable directly after
training, depends on the activity of rsh and intact protein kinase C (PKC) signaling
(see chapter 7). But what are the exact mechanisms, since two proteins are highly
unlikely to control synaptic plasticity. For example PKC is an integral component
in memory formation in Aplysia [Manseau et al., 1998; Sacktor et al., 1988; Sossin
et al., 1994; Sugita et al., 1992], long-term potentiation and contextual fear condi-
tioning in mammals [Atkins et al., 1998; MacDonald et al., 2001; Sacktor, 2008] and
associative learning in honeybees [MacDonald et al., 2001]. I therefore hypothesized
that PKC could serve as a coincidence detector in mediating synaptic plasticity
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after associative olfactory learning in Drosophila larvae. Indeed it was shown in
honeybess, adult Drosophila, and vertebrates that dopamine receptors coupled to
Gαq activate the PKC pathway via phospholipase C (PLC) and inositol triphos-
phate (IP3)/diacylglycerol (DAG) signaling [Beggs et al., 2011; Reale et al., 1997].
I suggested, that the rsh gene that encodes for a functionally unknown gene, acts
downstream of PKC, since it exhibits many potential phosphorylation sites for PKA
and PKC [Folkers et al., 2006]. What are the cellular sites of the format of lARM?
In Drosophila adults it was shown that the active zone protein Brp, which is an es-
sential component of the presynaptic dense bodies regulating the release probability
of synaptic vesicle [Fouquet et al., 2009; Kittel et al., 2006; Wagh et al., 2006], is
responsible in mediating ARM [Knapek et al., 2011]. Furthermore, I also identified
dopaminergic signaling as necessary for lARM
However, dopaminergic signaling, the activity of the rsh and PKC signaling cannot
explain the stability of lARM over time. It is widely accepted that longer-lasting
memories require transient changes of intracellular signaling cascades that ultimately
lead to de-novo protein synthesis and thereby altering synaptic efficiency. Contrary,
I have shown that lARM is independent of de novo like it was shown in Drosophila
adults [Tully et al., 1994b]. Though, three conceivable mechanism are possible to
maintain lARM over time, since molecular changes are elusive and neurotransmitter
signaling vanish over time: recurrent signaling in the MB KCs, prolonged activ-
ity of distinct signaling cascades and involvement of structural changes in synaptic
morphology. Due to the case, that molecular and neuronal mechanisms involved in
maintaining a memory are hard to measure without invasive methods (elektrophys-
iology or functional imaging. I compared aversive lARM between two times points
where lARM is indistinguishable in wild types (see chapter 7). First, in Drosophila
adults it was shown that recurrent signaling is responsible for form at least three
different memory components [Bouzaiane et al., 2015] and furthermore the intense
connection between KCs make it plausibel that recurrent signaling is implicated
in maintaining lARM orver time [Eichler et al., 2017]. However blocking synaptic
transmission directly after training does not lead to an impairment in lARM tested
at a later time point (see chapter 7). Thus, I concluded that recurrent signaling is
insufficient to explain the maintenance of lARM over time. Second, does prolonged
activity of signaling cascades play a role in maintaining lARM? One suprising finding
of this work was, that manipulation of the activation of cAMP and PKA signaling
via genetic approaches revealed no detectable impairment in lARM tested directly
after training (see chapter 7, but 60 minutes later (see chapter 8). I suggested that
prolonged intracellular signaling of PKA in the absence of cAMP is needed in main-
taining lARM (chapter 8). This was supported though the finding that inactivation
of the ubiquitin proteasome system (UPS) exhibits a complete abolishment of lARM
at a later timepoint (see chapter 8), which was shown to be in long-term facilita-
tion (LTF) in Aplysia via stabilizing intracellular activity [Greenberg et al., 1987;
Hegde et al., 1993] via degradation of the catalytic subunit of PKA (see figure 10
A). Third, I have shown a new role for rsh since a bioinformatic approach predicted
three functional domains: a LIM domain, a Rap-GTPase-activating protein (Gap)
domain and a Broad-Complex, Tramtrack and Bric a brac (BTB) domain (see chap-
ter 8). I suggested that Radish (Rsh) protein may serve as an inhibitor of Rap1,
but binding of PKC leads to an inactivation of Rsh and therefore Rap1 can activate
downstream targets. This seems plausible since it was shown that the rsh exhibits
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many potential phosphorylation side for PKA and PKC [Folkers et al., 2006]. Ad-
ditionally, it was shown that phosphorylation through PKA of Rap1-Gap leads to
an inactivation of Rap1-Gap [McAvoy et al., 2009]. Additionally it was shown that
cAMP regulate Rap1 activity through direct activation of the Rap guanine exchange
factor (Guanosine triphosphate Exchange Factor, GEF (GEF)) [Rooij et al., 1998].
But how can these findings be connected with each other? One can assume that Rsh
acts downstream of Ras-related C3 botulinum toxin substrate 1 (Rac1) a a negative
regulator and if not inhibited through protein kinase signaling. As mentioned, PKA
inactivates the function of Rap-Gap. However the inhibitory role of PKC has not
yet been shown. The independently activated though the activity of a specific GEF
and the absence inactivation of Rsh leads to in increase in Rac1, which was shown to
be involved in regulating the actin cytoskeleton dynamics (e.g. reviwed in [Colley,
2000; Matus, 2000]. To stabilize the activity of PKA protein degradation is needed
(see figure 10). However this is so far just only hypothetically and experimental
evidences are missing.
As I have mentioned, the formation of associative olfactory memory is not only
dependent of odour and gustatory information contingency but also on environmen-
tal condition. As a side project I was curious if the manipulation of the internal
state of an animal has an influence on the ability to form an association betwenn
an odour and sodium chloride since it was shown that dietary salt levels learning
in Drosophila larval [Russell et al., 2011]. Furthermore it Drosophila adults that
long-term association between an odor and a nutritious sugar depends on delayed
post-ingestion signaling of energy level [Musso et al., 2015]. Therefore I tested if
manipulating the internal state of larvae either by starvation or by application of
sucrose prior to training has an effect on the learning ability in associative olfactory
conditioning. As it turned out sucrose treatment prior to training leads to a com-
plete loss of lARM and to a labile memory phase, which is completely independent
of the activity of the rsh gene. Furthermore a starvation of at least six hours before
training leads to a complete loss of lSTM (see figure 12). One can assume, both
memory phases are formed in parallel but also inhibit each other on a molecular or
either on a neuronal level.
To sum it up, the larval stage of Drosophila is able to form at least two co-existing
memory phases (lARM and lSTM) independent of the applied training paradigms.
However the stability and the occurence varies between different stimuli and is fur-
thermore dependent on several factors, like environment factors or the internal state.
On cellular level, the formation of lSTM is probable regulated through the activity
of cAMP signaling and lARM is highly dependent on the rsh gene activity. Fur-
thermore on can assume, that maintaining lARM over time is not regulated through
de novo protein synthesis mechanisms, but rather on the involvement of several sig-
naling pathways. The activity of recurrent signaling from the MBs can probably
excluded since blocking of synaptic transmission during a retention interval did not
lead to an impairment in lARM. However on cannot exclude that such recurrent
signaling is involved during training since it is hidden in a behavioural learning ap-
proach. Further research on this topic may shed light how the formation of different
longer-lasting memories are regulated on several molecular and neuronal level.
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Figure 10: Hypothesized model for maintaining larval anesthesia resistent memory
A: In baseline condition, the catalytic sununit of PKA (PKAC) is bound do the regulator sub-
unit (PKAR) and remains inhibited. Through the activity of cAMP, and both subunits dissociate.
Through the activity of the ubiquitin proteasome system PKAR is degradated and in turn leads to
a long-lasting PKAC activity. B: The activity of PKC and PKA leads to an inhibition of Radish
(Rsh). Rsh normally regulates inhibitory the activity of a Rap1 functioning as a Rap-Gap protein.
This inactivation leads to an stabilization of Rac1, which, in turn, leads to changes in synaptic
morphology.
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Appendix A

Drosophila melanogaster

A.1 Fly strains

Fly strains

Line Genotype Remark Source Reference

Canton-S genetic control A. Thum

white w1118 (1st) genetic control A. Thum

rutabaga rut1 (1st) mutant line kindly provided by T. Preat [Livingstone et al., 1984]

rut2080 (1st) mutant line kindly provided by T. Preat [Livingstone et al., 1984]

dunce dnc1 (1st) mutant line kindly provided by T. Preat [Dudai et al., 1976]

radish rsh1 (1st) mutant line kindly provided by T. Preat [Folkers et al., 1993]

DCO DCOH2 (2nd) mutant line kindly provided by M. Saitoe [Yamazaki et al., 2007]

DCOB3 (2nd) mutant line kindly provided by M. Saitoe [Yamazaki et al., 2007]

synapsin syn97 (3rd) mutant line kindly provided by B. Gerber [Godenschwege et al., 2004]

[Michels et al., 2005]

fumin∗ fmn (2nd) mutant line kindly provided by M. Heisenberg [Kume et al., 2005]

Drac1EY 0584∗ Drac1EY 0584 (3rd) mutant line BDSC∗∗∗ no. 15461 []

hs-rsh∗ rsh1;hs-rsh (1st, 2nd) ubiquitous expression kindly provided by T. Zars [Folkers et al., 2006]

temperature activated

damb damb (3rd) mutant line A. Thum [Selcho et al., 2009]

dumb dumb2 (3rd) mutant line A. Thum [Selcho et al., 2009]

OK107∗∗ Gal4 line (4th) DGRC∗∗∗∗ no. 106098 [Pauls et al., 2010b]

[Connolly et al., 1996]

H24∗∗ Gal4 line (3rd) A. Thum [Pauls et al., 2010b]

UAS-shits1∗∗ UAS line BDSC∗∗∗ no. 7068 [Kitamoto, 2001]

temperature sensitive

UAS-EGFRDN ∗∗ UAS line kindly provided by T.Roeder [Rahn et al., 2013]

dominant negative

UAS-RNAiB3C8∗∗ UAS line, brp RNAi kindly provided by H. Tanimoto [Knapek et al., 2011]

UAS-PKCi∗∗ UAS line (3rd) kindly provided by B. Brembs

UAS-Creb2-b∗∗ UAS line kindly provided by S.Waddell [D. Yu et al., 2006]

UAS-DTS5 ;UAS-DTS7 ∗∗ UAS-line (2nd, 3rd)

temperature sensitive

Table 2: Used fly strains in this thesis with the exact genotype and references. 1st,
2nd, 3rd, 4th, ***, **** are abbrevations. 1st: first chromosome, 2nd: second chromosome, 3rd:
third chromosome, 4th: fourth chromosome, ***: Bloomington Drosophila Stock Center and ****:
Drosophila Genomics Resource Center. Fly strains marked with ** were crossed with w1118 in
order to generate genetic controls of the respective experimental group. *** is a abbreviation for
Bloomington Drosophila Stock Center. **** is a abbrevation for Drosophila Genomics Resource
Center.
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A.2 Chemical substances for associative condi-
tioning experiment in Drosophila larvae

Chemical substances

Chemical substance Unit Company cat. no. chapter

agarose different concentrations Sarstedt, Nu"umbrecht 82.1472 chapter 5, chapter 6,

chapter 7, chapter 8, chapter 9

paraffin oil Fluka 76235 chapter 5,chapter 6,

chapter 7,chapter 8,chapter 9

Appetative substances

d-fructose∗ 1 M, 2 M, 4 M Sigma Aldrich 47740) chapter 5, chapter 6, chapter 7

d-sucrose 1 M, 2 M, 4 M Sigma Aldrich 84100 chapter 6

d-glucose 1 M, 2 M, 4 M Sigma Aldrich G8270) chapter 6

maltodextrin 1 M, 2 M, 4 M Sigma Aldrich 419699) chapter 6

d-sorbitol 1 M, 2 M, 4 M Sigma Aldrich W302902 chapter 6

d-xylose 1 M, 2 M, 4 M Sigma Aldrich X3877 chapter 6

d-arabinose 1 M, 2 M, 4 M Sigma Aldrich A3131 chapter 6

Aversive substances

sodium chloride∗ 1.5 M, 2.0 M Sigma Aldrich S7653 chapter 7, chapter 8

quinine hemisulfate 6 mM Sigma Aldrich Q1250 chapter 7, chapter 9

salt monohydrate

Odours

amyl acetate∗ 1:250, 1:50 (paraffin oil) Fluka 46022 chapter 5, chapter 7,

chapter 8, chapter 9

benzaldehyde∗ undiluted Fluka 12010 chapter 6, chapter 7, chapter 8

3-octanol undiluted Fluka 74850 chapter 5, chapter 9

Table 3: Used substances in larval associative olfactory conditioning experiments
Substances marked with * indicate the usually used odours and gustatory substances in this thesis.



Appendix B

Appetitive learning and memory

Figure 11: Appetitive olfactory memory after fructose conditioning lasts up to one
hour. A-C: Larval appetitive olfactory conditioning using fructose as an unconditioned stimulus.
A: Standard reciprocal conditioning protocol using tree training cycle. B,C: Standard reciprocal
conditioning protocol using one training cycle. A: Larval fructose-odor memory using three training
repetitions was tested in wild type larvae at different time points after conditioning ranging from
0 till 120 minutes. The fructose-odor memory is stable up to one hours (One sample t test,
p < 0 < 05 for t=[0;100min]; p = 0.855 for t=120min). The memory decay was fitted into an
exponential decay function (nonlinear regression analysis, R2 = 0.3097, τ = −67.66). B: Effect
of cold shock application on fructose-odor memory. Directly after training will type larvae received
a one minute cold shock at 4◦C. The memory was tested 10 minutes after a one cycle standard
training using fructose. Cold shock application reduce but not completely abolish larval fructose-
odor memory (one sample t test, p = 0.0025, unpaired t test, p = 0.0012. C: The rsh1 mutant
larvae showed a reduction in fructose-odor memory tested directly after training (unpaired t test,
p = 0.0356. In A memory performance significantly different from random distribution (p < 0, 05)
is indicated in black, random distribution (p ≥ 0.05) in light grey.All data are given as means
±s.e.m.. In B,C differences between groups are depicted above the respective box plots, at which
ns indicates p ≥ 0.05 and * p < 0 : 05. Grey boxes indicate a memory performance above chance
level (p < 0 : 05), whereas white boxes indicate random distribution (p ≥ 0.05)

.
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Appendix C

Influence of the internal state on
the larval aversive olfactory
memory

Figure 12: Aversive olfactory memory after starvation or sucrose treatment A-B:
Treatment with 5% sucrose one hour before training. Standard reciprocal conditioning protocol using
tree training cycle and high sodium chloride concentration as unconditioned stimulus was used. C-
D: Starvation of larvae for 3 hours or 6 hours before training. Standard reciprocal conditioning
protocol using one training cycle and high sodium chloride concentration as unconditioned stimulus
was used. A-D: Standard reciprocal conditioning protocol using tree training cycle and high sodium
chloride concentration as unconditioned stimulus. A: Larval high-salt odour memory is abolished
after 1 hour pre-feeding with 5% sucrose (one sample t test, p = 0.252). Contrary control group
(treated with tap water) showed no impairment (unpaired t test, p = 0.387). B: After treated with
5% sucrose, the rsh1 mutant showed high-salt odour memory scores statistically not significant
different from the control group (unpaired t test, p = 0.214). In the tap water treated group
rsh1 mutant larvae showed a complete abolishment of high-salt odour memory (one sample t test,
p = 0.8422). C: Starvation of a time intervall of 3 hours before training leads to a cold shock
resistant and a cold shock sensitive high-salt odour memory component (one sample t test, p =
0.009). D: Starvation of a time intervall of 3 hours before training leads to high-salt odour memory
indistinguishable from the control (one sample t test, p = 0.0944). Differences between groups are
depicted above the respective box plots, at which ns indicates p ≥ 0.05 and * p < 0 : 05. Grey
boxes indicate a memory performance above chance level (p < 0 : 05), whereas white boxes indicate
random distribution (p ≥ 0.05)

.
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