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1. Gener al Abstract

1.1 General Abstract - English version

In my thesis, | use the Drosophila larva as a model to study gustatory sensing and
processing, focusing on naive behaviours and higher brain functions such as learning
processes. The larva, which seems to include no more than 10000 functional
neurons, still displays a significant behavioural repertoire and is a particularly suited

model for studying the basis of chemosensation.

My work consists of 7 projects presented in Chapters 3-9. The first two chapters (3-
4) discuss technical aspects of the experimental procedures used. In Chapter 3, |
analytically describe how to perform appetitive associative olfactory learning

experiments (Apostolopoulou et al., 2013). The detailed step by step protocol is

enriched by a video demonstrating the procedure. The next Chapter (4) investigates
the effect of the agarose concentration in agarose solutions, typically used as a

substrate in behavioural assays (Apostolopoulou et al., 2014a). My data demonstrate

that agarose concentration affects naive behaviours such as preference, feeding,
learning and locomotion, in an agarose concentration-dependent manner. Similarly,
when quinine (a substance perceived by humans as bitter) is added in the substrate,
| observe, that quinine-induced preference, feeding and learning scores are altered

depending on the agarose concentration used.

The next three chapters describe gustatory sensing and processing; chapter 5 and 6
using bitter substances and chapter 7 using sugars. In Chapter 5, | analyse sensing

and processing of quinine (Apostolopoulou et al., 2014b). | show that quinine affects

naive behaviours such as choice, feeding, survival and associative olfactory learning.

On the cellular level, | reveal that twelve neurons expressing the Gr66a and Gr33a

15



bitter gustatory receptors are required for quinine choice and feeding behaviour, but
are dispensable for quinine-dependent survival and associative olfactory learning. On
the molecular level, only the Gr33a receptor, and not the Gr66a, is required for
qguinine choice behaviour. Conducting a behavioural screen, | identify the single
Gr97a-Gal4 positive neuron, located in the peripheral terminal sense organ, to be
partially necessary and sufficient for quinine avoidance. The next project, described
in Chapter 6, further investigates bitter sensing and processing using caffeine

(Apostolopoulou et al., in preparation). Caffeine negatively affects all the naive

behaviours tested, but fails to reinforce associative olfactory learning. On the cellular
level, the twelve Gr33a- and Gr66a-Gal4 positive neurons are necessary for caffeine
avoidance, whereas both receptor gene mutants show only reduced avoidance.
Similar to quinine sensing, where the Gr97a-Gal4 positive single neuron is partially
necessary, here, | show that another single gustatory receptor neuron physiologically
responds to caffeine and is necessary for caffeine avoidance. The single neuron is
located internally, along the pharynx and is Gr93a-Gal4 positive. On the molecular
level, the Gr93a receptor gene function is necessary for caffeine avoidance. In
Chapter 7, a set of different sugars is used to investigate how larvae perceive and
evaluate the sweetness and nutritional value they contain with respect to different

behaviours (Rohwedder et al., 2012).

The last two chapters deal with the neuronal background of signalling during learning
on two different levels; on the serotonergic system level, which gives input to the
mushroom body and on the mushroom body neurons output level. In detail, Chapter

8 (Huser et al., 2012) anatomically analyses the serotonergic system up to single

cells. Surprisingly, ablation of most of the serotonergic neurons has no effect on
naive preferences for odours, sugar, salt and light or on associative olfactory

learning. Finally, in Chapter 9 (Apostolopoulou and Thum, in _preparation), | show
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that the neuronal output from different subsets of mushroom body (the brain centre of
associative olfactory learning and memory) Kenyon Cells is necessary for different
types of learning, using different appetitive and aversive reinforcers. My data reveal,
for the first time, that a spatial discrimination on the MB level reflects distinct

functionality in learning with respect to the reinforcers used, in larvae.

To sum up, my thesis a) includes technical aspects concerning the established
behavioural paradigms commonly used in the field, b) deepens our knowledge on
how gustatory information is sensed in the peripheral nervous system and c) gives
insights into how input of modulatory neurons signaling reward and punishment is
represented in the mushroom bodies in the central nervous system in order to affect
learned behaviour. My work significantly improves our understanding of the neuronal
basis of taste information processing at the single cell and even the molecular level.
In addition, together with an increasing number of larval studies published within the
last ten years, it promotes the use of the Drosophila larva as an ideal model organism
to further investigate the neuronal circuit encoding and associating chemosensory

information.
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1.2 General Abstract i German version

In meiner Doktorarbeit verwende ich Drosophila Larven als Modell, um
Geschmackwahrnehmung und -verarbeitung zu studieren. Meine Arbeit fokussiert
sich auf naive Verhalten und ho6here Hirnfunktionen wie Lernprozesse. Die
Drosophila Larve, die nicht mehr als 10000 funktionelle Nervenzellen in ihrem
simplen Gehirn besitzt, zeigt ein zugegebenermal3en einfaches, jedoch spezifisches
Verhaltensrepertoire und ist daher besonders gut geeignet als Modellorganismus fur

die Untersuchung der Grundlagen der Chemosensorik.

Meine Arbeit besteht aus 7 Projekten, die in den Kapiteln 3-9 vorgestellt werden.
Die ersten zwei Kapitel (3-4) diskutieren technische Aspekte der verwendeten
Versuchsverfahren. In Kapitel 3, beschreibe ich ausfuhrlich, wie man Experimente

zum assoziativen olfaktorischen Belohnungslernen durchfuihrt (Apostolopoulou et al.,

2013). Ein detaill i er t-Pretokofh Siedhhiei dutch eing Vide®
Demonstration erganzt. Das nachste Kapitel (4) zeigt umfassend, dass die
Verhaltensantwort verschiedener larvaler Verhalten abhangig ist von der

Agarosekonzentration des verwendeten Substrats (Apostolopoulou et al., 2014a).

Meine Daten zeigen, dass die Agarose Konzentration selbst naive Verhaltensweisen
wie Préferenz, Fressverhalten, Lernen und Lokomotion beeinflusst oder sogar deren

Expression komplett verhindert.

Die nachsten drei Kapitel beschreiben detailliert die Geschmackswahrnehmung und
i verarbeitung der Drosophila Larve. Kapitel 5 und 6 fokussiert dabei auf
verschiedene Bitterstoffe und Kapitel 7 zeigt, wie verschiedene Zucker, die nur
teilweise einen Nahrwert fur die Larve besitzen, verschiedene Verhalten
beeinflussen. Kapitel 5 befasst sich mit einer detaillierten Analyse der Wahrnehmung

und Verarbeitung von Chinin (Apostolopoulou et al., 2014b). Ich zeige, dass Chinin

18
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naives Verhalten wie Praferenz, Fressverhalten und die Lebensdauer der Larve
negativ beeinflusst, und als Bestrafungsreiz fungiert beim assoziativen olfaktorischen
Lernen. Auf zellularer Ebene, zeige ich, dass zwolf Nervenzellen, die die
Rezeptorgene Gr66a und Gr33a exprimieren, welche fir bitteren Geschmack
codieren, fir die Vermeidung von Chinin und die verminderte Aufnahme von Chinin-
haltigem Futter erforderlich sind, aber entbehrlich sind fur ein Uberleben der Larve
auf einem Chinin-haltigen Substrat und fur das assoziative, olfaktorische Lernen. Auf
molekularer Ebene kann ich zeigen, dass nur der Gr33a Rezeptor, aber nicht der
Gr66a Rezeptor notwendig ist, damit die Larve ein Chinin-haltiges Substrat
vermeidet. Durch einen Verhaltens Screen, konnte ich ein einzelnes Gr97a-Gal4
positives Neuron identifizieren, das im peripheren Terminal Sense Organ liegt; diese
Nervenzelle ist partiell notwendig und ausreichend fiir eine Vermeidung von Chinin.
Das nachste Projekt, beschrieben in Kapitel 6, untersucht die Wahrnehmung und

Verarbeitung des Bitternstoffs Koffein (Apostolopoulou et al., in Vorbereitung).

Koffein hat negative Effekte auf alle naiven Verhalten, die getestet wurden. Koffeine
kann aber kein assoziatives, olfaktorisches Lernen initiiert, wenn es als
Bestrafungsreiz verwendet wird. Auf zellularer Ebene sind zwoélf Gr33a- und Gr66a-
Gal4 positive Neuronen fiur die Vermeidung von Koffein notwendig. Die
Rezeptorgene Gr33a und Gr66a sind jedoch nur partiell notwendig, damit Larven
Koffein vermeiden. Ahnlich wie bei der Chinin-Wahrnehmung, wo ein einzelnes
Gr97a-Gal4 positives Neuron teilweise notwendig ist, zeige ich fur Koffein, dass
ebenso eine einzige Nervenzelle physiologisch auf Koffein reagiert und fir die
Vermeidung von Koffein notwendig ist. Das einzelne Neuron liegt intern, entlang des
Pharynx und ist Gr93a-Gal4 positiv. Auf molekularer Ebene ist die Gr93a-
Rezeptorgen-Funktion fir die Vermeidung von Koffein notwendig. In Kapitel 7 wird

eine Gruppe aus verschiedenen Zuckern verwendet werden, um zu untersuchen, wie
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Larven die Sufkraft und den Nahrwert dieser Zucker im Bezug auf verschiedene

Verhaltensweisen wahrnehmen und bewerten (Rohwedder et al., 2012).

Die letzten zwei Kapitel beschéaftigen sich mit den neuronalen Netzwerken des
Gehirns, die wichtig sind, damit die Larve lernen kann. Hierbei fokussiert sich meine
Arbeit auf das serotonerge System und auf den Pilzk6rper, einer Gehirnstruktur, die
das zentrale Integratinszentrum des Gehirns darstellt. Im Detail werden folgende

Ergebnisse beschrieben; Kapitel 8 (Huser et al., 2012) analysiert anatomisch und

funktionell das serotonerge System bis hin zur einzelnen Zellen. Ablation von den
meisten der serotonergen Neuronen hat keine Effekte auf das naive
Praferenzverhalten fir Dufte, Zucker, Salz und Licht, wie auch fur das assoziative,

olfaktorische Lernen. In Kapitel 9 (Apostolopoulou und Thum, in Vorbereitung) zeige

ich, dass neuronaler Output aus unterschiedlichen Populationen von intrinsischen
Pilzkorperneuronen , welche Kenyon-Zellen genannt werden, notwendig ist, um
unterschiedliche Arten von Belohnungslernen und Bestrafungslernen abzurufen.
Meine Daten zeigen zum ersten Mal, dass in Larven eine rdumliche Dissoziation auf
der Ebene von intrinsischen Pilzkdrperzellen fur die unterschiedliche Funktionalitat

von Verstarkerreizen vorliegt

Zusammenfassend zeigt meine Doktorarbeit a) technische Aspekte im Bezug auf die
festgelegten Verhaltensparadigmen, die tblicherweise im wissenschaftlichen Umfeld
verwendet werden, b) ein erstmaliges Wissen, wie Geschmacksinformation im
peripheren Nervensystem der Larve erfasst wird und c) einen vertieften Einblick
dartber, wie verschieden Gedachtnisarten im Zentralgehirn der Larve im Pilzkdrper
codiert sind. Meine Arbeit verbessert daher eingehend unser Verstandnis tber die
neuronalen Grundlagen der Geschmacks Informationsverarbeitung der Larve, bis hin

zur einzelnen Nervenzelle und zum einzelnen Gen. Dariber hinaus etabliert meine

20



Arbeit die Larve, zusammen mit einer wachsenden Zahl von vero6ffentlichenden
Studien in den letzten zehn Jahren, als einen idealen Modellorganismus zur
weiteren Untersuchung der neuronalen Netzwerke fur die Kodierung von

chemosensorischen Informationen.
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2 . Gener al | ntroduct |

2.1 Highlights of Drosophila melanogaster research

More than 100 years of scientific research have established Drosophila as an ideal
model, which taught us more about genetics and behaviour than any other
experimental organism. Drosophila made its debut in the lab in 1901 when Castle, a
Professor at the time at the University of Harvard, decided to incorporate it in his
research, following Woodworth’s suggestion (Davenport, 1941). Some years later,
Morgan, started using Drosophila in his studies (Davenport, 1941) and in 1910, he
discovered a male fly with white eyes in a red eyed Drosophila culture (Morgan,
1910). This surprising observation led his investigations to the invention of the
chromosome theory of inheritance (Morgan, 1910; Morgan, 1911), for which he won
the Nobel Prize in 1933. Eight years afterwards, the work of Miller resulted in the
discovery of balancer chromosomes (Muller, H.J., 1918) and x-ray induced mutations
(Muller, 1927), for which he received the Nobel Prize in 1946. At the same time
ground breaking discoveries are made in the field of Neuroscience and the
importance of Notch signalling is identified for embryonic development (Poulson,
1937). However, it took 50 years of Drosophila research for the first behavioural
studies to take place in 1960s. In 1967, Benzer started studying genes associated
with specific behaviours, such as phototaxis and circadian rhythm. He first isolated
mutants for specific behaviours and then even found the gene locations of some of
them (Konopka and Benzer, 1971). It is during this time that the fascinating field of
Drosophila behavioural neurogenetics is born. Further studies, in Benzer” s lab, on
learning and memory, led to the discovery of the dunce mutant (Dudai et al., 1976), a
key player in cAMP signalling (Davis and Kiger, 1981). Benzer, although he obtained

many awards and recognition for his work, unfortunately never won the Nobel Prize.

23
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Within the next years, Lewis studied genetic mutations that affect the fly body
sections” development (Lewis, 1978; Lewis 1982). Volhard and Wieschaus, focusing
on earlier developmental stages, identfied various genes involved in larval
development (Jurgens et al., 1984; Volhard and Wieschaus, 1980; Volhard et al.,
1984; Wieschaus et al., 1984). For their discoveries they shared the Nobel Prize with
Lewis in 1995. Behavioural studies are also rapidly progressing in the meantime and
in 1979 Aceves-Pifia and Quinn published the first associative olfactory learning
experiments in wild type and mutant larvae. In 1982 transgenic flies were generated
with the use of transposable element vectors (Rubin and Spradling, 1982) and gene
transfer was used for the first time to rescue a mutant phenotype (Spradling and
Rubin, 1982). This discovery opened the way for a whole range of powerful
techniques to be developed (Rubin and Lewis, 2000); enhancer traps (O"Kane and
Gehring, 1987), insertional mutagenesis with transposable elements, (Cooley et al.,
1988), site-specific recombination (Golic and Lindquist, 1989), and two-component
systems for controlling ectopic gene expression (Brand and Perrimon, 1993). Finally,
the sequence of Drosophila melanogaster genome in 2000 (Adams et al.,) was the
most recent huge milestone in Drosophila history and required the combined efforts
of 40 experimental and computational biologists from 20 institutions in 5 countries to
be accomplished (Rubin and Lewis, 2000). With such a continuously evolving genetic
and neuroscientific background, Drosophila will undoubtedly continue being in the
forefront of ground breaking discoveries concerning neuronal signalling in the

following years.

But what turned Drosophila over the years to one of the most studied experimental
animals beside the constantly enriched, highly sophisticated genetic toolbox? Without

doubt the facts that they are easy to handle and inexpensive to culture in the lab.
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Additionally, their short life cycle allows for high numbers of offspring and, thereby,

reduces the time required for a genetic study to a minimum.

2.2 Life cycle of Drosophila

As already mentioned, a big advantage of using Drosophila melanogaster as a
model, is its rapid development. The life cycle is described in detail in various
laboratory guides and protocol manuals such as in Demerec and Kaufman (1996) or
Sullivan et al. (2000) and is briefly revisited here (Figure 1). At 25°C (standard
laboratory culture conditions) the complete life cycle lasts around 10 days. After
fertilization, embryogenesis occurs within the egg. 24h after egg laying, the first instar

larva hatches. The larval period consists of three (instars).

\ wlization

Embryo
First :
instar larva | J
W
Drosophila life cycle
=~
Third
instar larva 4 Second

g Y instar larva

Figure 1. Life cycle of Drosophila melanogaster: Drosophila is a holometabolous insect which, after
the embryo stage, goes through three larval stages before pupation and final adult eclosion (adapted
from http://highered.mheducation.com/sites/007352526x/student_viewO/genetic_portrait_chapters_a-
e.html)
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The first instar larva molts, after around 24h, into a second instar larva, which in turn
molts, after 24h, into a third instar larva. One day later (4 days after egg laying) the
third instar larva stops feeding and leaves the food ("wandering stage”). It pupates (5
days after egg laying) within the last larval skin and metamorphosis takes place for
around 4 to 5 days within the pupal case. The imagos eclose around 10 days after
egg laying. The female flies are receptive at around 8-12 hours after eclosion and
egg production can reach 100 eggs per female per day at her peak. Thus, a single
cross can give hundreds of offspring in relatively short time, making Drosophila a

good model for genetic screens of mutated or transgenic individuals.

2.3 Directing transgene expression in Drosophila: The GAL4/UAS
system

As already mentioned, a great advantage of using Drosophila in our studies is the
fascinating genetic toolbox developed to date for this model system. The most
amazing genetic tool within this box is without doubt the GAL4/UAS system which
allows for targeted expression of a gene of interest within the organism. One can
hardly find a scientific publication nowadays, which does not make use of this
powerful genetic technique. Therefore, and since it is also extensively used

throughout my work, it deserves a detailed explanation here.

GAL4 is a transcriptional activator of the yeast Saccharomyces cerevisiae, induced
by galactose (Laughon and Gesteland, 1984; Laughon et al., 1984). It has a DNA
binding- and a transcriptional activation-function and regulates transcription by

binding to UAS (Upstream Activating Sequences).
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Tissue-specific expression of GAL4 Transcriptional activation of Gene X

Figure 2. The Gal4/UAS system: A GAL4 driver parental line is crossed to a UAS-Gene X parental
line and the progeny express the Gene X in all the GAL4 expressing cells (from Brand and Perrimon,
1993)

GAL4 and UAS are not originally expressed in Drosophila. In 1988, however, Fischer
et al. showed for the first time that GAL4 can activate the transcription of a gene of
interest under UAS control within the fly. Five years later (1993), Brand and Perrimon
described the development of the GAL4/UAS as a binary system that can be used to
direct spatially controlled transgene expression in Drosophila (Figure 2). This system
consists of two main components; a) the GAL4 driver expressed in a specific pattern
under the control of a cells or tissue specific enhancer/promoter and b) a UAS-
transgene of interest, which is silenced in the absence of GAL4. The binary approach
allows each of these two components to be maintained in a separate parental line.
When the GAL4 driver parental line is crossed to the parental line of the UAS-
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transgene of interest (reporter), the progeny express the transgene of interest in all

the GAL4 expressing cells (Brand and Perimmon, 1993).

For example, when the Green Fluorescent Protein (GFP) expression is driven in
specific cells, they exhibit green fluorescence when exposed to UV light and, by this,
visualize the expression pattern of the respective driver (Brand, 1995). Another
significant benefit of this technique is the possibility to selectively express
proapoptotic genes, such as hid and reaper, which induce programmed cell death, in
specific cells (Zhou et al., 1997). hid and reaper’s spatially regulated expression
leads to specific cell ablation and is a very useful method to study the in vivo cells’
function. By now thousands of GAL4 driver lines and UAS reporter lines exist. Many
of them are available to the Drosophila community by various stock centres such as
Bloomington, VDRC, Kyoto and Harvard and others are often shared among

individual researchers after personal communication.

2.4 Why studying chemosensation?

My thesis work focuses on the perception of chemical compounds referred as
chemosensation. Most terrestrial animals can detect chemical compounds through
two different senses; olfaction and gustation. Olfaction is a more distant sense which
allows perception of volatile compounds, whereas gustation is an immediate sense
for perception of (non-volatile) solid or water-soluble compounds. But, why sensing

of odorants and tastants is important for animals?

One significant reason is food quality evaluation. Smell and taste comprise two
crucial evaluation steps informing about food quality. The olfactory system warns an

animal before coming into direct contact with food (Ache and Young, 2005). In
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contrast, the gustatory system is the last quality checkpoint before food is ingested

and enters the body (Scott, 2005).

Additionally, smell and taste of food initiates the digestive process. This happens by
triggering salivation as well as gastrointestinal motor and secretory responses

(Katschinski, 2000; Smeets et al., 2010).

Apart from detecting food sources and facilitating digestion of food, chemosensation
is important to detect other desirable items, such as kin and mates (Singh, 2001), to
find nesting sites (Krause and Caspers, 2012) or to navigate (Vickers, 2000). It is
also crucial in order to avoid danger such as predators (Dielenberg et al., 2001; Kats

and Dill, 1998)

Finally, the rewarding or punishing properties of chemical compounds are highly
linked with learning and memory formation in the brain and can, thereby, trigger

various behaviours (Gallo and Rolls, 2012; Yamamoto, 2006).

Thus, it becomes clear that taste sensing and processing is strongly linked to
animals” health and well-being. Humans highly rely on olfaction (Bushdid et al., 2014)
and gustation (Chaudhari and Roper, 2010) to sample the environment and therefore
chemosensory disorders can have significant impact on the quality of life. Basic
research on the chemosensory system is crucial to understand the neuronal circuits
underlying its functionality. This knowledge may help us understand more about the
basis of smell and taste disorders and will hopefully open new routes towards new

therapeutic approaches in the future.

In addition, besides to basic research interest, chemosensation of insects per se
deserves to be investigated. Insects are important to the ecosystem because of their

role in food chain and their pollination services (Losey and Vaughan, 2006) but can
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be also harmful to humans, as they can cause substantial damage to agriculture or
transmit various diseases (van der Goes van Naters and Carlson, 2006). Therefore,
understanding insect chemosensation can be very crucial for maintaining insect

control.

2.5 The architecture of the chemosensory apparatus in Drosophila

2.5.1 The adult olfactory system

Olfactory organs of adult flies are housed in sensilla located in the 3rd segment of
antennae and in the maxillary palp (Vosshall and Stocker, 2007). Olfactory receptor
neurons (ORNSs) have their dendrites in the olfactory organs” sensilla and terminate
inthe antennal |l obe ( AL) whi ch i s t he
(Vosshall and Stocker, 2007). ORNs expressing a specific olfactory receptor (OR)
project in one or two glomeruli in the AL (Gao et al., 2000; Vosshall et al., 2000). The
AL is the place where the olfactory information is modified and it contains two types
of neurons: local interneurons, which are mostly GABAergic (Wilson and Laurent,
2005), and connect the glomeruli with each other and projection neurons which are
cholinergic (Yasuyama et al., 2003; Yusuyama et al., 2002) and connect the
glomeruli with the mushroom body (MB) and the lateral horn (Jefferis et al., 2007; Lai
et al., 2008; Marin et al., 2002). The MB is the centre for olfactory learning (Davis,
2005; Heisenberg, 2003), whereas the lateral horn is likely involved in experience
independent odour recognition (de Belle and Heisenberg, 1994; Heimbeck et al.,

2001; Tanaka et al., 2004).

2.5.2 The adult gustatory system
Insects, unlike vertebrates, do not have a single gustatory organ but rather many
different ones, scattered along their body, used to examine the substances before
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ingestion. The main gustatory organ is the proboscis, which is the functional
analogue of the vertebrates tongue. External sensilla, the taste bristles, are situated
in four rows on each labial palp, along with other taste structures, the taste pegs
(Stocker, 1994). Apart from the proboscis (labial palps part), the flies have additional
external gustatory organs on their legs and wings and females flies also on the
vaginal plate (Gendre et al., 2004; Vosshall and Stocker, 2007). Interestingly, males
have more sensilla on their forelegs than females in order to detect non-volatile
pheromones that promote courtship and mating (Bray and Amrein, 2003). The taste
organ found in the vaginal plate possibly serves to evaluate the quality of oviposition
sites (Stocker, 1994). Flies also have three bilaterally symmetric internal taste organs
along the pharynx; the labral (LSO), the ventral (VCSO), and the dorsal cibarial
(DCSO) sense organ, used to monitor the substances already ingested (Vosshall and

Stocker, 2007).

There are 68 gustatory receptors (Grs) encoded by 60 Gr genes (Clyne, 2000;
Dunipace et al., 2001; Robertson et al.,, 2003; Scott et al., 2001), which are
expressed in various patterns (Hallem et al., 2006) in neurons of one or more
gustatory organs. Some of them are expressed in one tissue and some in different
tissues. Some are expressed in more than one class of sensilla and some in a subset
of sensilla of one class. Many gustatory neurons express multiple Grs. Grs from
different tissues or Grs from different populations of the same tissue have distinct
projection patterns and project to different regions in the SOG (Dunipace et al., 2001,
Stocker and Schorderet, 1981; Thorne et al., 2004; Wang et al., 2004). The gustatory
sensilla contain two to four gustatory receptor cells, plus one mechanosensory
neuron, and various accessory cells. Gustatory receptor neurons (GRNs) have a cell
body under the surface of the cuticle, a single dendrite extending to the tip of the
sensilla and an axon projecting to the SOG (Montell, 2009). Based on their length the
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sensilla on the labella belong to three different types; long (I-type), intermediate (i-
type), and short (s-type)) (Hiroi et al., 2002). The four GRNs in the I-type and the s-
type sensilla respond to sugars (S cell), water (W cell), low salt concentrations (L1),
and high salt concentrations (L2) respectively (Meunier et al., 2003). Bitter
compounds are detected in s-type sensilla (L2 cell) and inhibit the activity of the S
cells and W cells (Meunier et al., 2003). It is important to notice that aversive
substances such as high salt and bitter compounds, both, stimulate L2 cells. The i-
type sensilla contain two GRNSs; one activated by attractive substances, sugars and
low salt, and another activated by aversive substances, including bitter compounds

and high salt (Hiroi et al., 2004).

2.5.3 The larval olfactory and gustatory system

A larval stage specific characteristic is that smell and taste functions mix at the
sensory level. Therefore, both senses are discussed here in a combinatorial manner.
There are three major external chemosensory organs on the larval head; the dorsal
(DO), the terminal (TO) and the ventral organ (VO) and three internal organs located
along the pharynx; the dorsal, the ventral and the posterior pharyngeal sense organs
(Singh, 1984) (Figure 3). The DO consists of the multiparous dome, which has
olfactory function and six peripheral sensilla (Heimbeck et al., 1999; Oppliger et al.,
2000). The remaining DO sensilla, the sensilla of the TO (Oppliger et al., 2000) and
VO, as well as those of the pharyngeal organs have mostly gustatory function

(Gerber and Stocker, 2007; Stocker, 1994).

The olfactory afferents from the DO project via the anntenal nerve to the larval AL.
Similar to the adult fly organisation at the AL level (Vosshall and Stocker, 2007), the

ORNSs project to local neurons, which are responsible for lateral connectivity, and to

32



projection neurons, which are responsible for connectivity with the higher brain

centres of MB and lateral horn (Marin et al., 2005; Python and Stocker, 2002).

The GRNs of the DO and TO have their cell bodies organised in ganglia located
below the organs, their dendrites extend to the organs” surface and their axons
project to the SOG (Gendre et al.,, 2004). In 2011, Kwon et al. did the first
comprehensive analysis of the Grs” expression in larvae. They found that, of the 67
Gr-Gal4d transgenes constructed based on adult flies data, 43 show expression in
larvae and 39 of them in the major chemosensory organs in the larval head. Similar
to adult flies, in larvae, each GRN can express multiple Grs. The expression pattern
of Grs may overlap to subsets of GRNs. The authors suggest that the distal and
dorsolateral sensilla of the TO as well as the pharyngeal organs express neurons
detecting bitter compounds. They also identify a neuron expressed in the DPS, which
may detect sweet substances. The gustatory afferents of both the major and the

pharyngeal gustatory organs project via distinct nerves to the SOG.
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Figure 3. The larval chemosensory system: The scheme depicts the external (DO. TO and VO) and
internal (DPS, VPS and PPS) chemosensory organs, as well as their projections to the SOG, which
signal gustatory information. The DO also projects to the LAL to signal olfactory information. (DO
Dorsal Organ, DOG Dorsal Organ Ganglion, TO Terminal Organ, TOG Terminal Organ Ganglion, VO
Ventral Organ, VOG Ventral Organ Ganglion, DPS Dorsal Pharyngeal Sense Organ, VPS Ventral
Pharyngeal Sense Organ, PPS Posterior Pharyngeal Sense Organ, SOG Subesophageal Ganglion,
LN Lateral neurons, LAL, Larval Antennal Lobe, PN Projection Neurons, KC Kenyon Cells, LH Lateral
Horn) (from Gerber and Stocker, 2007)

2.5.4 Comparing adult and larval olfactory system on a numerical level

Ramaekers et al.(2005) compared the larval with the adult fly olfactory system on a
numerical level and analysed their differences. The adult fly olfactory system shows
initially convergence on the AL level and redundancy on higher levels. 1300 ORNs
target 43 glomeruli in the AL. In the AL glomeruli around 150 projection neurons
receive signalling input and transfer it to hundreds of calycal glomeruli and finally to
around 2500 MB neurons (Figure 4). The larval olfactory system shows no
convergence or divergence up to the calycal glomeruli level but is instead organised
in a 1:1:1:1 fashion. Each of the 21 ORNSs projects to a single glomerulus (21 in total)
in the AL, where it gives input to one projection neuron (around 21 in total). Each

projection neuron gives input to one calycal glomerulus (around 28) and then the

signal diverges to around 600 MB 9 neurons
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Figure 4. The minimalistic olfactory system of the larvae as compared to the one of the adult
counterpart: In larvae, 21 ORNS project to 21 LAL glomeruli. 21 PNs transfer the olfactory information
from the LAL glomeruli to 600 MiBadudtflieselB00 ORNS prajecd
to 43 AL glomeruli. Around 150 PNs transfer the olfactory information from the LAL glomeruli to 2500
MB neurons and to the lateral horn. (ORNs Olfactory Receptor Neurons, AL Antennal Lobe, LAL
Larval Antennal Lobe, PNs Projection Neurons, MB Mushroom Body) (adapted from Ramaekers et al.,
2005)

(Here it is important to note that the number of KCs in third instar larvae according to
Ramaekers et al. (2005) is only 600, based on calculations taking into account the
division rate of the 4 MB neuroblasts. According to Technau and Heisenberg, (1982),
however, there are 2100 KCs based on counts from electron micrographs. The exact
number is to date not known and more accurate calculations are required to reach a

safer approximate calculation in the future.)
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Larvae have a very minimalistic olfactory system which, in contrast to the adult
counterpart, lacks redundancy before the MB neurons level. As a consequence loss
of olfactory cells in the larvae would have had more prominent effects in olfactory
function as compared to loss of respective cells in the adult fly (Gerber and Stocker,
2007). Therefore, the larval non-redundant olfactory system, offers a unique

opportunity to study its functionality on single cell level.

2.6 Aspects of chemical sensing and processing analysed in this

study

My thesis is divided into three parts. In the first part | focus on technical aspects
concerning the established paradigms used to study gustatory sensing and
processing in larvae. | demonstrate how to perform associative olfactory learning
experiments and | explain how the agarose concentration used as a standard

substrate in larval behavioural assays affects the experimental outcome.

In the second part | analyse my research data on how gustatory information is
sensed in the peripheral nervous system. In detail | investigate: 1) bitter sensing and
processing of quinine up to single cell and single receptor level, 2) bitter sensing and
processing of caffeine up to single cell and single receptor level, 3) sensing and

processing of the nutritional and the sweet component of different sugars

The third part deals with the neuronal networks encoding reward and punishment
reinforced learning. In detail | study: 4) the role of the serotonergic nervous system in
sensory acuity and different types of learning using different reinforcers and 5) the
role of different sets of MB Kenyon cells (KCs) in different types of learning using

different reinforcers
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In the following paragraphs | summarise the current knowledge on these topics and |

identify the gaps in research | deal with in my work.

2.6.1 Bitter sensing and processing in Drosophila

Animals rely on bitter sensing to warn them against consumption of potentially
harmful substances. Different bitter substances show great variability in the degree of
avoidance response they elicit (Weiss et al.,, 2011). Additionally, different sensilla
show different response magnitude and dynamics towards specific bitter substances

(Weiss et al., 2011).

In adult flies Weiss et al. (2011) defined four functional classes of sensilla containing
bitter taste neurons and having bitter response functionality. After expression
analysis of all 68 gustatory taste receptors they constructed a receptor-to-neuron-to-
response map. A similar receptor to neuron map is designed at the same time (2011)
by Kwon et al. for larvae. On this map Gr expression pattern in the DO, TO and
pharyngeal organs, is shown (Figure 5 and Table 1). Gr66a is the first identified bitter
receptor in Drosophila. In adult flies, it is expressed in around 20 neurons in the
labella, which respond to a number of bitter compounds, and mediates aversion
(Chyb et al., 2003; Marella et al., 2006; Thorne et al., 2004; Wang et al., 2004).
Gr33a receptor is suggested to function as a bitter co-receptor responding to all
aversive non-volatile substances sensed through contact chemosensation (Moon et
al., 2009). Gr33a receptor is expressed in around 20 neurons in the labella and is co-
expressed in all of them together with Gr66a receptor (Moon et al., 2009). In larvae,
Gr66a and Gr33a are co-expressed in 12 neurons, 6 in the TO and 6 in the
pharyngeal organs (Kwon et al., 2011) (Table 1 and Figure 5). The sense of bitter

substances such as quinine and caffeine has recently being investigated in flies. At
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least three receptors Gr33a, Gr66a, and Gr93a are required for responses to caffeine
(Lee et al., 2009; Moon et al., 2006; Moon et al., 2009). Gr33a receptor is also
required for response to quinine (Moon et al., 2009). For larvae such data do not
exist. Only a single experiment published demonstrates that artificial activation of
Gr66a neurons induces avoidance behaviour, suggesting that these neurons
normally respond to aversive stimuli (Colomb et al., 2007). Thus, in chapters 5 and 6,
| have analysed, for the first time, bitter sensing and processing of quinine and

caffeine, in larvae, on the cellular and molecular level.
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Figure 5. Mapping of the gustatory receptors to the neurons of the DO and TO (Receptors mapped to
more than one neurons are included in boxes) (from Kwon et al., 2011)
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Summary of Gr expression patterns in the T0, DO, and pharyngeal organs

10 Pharyngeal organs 10 Pharyngeal organs
Distal Dorsolateral Do DPS VPS PPS Distal Dorsolateral () 4] DPS VPS PPS
Gr2a 2 - 2 1 - ~ | Gr57a 2 - - 1 - -
GrSa - - = — = — | Gr58a - - —_ - - -
Gréa — - - - - — | Gr58b 1 - - 1 - =
Groa 1 - - - - — | Gr58c - - - - - -
Gri0a - 1 - — — — | G6r5%a 1 - - - - —
Gri0b — - - - - — | Gr59% - — — - - —
6r21a 1 - - - - - | 6r5% 1 - - - - -
6r22a 1 - - - - — | Gr59d 3 - - 1 - -
Gr22b - - - 1 - 1 Gr59 1 - - - = -
Gr22c - - - - - — | Grs9f 1 - - - - -
Gr22d —_ - - 1 - — | Gr6la - — - - - -
Gr22e 1 - - 1 - — | Gré3a 1 - - - — -
Gr22f - - - - - — | Gr64a - - - - - -
Gr23a - - - 1 - — | Gr64b = = = = = =
Gr28a 2 = 2 - 2 2 | Grbdc = = = = - =
Gr28ba 1 - - 1 - ~ | Gré4d - - - = - =
Gr28b.b - - - - - — | Gréde = = = = = =
Gr28b.c - - - - - ~ | Grodf = = = = = =
6r28b.d - - - - - — | Gré6a 4 2 - 2 2 2
Gr28b.e 1 - - - = — | Gr68a - - - - 2 -
Gr32a 1 1 - 2 - 2 | 677a - - - 1 - -
G6r3a 4 2 - 2 2 2 | Gr8a - - - - - -
Ga - - —— - ~ |68% - - - - - -
Gr36b 1 - - - - — | 6r92a - - - - - -
Gr3ée 1 - - - - —~ | G93a — - - 1 - -
6r39a.a 2 - - 1 - 2 6r93b 1 - - 1 - —
6r39a.b 2 - - 1 = — | 693 - - - - - 2
6r39a.c = - - - - — | Gr93d - - - - - 2
6r3%ed - - - - = 2 | 6r%4a 1 - - - - -
Gr39b - - - 1 - 2 | 697a 1 - - - - -
Grd3a - - - 1 - —~ | 6r98a - - - - - -
Gré7a - - - - - ~ | Gr98b - - - - - -
Gré7b 1 - - - - — | Gr98 - - - - - -
Gr98d - - - - - -

Table 1. Gustatory receptors expression pattern in the dorsal organ, the terminal organ, the dorsal pharyngeal sense organ, the
ventral pharyngeal sense organ and the posterior pharyngeal sense organ The numbers depict number of neurons where
expression of the respective gustatory receptors was reported. The gustatory receptors mentioned here are marked with yellow.
(adapted from Kwon et al., 2011)
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2.6.2 Sugar sensing and processing in Drosophila

Sugar sensing is important to warn the animal about palatable substances that may

have nutritional value.

A small conserved subfamily of eight Gr genes; Grba, Gr6la, and Gr64a-f are
characterised by high sequence similarity and are partially coexpressed in the
“sweet’ neuron of the taste sensilla (Dahanukar et al., 2007; Jiao et al., 2007; Slone
et al., 2007). In adult flies, Grba is a receptor for a small subset of sugars including
trehalose (Chyb et al., 2003; Dahanukar et al., 2001, 2007; Ueno et al., 2001).
Gr64a-f receptors are required for response to sucrose, glucose, maltose, trehalose,
and arabinose. Finally, Gr6la receptor is also required for response to sugars

(Dahanukar et al., 2007; Jiao et al., 2007; Slone et al., 2007).

In addition to the eight sugar receptors expressed in the labellum, Gr43a is a sugar
receptor expressed in legs, pharynx, labial palps, brain and proventriculus. In the
tarsi sweet neurons, it shows high responses to maltose, sucrose, fructose and
glucose and lower to arabinose and trehalose (Miyamoto et al., 2012). Additionally,
Gr43a receptor mutants show significantly reduced response to fructose, whereas
responses to other sugars are not affected. Based on these data, it is believed to
primarily be a fructose receptor. In the brain, Gr43a functions as hemolymph fructose
sensor promoting feeding in hungry flies and suppressing feeding in satiated ones

(Miyamoto et al., 2012).

In addition, a sodium/solute co-transporteri like protein, named SLC5A11 (or
cupcake), which is expressed in the ellipsoid body in the brain, is found to respond to
the nutritional value of glucose (Dus et al., 2013). In accordance with these data,

recent studies confirmed that flies can detect the nutritional value of a sugar and can
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even learn it in an associative olfactory learning paradigm (Burke and Waddell, 2011,

Fujita and Tanimura, 2011).

In contrast to adult flies, very little is known about the sugar sensing in larvae. Gr5a,
Gr6la and Gr64a-f expression is not detected in the larval system (Colomb et al.,
2007). Gr43a, however, is expressed in the pharyngeal organs in approximately four
neurons (Kwon et al., 2011; Mishra et al., 2013) and in the brain (Mishra et al., 2013).
It is thought to be the main sugar receptor in the larvae, as larvae lacking it failed to
respond to all the sugars tested; fructose, glucose, melesitoze and sorbitol (Mishra et
al.,, 2013). No data are available on the sensing and processing of nutritional
dependent and nutritional independent properties of sugars in larvae. Thus | have

studied this topic in chapter 7.

2.6.3 The role of the serotonergic system in learning and memory in Drosophila

Biogenic amines are chemical compounds, which control neuronal activity functioning

as neurotransmitters, neuromodulators and neurohormones (Monastirioti, 1999).

Serotonin is a monoamine known to have diverse functions in all the developmental
stages of Drosophila. One of these functions recently studied in adult flies is learning
and memory formation. Serotonergic receptors are required for both short term and
long term e-shock-induced associative olfactory memory (Johnson et al., 2011). In
addition, two dorsal paired medial serotonergic neurons are required for anaesthesia
resistant memory (Lee et al., 2011). Finally, the serotonergic system is also involved

in operant place memory (Sitaraman et al., 2008).
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The role of serotonin in larval learning was previously unknown. Here, in chapter 8,
the serotonergic system is analysed up to single cells level and its role in different

types of learning is investigated.

2.6.4 Odour and reinforcer representations in the MBs

The MBs are the structures in the central brain, where the inputs for the
unconditioned (US) and the conditioned stimuli (CS) are integrated and processed to
trigger a conditioned response (Heisenberg et al., 1985; Krashes et al., 2007,
McGuire et al.,, 2001; Schwaerzel et al., 2002). However, despite the fact that the
MBs are under intense investigation, there is to date only very limited information on
how the different stimuli are represented in the KCs (the MB intrinsic neurons) to give

the neuronal output necessary for the learned behaviour.

The third instar larvae have around 2100 KCs (Technau and Heisenberg, 1982) and
around 100 of them are of embryonic origin (Katharina Eichler, personal
communication). Although learning behavioural experiments are most of the times
performed using third instar larvae, it has been shown that first instar larvae, which
contain only the 100 embryonic born KCs, can form fructose- (Pauls et al., 2010) and
e-shock-induced olfactory associations (Aceves-Pifia and Quinn, 1979). Additionally,
third instar larvae, which contain only embryonic born KCs (after being deprived from
larval born KCs with hydroxyurea treatment), perform equally well at learning
paradigms compared to normal third instar larvae (Pauls et al., 2010). Taken
together, these data suggest that only around 100 embryonic born KCs are required

for associative olfactory learning in third instar larvae.

But how do the embryonic born KCs encode for the CS and the US during learning?

One study almost 10 years ago provided information on how the CS is represented in
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the MBs (Masuda-Nakagawa et al., 2005). According to this study, the projection
neurons transfer the olfactory information from specific glomeruli in the AL to specific
glomeruli in the MB calyx and the lateral horn. Each larval KC has dendrites ending in
6 of the 34 glomeruli in the calyx. This means that each larval KC integrates
information from 6 different glomeruli in the calyx which receive information from

different projection neurons.

Two models suggested by Schwaerzel et al. (2003) explain how the reinforcer (US)
information may be represented at the level of the KCs in adult flies. According to the
first model different reinforcers give input to different KCs, which in turn give input to
different efferent neurons. According to the second model different reinforcers give
input to one KC, which gives input to one efferent neuron. A recent study (Perisse et
al., 2013) revealed that, again for adult flies, different sets of KCs (partially
overlapping) are required for retrieval of memory induced by aversive and appetitive
reinforcers. The authors argue that their data do not fit the second model, but can
potentially support the first model, since they found partially non overlapping

representations of aversive and appetitive reinforcers in the KCs.

To date there are no data available on how different types of olfactory memories
reinforced by different aversive and appetitive stimuli are represented in the MBs of
the larvae. Therefore, chapter 9 deals with this subject in an effort to shed light on

how the MB output triggers different types of larval learned behaviour.
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3.1 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 fundamentals

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'™. Neuroscientists try to understand how these
processes 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®®.
For such endeavors it is helpful to use model systems that are simple and
experimentally 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 transgenic techniques and the elementary organization of the nervous
system comprising only about 10,000 neurons (albeit with some concessions:
cognitive limitations, few behavioural options, and richness of experience

questionable)’°.

Drosophila larvae can form associations between odors and appetitive gustatory
reinforcement like sugar**™**. 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®. Meanwhile a second group of larvae
receives reciprocal training while experiencing odor A without reinforcement 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.
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Relatively higher preferences for the rewarded odor reflect associative learning -
presented as a performance index (Pl). 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”®.

3.2 Video Link

The video component of this article can be found at http://www.jove.com/video/4334/

3.3 Protocol

3.3.1 Preparation

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 3™
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 concentrations
of 1% throughout the experiment, however lower concentrations may allow the
feeding 3" instar larvae to dig into the substrate): Dissolve 2.5 g agarose in 100 ml

ddH,0. Heat up the solution in a microwave until it starts boiling. Carefully agitate the

53



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 2M fructose Petri dishes: Dissolve 2.5 g agarose in 100 ml ddH20
(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 condensation of water at the lids.

4. Preparation of 1-oct anol (OCT) odor container s: Fil
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 description of the containers is
given in Gerber and Stocker 2007. Prepare three odor containers for OCT. Odor
containers allow for the evaporation 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 olil. Fill
10 ¢l of the dilution into a custom made Te"

that has several small holes to allow for evaporation of the odor. Prepare three odor
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containers for AM. The dilution is important for practical reasons, namely to avoid a
strong preference for one odor over the other that may mask a learning dependent
change in the relative preference between the two odors. The equal attraction for
both odors may need to be confirmed in the lab before the experiment by applying
the later described test (3.3.2.5) with naive animals. The values here presented are
based on several publications of the Gerber lab that were recently reproduced by our

|ab9,l5,16

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 "blind" it is thus not possible that the
expectations of the experimenter can affect the performance of the larvae. To ease
an understanding 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 presented on an agarose only Petri

dish(-).

3.3.2 Sugar Reward Training and Test

1. Collect 30 feeding 3" 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
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experiment. This 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 3.3.1.6). 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 3.3.2.2) and 3.3.2.3) 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.

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 3.3.2.1) to 3.3.2.5) with a second group of 30 feeding 3rd instar

larvae but swap the experimental roles of AM and OCT such that the animals receive
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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 reciprocal 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 presentation in the first or second presented plate, four different

sequences for the training trials are possible:

First group CS1/(+)-CS2/(-) Reciprocal group CS2/(+)-CS1/(-)
CS1/(-)-CS2/ (+) CS2/(-)-CS1/ (+)
CS2/(+)-CS2/(-) CS1/(+)-C82/(-)
CS2/(-)-CS1/(+) 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.

3.3.3 Tests for Task-relevant Sensory-motor Faculties

The design of the above described experiments allows for analyzing odor-sugar
learning in wild type feeding 3" 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 mandatory control experiments to

test, if the different groups of larvae show proper sensory-motor acuities. This
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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 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 naive OCT preference

Collect 30 feeding 3rd instar larvae from a food vial. Wash them carefully in tap water
as described in 3.3.2.1. 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 naive AM preference

Collect 30 feeding 3rd instar larvae from a food vial. Wash them carefully in tap water
as described in 3.3.2.1. 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 naive sugar preference
Collect 30 feeding 3rd instar larvae from a food vial. Wash them carefully in tap water
as described in 3.3.2.1. Prepare Petri dishes that contain 2.5% agarose in one half

and a 2M fructose-agarose mixture in the other half. Add the larvae onto the Petri
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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, 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 3.3.1.2. 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 3.3.1.3) 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®.

Sham training

Despite testing if transgenic feeding 3" instar larvae are able to distinguish on a wild
type level between OCT and air (3.3.3.1), AM and air (3.3.3.2) and sugar and pure
agarose (3.3.3.3), 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. During the training larvae undergo massive handling and successive
odor and sugar stimulation. Thus, it is well possible that the observed learning
phenotype is misleading (although naive 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 treat the larvae exactly as during training except that you omit
the reward 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
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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).

3.3.4 Data Analysis for Sugar Reward Learning
1. To evaluate the data of the sugar reward learning protocol calculate a OCT
preference index (PREF OCT) for each of the two reciprocally trained groups:

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

PREF OCT (OCT+/AM-) = (# of larvae on OCT side - # of larvae on AM side) / # of all

larvae within the left, right and middle zones

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

PREF AM (AM+/OCT-) = (# of larvae on AM side - # of larvae on OCT side) / # of all

larvae within the left, right and middle zones

2. Calculate a performance index (PI) for the two PREF values from 3.3.4.1). The PI
represents associative learning by cancelling out perturbing effects of odor and

punishment exposure, passage of time and handling:

Pl = (PREF OCT (OCT+/AM) + PREF AM (AM+/OCT)) / 2

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

within the box plot.
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3.3.5 Data Analysis for Task-relevant Sensory-motor Faculties
1. To evaluate the data when testing for proper OCT odor processing calculate an

OCT odor preference index as follows:

Odor PREF OCT = (# of larvae on OCT side - # of larvae on the other side) / # of all

larvae within the left, right and middle zones

2. To evaluate the data when testing for proper AM odor perception calculate a AM

odor preference index as follows:

Odor PREF AM = (# of larvae on AM side - # of larvae on the other side) / # of all

larvae within the left, right and middle zones

3. To evaluate the data when testing for proper fructose perception calculate a

fructose preference index as follows:

PREF fructose = (# of larvae on fructose side - # of larvae on the other side) / # of all

larvae within the left, right and middle zones

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

3.4 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 (Pl) measures the associative function as the difference in

preference between the reciprocally trained groups.
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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 specific
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
learning 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.

Learning Sensory acuity
A B C

@ odor container
@ S OCT
2 £
agarose
OCT@AM OCTCDAM plate agarose

PREF PREF
OCT AM * *

Performance Index PREF gifactory PREF Guystatory

Figure 1. Scheme of the behavioral experiments to measure larval associative olfactory learning,
naive olfactory preferences and naive gustatory preferences.

A. 30 Drosophila feeding 3" instar larvae are placed for five minutes on an agarose
Petri dish that contains a sugar reward of 2M 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
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odor on an agarose Petri dish. This allows the calculation of a first preference index
(PREF). A second group of larvae is trained similarly in a reciprocally way. Here, a
second preference index (PREF) 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 3.3.2.7.

B. For analyzing the naive 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 3" 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 (PREF) is then calculated.

C. For analyzing the naive 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

(PREF) is then calculated.
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A

Experiment Number OCT/sugar - AM/pure training PREF OCT (OCT+/AM) AW/sugar ~OCT/pure training PREF AM (AM+/0CT) | | Performance Index (P1)
#0f larvae on OCTside __# of larvae on neutral zone __#of larvae on AM side #of larvae on OCTside__# of larvae on neutral zone __# of larvae on AM side
1 1 1 10 03 10 4 16 02 0.2
2 12 4 1 0,066666657 4 15 u 0233333333 0,083333333
3 15 6 9 0.2 s 9 16 0,366666667 0,283333333
4 2 4 5 0,466666667 6 s 1 0,433333333 045
s 20 s s 0s 6 8 1 0,333333333 0,416666667
6 15 4 n 0133333333 n 6 13 0,066666667 01
7 2 2 L] 0,533333333 8 4 13 0,333333333 0433333333
8 18 . 8 033333333 12 1 17 0,168656667 0,25
s 17 s 8 03 4 10 16 04 0,35
10 19 3 8 0,356656667 8 s 18 033333133 0,35
n 1n 9 10 0033333333 4 9 17 0,433333333 0,233333333
12 2 7 2 0633333333 18 s 7 -0,233333333 02
13 10 13 7 01 7 7 16 03 02
“ 19 4 7 04 s 6 19 0,466666667 0,433333333
15 1 4 7 04 4 7 19 X 045
Experiment Number] Odor PREF OCT Odor PREF AM
#onOCTside _#on neutral zone_# on empty side #on AMside _#on neutral zone # on empty side

1 12 5 13 -0,033333333 16 6 8 0,266666667

2 15 6 9 02 u 4 2 0,066666667

3 18 3 9 03 15 9 6 03

4 1 6 13 -0,066666667 12 6 2 0

s 2n 2 7 0,466666667 18 3 3 03

6 17 3 B 04 10 6 1 0,133333333

7 17 9 4 0,433333333 2 7 2 0,633333333

8 12 6 12 0 15 8 7 0,266666667

s 14 4 12 0,066666667 15 s 3 03

10 19 7 ) 05 16 4 10 02

1 2 ) 2 07 2 3 4 0,633333333

12 15 7 8 0,233333333 % 2 2 08

13 12 [ 12 ) 1 8 3 02

1 8 7 15 -0,233333333 17 3 10 0,233333333

15 15 4 1 0,133333333 15 2 13 0,066666667

C

Experiment Number| PREF Fructose
#0n sugar side_ #on neutral 20ne # on agarose side|

1 20 2 a 0,615384615
2 2 2 a 0,714285714
3 7 4 9 0,266666667
4 20 3 7 0,433333333
3 14 4 10 0,142857143
6 16 3 10 0,206896552
7 14 3 8 024
8 15 3 10 0,178571429
E] 12 3 7 02772721
10 16 6 8 0,266666667
u F2] 3 a 0,633333333
12 2 3 6 0,5
13 16 1 3 0,433333333
p} 17 8 5 0.4
15 12 E] 3 01

Figure 2. Example of a raw data sheet for registering and processing data obtained for A) sugar
reward learning, B) naive odor preferences and C) naive 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 PREFs of two reciprocally trained groups.
Click here to view larger figure: http://www.jove.com/files/ftp_upload/4334/4334fig2large.jpg
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Figure 3. Example data visualization obtained for A) sugar reward learning, B) naive odor preferences
and C) naive 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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NP225 NP2426

Figure 4. 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-
Fasll/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 sensory 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 neurons 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
di fferentiate during metamorphosis to form the
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Successful attempts to study associative learning
in Drosophila larvae

Appetitive olfactory learning
" ﬁn:henar et a:l.,EZDDE'I:Iﬁﬁ
if n Odor - sugar learning Schleyer at . 2011

Rohweadder et al., 2012

Gerber and Hendel, 2006

Odor - low salt learning Schisyar st al. 2011

gle

Aversive olfactory learning

)

Gerber and Hendel, 2006

. Odor - high salt learning Schleyer et al,, 2011

&

i

. 8 Gerber and Hendel, 2006
Odor - quinine learning Schleyer et al., 2011

Aceves-Pina and Quinn, 1879

Odor - electric shock learning  [ioeord o' 503"

Fauls et al., 2010

_. i l Odor - heat learning Khurana et al., 2012
u ((' Odor - buzz learning Eschibach et al., 2011
*‘ ¥ '@I Odor - light learning von Essen etal., 2011

Appetitive visual learning

Gerber et al,, 2004

Light - sugar learning von Essen et al., 2011

L

Aversive visual learning
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:@:— !‘" nght - hlgh Sa” |eaming von Essen et al,, 2011

@ A Light - electric shock learning  venEssenetal, 2011

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'***"?*. Click here to view larger figure:
http://www.jove.com/files/ftp_upload/4334/4334fig5large.jpg
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GAL4 / UAS constructs often used in our lab

Abbreviation 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-rpr reaper induces apoptosis Zhou et al., 1997
UAS-shi® dominant negative dynamin blocks vesicle recycling Kitamaoto, 2001
UAS-Kir.2.1::EGFP inwardly rectifying K+ channel no membrane depolarization Baines et al., 2001
UAS-TRPAT1 cation channel temperature dependent activation |Rosenzweig et al., 2005
UAS-ChR2 Channelrhodopsin light dependent activation Schroll et al., 2006

Table 1. UAS effector constructs often used in the lab to visualize the neuronal anatomy and
manipulate synaptic transmission®>3,

3.5 Discussion

The described setup in Drosophila larvae allows for the investigation of associative
olfactory learning within a comparably elementary brain. The approach is simple,
cheap, easy to establish in a lab and does not require high-tech equipment®. We
present a version of the experiment, to study appetitive associative learning
reinforced by fructose reward’. 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®*>3*3>_ Thus, the depicted behavioral setup integrates
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

23,36

investigation of associative visual learning in the larvae (established in Gerber et

al. (2004)); and electric shock, light, heat, quinine or vibrations were also successfully

implemented as aversive reinforcers for associative olfactory learning®*"192%:37-40,
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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)13144142 " Here, we focused exclusively on odor-fructose learning due to the
robustness of the assay and the relatively high performance 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 genetic
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)"°. Hereby a
comprehensive set of effector lines offers the possibility to visualize these defined

sets of neurons (Figure 4)®4%3

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®3%33, More recently technologies were
developed that allow for a controlled artificial activation of neurons driven by light or

temperature (Table 1)31324,

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

larvae.
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4.1 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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4.2 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; Selcho 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 polysaccharides (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 experimental 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

concentrations of 1.4% (Aceves-Pina and Quinn, 1979), 1.0% (Luo et al., 2010), or
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11 2.5% (Rohwedder et al., 2012). Thus, agarose concentration varied in different
studies while using the same behavioral assay. In some cases, different agarose
concentrations 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
guality 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
concentrations 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 processing of the bitter substance quinine mixed in an agarose solution. More
specifically, 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.
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4.3 Materials and Methods

4.3.1 Fly Stock and Maintenance

Wild type CantonS (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 251 30 animals or as

individuals.

4.3.2 Choice Behavior

To prepare the agarose solution wultrapure

Catalog number 16500500) in ddH20O was heated up in a microwave. Agarose-
guinine mixtures were prepared by adding 6 mM quinine (quinine hemisulfate; Sigma
Aldrich; Q1250) in the hot agarose solution and stirring adequately. To make choice
behavior plates, petri dishes were filled with agarose (and when applicable 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 0.51 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 for each measurement was

calculated as follows:
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Preferencel ndex = (# sideA 1T # sideB)/ #

Negative Preference Indices indicate avoidance behavior towards side A.

4.3.3 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 (~700 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 similar
illumination. Mean values for each ROI were calculated using Fiji. In each case 10

plates were analyzed.

4.3.4 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), 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 t
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M ascorbic acid solution (Sigma Aldrich cat. no.: A7506). The homogenate was
centrifuged f or 5Thensupernaant was3fikgded Osing apsyringe
filter (millipore,5-e m pores) i nto a new Eppendorf cup a
5 min at 13N400 r pm. 100 el of twklleplats u per n e
(Hartenstein, Wirzburg, Germany). The absorbance at 610 nm of each well mixture
was measured using an Epoch spectrophotometer (BioTek, Bad Friedrichshall,
Germany). The final absorbance 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.

(Final) Absorbance = absorbance of the mixt

To calculate the normalized absorbance, the final absorbance of the larvae fed with 6
mM quinine in a specific agarose concentration was divided by the absorbance of the

larvae fed with pure agarose solution in the same concentration.

(Final) Normalized absorbance = (Final) absorbancesmm quinine / (Final) absorbancepyre

4.3.5 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
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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.

4.3.6 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
experi ments. As ol factory stimul i, 10
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
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
reciprocal 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
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.
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Prefamsoctr= (# AM 1 # OCT) [/ # tot al

Prefoctrvam= (# AM 1T # OCT) [/ # tot al

A Performance Index was calculated from the Preference Indices of the two

reciprocally trained groups as follows:

Pl = (Prefam+octT Prefoctsiam) / 2

Negative Pls represent aversive quinine-induced learning.

For experiments in which different agarose concentrations were used as the only
reinforcer, 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
concentration [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.

4.3.7 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
correction 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
comparisons 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.
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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.

4.4 Results

4.4.1 Higher Agarose Concentrations Decrease Quinine Avoidance

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 in both cases) (Figure 1B). 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.
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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.

4.4.2 Quinine is Homogenously Dissolved in the Agarose Substrates Used

One concern for these kinds of experiments is of course that quinined based on its
restricted solubility (El-Keredy et al., 2012)d 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
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 plate (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.

85



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 2Bi 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.
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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). (B7 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.

4.4.3 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

86



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% 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.
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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.
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4.4.4 Quinine is a Stronger Stimulus than the Agarose Concentration 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.

4.4.5 Feeding on Different Agarose Concentrations

To address a possible effect of different agarose concentrations on feeding behavior,
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
additionally contained the blue dye indigo carmin. Subsequently, we measured
photometrically 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%),

88



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 usedd
especially when tested at 0.5% agarose concentrationd and there is a trend to show

higher levels of food consumption for intermediate concentrations of 1.0 and 2.5%.
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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
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< 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 individual 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.

4.4.6 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
concentration by dividing the absorbance in 6 mM quinine condition with the
absorbance 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 baseline
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%.

4.4.7 Higher Agarose Concentrations Increase Larval Locomotion
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
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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.
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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 distance 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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4.4.8 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 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
guinine seems to be context-dependent, as it was only behaviorally expressed at

lower agarose concentrations and not expressed at higher agarose concentrations.
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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.
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4.4.9 Agarose Concentration Alone Reinforces Associative Olfactory 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 question, we modified the learning paradigm used above so that one odor was
presented 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)
(Figure 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%.
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Figure 7. Different agarose concentrations can be used as reinforcers for larval associative
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 significantly 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.
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4.5 Discussion

45.1 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
dehydration. 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
temperature 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
agar/agarose quality nor the concentration is standardized in these experiments.
Even more surprising, there are no data available that have analyzed how the
substrate itself affects larval behavior. Yet, investigating this issue seems crucial as
the heterogeneity of the agar mixture can highly vary depending primarily on the
guality 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.
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45.2 Increased Agarose Concentrations in the Substrate Reduce 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
behaviors studied (choice behavior, feeding and associative olfactory learning),
larvae show highest responses at a concentration of 1.0% agarose (Figures 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 gustatory 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
concentrationsd but not at 3.5% agarose concentrationd larvae are able to burrow
into the substrate (data not shown). Larval burrowing was suggested to be a
cooperative behavior that allows 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
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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 principle 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.

4.5.3 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 associations.

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 neurons (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.,
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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 punishmentd but not electric shock (Pauls et al., 2010a)d is
only expressed in the presence of the negative reinforcer during test (Gerber 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.

4.5.4 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 reduced
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

concentrations that make the substrate more jellylike show a similar effect. This effect
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also has to be taken into account when mixing agarose with additional substances

that inhibit agarose from polymerizing (e.g., sucralose; data not shown).

4.5.5 Potential Sensory Systems Involved in Sensing and Signaling 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 andd for the dorsal organd with olfactory receptor neurons (Python and
Stocker, 2002; Fishilevich 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 concentration. (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 Ii IV, based on the complexity of their arborizations (Grueber
et al., 2002). Interestingly, class | and Il 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). (ii) Even more
remarkable, recently in class Il dendritic arborizations a mechanotransduction

channel subunit was identified, called No mechanoreceptor potential C (NOMPC),
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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.

4.5.6 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
comparisons 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
behaviorsd like escape responses. Thus, a standardization of the parameters in

assays measuring larval behavioral preference seems timely.
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5.1 Abstract

The sensation of bitter substances can alert an animal that a specific type of food is
harmful and should not be consumed. However, not all bitter compounds are equally
toxic and some may even be beneficial in certain contexts. Thus, taste systems in
general may have a broader range of functions than just in alerting the animal. In this
study we investigate bitter sensing and processing in Drosophila larvae using
guinine, a substance perceived by humans as bitter. We show that behavioral choice,
feeding, survival, and associative olfactory learning are all directly affected by
guinine. On the cellular level, we show that 12 gustatory sensory receptor neurons
that express both GR66a and GR33a are required for quinine-dependent choice and
feeding behavior. Interestingly, these neurons are not necessary for quinine-
dependent survival or associative learning. On the molecular receptor gene level, the
GR33a receptor, but not GR66a, is required for quinine-dependent choice behavior.
A screen for gustatory sensory receptor neurons that trigger quinine-dependent
choice behavior revealed that a single GR97a receptor gene expressing neuron
located in the peripheral terminal sense organ is partially necessary and sufficient.
For the first time, we show that the elementary chemosensory system of the
Drosophila larva can serve as a simple model to understand the neuronal basis of
taste information processing on the single cell level with respect to different

behavioral outputs.

5.2 Introduction

The sense of taste is the initial evaluation step that determines food quality and is
critical for food acceptance or rejection. The bitter taste of a substance alerts an

animal not to ingest potentially harmful substances. A well-known bitter substance for
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humans is quinine, extracted from the bark of the cinchona tree (Scragg and Allan,
1987; Wernsdorfer, 1987; White, 1987). Interestingly, larvae of the fruit fly Drosophila
avoid quinine and reduce feeding on substrates that contain it (El-Keredy et al.,

2012).

Drosophila larvae are a powerful experimental system for deciphering information at
the single-neuron level, from peripheral sensory organs to higher brain centers,
because of the simplicity of its neuronal circuitry, their non-redundant cellular
organization, and their genetic tractability (Colomb et al., 2007; Louis et al., 2008;
Keene et al.,, 2011; Kwon et al., 2011). This is illustrated by multiple studies that
characterized the larval olfactory system at a fine scale (Ramaekers et al., 2005;
Gerber and Stocker, 2007; Masuda-Nakagawa et al., 2009; Selcho et al., 2009;
Pauls et al., 2010; Schleyer et al., 2011; Thum et al., 2011). Here, we expand this
approach in the gustatory system to obtain a first functional understanding of the

molecular and neuronal basis of bitter sensing.

Specific aspects of the gustatory system of the Drosophila larva were analyzed in a
number of studies (Oppliger et al., 2000; Heimbeck et al., 2001; Wu et al., 2005;
Bader et al., 2007; Colomb et al., 2007; Kwon et al., 2011; Mishra et al., 2013). The
gustatory apparatus consists of three major external sense organs on the larval head
and four internal sense organs located along the pharynx (Singh and Singh, 1984;
Python and Stocker, 2002; Gendre et al., 2004). The external organs include the
dorsal (DO), terminal (TO), and ventral organs (VO). The internal organs include the
dorsal (DPS), posterior (PPS), ventral pharyngeal (VPS) sense organ, and dorsal
pharyngeal organ (DPO) (Singh and Singh, 1984; Python and Stocker, 2002; Gendre
et al., 2004). Gustatory receptor neurons (GRNSs) project from these peripheral and

internal sensory organs via four distinct nerves (maxillary, antennal, labral, and labial
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nerve) to the subesophageal ganglion (SOG) in the central nervous system (Singh

and Singh, 1984; Python and Stocker, 2002; Gendre et al., 2004).

There are about 120 sensory neurons located in the anterior part of the larvae and
about 90 of them are likely to have gustatory functions. The other 30 neurons are
olfactory receptor (21 ORN), temperature sensitive, mechanosensory, and neurons of
unknown identity (Python and Stocker, 2002; Fishilevich et al., 2005; Kreher et al.,
2005). In Drosophila and other insects, GRNs usually respond to water, sugar, low
salt, or high salt concentrations. Interestingly, bitter deterrent compounds (e.g.,
guinine) also activate a subset of high salt-responding neurons (Ebbs and Amrein,

2007; Vosshall and Stocker, 2007; Cobb et al., 2009).

In Drosophila, proteins encoded by four different gene families were identified that
sense water, sugar, salt, and bitter quality. These include: (i) transient receptor
potential channels (TRP), (ii) sodium channels of the pickpocket gene family (PPK),
(i) chemosensory ionotropic receptors (IRs), and (iv) seven transmembrane
gustatory receptors (GR) that are related to odorant receptors (Chyb et al., 2003; Liu
et al., 2003; Thorne et al., 2004; Al-Anzi et al., 2006; Moon et al., 2006; Dahanukar et
al., 2007; Benton et al., 2009; Cameron et al., 2010; Weiss et al., 2011; Miyamoto et
al., 2012; Zhang et al., 2013). The GR family includes 60 members that are predicted
to encode 68 seven-transmembrane receptors through alternative splicing (Scott et
al., 2001; Kwon et al., 2011). Several studies demonstrated that individual GR genes
are involved in sensing bitter compounds, either as a bitter co-receptor (GR33a)
(Moon et al., 2009), or through a specific binding of bitter substances like caffeine
(GR66a and GR93a) (Moon et al., 2006; Lee et al., 2009). A similar role for the GR
genes was suggested to occur in larvae, although no behavioral studies have

focused on the neuronal substrates of bitter sensation (Kwon et al., 2011).
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Kwon et al. (2011) anatomically analyzed the larval expression patterns of a set of
GAL4 lines for all of the 60 GR genes (Kwon et al.,, 2011). These lines potentially
reflect the endogenous expression of each GR and may allow the establishment of a
receptor-to-neuron map. Taken together, 39 of the 68 GRs are expressed at the
larval stage in mostly different combinations in at least 16 neurons of the DO, TO,
PPS, DPS, and VPS (Kwon et al.,, 2011). Furthermore, GR66a and GR33a are
potentially co-expressed in six GRNs of the external and six GRNs of the internal
sensory organs, thereby anatomically and molecularly defining neurons that might be
involved in bitter sensing (Kwon et al., 2011). However, the GR66a expression
pattern is different from the results of an earlier anatomical study that was based on
different Gr66a GAL4 lines (Colomb et al., 2007). Some of the GR GAL4 lines seem
to be expressed only in a single GRN (Kwon et al., 2011), allowing for a functional

analysis of the bitter taste-induced behaviors up to the single cell level.

In this study, we investigated the behavioral, molecular, and neuronal basis of
quinine sensing and processing in Drosophila larvae. We show that quinine affects
four different larval behaviors (choice, feeding, survival, and associative olfactory
learning). We demonstrate that neuronal signaling in only 12 GR66a- and GR33a-
positive GRNs is required for quinine-dependent choice behavior and quinine-
dependent feeding, but is dispensable for quinine-dependent survival and quinine-
reinforced associative olfactory learning. Additionally, we show that the GR33a
receptor gene, but not the GR66a receptor gene, is required for quinine-dependent
choice behavior. Finally, we identify a single GR97a-positive gustatory neuron in the
TO that is necessary and sufficient for quinine-dependent choice behavior. Taken
together, we conclude that the perception of quinine is organized by different sensory

neurons with respect to specific behaviors. For quinine-dependent choice behavior,
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the distal group of the TO is important, mainly due to a single neuron that co-

expresses the receptor genes GR66a, GR33a, GR57a, and GR97a.

5.3 Materials and Methods

5.3.1 Fly Strains

Fly strains were raised on standard Drosophila medium at 25°C. All GR-GALA4s,
UAS-VR1, UAS-hid,rpr, and UAS-mCD8::GFP stocks were kindly provided by the
Carlson, Scott, Sprecher, and Tanimoto lab, respectively. All other strains were
obtained from the Bloomington Stock Center. For heterozygous controls, w1118 was
used as a control genotype. w1118 was also used as an appropriate control in

combination with GR33a and GR66a receptor mutants.

For all behavioral experiments, flies were transferred to new vials and allowed to lay
eggs for 2 days. The experiments were performed 5 or 6 days after egg laying. Only

feeding stage larvae were used, in groups of about 30 animals.

5.3.2 Choice Behavior

Petri dishes were filled with 2.5% (w/ml) agarose solution (agarose in ddH,O heated
up in a microwave). After cooling down the agarose solution was subsequently
removed from the one half of the plate. This half was then filled with the 2.5% (w/ml)
agarose-quinine mixture (quinine hemisulfate; Sigma Aldrich; Q1250). The
concentration of quinine used varied as described in 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 the quinine
side, on the pure agarose side and in the middle were counted. As a middle zone we

define a 1 cm middle zone in the middle of the plate where the larvae were placed at
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the beginning of the experiment. The Preference Index for each measurement was

calculated as follows:

Preference I ndex = (# quinine side

Negative Preference Indices indicate avoidance behavior toward quinine.

5.3.3 Feeding

Petri dishes used for the control groups were filled with a solution of 1% (w/ml)
agarose and 2% (w/ml) indigo carmin (Sigma Aldrich cat. no.: 73436). Petri dishes
used for experimental groups were filled with a solution of 1% (w/ml) agarose, 2%
(w/ml) indigo carmin and quinine at various concentrations (please refer to the
results). During the feeding assay larvae of all groups were allowed to feed on dishes
for 30 min, they were then washed in t
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-e m pores) into a new Eppendorf
5 min at 13,400 r pm. 100 ¢l o f twilleplate
(Hartenstein, Wirzburg, Germany). The absorbance at 610 nm of each well mixture
was measured using an Epoch spectrophotometer (BioTek, Bad Friedrichshall,
Germany). The final absorbance 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.

Absorbance = absorbance of the mixtu
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5.3.4 Survival

Vials used for the control groups were filled with 1% (w/ml) agarose solution and vials
used for the experimental groups were filled with 1% (w/ml) agarose and quinine at
various concentrations (as described in the Results). Twelve wild-type 1st instar
larvae were placed in each and left at 25°C. The number of larvae that were alive
was counted each day for 7 consecutive days. Drops of tap water were occasionally
added to the vials to prevent larvae from dehydrating. The relative survival of the
larvae in each vial was calculated every day by dividing the number of the living

larvae on this day with the total number of larvae on day 1.

Relative Survival = # living larvae on a specific day / # total larvae on day 1

5.3.5 Associative Olfactory Learning

For the learning experiments Petri dishes, filled with either 1% (w/ml) agarose
solution or 1% (w/ml) agarose and 6 mM Quinine mixture, were used. As olfactory
stimuli, 10 ¢l amy | acetate (AM, FIl uka cat.
Fluka cat. no.: 76235) and 3-octanol (OCT, undiluted; Fluca cat. no.: 74850) were
used. The odorants were loaded into custom-made Teflon containers (4.5-mm
diameter) with perforated lids as described in Gerber and Stocker (2007). During
training a first group of 30 animals were exposed to AM (AM+) while crawling on an
agarose medium containing 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 reciprocal 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
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(#AM), the OCT side (#OCT), and in a neutral zone. A preference index for each
training group is 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.

Prefamsoctr= (# AM 1 # OCT) [/ # tot al

PrefOCT+/AM = ( # AM 1 tetal OCT ) / #

A Performance Index (PI) is calculated from the Preference Indices of the two

reciprocally trained groups as follows:

Pl = (Prefamuoct T Pdcteidv) / 2

Negative Pls represent aversive quinine-induced learning.

5.3.6 Artificial Activation of the Neurons that Process Quinine Sensing

A modified version of the mammalian capsaicin receptor was genetically expressed

in different sets of GRNs in the experimental larvae (Wang et al., 2004). Petri dishes

were filled with 2.5% agarose solutions onone halfand 2. 5% agarose and
capsaicin mixture on the other half. A capsaicin choice behavior assay was

performed and a capsaicin Preference Index was calculated in a similar way as

described for the quinine choice behavior experiments. Please note that the
capsaicin concentration used was 50 &€ M, a c
not show a behavioral response. On the other hand, larvae which express the

capsaicin receptor in specific GRNs have these neurons artificially activated in the

presence of capsaicin. Thus, by studying the behavioral response of these larvae to

capsaicin one can get information on the innate function of the activated cells.
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5.3.7 Anatomical Analysis

Third instar larvae were dissected in phosphate-buffered saline (PBS). The brains or
larval heads were fixed in 3.7% formaldehyde (Merck, Darmstadt) in PBS for 30 min
and subsequently washed seven times in PBT (PBS with 3% Triton-X 100, Sigma-
Aldrich, St. Louis, MO). Then they were added in 5% normal goat serum (Vector
Laboratories, Burlingame, CA) in PBT for 2 h to block unspecific binding and the first
antibodies were applied for 2 days at 4°C. Samples were washed six times with PBT
and the secondary antibodies were applied for 2 days at 4°C. Finally, samples were
washed eight times with PBT, they were mounted in Vectashield (Vector

Laboratories) between two cover slips and stored at 4°C in darkness.

For the SOG staining, anti-GFP [Anti-GFP Rabbit, polyclonal serum, A6455,
Molecular Probes, (Eugene, OR), 1:1000] was used to label the GRs expression,
anti-ChAT [ChAT4B1 Mouse, monoclonal ChAT4B1, DSHB (lowa City, 1A)1:100] was
used to label the neuropile, and anti-Fasll [1D4 anti-Fasciclin 1l Mouse, monoclonal,
1D4, DSHB (lowa City, 1A) 1:50] was used to label the axonal tracts. IgG Alexa Fluor
488 (goat anti-rabbit IgG Alexa Fluor 488, A11008; Molecular Probes, 1:200) and IgG
Alexa Fluor 647 (goat anti-mouse IgG Alexa Fluor 647 A21236; Molecular Probes,

1:200) were used as secondary antibodies.

For the terminal organ (TO) level staining, anti-GFP [Anti-GFP Rabbit, polyclonal
serum, A6455, Molecular Probes, (Eugene, OR), 1:1000] was used to label the GRs
expression. Anti-elav [Anti-elav mouse, DHSB (lowa City, 1A), 1:100] was used as a
counterstaining to visualize all neurons within the ganglion individually. 1gG Alexa
Fluor 488 (goat anti-rabbit IgG Alexa Fluor 488, A11008; Molecular Probes, 1:200)

was used as secondary antibody. For anti-elav IgG Alexa Fluor 647 (goat anti-mouse
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IgG Alexa Fluor 647 A21236; Molecular Probes, 1:200) was used as secondary

antibody.

Images were taken with a Zeiss LSM510 confocal microscope with a x25 oll
objective. The resulting image stacks were projected and analyzed with Image-J
(NIH) software. Contrast and brightness adjustment as well as rotation and
organization of images were performed in Photoshop (Adobe Systems Inc., San

José, CA).

5.3.8 Statistical Analysis

Kruskali Wallis test followed by Wilcoxon rank sum test and Holmi Bonferroni
correction was used for multiple comparisons. Wilcoxon signed ranked test was used
to compare one group against chance level. Statistical analysis was performed with R
version 2.14.0 and Windows Excel 2010. The behavioral 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.

For the survival experiments 15 vials, each of which contained 12 larvae, were used
per experimental group. Thus, in total 180 larvae were used per experimental group
for the statistical analysis. Kaplani Meier survival curves were plotted for the
representation of the data. Log-rank tests including pair-wise comparisons were
performed to detect an overall difference among the curves. To detect differences
between two groups for single days (for days 3, 4, and 5), proportion tests were

performed, comparing the number of survivors since day O between groups.
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5.4 Results

5.4.1 Quinine Affects Larval Choice Behavior, Feeding, Survival, and Learning

To address the effect of quinine in different larval behaviors, we assessed the naive
behavior of wild type CantonS larvae for quinine-dependent choice behavior, quinine-
dependent feeding, survival on quinine, and quinine-reinforced associative olfactory
learning [a detailed description of the methods is also given in Rohwedder et al.

(2012)].

To test for quinine-dependent choice behavior, naive larvae were allowed for 5 min to
choose between pure agarose and agarose containing quinine (El-Keredy et al.,
2012; Rohwedder et al., 2012). Quinine concentrations ranged from 0 to 6 mM
(Figure 1A), the latter being the highest soluble quinine concentration dissoluble in
2.5% agarose. In accordance with previous data (El-Keredy et al., 2012), we found
that larvae avoid quinine in a dose-dependent manner (Figure 1A). The side of the
Petri dish containing quinine was avoided by larvae, even for low quinine
concentrations of 1 mM (p < 0.05 compared to random distribution). However, larval
choice behavior was more pronounced with increasing quinine concentrations. The
strongest avoidance was obtained when 6 mM quinine was present (p < 0.001

compared to random distribution).

To test whether quinine affects larval feeding, naive larvae were allowed to feed on 0,
3, or 6 mM guinine-agarose mixtures for 30 min. Afterwards, their food intake was
guantified for each mixture with respect to baseline feeding. Consistent with recently
published data (El-Keredy et al., 2012), we found that feeding on quinine-agarose
mixtures was decreased when compared to feeding on pure agarose (Figure 1B). By

increasing the quinine concentration from 0 to 3 mM, the relative feeding did not

119



change (p > 0.05). However, relative feeding on 6 mM quinine-agarose mixture was

significantly decreased compared to 0 mM baseline feeding (p < 0.01).
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Figure 1. Quinine affects larval choice behavior, feeding, survival, and associative olfactory
learning. (A) Shows the dose-response curve for larval choice behavior for quinine concentrations
between 0 (green) and 6 mM (red). Larvae significantly avoid quinine concentrations from 1 to 6 mM.
(B) Depicts relative feeding on quinine. Only if 6 mM (red) is mixed into the substrate, larvae reduce
feeding significantly with respect to baseline feeding at 0 mM quinine (indicated by the line). A lower
concentration of 3 mM, quinine (orange) does not significantly reduce larval food intake. (C) Larval
survival on agarose-quinine mixture diet depends on the quinine concentration (Kaplani Meier survival
curves). 3 mM quinine reduces larval survival compared to a pure agarose diet. The effect was even
stronger for 6 mM quinine as more larvae died during the experiment. (D) 6 mM (red) quinine
reinforces immediate negative olfactory associative learning when paired with a particular odor.
Sample size for each box plot is n > 12. Differences against random distribution are given at the
bottom of each panel. Differences between groups are presented above the related box-plots (n.s.,
non-significant p > 0.05, *p < 0.05, **p < 0.01, or ***p < 0.001). Small circles indicate outliers.
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Next we investigated whether quinine affects larval survival. First instar larvae were
placed in vials containing 0, 3, or 6 mM quinine-agarose mixtures as sole food
source, and the relative survival was quantified each day for seven consecutive days.
Survival differed significantly among treatments (log-rank test, p < 0.001). For both
guinine concentrations used our data suggested that survival was reduced compared
to survival on pure agarose at least from day 3 onwards (proportion tests p < 0.001;
Figure 1C). The effect of quinine on larval survival was even stronger for 6 mM
compared to 3 mM (proportion tests, p < 0.05 on day 3; p < 0.05 on day 4; p < 0.001

on day 5).

Finally, we used a well-established assay to analyze quinine-reinforced associative
olfactory learning (Hendel et al., 2005; Schleyer et al., 2011; El-Keredy et al., 2012).
Pairing an odor stimulus with quinine induced an aversive association (Figure 1D; p
< 0.01). Thus, for Drosophila larvae, quinine serves as a negative, punishing

reinforcer in associative olfactory learning.

5.4.2 GR33a and GR66a Neuronal Signaling is Required for Quinine-Dependent

Choice Behavior and Feeding but not for Survival and Learning

Recently, Kwon et al. (2011) analyzed the cellular organization of all GR genes by
using a comprehensive set of GR-GAL4 driver lines of the GAL4/UAS expression
system (Brand and Perrimon, 1993). They demonstrated that GR66a (suggested to
be involved in larval bitter sensing) and GR33a are co-expressed in six neurons of
the TO and likely in six neurons of the pharyngeal organs of the larval head (Kwon et
al., 2011). However, these results are in contrast to an earlier study that showed that
another GR66a-GAL4 line is only expressed in about three to four neurons of the

external sensory organs (Colomb et al., 2007). By expressing UAS-mCD8::GFP via

121



the initially published GR66a and the newly published GR33a driver lines, we were
able to reproduce in whole mount preparations the recently described expression
patterns, both in the periphery and within the SOG (Figures 2A,B, 3Ai F) (Kwon et

al., 2011).

To investigate whether GR66a and GR33a neuronal signaling is necessary for
quinine-dependent choice behavior, feeding, survival, and associative olfactory
learning, we genetically ablated these GRNs by co-expression of hid and reaper.
Ectopic expression of these genes induces apoptosis through caspase activation

(White et al., 1996; Kurada and White, 1998; Selcho et al., 2009, 2012).

When GR66a neurons are ablated, experimental larvae do not show any avoidance
of 6 mM quinine over pure agarose (Figure 2C, p > 0.05); in contrast, control larvae
show robust avoidance (p < 0.001 for both controls). Similarly, larvae with ablated
GR33a neurons fail to show any avoidance of 6 mM quinine (Figure 2D, p > 0.05),
whereas the controls show strong avoidance (p < 0.01 for the GAL4 control and p <

0.001 for the UAS control).
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Figure 2. GR66a and GR33a neuronal signaling is required for quinine-dependent choice
behavior and feeding, but dispensable for survival and associative olfactory learning. (A,B)
Show frontal views of CNS projections of GR66a-GAL4 and GR33a-GAL4 lines crossed with UAS-
mCD8::GFP. To visualize the expression patterns, the CNS was stained with anti-GFP (green) and
anti-ChAT; anti-Fasll (magenta). In both lines, GRNs innervate the SOG in a similar way (arrows); sog,
subesophageal ganglion; vnc, ventral nerve cord; hemi, brain hemisphere. (C,D) Genetically ablating
the GRNs covered by GR66a-GAL4 or GR33a-GAL4 expression completely diminishes larval choice
behavior for 6 mM quinine. Both experimental larvae behave significantly different from genetic
controls [p < 0.001 in (C) and p < 0.01 and p < 0.001 in (D)] and do not show any aversive choice



behavior (n.s.). (E,F) Genetically ablating GRNs covered by GR66a-GAL4 or GR33a-GAL4 expression
partially increases feeding behavior on a substrate containing 6 mM quinine. GR66a/UAS-hid,rpr (E)
and GR33a/UAS-hid,rpr (F) experimental larvae feed more than control larvae on a substrate
containing 6 mM quinine [n.s. and p < 0.01 in (E); p < 0.01 and p < 0.001 in (F)]. Both experimental
groups do not feed on baseline level, i.e., wild type control larvae on pure agarose substrate [p < 0.01
in (E); p < 0.001 in (F)]. (G,H) Larval survival is plotted as Kaplani Meier survival curves; genetically
ablating the GRNs covered by GR66a-GAL4 or GR33a-GAL4 expression does not reduce larval
survival on a 6 mM quinine agarose mixture diet. Neither GR66a/UAS-hid,rpr (G) nor GR33a/UAS-
hid,rpr (H) experimental larvae live longer than both control groups [log-rank test, n.s. for the GR66a-
GALA4 control, but log-rank test, p < 0.001 for the UAS-hid,rpr control in (G); log-rank test, n.s. for the
UAS-hid,rpr control in (H), but log-rank test p < 0.001 for the GR66a-GAL4 control also in (H)]. (1,J)
Genetically ablating GRNs covered by GR66a-GAL4 or GR33a-GAL4 expression does not affect
associative olfactory learning reinforced by 6 mM of quinine. GR66a/UAS-hid,rpr (I) and GR33a/UAS-
hid,rpr (J) experimental larvae perform on the same level as respective control groups (n.s.) in an
assay testing quinine-reinforced associative olfactory learning. Sample size for each box plotis n > 12.
Differences against zero are given at the bottom of each panel. Differences between experimental
groups are depicted above the respective box plots (n.s., non-significant p > 0.05, *p < 0.05, **p <
0.01, or ***p < 0.001). Scale bars: 50 em. Small circles indicate outliers.

In the feeding assay, feeding of control larvae on 6 mM quinine was significantly
reduced compared to wild type larval feeding on 0 mM quinine (Figures 2E,F; p <
0.001 for all comparisons with WT control larvae measured at 0 mM quinine). When
GR66a-GAL4-positive GRNs are ablated, larvae show increased relative feeding on
6 mM quinine as compared to the UAS control (p < 0.01) but do not differ from the
GAL4 control (Figure 2E; p > 0.05). When GR33a-GAL4-positive GRNs are ablated,
larvae show increased relative feeding as compared to both controls (Figure 2F; p <
0.01 compared to the GAL4 control and p < 0.001 compared to the UAS control).
Although feeding after GR66a or GR33a neurons ablation is increased, it does not
reach the feeding levels of wild type larvae on 0 mM quinine (p < 0.01 when GR66a

neurons are ablated p < 0.001 when the GR33a neurons are ablated).
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Figure 3. Gr33a receptors but not Gr66a receptors are required for quinine avoidance. (A,B)
GR66a-GAL4 and GR33a-GAL4 are expressed in the same set of six GRNs of the TO, schematically
represented for GR66a-GAL4 (A) and GR33a-GAL4 (B). Two of the neurons belong to the
dorsolateral group, called B1 and B2, and the other four to the distal group, called C1i C4. This
suggests that both receptors are co-expressed in the same set of bitter sensing GRNs. (C,D) The GFP
expression for GR66a-GAL4 (C) and GR33a-GAL4 (D) crossed to UAS-mCD8::GFP is shown in the
terminal organ (to). The two GRNs B1 and B2 of the dorsolateral group have their cell bodies located
within the dorsal organ ganglion (dog; arrow). The four GRNs C1i C4 of the distal group have their cell
bodies in the terminal organ ganglion (tog; arrowhead). Anti-GFP (green) and anti-elav (magenta)
antibodies were used to visualize the specimens. (E,F) In a frontal view part of the central projection of
GR66a-GAL4 (E) and GR33a-GAL4 (F) is shown in the SOG (sog). The projections were traced by
crossing the two GAL4 lines with UAS-mCD8::GFP. GFP is visualized by anti-GFP antibody staining
(green) and the neuropil by anti-ChAT; anti-Fasll antibody staining (magenta). (G) When testing
different mutants for the GR33a and GR66a receptor, only mutants affecting GR33a receptor function
[GR33a(1) and GR33aGAL4] show a reduced choice behavior in the presence of 6 mM of quinine,
compared to an appropriate w1118 control group (p < 0.001). A mutant that abolishes GR66a receptor
function (GR66aex83) does not change choice behavior (n.s.) compared to the appropriate w1118
control. Sample size for each box plot is n > 12. Differences against zero are given at the bottom of
each panel. Differences between experimental groups are depicted above the respective box plots
(n.s., non-significant p > 0.05 and ***p < 0.001). mb, mushroom body; S ¢C3 &nd
(D); 20 (&)andi(R). Small circles indicate outliers.
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When Gr66a neurons are ablated, the overall survival of the larvae on quinine was
not observed to be significantly different from the overall survival of the GAL4 control
(log-rank test, p = 0.22). However, survival was better compared to the overall
survival of the UAS-hid,rpr control (Figure 2G, log-rank test p < 0.001). When Gr33a
neurons are ablated, the overall survival of the larvae on quinine is reduced
compared to the overall quinine survival of the GAL4 control (Figure 2H, log-rank test
p < 0.001) but was not found to differ from the overall quinine survival of the UAS-
hid,rpr control (log-rank test, p > 0.05). Thus, taken both cases together, we do not
find a consistent increase or decrease of the survival rate of the experimental groups

in comparison with their genetic controls.

Next, we tested if the described set of GRNs is necessary for quinine-reinforced
associative olfactory learning. Strikingly, ablation of the GR66a-GAL4-positive GRNs
still allows experimental larvae to form olfactory associations reinforced by quinine
(Figure 2I; p < 0.01). They even perform on a level comparable to control larvae
(Figure 2I; p > 0.05 from both controls). Similarly, after GR33a GRN ablation,
experimental larvae are still able to establish quinine-reinforced odor associations
(Figure 2J; p < 0.05). Again the performance does not differ from control groups

(Figure 2J; p > 0.05 from both controls).

Taken together, the results suggest that GR66a-GAL4- and GR33a-GAL4-positive
GRN signaling is required for quinine-dependent choice behavior, is partially required
for quinine-dependent feeding behavior, but is dispensable for quinine-dependent

survival and associative olfactory learning.
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5.4.3 GR33a Receptor Gene Function but not GR66a Receptor Gene Function is
Required for Quinine-Dependent Choice Behavior

As quinine-dependent choice behavior seems to completely rely on the neuronal
output of GR66a-GAL4- and GR33a-GAL4-positive GRNs, we further focused on this
particular behavior. First, we asked if only a single receptor gene or both receptor
genes co-expressed in these neurons are required for quinine-dependent choice
behavior. In adult flies, the GR33a receptor gene is required to elicit a proper
electrophysiological response of GRNs to quinine as well as to express an
appropriate quinine avoidance behavior (Moon et al., 2009). In contrast, the GR66a
receptor gene is neither required to elicit a proper electrophysiological response to
qguinine nor affects adult quinine-dependent avoidance behavior (Moon et al., 2009).
To test whether the molecular function of quinine-dependent choice behavior is
conserved between the adult and larval stage of Drosophila, we used three different
mutants that disrupt either GR66a (Gr66aex83) or GR33a [Gr33a-GAL4 and
Gr33a(1)] receptor gene function (Moon et al., 2006, 2009). Gr66ex83 mutant larvae
showed normal quinine-dependent choice behavior comparable to control larvae
(Figure 3G; p > 0.05 compared to the control), whereas the Gr33a-GAL4 and
Gr33a(1) mutants showed significantly reduced avoidance (Figure 3G; p < 0.001 for
both mutants). These data suggest that in larvae, similarly to adult flies, quinine-
dependent choice behavior requires GR33a receptor gene function and is

independent of GR66a receptor gene function.

5.4.4 A Single GRN of the Terminal Organ is Required for Proper Quinine-
Dependent Choice Behavior
As ablation of GR66a-GAL4- and GR33a-GAL4-positive GRNs completely abolishes

guinine-dependent choice behavior (Figures 2C,D), we next analyzed the correlation
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between behavioral function and neuronal circuit on the single-cell level. Kwon et al.
(2011) reported, in line with our data presented here, that GR66a-GAL4 and GR33a-
GAL4 expression co-localize in two neurons of the dorsolateral group of the TO
(neurons B1 and B2), in four neurons of the distal group of the TO (C1i C4) and in six

neurons of the pharyngeal organs (see also Figures 3Ai F).

The same authors also published a receptor-to-neuron map, in which subsets of the
GR66a and GR33a TO neurons are matched with the expression patterns of other
GR-GAL4 drivers. From this map, we selected the following GR-GAL4s to analyze
the function of each peripheral neuron on the single-cell level: GR10a-GAL4, GR36c¢-
GAL4, GR47b-GAL4, GR94a-GAL4, GR97a-GAL4, GR57a-GAL4, GR39a.b-GALA4,
and GR59d-GAL4. The left column in Figure 4 illustrates in which of the GRNs the
different drivers express GAL4 (Kwon et al., 2011), namely GR10a-GAL4 in the B2
neuron of the TO dorsolateral group (Figure 4A), GR36¢c-GAL4 in the C1 neuron of
the TO distal group (Figure 4B), GR47b-GAL4 and GR94a-GAL4 in the C2 neuron of
the TO distal group (Figures 4C, D), GR97a-GAL4 in the C3 neuron of the TO distal
group (Figure 4E), GR57a-GAL4 in the C2 and C3 neuron of the TO distal group
(Figure 4F), GR39a.b-GAL4 in the C1 and C4 neuron of the TO distal group (Figure
4G) and GR59d-GAL4 in the C1, C2, and C4 neuron of the TO distal group (Figure
4H). We were able to confirm most of these results by crossing each GR-GAL4 driver
to UAS-mCD8::GFP and analyzing the expression in the TO and the SOG (Figures
4Ai H, second and third column). However, in GR39a.b-GAL4 and GR59d-GAL4, the
C4 neuron is not present in our samples (Figures 4G,H, indicated by a red question

mark in the presented scheme).
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Figure 4. Single TO neuronsd behavior function correlation for quinine-dependent choice
behavior. The first column shows a schematic overview of the respective GRNs included in the
expression pattern of each GAL4 line, based on Kwon et al. (2011). The second column illustrates the
expression pattern for each GAL4 line crossed with UAS-mCD8::GFP at the level of the TO
(arrowheads mark the indicate the innervation of the terminal organ and the position of the respective
cell body in the dorsal organ ganglion or terminal organ ganglion). The third column shows in frontal
views part of the GRN projections in the SOG for each GAL4 line. These were crossed with UAS-
mMCD8::GFP and stained by anti-GFP (green) and anti-ChAT, anti-Fasll (magenta) antibody staining.
The last column shows the quinine-dependent choice behavior for each GAL4 line when crossed to
UAS-hid,rpr in order to specifically induce cell death in small sets of GRNs or single GRNs. The
analysis includes GR10a-GAL4 (A), GR36¢c-GAL4 (B), GR47b-GAL4 (C), GR94a-GAL4 (D), GR97a-
GAL4 (E),GR57a-GAL4 (F), GR39ab-GAL4 (G), and GR59d-GAL4 (H). Ablation of the B2, C1, C2
neurons alone does not alter quinine-induced choice behavior [n.s. for each experimental genotype
compared to both control groups in (Ai D); except for the UAS-hid,rpr control in (D); p < 0.05].
However, ablation of C3 only (E; p < 0.05 to respective controls) or in combination with C2 (F; p < 0.05
and p < 0.001 to respective controls) reduces choice behavior significantly. Ablation of C1, C2, and C4
in combination (in H) significantly reduces choice behavior as well (p < 0.05 and p < 0.001 to
respective controls); expression within GRNs other than in the TO is not analyzed here. For further
details see also Kwon et al. (2011). The identity of the C4 neuron (in G,H) as proposed by Kwon et al.
(2011) was notverifi abl e in our specimens (indicated by a fA?20).
12. Differences between experimental groups are depicted above the respective box plots (n.s., non-
significant p > 0.05, *p < 0.05, and ***p < 0.001; Small circles indicate outliers). mb, mushroom body;
to, terminal organ; dog, dorsal organ ganglion; tog, terminal organ ganglion; sog, subeosophageal
gangl i on; scale bars: 20 em.

After the anatomical verification of the GR-GAL4 expression patterns, we next
crossed each GR-GAL4 with UAS-hid,rpr to again ablate small sets of GRNs or
single GRNs. We then assessed the quinine-dependent choice behavior for each
experimental group in order to identify individual neurons necessary for the behavior.
Ablation of individual GRNs using GR10a-GAL4 (Figure 4A), GR36¢c-GAL4 (Figure
4B), GR47b-GAL4 (Figure 4C), and GR94a-GAL4 (Figure 4D) does not alter the
larval response to quinine (p > 0.05 for all experimental groups when compared to
controls, except for GR94a/UAS-hid,rpr compared to UAS-hid,rpr in Figure 4D; p <
0.05). Thus, the single neurons B2, C1 and the C2 are not necessary for quinine-
dependent choice behavior. On the contrary, ablation of the C3 neuron alone using
GR97a-GAL4 (Figure 4E; p < 0.05 compared to the GAL4 and UAS control) or in
combination with the C2 neuron, by using GR57a-GAL4 (Figure 4F; p < 0.05
compared to the GAL4 control and p < 0.001 compared to the UAS control)
significantly reduced quinine-dependent choice behavior (however not completely).

We observe a similar phenotype when all neurons of the TO distal group - except C3
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- are ablated, by using GR59d-GAL4 (Figure 4H, p < 0.05 compared to the GAL4
control and p < 0.001 compared to the UAS control). Taken together, we conclude
that the single Gr97a positive GRN C3 of the TO distal group is mainly, however not

exclusively, required for quinine-dependent choice behavior.

5.4.5 Activation of a Single GRN of the Terminal Organ is Sufficient to Express
a Proper Choice Behavior

Next we wanted to investigate whether artificial activation of all 12 GR66a-GAL4-
positive neurons or activation of the single C3 (via GR-97a-GAL4) neuron alone is
sufficient to elicit a similar aversive behavioral response. To activate the respective
GRNs, we expressed a modified version of the mammalian vanilloid receptor protein
(VR1) specific for capsaicin in the two sets of GRNs and assessed the capsaicin-
dependent choice behavior (Marella et al., 2006; Colomb et al., 2007). Control larvae
that do not express VR1 in GRNs did not respond to capsaicin (Figure 5, p > 0.05 for
all the controls). However, when Gr66a neurons expressed VR1, larvae strongly
avoided capsaicin (Figure 5A, p < 0.001). These results are in accordance with the
data published by Colomb et al. (2007) and reconfirm that the activation of Gr66a
neurons can elicit a repulsive behavior. We then expressed VRL1 in the single Gr97a
positive C3 cell of the TO. Again, experimental larvae strongly avoided capsaicin
(Figure 5B, p < 0.001), whereas controls did not show any capsaicin response (p >
0.05). Thus, activation of the single Gr97a-positive C3 GRN is sufficient to elicit

aversive choice behavior.
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induce an aversive choice behavior. Expression of the mammalian vanilloid receptor protein (VR1)
allowed to quantify the behavioral relevance of GR66a-GAL4- and GR97a-GAL4-positive neurons

after capsaicin-dependent activation. (A) Experimental GR66a/UAS-VR1 | arvae avoided

capsaicin agarose mixture against pure agarose (p < 0.001). The behavioral response was
significantly different than the appropriate genetic controls (p < 0.001 each) that did not avoid
capsaicin (n.s.). (B) Activation of a single GRN C3 in the TO in GR97a/UAS-VR1 experimental larvae
induced an aversive capsaicin-dependent choice behavior (p < 0.001) that was significantly different
from both genetic controls (p < 0.01 for both controls). Thus, activation of the single GRN C3 is
sufficient to elicit gustatory-guided choice behavior. Sample size for each box plot is n > 12.
Differences against zero are given at the bottom of each panel. Differences between experimental
groups are depicted above the respective box plots (n.s., non-significant p > 0.05, **p < 0.01, and ***p
< 0.001). Small circles indicate outliers.

5.5 Discussion

5.5.1 Bitter Taste in Drosophila

Unlike the olfactory system, in which the one-neuron-one-receptor hypothesis nearly
holds true (Fishilevich et al., 2005; Kreher et al., 2005), in the gustatory system,
different receptors are co-expressed in partially overlapping neuronal sets. For
example, up to 17 GRs are co-expressed in the larval C1 neuron and 29 GRs in a
labellar neuron of the adult fly (Kwon et al., 2011; Weiss et al., 2011). Thus, at the
receptor level, the gustatory systems of larvae and flies differ significantly from the
respective olfactory systems. It was therefore speculated that, in contrast to the

discrimination-optimized olfactory system, the taste system provides a hedonic rating

ofsubstances i nt o, f eerdi ebX empplid,t efion s . nedi

2006; Cobb et al., 2009).
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However, recent studies in flies suggest that the gustatory system has a coding
capacity that is beyond sensing exclusively bitter or sweet. A study by Weiss et al.
(2011) on the bitter taste system of adult Drosophila defined four classes of bitter
sensing neurons that are diverse in their response profiles. The response of single
bitter GRNs to different bitter compounds varied in their study with respect to
specificity, temporal dynamics, and onset kinetics (Weiss et al., 2011). Therefore,
bitter substances, including quinine, are no
Instead, a discrimination-optimized gustatory system allows for the distinction
between different bitter substances and possibly for the evaluation of different bitter
stimuli with respect to particular behaviors. However, the work by Masek and Scott
(2010) suggests that flies do not discriminate among different sugars, or among
different bitter compounds, based on chemical identity but rather with limited ability
based on intensity or palatability when retrieving gustatory memories after taste
associative learning. Thus, under these conditions the discriminative capacity of the
fly taste system is obviously limited compared to the olfactory system (Masek and

Scott, 2010).

Discriminative capacity may also be a property of the simpler larval taste system. For
instance, Drosophila larvae can distinguish between different sugars like fructose and
glucose in a behavioral choice assay (Miyakawa, 1982). Larvae of other insect
species also show a higher degree of complexity, as shown by the identification of
heterogeneous bitter sensing cells (Glendinning et al., 2002, 2006). This might
indicate that the general properties of the gustatory system may be conserved
between the larval and adult stage. Hence, due to their reduced cellular complexity
and their attractiveness for functional and molecular studies, larvae allow for simpler
access to the functional architecture of the taste system, from single cells up to the
systems level.
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5.5.2 Sensing and Processing of Quinine in Drosophila Larvaed Choice
Behavior

Drosophila larvae change their behavior as soon as they contact quinine. They avoid
quinine in a choice assay, they reduce feeding on a quinine containing substrate,
they die earlier on quinine containing food, and they associate quinine with a
simultaneously presented odor (Figure 1) (El-Keredy et al., 2012). Quinine affects
larval behaviors negatively and in a dose-dependent manner, as higher amounts of
qguinine increase choice behavior (Figure 1A) and decrease survival (Figure 1C).
Signaling of GR66a and GR33a GRNSs is necessary for quinine-dependent choice
behavior (Figures 2C,D) and partially for quinine-dependent feeding (Figures 2E,F).
Thus, the output of no more than 12 sensory neurons, situated in the TO (two GRNs
of the dorsolateral group and four GRNs of the distal group), DPS (two), VPS (two),
and PPS (two) is encoding quinine bitter information for these behaviors. The effect
for quinine-dependent choice behavior can even be partially traced to the output of a

single GR97a-positive C3 neuron (Figures 4, 5).

However, as C3 neuron ablation does not cause a full suppression of quinine-
dependent choice behavior (Figure 4E), we believe that additional neurons might be
involved. Possible candidates are the C1, C2, and C4 neurons of the distal group of
the TO, because their elimination also leads to a reduction in choice behavior (Figure
4H). Our data suggest that, for choice behavior, quinine-related sensory information
is signaled via the maxillary nerve to the CNS by a maximum of four GRNs belonging

to the distal group of TO neurons (Figure 6).

134



Terminal Organ Dorsal
Organ

— HC6 B2
C4 C2 2 (B
C1
Terminal Dorsal
Orga.n ‘ Organ

Maxillary
nerve

Antennal
nerve

Brain
(Suboesophageal Ganglion)

appropriate behavioral change for
choice behavior and feeding

Figure 6. Schematic overview of the neurons signaling quinine-dependent bitter taste in
Drosophila larvae. According to Kwon et al. (2011), GRs are expressed in only 10 neurons of the two
major chemosensory organs of the larva, the dorsal organ (DO) and the terminal organ (TO). The two
GRNs of the DO are called Al and A2 (DO group). Additionally, B1 and B2, which are located in the
dorsolateral group of sensilla of the TO, have their cell bodies sitting in the DO ganglion (TO
dorsolateral group). C1i C6 located in the distal group of sensilla of the TO have their cell bodies
located in the TO ganglion (TO distal group). Bitter quinine taste information affecting larval choice
behavior is mediated mainly by the TO neurons C1i C4 (pink) and especially by the single TO neuron
C3 (red). Signals reach the subesophageal ganglion via the maxillary nerve. Output of the single C3
neuron is necessary for quinine-dependent avoidance and artificial activation of the C3 neuron is
sufficient to elicit aversive choice behavior.
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5.5.3 Sensing and Processing of Quinine in Drosophila Larvaed Associative
Olfactory Learning

Surprisingly, the same set of 12 GRNs are dispensable for quinine-dependent
associative olfactory learning (Figures 21,J), revealing a different neuronal basis for
guinine-dependent punishment sensing and signaling. The neurons involved in the
alternative quinine signaling pathways are yet unknown. However, several
possibilities can be taken into consideration based on recent findings on sugar
reward processing in larvae and flies (Inoshita and Tanimura, 2006; Burke and
Waddell, 2011; Miyamoto et al., 2012; Rohwedder et al., 2012; Dus et al., 2013;
Gruber et al., 2013; Mishra et al., 2013) These studies suggest that sugar reward is
not due to a single-GRN-based signal, but on a more complex set of sensory inputs
that integrate different types of sensory information. If negative inputs are similarly
encoded, there are several possibilities that might signal punishing reinforcement in
larval odor-quinine learning. The following possibilities could occur alone or in
combination with GR66ai GR33a GRN signaling. First, an additional set of GRNs
may exist that internally measure the bitter quality of the consumed quinine, similar to
the internal fructose sensors in flies (Miyamoto et al., 2012; Mishra et al., 2013).
Second, feeding on an aversive substrate may measure the osmolarity of the
consumed food for an internal evaluation that is important for punishment processing
(Gruber et al., 2013). Third, the punishing signal of quinine may not, or only partially,
be related to GRN signaling. Instead, it may be an indirect consequence of its
harmful effect(s) after consumption (Figure 1C). Indeed, in honeybees it was shown
that quinine seems to induce a post-ingestional malaise-like state that retards
olfactory learning, induces mortality in a dose-dependent manner, and reduces the
behavioral response to the US and CS after appetitive olfactory conditioning

(devaluation) (Ayestaran et al., 2010). Therefore, honeybees possess an inherent
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ability to selectively associate gustatory cues with quinine-dependent malaise.
Larvae, similar to honeybees, may also learn to associate the negative effect on their
fitness with a given odor. It is not clear how such a cue could be measured and if this
process would be quick enough to be turned on and off within the required seconds.
Fourth, additional external quinine sensors may exist on the surface of the larvae.
Our analysis does not include the ventral organ, a small sensory organ that also
contains seven GRNs (Python and Stocker, 2002). Additionally, aversive information
might also be perceived by multidendritic neurons that cover the body wall. Such
neurons were recently reported to signal negative information for different sensory
modalities (Hwang et al., 2007; Xiang et al., 2010; Zhong et al., 2010). Taken
together, our data suggest that bitter punishment signaling is organized similarly to
reward signaling, as it is based on complex processing of different inputs

independent of, or in addition to, GRN signaling (Rohwedder et al., 2012).

554 The GR33a Receptor is Necessary for Quinine-Dependent Choice
Behavior

The GR66a-GAL4 and GR33a-GAL4 lines target the same GRNs because the genes
encoding GR66a and GR33a are co-expressed in the same neurons. Genetically
induced apoptosis of these neurons completely abolishes choice behavior (Figures
2C,D). However manipulating neuronal function does not demonstrate receptor
function. We therefore, used a set of receptor mutants to show that quinine-
dependent choice behavior relies on GR33a, but not GR66a receptor function
(Figure 3G). In adults, GR33a receptor function is required for responses to many
bitter substances including quinine, caffeine, denatonium, berberine, lobeline,
papaverine, and strychnine (Moon et al., 2009). However, GR66a receptor function

was shown to be dispensable for quinine-dependent responses in flies (Moon et al.,
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2006). This suggests conservation of receptor function for these GRs between the
two developmental stages. This is striking, as during metamorphosis the GRNs of the
larval TO undergo apoptosis and adult external GRNs are formed de novo (Gendre et

al., 2004).

Furthermore, adult flies and larvae may use GR33a as a bitter co-receptor,
comparable to the proposed role of the Orco receptor for the olfactory system
(Larsson et al., 2004). A similar role was also suggested for GR66a in flies (Weiss et
al., 2011). However, as GR33a-GAL4 and GR66a-GAL4 are potentially the only GRs
expressed in a single B1 neuron of the dorsolateral group of the TO (the information
is based on GAL4 expression data and may not reflect the endogenous GR gene
expression), both receptors cannot exclusively function as co-receptors that require

another GR for ligand specificity (Kwon et al., 2011).

5.5.5 Conclusions from the Larval System on Drosophila Gustation

A comparison of the larval and adult chemosensory systems shows that the former
includes larval-specific elements in the periphery and elements shared with the adult
system in the CNS (Python and Stocker, 2002; Colomb et al., 2007). Thi s A hybri d
organization is perhaps related to the transformation of the system during
metamorphosis, as its sensory components are almost completely replaced (Tissot
and Stocker, 2000; Gendre et al., 2004). Thus, any interpretation of data in the larval
system has to take into account its special larval design. Nevertheless, the parallels
between the larval and adult gustatory systems render larvae a valuable system to
comprehensively describe the functional principles of taste sensing. In particular, the
larval gustatory system offers a non-redundant organization that can be

experimentally interrogated through a combination of high-resolution behavioral
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analysis and cutting-edge neurogenetic tools for remote-control of the activity of

single neurons.
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6.1 Abstract

Caffeine is a widely consumed substance which strongly affects behaviour. Yet, the
molecular and neuronal background underlying caffeine perception and processing is
not entirely understood. Here, we use Drosophila larva as a simple, experimentally
accessible system to investigate caffeine information processing and the underlying
neuronal mechanisms. Caffeine induces avoidance behaviour in larvae, suppresses
feeding and decreases survival, however, caffeine does not reinforce aversive odour
associations. Only 12 gustatory sensory neurons of the larva co-express the bitter
receptors Gr33a and Gr66a. These neurons are necessary for caffeine avoidance.
Individual receptor gene mutants for these two genes show partially reduced
avoidance. Performing a neuronal screen to pinpoint total loss of caffeine avoidance
to single gustatory bitter neurons out of the Gr33a/Gr66a set identifies the single
Gr93a positive gustatory neuron of dorsal pharyngeal sensilla. This neuron responds
physiologically to caffeine. Both, the neuron and the Gr93a receptor gene function
are necessary for larvae to avoid caffeine. In conclusion, our data suggests that
caffeine is encoded using a dedicated sensory channel involving Gr93a. This finding
opens new avenues to investigate how caffeine affects behaviour by separating

stimulation of the sensory system from internal brain functions.

6.2 Introduction

Caffeine, a methylxanthine primarily derived from coffee trees and tea plants, is one
of the behaviourally active substances most commonly consumed by humans
(Clifford, 1985; Wintgens, 2012). Thus, during the last years - also partially motivated
by its importance for the food industry - significant efforts were initiated to elucidate
the neuronal and cellular background of caffeine sensing and processing in the brain.
Caffeine is known to improve alertness and arousal in humans and other mammals
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(Clifford, 1985; Wintgens, 2012). It has an impact on numerous behaviours, including
fine motor movements, attention and complex cognitive processes. However, its
influence on behaviours such as learning and memory are often contradictory

discussed (Bhatti et al, 2013; Butt & Sultan, 2011; Cano-Marquina et al, 2013).

In many cases simple insect model systems have provided valuable insights into the
actions of neuroactive compounds including caffeine, ethanol or cocaine (Devineni &
Heberlein, 2013; Li et al, 2000; Rothenfluh & Heberlein, 2002; Scholz & Mustard,
2013; Wolf & Heberlein, 2003). In addition, insects per se deserve to be investigated,
because they cause substantial damage to crops, maintain pollination and transmit
diseases to humans. Thus, it is regretful that the effect of caffeine on larval behaviour
of Drosophila, one of the most powerful genetic model organisms to date, was nearly
completely neglected, with only few exceptions (Nigsch et al, 1977a; Nigsch et al,

1977b; Vermehren-Schmaedick et al, 2011).

Only recently, the traditional genetic model organism Drosophila has emerged as a
promising system for the study of taste (Ashburner, 1984; Clyne et al, 2000;
Dunipace et al, 2001; Falk & Atidia, 1975; Heimbeck et al, 1999; Tanimura et al,
1988; Wang et al, 2004). Lately, even the simple Drosophila larva was introduced for
identifying neuronal and molecular aspects of gustatory perception and processing
(Apostolopoulou et al, 2014b; Colomb et al, 2007; Kwon et al, 2011; Mishra et al,
2013; Miyakawa, 1982). Thus, we here analyze how the Drosophila larva perceives

and processes caffeine via its simple peripheral nervous system.

Drosophila larvae perceive gustatory stimuli via three external chemosensory organs
located on the tip of the head and three additional internal organs located along the
pharynx (Campos-Ortega & Hartenstein, 1997; Python & Stocker, 2002; Singh &

Singh, 1984). The external organs are called dorsal organ (DO, which apart from
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gustatory has also olfactory function), terminal organ (TO) and ventral (VO) organ.
The internal organs located along the pharynx are called dorsal (DPS), posterior
(PPS) and ventral (VPS) pharyngeal sense organ (Python & Stocker, 2002; Singh &
Singh, 1984). In addition, a peripheral labial organ and a dorsal pharyngeal organ
were described (Gendre et al, 2004; Singh & Singh, 1984), although their
involvement in gustatory processing was not reported. Electron and light microscopy
studies suggest that only a total of about 90 gustatory receptor neurons (GRNS)
innervate these organs and transfer taste information via distinct nerves to the
suboesophageal ganglion (SOG) of the central nervous system i the first order taste
centre of the brain (Colomb et al, 2007; Python & Stocker, 2002; Singh & Singh,

1984).

To sense water, sugar, salt and bitter quality, GRNs express members of at least four
different gene families: (i) transient receptor potential channels (TRP), (ii) sodium
channels of the pickpocket gene family (PPK), (iii) chemosensory ionotropic
receptors (IRs), and (iv) seven-transmembrane gustatory receptors (GR) related to
odorant receptors (Al-Anzi et al, 2006; Benton et al, 2009; Cameron et al, 2010; Chyb
et al, 2003; Dahanukar et al, 2007; Liu et al, 2003; Miyamoto et al, 2012; Moon et al,
2006; Thorne et al, 2004; Weiss et al, 2011; Zhang et al, 2013). Regarding their
neuronal distribution within the different larval taste organs, only for the GR gene
family detailed information is available, based on expression studies using the Gal4-

UAS system (Kwon et al, 2011; Ling et al, 2014; Weiss et al, 2011).

Of the 60 gustatory receptor genes (GR genes) that encode 68 seven-
transmembrane receptors, 39 GR-Gal4 lines are expressed in mostly different
combinations in at least 16 neurons of the DO, TO, PPS, DPS, and VPS (the VO was

not analysed in the study) (Kwon et al, 2011). Mapping GR-Gal4 expression patterns
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to the dorsal and terminal organ allowed Kwon and colleagues (2011) to establish a
receptor-to-neuron map. 28 GR-Gal4 lines are expressed in 10 different GRNs of the
DO (2 neurons, called A1l and A2) and TO (8 neurons, called B1, B2 and C1-C6).
Unfortunately the map does not include the pharyngeal sensilla. However, as some
of the GR-Gal4 lines are expressed exclusively in single neurons, the existing
anatomical description can serve as a prerequisite for the functional analysis of the

gustatory system on single cell level (Apostolopoulou et al, 2014b).

Of special interest for caffeine perception are 12 GRNs (B1, B2 and C1-C4) of the TO
and 6 additional GRNs internally along the pharynx (2 neurons are located in each of
the DPS, VPS and PPS organs, respectively) (Apostolopoulou et al, 2014b; Kwon et
al, 2011). These GRNs co-express the GR genes Gr33a and Gr66a, which in adult
flies 1 together with GR93a i were reported to be involved in caffeine sensing (Lee et
al, 2009; Moon et al, 2006; Moon et al, 2009). In detail, Gr33a was suggested to be a
receptor required for the perception of many different bitter substances and therefore
was proposed to function as a co-receptor for bitter sense in general (Moon et al,
2009). Gr66a and Gr93a, however, show a specific response to caffeine and other
methylxanthine derivatives such as theophylline (Lee et al, 2009). Yet information is
limited to the adult stage as there is no data available on caffeine sensing or

processing for the larva.

In the present study, we show that larvae can sense caffeine and their behaviour
(avoidance behaviour, feeding, and survival) is negatively affected by the presence of
this substance, likely in a dose-dependent manner. However, caffeine does not
provide a reinforcing function in a classical associative olfactory learning paradigm.
On the neuronal level, we show that twelve Gr66a-Gal4 and Gr33a-Gal4 positive

neurons are necessary for caffeine avoidance and are partially required for caffeine-
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reduced feeding. Of these 12 neurons, a single one, which is located in the
pharyngeal DPS and co-expresses Gr66a, Gr33a and Gr93a, is of special
importance for caffeine sensing. This neuron shows a physiological response to
caffeine. In addition, its neuronal and Gr93a receptor gene function is necessary for

larvae to avoid caffeine.

6.3 Materials and Methods

6.3.1 Fly stock and maintenance

Flies were maintained on standard Drosophila medium at 25°C. Wild type flies were
of the CantonS strain (WTCS). For all behavioural experiments, flies were transferred
to new vials and allowed to lay eggs for two days. The experiments were performed
five or six days after egg laying. 3" instar feeding stage larvae were used in groups
of about 30 animals. GR-Gal4, UAS-hid,rpr and UAS-mCD8::GFP stocks were kindly
provided by the Carlson, Scott, Sprecher and Tanimoto labs. UAS-GCaMP6m and
the mutants for the GR genes (Gr66aex83, Gr33a(1l) and Gr93a(3)) were obtained
from the Bloomington Stock Center. Orco mutants were provided by the Galizia lab.

w1118 was crossed to different lines for heterozygous controls.

6.3.2 Caffeine-dependent gustatory choice behaviour

Petri dishes were filled with 1.0% (w/ml) agarose solution (agarose in ddH,O heated
up in a microwave oven). After cooling down, the agarose solution was removed from
one half of the plate, which was then filled with the 1.0% (w/ml) agarose-caffeine
mixture (caffeine; Sigma Aldrich cat. no.: 27600). The concentrations of caffeine used
for each experiment are described in the respective part of the results. At the
beginning of the experiment, larvae were placed in a 1 cm middle zone (along the
axis dividing the plate into two halves) of the test plate and were allowed to move

153



freely. After 5 min, the larvae on the caffeine side, on the pure agarose side and in
the middle, neutral zone were counted. A Preference Index for each measurement

was calculated as follows:

Preference I ndex = (# caffeine sid

Negative Preference Indices indicate gustatory avoidance behaviour for caffeine.

6.3.3 Caffeine-dependent olfactory choice behaviour

Petri dishes were filled with 1.0% (w/ml) agarose solution (agarose in ddH,O heated
up in a microwave oven). An odour container (see below) filled with 10¢l caffeine was
placed on one side of the Petri dish. At the beginning of the experiment, larvae were
placed in a 1 cm middle zone of the plate and were allowed to move freely. After 5
min, the larvae on the caffeine side, on the opposite side and in the middle zone
were counted. The Preference Index for each measurement was calculated as
follows:

Preference I ndex = (# caffeine si

6.3.4 Feeding

For control experiments, Petri dishes were filled with a solution of 1% (w/ml) agarose
and 2% (w/ml) indigo carmin (Sigma Aldrich cat. no.: 73436). Petri dishes for
experimental groups were filled with a solution of 1% (w/ml) agarose, 2% (w/ml)
indigo carmin and 50 mM caffeine (no caffeine for the control). During the assay,
larvae of all groups were allowed to feed on dishes for 30 min. They were then
washed in tap water and homogenized 1in

Aldrich cat. no.: A7506). The homogenate was centrifuged for 5 min at 13,400 rpm

and the supernatant was filtered using a syringe filter (millipore, 5-e m por es)
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new Eppendorf cup. Subsequently, the mixture was centrifuged again for 5 min at
13,400 r pm. 1 0 ;ataotlwasdofided omte a 95wl @late (Hartenstein,
Wirzburg, Germany). The absorbance of each mixture was measured at 610 nm
using an Epoch spectrophotometer (BioTek, Bad Friedrichshall, Germany). To
calculate the final absorbance of each single measurement, the mean absorbance of
the blank control (1 M ascorbic acid) was subtracted from the absorbance of the

relative mixture.

Absorbance = absorbance of the mixture

6.3.5 Survival on caffeine diet

Vials prepared for the control group were filled with 1% (w/ml) agarose solution. Vials
prepared for experimental group were filled with 1% (w/ml) agarose and 50 mM
caffeine. Twelve wild-type 1st instar larvae were placed in each vial and kept at 25°C
during the experiment. The number of surviving larvae was counted each day for 7
consecutive days. During the experiment, drops of tap water were occasionally
added to the vials to prevent dehydration. The relative survival of the larvae in each
vial was calculated every day by dividing the number of alive larvae on this day with

the total number of larvae on day 1.

Relative Survival = # living larvae on a specific day / # total larvae on day 1

6.3.6 Caffeine-associative olfactory learning

For the learning experiments, Petri dishes, filled with either 1% (w/ml) agarose
solution or 1% (w/ml) agarose and 50 mM caffeine mixture, were used. 10 €l 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 as olfactory stimuli.
The odorants were loaded into custom-made Teflon containers (4.5-mm diameter)

with perforated lids as described in Scherer et al. (2003). During training, a first group
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of 30 animals were exposed to AM (AM+) while crawling on agarose medium
containing caffeine 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 for 5 min, being
simultaneously exposed to OCT (OCT). A second group of larvae received the
reciprocal training (OCT+, AM). After three training cycles, larvae were transferred
onto test plates that contained caffeine and 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 in a 1-cm neutral middle zone. A preference index 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.

Prefamsoct= ((# AM 1 # OCT) / # t ot al

PrefQCT+/AM: ( # AM 1 # OCT) / # tot al

A Performance Index (PI) was calculated from the Preference Indices of the two

reciprocally trained groups as follows:

Pl = (Prefamoct T Prefoctsiam) / 2

Negative Pls represent aversive caffeine-induced olfactory learning.

A similar experimental design was used for the experiment presented in Figure 1E.
However, in this case, 2M fructose was used as a positive reinforcer during the
training phase (but not during test). In addition, a pre-exposure phase was introduced
before the actual learning assay. A control group of animals was pre-exposed for 45

min before the learning assay on a pure agarose plate (labelled in the figure as

Awi t hoaxXpopsruer eo) , wher eas an e-exposed omeeS0t a l
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performed similarly as for the learning experiment described above.

6.3.7 Statistical analysis for behavioural experiments

Kruskali Wallis test followed by Wilcoxon rank sum test and Holmi Bonferroni
correction was used for multiple comparisons. Wilcoxon signed ranked test was used
to compare one group against chance levels. Statistical analysis was performed with
R version 2.14.0 and Windows Excel 2010. The behavioural data were presented as
boxplots. 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, z for p < 0.05, z Zor p < 0.01, and z z far p < 0.001.

For the survival experiments 15 vials, each of which contained 12 larvae, were used
per group. Thus, in total 180 larvae were used per group for the statistical analysis.
Kaplani Meier survival curves were plotted for the representation of the data. Log-
rank tests including pair-wise comparisons were performed to detect an overall
difference among the curves. To detect differences between two groups for single
days proportion tests were performed, comparing the number of survivors since day

0 between groups.

6.3.8 Confocal microscopy

Dissection of 3rd instar larvae was performed in phosphate-buffered saline (PBS).
After fixation in 3.7% formaldehyde (Merck, Darmstadt) in PBS for 30 min, brains or
heads were washed seven times in PBT (PBS with 3% Triton-X 100, Sigma-Aldrich,

St. Louis, MO). Next, 5% normal goat serum (Vector Laboratories, Burlingame, CA)

157



in PBT was added for 2 h. First antibodies were applied for 2 days at 4°C. Samples
were then washed six times with PBT. Secondary antibodies were applied for 2 days
at 4°C and specimens were washed eight times with PBT. Finally, samples were
mounted in Vectashield (Vector Laboratories) between two cover slips and stored at

4°C in the dark.

Anti-GFP [Anti-GFP Rabbit, polyclonal serum, A6455, Molecular Probes, (Eugene,
OR), 1:1000] was used to label the GRs expression in the SOG or TO. Anti-ChAT
[ChAT4B1 Mouse, monoclonal ChAT4B1, DSHB (lowa City, 1A)1:100] was applied to
label the neuropil, whereas anti-Fasll [1D4 anti-Fasciclin 1l Mouse, monoclonal, 1D4,
DSHB (lowa City, 1A) 1:50] was used to label the axonal tracts of the SOG. Anti-elav
[Anti-elav mouse, DHSB (lowa City, 1A), 1:100] served to visualize neuronal nuclei
within the TO. As secondary antibodies, we used IgG Alexa Fluor 488 (goat anti-
rabbit IgG Alexa Fluor 488, A11008; Molecular Probes, 1:200) and 1gG Alexa Fluor
647 (goat anti-mouse IgG Alexa Fluor 647 A21236; Molecular Probes, 1:200).
Images were obtained using a Zeiss LSM510 confocal microscope with a x25 oil
immersion objective. Image stacks were projected and analysed with Image-J (NIH)
software. Photoshop (Adobe Systems Inc., San José, CA) was used for contrast and

brightness adjustment as well as for rotation and organization of the images.

6.3.9 Scanning electron microscopy

For SEM, larvae were bathed in hot water for 1.5 to 2 min. Fixation was carried out in
2.5 % glutaraldehyde buffered in 0.05 M Na-cacodylate buffer (pH 7.4, 396 mOsm) at
4°C. After 1/2 h, approximately the anterior third was cut off and put back in fresh
fixative for additional 18 h at 4°C. After fixation, samples were washed three times for

10 min, respectively, in 0.1 M Na-cacodylate (pH 7.4), followed by post-fixation in 1 %
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osmium tetroxide (OsO4) for 2 h at 4°C. After additional washing steps (3 x 10 min
with 0.2M Na-cacodylate, pH 7.4), specimens were dehydrated in ascending ethanol
concentrations and then transferred into a critical point device (Bal-Tec CPD 030,
Liechtenstein) and dried via CO,. After mounting on aluminium stubs with CCC
(Conductive Carbon Cement, Plano GmbH), specimens were coated in a sputter
coater (Balzers SCD 030, Liechtenstein) with 5 nm gold-palladium in order to
enhance conductivity. Samples were examined in a FESEM Auriga TM Crossbeam
workstation (Zeiss, Germany). Images were analysed and processed with Image J

software.

6.3.10 Calcium imaging

For calcium imaging experiments, 2" and 3" instar larvae of the F1 generation,
derived from a cross of flies carrying either GR93a-Gal4 or the genetically encoded
calcium sensor UAS-GCaMP6m, were used. These larvae expressed the calcium
sensitive reporter protein GCaMP6m in the single GR93a GRN, which is located in
the DPS, at the dorsal side of the pharynx. To visualize the Gr93a neurons, larvae
were prepared as follows: first, two thirds of the caudal part of the larval body were
torn off; this reduces body movements. Only the rostral part, including mouth hooks,
pharynx and the brain, was kept. Second, the head cuticle was opened dorsally to
improve visibility of the GRN. Then the preparation was fixed with minutien needles
to allow visual access from dorsal direction to the Gr93a neurons. It was bathed in
Drosophila ringer solution (130 mM NacCl, 36 mM sucrose, 5 mM KCI, 5 mM HEPES,
2 mM CacCl,, and 2 mM MgCl,, pH 7.3; Estes et al., 1996). Movements of the mouth
hooks and the anterior body part were not completely abolished in these
preparations, but largely reduced. The calcium responses of the Gr93a neuron to

caffeine (25 mM) and fructose (25 mM) stimuli were recorded using a Zeiss LSM 510
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Meta confocal microscope (Zeiss, Jena, Germany) equipped with a Zeiss water-
i mmer si on objectApec hrZematsdRWDKPI0,aZeissS Jena,
Germany). Excitation light was provided by an Argon laser tuned to 488 nm. The
intensity of the laser was adjusted for every larva individually in the range between 2
to 20 % to obtain similar basal fluorescence values. Emission light was filtered by a
bandpass filter (BP 500-530 IR). Imaging frames, typically 256 x 256 pixels (and 4-
fold zoom), were acquired with a frame rate of ~4 Hz. The focus plane was adjusted
on the Gr93a neuron somata such that at least one of the two cells was with its
brightest layer in the focus plane. This ensured that any fluorescence increase could
be judged as a calcium signal and excluded the possibility of being a movement

artefact.

Gustatory stimulus application

Caffeine or fructose stimuli (both 25 mM, dissolved in Drosophila ringer) were applied
with a custom-built gustatometer with computer-controlled valves. It consisted of a
flow channel in which the larva was fixed. The protocols for stimulus application
started with a constant ringer flow for 30 s to allow for recording of the background
fluorescence. Then, the ringer flow was stopped; instead, caffeine or fructose was
applied in a constant flow for 20 s. After the 20 s flow, the valve was closed and the
caffeine or fructose was left for again about 20 s in the chamber until the end of the
recording. After recording, the preparation was washed with ringer for a few minutes

before the next recording started (inter stimulus interval ~2-8 min).

Data Analysis

First, the calcium imaging recordings were corrected for movement artefacts,
because the Gr93a neuron somata moved in X, y and z directions. Most movements

in X and y directions were corrected using the Align slices in stack function in ImageJ
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(1.48v) (http://imagej.nih.gov/ij). Then, the calcium response time traces were
extracted from the somata by selecting a circular or elliptical region of interest (ROI).
Residual movement in x and y direction was corrected manually in the time traces by
replacing a particular fluorescence value of the ROI of a shifted frame with the correct
value, when manually shifting the ROI onto the soma. Movement in z direction was
observed as strong fluorescence decreases in the recordings as well as in the
resulting time traces, when the neuron left the focal plane. These z movement
artefacts were corrected in the time traces by replacing the values of the affected
frames with linear interpolation values of the neighbouring frames. In this procedure,
great care was taken to only replace z movement artefacts and each replacement
step was carefully performed under observation of the raw data. On the other hand,
to make sure that any recorded fluorescence increase during the recording was
definitely a neuronal response and not just due to a focus drift, before recording, the

focus was always set to the brightest layer of the single neuron.

The following data analysis was performed on the movement-corrected time traces.
The basal background fluorescence Fy of a selected ROI was calculated for each
recording as the mean fluorescence of frames 0-120, which were the frames before
stimulus application. Then, the fluorescence change g Fwas calculated as F;-Fq (with
F, being the fluorescence value at each time point (i) during the recording) and
divided by Fo for normalization within an animal. To allow for the equal contribution of
the responses of each animal to the pooled response curve, all recorded F f
signals of one animal were rescaled to the highest signal within this animal (which
was set to 1). Animals were then pooled according to the order of stimulus
application (i.e. first stimulus: caffeine, second stimulus: fructose, N=6, Figure 7 C
and D; or first stimulus: fructose, second stimulus: caffeine, N=6, Figure 7 E and F).
The mean time traces with the standard error are shown.
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6.4 Results

6.4.1 Caffeine induces avoidance behaviour, suppresses feeding and reduces
survival

To analyse how caffeine affects larval behaviour, we performed a set of four well-
established experiments, including caffeine-dependent choice behaviour, feeding,
survival and associative olfactory learning (Apostolopoulou et al, 2014a;
Apostolopoulou et al, 2014b; Niewalda et al, 2008; Rohwedder et al, 2012; Scherer

et al, 2003; Schipanski et al, 2008).

To assess if naive wild type larvae (WTCS) are attracted to or avoid caffeine, we
tested different concentrations ranging from 0 mM to 50 mM. On control Petri dishes,
in which no caffeine was added to the agarose, larvae distributed randomly (n.s.
against chance levels; Figure 1A). However, when groups of larvae were allowed to
choose between caffeine-containing agarose medium and pure agarose medium
presented in half-half plates (Figure 1A), increasing concentrations of caffeine
resulted in increasing avoidance of the caffeine-containing medium (p<0.05 for 0.5
mM, p<0.01 for 5 mM, p<0.001 for 50 mM and p<0.001 for 500 mM caffeine against
chance levels; Figure 1A). Above 50 mM, caffeine-dependent choice behavior
reached a maximum response or slightly decreased. In the next experiment, we
assessed if larval feeding is altered on an agarose medium containing 50 mM
caffeine compared to a control medium of pure agarose only (Figure 1B). Obviously,
feeding at this caffeine concentration was strongly suppressed in the experimental
group (p<0.001) compared to the control group (Figure 1B). Given this anti-feeding
function, we next investigated, whether a caffeine-containing diet affects larval
survival (Figure 1C). It was already reported that animals exposed during larval

stage to caffeine show reduced adult survival (Nigsch et al, 1977a). Here, however,
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Figure (1): Caffeine affects larval choice behaviour, feeding and survival but does not reinforce
associative olfactory learning. (A) Wild-type larvae avoid caffeine in concentrations ranging
between 0.5 and 500 mM in a dose dependent manner. (B) Feeding on a substrate that contains 50
mM caffeine (red box) is significantly reduced compared to baseline feeding on a pure agarose
substrate (blue box and line that represents its median). (C) Survival of wild-type larvae on an agarose
substrate which contains 50 mM caffeine (red) is reduced in comparison to survival on pure agarose
substrate (blue). (D) 5 mM or 50 mM caffeine applied in a standard assay to test for associative
olfactory learning fails to express a reinforcing function. In both experimental groups, the behaviour is
not different from random choice. (E) 50 mM caffeine pre-exposure for 45 minutes does not affect
fructose-induced associative olfactory learning. Thus, caffeine per se does not impair the
establishment of a different type of associative olfactory learning. Sample size for each box plot is n >
12. Differences against random distribution are given at the top of each panel in A, B, D and E.
Differences between groups are presented under the related box-plots in E (n.s., non-significant p >
0.05, *p < 0.05, **p < 0.01, or ***p < 0.001). Small circles indicate outliers.
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we specifically tested if daily caffeine consumption specifically affects larval survival
(measured each day as the number of surviving larvae). In detail, we placed first
instar larvae in vials containing agarose mixed with 50 mM caffeine and compared
the number of surviving animals in comparison to a control group placed on pure
agarose. From the first day onwards, first instar larvae showed reduced survival
compared to larvae in pure agarose vials. On 50 mM caffeine diet, no larval survivors
are left after day 3, whereas on pure agarose, larval survivors were still present after
day 5 (Figure 1C). Thus, in summary our results suggest that larvae perceive
caffeine as a negative stimulus, as it elicits avoidance, strongly suppresses feeding

and significantly reduces larval survival.

Several studies have shown that gustatory stimuli, such as high salt concentration
and quinine, can be used as negative reinforcers to induce associative olfactory
learning (Apostolopoulou et al, 2014b; Gerber & Hendel, 2006; Honjo & Furukubo-
Tokunaga, 2009; Schleyer et al, 2011; Selcho et al, 2009). To test whether caffeine
can be used as a reinforcer we used a similar approach. We presented an odour A
together with 50 mM caffeine fApuni shme
a group of 30 wild type larvae. Then we transferred the larvae onto a second plate
that only contained pure agarose and an odour B (Figure 1D). The training was three
times repeated. Afterwards, during the test phase we let the larvae choose between
the two odours A and B. Notably, wild-type larvae failed to establish or recall odour-
caffeine associations and randomly distributed on the plate at the end of the test (n.s.
against chance levels when 50 mM caffeine was used as a reinforcer; Figure 1D).
The same result was obtained when 5 mM caffeine was used as a reinforcer (n.s.
against chance levels, Figure 1D). To rule out the possibility that the 45 minutes of
caffeine exposure itself (which approximately equals to the duration of a complete
learning experiment) impairs the larval performance in general, we performed an
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additional control experiment. We pre-exposed larvae on agarose containing 50 mM
caffeine for 45 minutes and tested them directly afterwards for their ability to form a
fructose-reinforced appetitive odour association (Figure 1E) (Neuser et al, 2005;
Scherer et al, 2003). Here, an odour A was paired with a fructose reward dissolved in
the agarose, whereas an odour B was paired with pure agarose. As caffeine pre-
exposure had no effect on fructose-induced learning (p<0.001 against chance levels
for random distribution), we could show that caffeine pre-exposure does not reduce
or abolish larval learning per se and actually allows experimental animals to form
odour-fructose reward associations on a control level (Figure 1E, n.s when the
performance of pre-exposed animals is compared to the performance of control
larvae without pre-exposure). Thus, caffeine does not seem to serve as a negative
reinforcer for Drosophila larvae in associative olfactory learning, at least under the

conditions tested.

6.4.2 The larval gustatory system

The simple chemosensory system of Drosophila larvae was described in several
studies on the light and electron microscopic level (Campos-Ortega & Hartenstein,
1997; Colomb et al, 2007; Kwon et al, 2011; Singh & Singh, 1984). Figure 2A
summarizes the organization of the larval gustatory system (adapted from Gerber
and Stocker 2007). It shows the external (DO, TO and VO) and internal sensory
organs (DPS, VPS and PPS), their corresponding ganglia and the nerves projecting
to the central nervous system. Based on this scheme, we localized the external
sensory organs via scanning electron microscopy (SEM) of wild-type larvae (Figure
2B). The DO at the tip of the larval head is the principal olfactory organ; however, six
sensilla surrounding the so-called dome, a prominent multiporous cuticle structure,

are assumed to serve gustatory function and other modalities (Figure 2C) (Python &
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Figure (2): Anatomy of the larval gustatory system (A) Schematic diagram of the larval gustatory
system depicting the external and internal gustatory organs (DO, TO, VO and DPS, VPS, PPS,
respectively), their respective ganglia and their connections to the suboesophageal ganglion (modified
from Phyton and Stocker, 2002). (B) High-resolution scanning electron microscope (SEM) image of
the larval head highlighting the dorsal organ (DO), terminal organ (TO) and ventral organ (VO). (C)
SEM image focusing on the DO and TO in higher magnification. (D) SEM image focusing on the VO in
higher magnification. The VO is located behind two rows of cirri. (E) Light microscopy: Dorsal view of
the larval head region which shows the DO, the TO and the dorsal pharyngeal sensilla (DPS). Due to
the dorsal orientation the ventral pharyngeal sensilla and the posterior pharyngeal sensilla are hidden
under the pharynx and are not visible. The respective ganglia of the DO and the TO called DOG and
TOG are identified using an anti-elav marker. (F-G) Each of the two channels merged in E are shown
individually in F (anti-elav channel in magenta) and G (transmission light channel). MH: Mouth hooks.
Scale bars: B: 20pm; C: 15um; D: 2um; E-G: 100pm.
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Stocker, 2002; Singh & Singh, 1984). The TO is located in close proximity to the DO,
though more ventrally. It comprises 15 to 17 sensilla responding to different
modalities. According to their fine structure and to electrophysiological studies, most
of them might be gustatory (Figure 2C) (Oppliger et al, 2000; Python & Stocker,
2002; Singh & Singh, 1984). The VO is located on the ventral side of the cephalic
lobes and hidden behind a row of cirri. It consists of four or five multineuronal sensilla
and potentially serves gustatory as well as mechanosensory function (Figure 2D)

(Python & Stocker, 2002; Singh & Singh, 1984).

Next, we used light microscopy to identify the pharyngeal sensory organs DPS, VPS
and PPS besides the external sense organs. To this end, we labelled
immunohistochemically the nuclei of all neurons located in the larval head region with
an anti-elav antibody (Gendre et al, 2004). Figure 2E-G shows a partial z-projection
of the larval head in a horizontal view, highlighting the ganglia of the DO, TO and
DPS. In summary, we were able to identify all sensory organs reported before in
various studies (for the VO, DPS and PPS data are not shown) and established an
immunohistochemical technique to perform double labelling experiments for mapping

GR-Gal4 expression patterns onto the larval gustatory system.

6.4.3 Gr66a and Gr33a neurons are necessary for caffeine avoidance and play a
role in reduced caffeine feeding

According to Kwon and colleagues (2011), the bitter receptors Gr66a and Gr33a are
co-expressed in a total of only 12 GRNs, namely: (i) in two neurons in the
dorsolateral group of sensilla of the terminal organ (TO), named B1 and B2, (ii) in
four neurons in the distal group of TO sensilla, named C1-C4, (iii) in two neurons of

the DPS here called D1 and D2, (iv) in two neurons of the VPS here called E1 and
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E2 and (v) in two neurons of the PPS here called F1 and F2 (for a schematic view
see Figure 3C). We confirmed these anatomical results by expressing UAS-
mCD8::GFP via a previously published Gr66a-Gal4 line (Apostolopoulou et al, 2014b;
Colomb et al, 2007) and via the Gr33a-Gal4 line published by Kwon and colleagues
(2011) in whole mounts using anti-GFP and anti-elav antibody staining (Figure 3A

and 3B).

To analyse the gustatory function of -these
Gal4 and Gr33a-Gal4 with the apoptosis-inducing reporter UAS-hid,rpr
(Apostolopoulou et al, 2014b). Ectopic expression of these genes induces apoptosis
through caspase activation (Kurada & White, 1998; White & Steller, 1995; White et al,
1996). These experimental larvae and their appropriate controls were then tested for
caffeine-dependent choice behaviour (Figure 3D and 3E) and feeding (Figure 3F
and 3G). Ablation of the complete set of 12 GRNs via Gr66a-Gal4 or Gr33a-Gal4,
completely abolished the caffeine-dependent avoidance for 50 mM (Figure 3D and
3E, p>0.05 when comparing the experimental groups against chance level). Thus,
the results suggest that only 12 GRNs encode the caffeine-dependent information

that is necessary for the larva to express its choice behaviour.

Given that larval feeding is strongly suppressed in the presence of caffeine, we next
wanted to investigate whether this behaviour is also dependent on Gr66a-Gal4 or
Gr33a-Gal4 neuronal output. Ablating Gr66a-Gal4 neurons increased feeding on a
50 mM caffeine containing substrate compared to only one experimental control
(Figure 3F, p>0.05 compared to the Gal4 control, p<0.05 as compared to the UAS-
hid,rpr control). Ablating Gr33a-Gal4 neurons increased feeding on a 50 mM caffeine

containing substrate compared to both controls (Figure 3G, p<0.001 compared to the
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Figure (3): Gr66a- and Gr33a-Gal4 positive neurons are necessary for caffeine-dependent
choice behaviour and are partially required for caffeine-dependent feeding. (A-B) Gr66a-Gal4
and Gr33a-Gal4 are expressed in two neurons innervating the DOG, in four neurons innervating the
TOG, in two neurons innervating the DPS, in two neurons innervating the VPS and in two neurons
innervating the PPS. Each panel shows a double labelling of all neurons of the respective ganglia by
anti-elav (magenta) and a specific staining for each Gal4-positive neuron by anti-GFP (green). (C)
Schematic representation summarizing the expression pattern of Gr66a-Gal4 and Gr33a-Gal4 in the
set of twelve bitter neurons of the TO, DPS, VPS and PPS. Eah black box represents a single GRN.
The name for each GRN is given in red. (D-E) Genetic ablation of Gr66a- or Gr33a-Gal4-positive
GRNs via the apoptosis inducing genes hid and rpr leads to the complete loss of caffeine-dependent
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choice behaviour. (F-G) When Gr66a- and Gr33a-Gal4-positive GRNs are genetically ablated, there is
a slight increase in larval feeding behaviour on substrates containing 50 mM caffeine. This increase
does not reach the control feeding levels of wild type larvae on pure agarose. TO: terminal organ,
DOG: dorsal organ ganglion, TOG: terminal organ ganglion, DPS: dorsal pharyngeal sense organ,
VPS: ventral pharyngeal sense organ, PPS: posterior pharyngeal sense organ. Sample size for each
box plot is n > 12. Differences against random distribution are given at the bottom of each panel in D
and E. Differences between experimental groups are depicted above the respective box plots in D, E,
F and G (n.s., non-significant p > 0.05, *p < 0.05, **p < 0.01, or ***p < 0.001). Small circles indicate
outliers. Scale bars: A and B: 10um

Gal4 control, p<0.01 as compared to the UAS-hid,rpr control). However, the
observed increase in feeding is only partial as it never reaches the wild type feeding
level on pure agarose levels (Figure 3F and 3G, p<0.001 for Gr66a-Gal4/UAS-hid,rpr
and p<0.001 for Gr66a-Gal4/UAS-hid,rpr compared to wild type controls). Taken
toget her, our results suggest that the
in the expression patterns of Gr66a-Gal4 and Gr33a-Gal4 for caffeine-dependent
feeding is minor. Obviously, for this specific behaviour i in contrast to choice

behaviour - additional sensory input is necessary.

6.4.4 GRNs of the TO are not required for caffeine-dependent choice behaviour
No more than 12 GRNs located in the TO (periphery) or along the pharynx (DPS,
VPS and PPS) are required for the caffeine-dependent choice behaviour (Figure 3D
and 3E). To pinpoint the loss of caffeine-dependent avoidance to individual GRNSs,
we performed a functional screen by genetic ablation of single GRNs. In detail, based
on the receptor-to-neuron map recently established by Kwon and colleagues (2011),
information for GR-Gal4 lines is available that only express Gal4 in single,
anatomically defined neurons of the TO. In particular, it is possible to specifically
ablate T e.g. by expressing hid and rpr i the B2 (Grl0a-Gal4), C1 (Gr36c¢-Gal4), C2
(Gr47b-Gal4 and Gr94a-Gal4) and C3 neuron (Gr97a-Gal4) of the TO. We have
recently successfully applied such an approach for identifying single GRNs of the TO

that signal quinine-dependent bitter information necessary for larval choice behaviour
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(Apostolopoulou et al, 2014b). Here, we have expanded the approach to caffeine-

dependent choice behaviour (Figure 4).

As a first step, we anatomically re-analysed all Gal4 lines which we intended to use
for our behavioural screen. We crossed them with UAS-mCD8::GFP and analysed
the expression patterns in the DO, TO, DPS, VPS and PPS by anti-GFP and anti-
elav double labelling. In contrast to our earlier study (Apostolopoulou et al, 2014b)
and the work of Kwon and colleagues (2011), this allows us to increase the sensitivity
of the anatomical analysis while having a reference to visualize the nuclei of all
neurons. In addition, we have expanded our analysis onto the pharyngeal sense
organs (Figure 4, second column). In line with the two earlier studies, four of the five
lines tested expressed Gal4 specifically in one neuron of the TO (Grl0a-Gal4 in the
B2 neuron; Gr36¢c-Gal4 in the C1 neuron; Gr94a-Gal4 in the C2 neuron; Gr97a-Gal in
the C3 neuron). However, Gr47b-Gal4 showed additional weak expression in three
neurons of the TO, DPS and VPS besides its reported expression in the C2 neuron

(Figure 4G and indicated by the arrows in 4H).

Based on the anatomical verification of the expression patterns of the Gr-Gal4 lines,
we crossed each line with UAS-hid,rpr, to ablate the relative neurons. Then, we
tested experimental larvae and their appropriate controls in the caffeine-dependent
choice assay (Figure 4, third column). Ablation of any of the B2 (Figure 4C), C1
(Figure 4F), C2 (Figure 4l and 4L) and C3 (Figure 40) neurons alone did not
significantly reduce the larval avoidance for 50 mM caffeine (p>0.05 for each
experimental group when compared to their relative controls). Thus, we conclude that
individual GRNs of the TO are not necessary for caffeine dependent choice

behaviour.
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Figure (4): Individual GRNs of the terminal organ are dispensable for caffeine-dependent
choice behaviour. The first column shows a schematic overview of the expression patterns of the
different Gal4 drivers expressed in single neurons in the TO, DPS, VPS and PPS. The used Gal4
drivers include; GR10a-Gal4 (A-C), Gr36c-Gal4 (D-F), Gr47b-Gal4 (G-l), Gr94a-Gal4 (J-L) and Gr97-
Gal4 (M-0). The second column shows the expression pattern of the respective drivers crossed with
UAS-mCD8::GFP in the TO, DPS, VPS and PPS using immunohistochemistry (B, E, H, K and N). For
visualization, the samples are stained with anti-GFP (green) and anti-elav (magenta) antibodies. In
general, we observe similar anatomical results as published before, with the exception of Gr47b-Gal4,
which, when using the more sensitive technique, labels three additional neurons located in the TO,
DPS and VPS, respectively (the additional neurons are marked as +1 in G and are highlighted in panel
H by arrows). The third column shows the results for caffeine-dependent choice behaviour when single
TO neurons are ablated (Gr47b Gal4 expression now includes four neurons). The single TO neurons
are genetically ablated by crossing the respective Gal4 drivers with UAS-hid,rpr in order to induce
apoptotic cell death. Ablation of B2, C1, C2 or C3 neurons of the TO does not affect caffeine-
dependent choice behaviour (C, F, I, L and O). TO: Terminal Organ, DPS: Dorsal Pharyngeal Sense
Organ, VPS: Ventral Pharyngeal Sense Organ, PPS: Posterior Pharyngeal Sense Organ. Sample size
for each box plot is n > 12. Differences between experimental and control groups are depicted above
the respective box plots (n.s., non-significant p > 0.05; Small circles indicate outliers). Scale bars: in all
panels 10pum.

6.4.5 Gr66a and Gr33a receptor genes play a role in caffeine-dependent choice
behaviour

Given the lack of phenotype in the single-cell ablation experiments, but also given
that Gr66a-Gal4 and Gr33a-Gal4-positive neurons are in fact necessary for caffeine
avoidance, we next investigated on the molecular level whether the receptor genes
Gr66a and/or Gr33a contribute to caffeine-dependent choice behaviour. Flies which
lack Gr66a or Gr33a receptor genes exhibited reduced -caffeine-dependent
avoidance and eliminated electrophysiological responses to caffeine (Moon et al,
2006; Moon et al, 2009). To investigate whether for larval caffeine-dependent choice
behaviour Gr66a and Gr33a receptor gene function is also required, we assessed the
two receptor gene mutants Gr66aex83 and Gr33a(l) in the 50 mM caffeine
avoidance assay described above. Both mutants showed indeed reduced caffeine
avoidance as compared to the w1118 control larvae (Figure 5, p<0.01 for both
mutants comparing to the control). However, in both mutants, a residual caffeine-
dependent choice behaviour remained (Figure 5, p<0.01 against chance levels for
both mutants). In summary, the data confirm a role for both receptor genes - Gr66a

and Gr33a - in caffeine avoidance at the larval stage.
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Figure (5): The GR genes Gr66a and Gr33a are partially required for caffeine-dependent choice
behaviour. Gr66a and Gr33a receptor mutants, called Gr66aex83 and Gr33a(l), respectively, show
reduced caffeine-dependent choice behaviour compared to the w1118 control larvae. Sample size for
each box plot is n > 12. Differences against random distribution are given at the bottom of each panel.
Differences between experimental groups are depicted above the respective box plots (**p < 0.01 and
***n < 0.001; Small circles indicate outliers).

6.4.6 Gr93a GRN function and Gr93a gene function are necessary for caffeine-
dependent choice behaviour

Interestingly, Lee and colleagues (2009) reported that in flies mutations in the Gr93a
receptor gene resulted in a behavioural phenotype identical to that caused by Gr66a
mutations. This included the inability to avoid caffeine and the elimination of caffeine-
induced action potentials. However, Gr93a mutant flies displayed normal responses
to other aversive compounds or to sugars (Lee et al, 2009). Based on their results,
the authors proposed that in flies both receptors may be caffeine co-receptors.
Remarkably, in larvae, Gr93a-Gal4 was previously reported to be expressed in a

single GRN of the DPS (Kwon et al, 2011). These data are confirmed by our Gr93a-

Gal4/UAS-mCD8::GFP preparations: they showed a single neuron, named here D1
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neuron (Figure 6A and 6B) that innervates the SOG (6C). Interestingly, we observed
additional Gr93a-Gal4 expression in two olfactory receptor neurons (ORNSs) of the
DO that project to two glomeruli of the antennal lobe (Figure 6B and 6C see arrows).
Given the suggested role as a caffeine co-receptor and the specific genetic tools
available, we next investigated a possible role of Gr93a-Gal4 neurons in caffeine-
dependent choice behaviour. Therefore, we crossed Gr93a-Gal4 with UAS-hid,rpr to
induce apoptosis specifically in the D1 neuron of the DPS (plus two ORNS). Testing
experimental larvae and their appropriate controls for caffeine-dependent choice
behaviour using a 50 mM concentration revealed a total lack of behaviour (Figure
6D, p>0.05 against chance levels, p<0.001 compared to the Gal4 control and p<0.01

compared to the UAS-hid,rpr control).

Given the additional ablation of two ORNSs, we carefully controlled if larvae can smell
caffeine and if this might also contribute to the behavioural response. We therefore,
used a 50 mM caffeine olfactory choice assay, by exposing a group of larvae situated
on an agarose plate to caffeine dissolved in paraffin oil. Caffeine was kept in a
custom made odour container to avoid direct contact with gustatory organs (Figure
E1A). Larvae distributed randomly on the plate irrespective of the side where the
caffeine container was placed (Figure E1A, p>0.05 compared to chance levels),
suggesting that larvae cannot smell caffeine at this concentration. As a second
control experiment, we used the orco mutant which fails to respond behaviourally and
electrophysiologically to a broad range of odours, but shows normal gustatory
behaviour (Larsson et al, 2004). We tested orco mutant larvae in the caffeine-

dependent gustatory choice assay and found that they avoid caffeine equally well as
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Figure (6): A single Gr93a-Gal4-positive GRN and the Gr93a GR gene are necessary for
caffeine-dependent choice behaviour. (A) Schematic organisation of the twelve bitter GRNSs,
highlighting that Gr93a-Gal4 is expressed in the single D1 neuron of the DPS (nomenclature extended
based on Kwon et al., 2011). (B) shows four representative images focusing on the TO, DPS, VPS
and PPS of a Gr93a-Gal4/UAS-mCD8::GFP larva, double stained by anti-GFP (green) and anti-elav
(magenta) antibodies. In our samples, Gr93a-Gal4 shows expression in two olfactory receptor neurons
(ORN, left top panel) and one GRN in the DPS (right top panel). (C) Frontal view of a partial z-
projection of the brain hemispheres and the SOG of a Gr93a-Gal4/UAS-mCD8::GFP larval brain. The
expression pattern of Gr93a is visualized by anti-GFP antibody staining (green). Anti-ChAT and anti-
Fasll antibody staining are used as neuropil markers (magenta). Axon terminals of two ORNSs in the
antennal lobe (arrows ORN) and a single GRN in the SOG (arrowheads) are visible. (D) Gr93a-Gal4
positive neurons are genetically ablated by crossing the Gr93a-Gal4 with UAS-hid,rpr in order to
induce apoptotic cell death. In these animals, caffeine-dependent choice behaviour is completely
abolished. (E) Caffeine-dependent choice behaviour is also absent in Gr93a receptor gene mutants
(Gr93a(3)). (F) Genetic ablation of Gr93a-Gal4-positive neurons does not affect reduced feeding on a
50 mM caffeine containing substrate. ORN: Olfactory Receptor Neuron, TO: Terminal Organ, DOG:
Dorsal Organ Ganglion DPS: Dorsal Pharyngeal Sense Organ, VPS: Ventral Pharyngeal Sense
Organ, PPS: Posterior Pharyngeal Sense Organ. Sample size for each box plot is n > 12. Differences
between experimental groups are depicted above the respective box plots. (n.s., non-significant p >
0.05, **p < 0.01 and ***p < 0.001; Small circles indicate outliers). Scale bars: B: 10um for all panels;
C: 20pm.

the wild-type control larvae (Figure E1B, p>0.05 comparing the orco mutant larvae to
the control). Taken together, these two experiments suggest that the olfactory system
is not contributing to caffeine-dependent choice behaviour of the larva. We therefore

argue that ablating the two ORNSs targeted by Gr93a-Gal4 does not interfere with
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caffeine-dependent choice behaviour. Hence, the inability of the experimental larvae
to express caffeine avoidance can be attributed to the ablation of a single Gr93a-

Gal4 positive gustatory neuron in the DPS.

To further confirm this finding at the molecular level, we tested Gr93a(3) receptor
gene mutant larvae for their performance in caffeine-dependent choice behaviour
using a 50 mM concentration (Lee et al, 2009). Experimental larvae lacking the
Gr93a receptor gene, completely fail to show a caffeine-dependent response (Figure
6E, n.s. against chance levels). Therefore, our data suggest that the Gr93a receptor

gene is necessary for the caffeine-dependent choice behaviour.

Next, we tested if the Gr93a-dependent effect is also true for other behaviours. We
had previously shown that ablation of Gr66a-Gal4 and Gr33a-Gal4 neurons partially
increased feeding on a caffeine-containing substrate (Figure 3D-3G). Thus, here we
investigated whether ablation of the single D1 DPS neuron (and two ORNS) via
Gr93a-Gal4/UAS-hid;rpr would also partially increase feeding behaviour. To our
surprise, ablation of the Gr93a-Gal4 neurons did not reveal any significant effect for
feeding (Figure 6F, p>0.05 when comparing experimental larvae to Gal4 controls
and p<0.001 when comparing experimental larvae to the UAS-hid,rpr controls)
suggesting that different sets of sensory neurons may play different roles in

evaluating the relevance of the caffeine stimulus for different behaviours.

6.4.7 The single Gr93a GRN located in the DPS shows a physiological response
to caffeine

The behavioural results shown above suggest that the single GRN D1 of the DPS
labelled by Gr93a-Gal4 is exclusively required to signal caffeine information for larval

choice behaviour. To support this finding, we established a new method for

177



measuring the physiological properties of single neurons of the larval pharyngeal
sensory organs. Briefly, in a semi-intact preparation, the head region of the larva was
separated from the rest of the body and fixed in a custom-made fluid chamber with a

computer-controlled stimulation setup.

Physiological responses of the single GR93a-expressing D1 neuron (Figure 7A) to
gustatory stimuli were recorded by calcium imaging. To achieve this, the calcium
sensor GCaMP6m (Chen et al, 2013) was expressed in the GR93a-Gal4 positive
neuron and calcium increases in this neuron upon caffeine stimulation were recorded

as fluorescence increase of the calcium sensor GCaMP6m (Figure 7B).

In detail, we first applied 25 mM caffeine (Figure 7C, Protocol A) followed by 25 mM
fructose (Figure 7C, Protocol B) to the same larval head preparations. The temporal
sequence of the stimulus application for both protocols was 30 sec application of
Ringer's solution, followed by 20 sec of caffeine or fructose solution flow, followed by
20 sec in which the stimulus flow was stopped and caffeine or fructose solution was
still in the application chamber. Between both protocols the preparation was
constantly washed by ringer flow for about 5 minutes (Figure 7C). As expected,
application of 25 mM caffeine evoked strong fluorescence increase in the D1 neuron,
corresponding to neuronal calcium responses, while application of 25 mM fructose
did not elicit neuronal responses (Figure 7B and C). After statistical evaluation
(Figure 7D), we show that the normalized maximum response of the calcium signal
for caffeine but not for fructose was significantly different from zero (p<0.05 and n.s.,
respectively). The physiological responses detected after caffeine application were

significantly different compared to the responses after fructose application (p<0.01).

The same effect was observed when the order of stimulus application was inverted.

In this case, when 25 mM fructose was applied first, followed by 25 mM caffeine
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(Figure 7E and F), only caffeine application induced significant responses in the
individually tested D1 neurons (n.s. for fructose and p<0.05 for caffeine). In summary,
these physiological experiments support our behavioural results, suggesting that the

D1 GRN physiologically responds to caffeine but not to fructose.
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Figure (7): The single Gr93a-Gal4 GRN responds to caffeine stimuli. (A) The approximate location
of Gr93a neuron in the anterior part of the larva is indicated by the red line (left). Schematic drawing of
the preparation for calcium imaging (right). The location of the DPS organ is indicated by the green
spot. Imaging was performed from the dorsal side of the larva, shown by the objective. (B) Calcium
increases in the Gr93a neuron upon caffeine stimulation were recorded as fluorescence increase of
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the calcium sensor GCaMP6m. Images show the raw fluorescence images before and during caffeine
application (25 mM) in a single larva preparation (upper row) as well as false color images that show
changes i n fl uor escence (ClasfF E)Kaffeine (25 wnd) inducedwsjrong calcium
responses in the GR93a neuron (purple time trace), while fructose (25 mM) (green time trace) did not
elicit responses. The sequence in which caffeine or fructose stimuli were presented had no effect (in C
caffeine was presented first and fructose second; in E the order was reversed). Responses are plotted
as the relative response strength gi~/F normalised to maximum response strength of the six animals in
each experiment (N=6 in C and E, different animals in each group). Arrows above the graphs indicate
ringer flow (RIN) and stimulus time (CAF or FRU). Between each protocol (a or b) specimens were
washed with ringer for about 5 minutes to allow the fluorescent signals to reach baseline again. (D and
F) Response to caffeine is significantly different from response to fructose. Differences between
experimental groups are depicted above the respective box plots in D and F. Differences against zero
are shown below each box-plot in D and F (n.s., non-significant p > 0.05, *p < 0.05 and **p < 0.01).

6.5 Discussion

6.5.1 Caffeine acts on the peripheral and central nervous system

Caffeine, perceived by humans as bitter, is the single most widely consumed
psychoactive ingredient today (Ferre, 2008). Based on its taste (perceived by the
peripheral nervous system) and its neuroactive potential (onto the central nervous

system) it is widely used by the food industry (e.g. in many beverages).

Caffeine and its derivatives were shown to serve different molecular functions,
including activating ryanodine receptors to trigger intracellular calcium release,
inhibiting phosphodiesterases to increase levels of cAMP, inhibiting adenosine
receptors, modulating dopamine signalling and inhibiting GABA receptors and
acetylcholinesterase (Einother & Giesbrecht, 2013; Ferre, 2008; Mustard, 2014).

Hence, besides its bitter taste, caffeine is basically a central nervous stimulant; it
rouses the central respiratory impulse, increases skeletal muscle contraction, and
increases arousal, vigilance and attention, among many other effects (Clifford, 1985;

Einother & Giesbrecht, 2013; Mustard, 2014; Wintgens, 2012).

Similar to humans, caffeine has been shown to increase locomotor activity in a
variety of insects, suggesting potentially conserved mechanisms on the behavioral

level (Fernandes et al, 2012; Ishay & Paniry, 1979; Nishi et al, 2010). The most
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detailed studies for caffeine-dependent locomotion effects come from the analysis of
adult Drosophila where caffeine acts to increase activity, disrupts sleep patterns and
increases the amount of time flies spend awake (Andretic et al, 2008; Hendricks et al,
2000; Lin et al, 2010; Shaw et al, 2000). Additionally, on the molecular level, similar
modes of action for caffeine are described; for example caffeine, in humans as well
as in several insects, binds to and activates ryanodine receptors to trigger calcium
release from intracellular stores (Collet, 2009; Ebbinghaus-Kintscher et al, 2006;

Lehmberg & Casida, 1994).

Thus, given the growing interest from both, an ecological and health perspective, as
well as the potential conservation of behavioural and molecular caffeine functions, it
is fruitful to study these functions in simple invertebrates by exploiting the extensive
genetic, behavioural and neurophysiological tools available. Moreover, it is necessary
to carefully analyse the effect of caffeine on the peripheral nervous system before
focusing on the central nervous system; a strategy that we followed here in order to

describe the simple larval taste system of Drosophila larvae.

6.5.2 Caffeine information perceived at the dorsal pharyngeal sensilla instructs
choice behaviour

In the present study, we have analysed how caffeine affects choice behaviour,
feeding, survival and learning (Figure 1). With respect to the caffeine-dependent
choice behaviour our analysis provides the most detailed description (Figure 1 and

3-5).

On the behaviour level we show that larvae avoid caffeine in a dose-dependent
manner. Higher caffeine concentrations lead to an increased avoidance (Figure 1A).

The same response was observed for most of the aversive substances tested,
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including quinine, denatonium, L-canavanine, and sodium chloride (Apostolopoulou
et al, 2014b; El-Keredy et al, 2012; Konig et al, 2014; Niewalda et al, 2008). For
appetitive gustatory stimuli, like fructose and sucrose, responses also increase with
higher sugar concentrations. However, a maximum response is usually present at
concentrations of 1M i 2M sugar (Rohwedder et al, 2012; Schipanski et al, 2008).
Thus, larval choice behaviour based on gustatory information seems to follow a
higher concentration - stronger behavioural response pattern, likely resembling a

specificity of sensory perception and/or neuronal processing within the brain.

So which neurons of the peripheral and pharyngeal nervous system perceive and
signal bitter information towards the brain? It is tempting to speculate that Gr66a and
Gr33a co-expressing neurons, similar to the organisation in flies, also represent
Abi tter o ne uMaoehaset al, 2006} Moorved &, 2009; Weiss et al, 2011).
However, only 12 GRNs (six neurons of the TO, two neurons of the DPS, two
neurons of the VPS and two neurons of the PPS) anatomically fulfil this requirement

(Figure 3A-C) (Kwon et al, 2011). Nevertheless, ablation of this set of 12 potential

Abittero GRNs completely abol i sheRBgurkea val

and E) and also quinine (Apostolopoulou et al, 2014b; Konig et al, 2014). Thus, for
the first time behavioural data is available that supports this hypothesis. The data
suggests that only 12 GRNs situated in four sensory organs encode taste-dependent
information for deterrent substances and allow the larva to distinguish and avoid
various unpleasant or even noxious foods. The data also shows that the sensory
information is exclusively signalled to the SOG that clearly resembles the first order
gustatory centre of the larval brain for this particular behaviour. Additionally, the
suggested genetic organization of bitter sensation mainly seems to be persistent

through metamorphosis as, in adult flies as well, the receptor genes Gr66a and
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Gr33a are co-expressed in a defined set of GRNs that respond to various bitter

substances and trigger avoidance (Marella et al, 2006; Weiss et al, 2011).

But how are different Abittero substances
Different GRNs are necessary to perceive caffeine and quinine information to trigger
choice behaviour. Whereas a single Gr93a-Gal4 positive GRN situated in the DPS is
necessary for the caffeine response (Figure 6), quinine sensation depends on GRNs
of the TO and especially on the single C3 neuron of the TO (Apostolopoulou et al,
2014b). Thus, di fferent Abittero stimul. ar e
neurons located at specific positions of the peripheral and pharyngeal gustatory
system. Such architecture allows for establishing a spatial representation of gustatory
information on the cellular level within the SOG of the larval brain. However, to date,
due to limitations of the functional studies performed so far, it is still not clear how

distinct these spatial representations are.

6.5.3 Caffeine sensing and feeding behaviour

Caffeine presented in the substrate significantly reduces feeding in our test assay
(Figure 1B). This is in line with feeding experiments for other aversive substances
such as quinine and high NaCl concentrations (Apostolopoulou et al, 2014b; EI-
Keredy et al, 2012; Niewalda et al, 2008). But one has to be aware that some of the
reported results may depend on perturbing effects of the agarose substrate itself
and/or the internal feeding state of the larva, which were not controlled in most of the
experiments (Apostolopoulou et al, 2014a; Wu et al, 2005). Nevertheless, it is
obvious that larvae respond to detrimental substrates by reducing their feeding rate.
To analyse if caffeine-dependent feeding is similarly contingent on bitter GRNs

signalling as caffeine-dependent choice behaviour, we ablated the same set of 12
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Gré6a and Gr33a co-expressing neurons (Figure 3). However, in contrast to their
relevance for choice behaviour these sensory neurons are only partially required for
feeding (Figure 3F and G). Thus, choice behaviour and feeding seem to only
partially depend on overlapping sensory input (the set of twelve Gr33a/Gr66a GRNS).
This disparity is not only restricted to the bitter taste caffeine but has also been
reported for the bitter taste quinine and therefore likely reflects some distinction for
these behaviours along the respective chemosensory-to-motor pathways

(Apostolopoulou et al, 2014b).

What are the sensory systems that may potentially instruct feeding behaviour,
besides the peripheral and pharyngeal sensory systems? Although it is insufficiently
understood how sensory information triggers feeding behaviour, several studies
provide first insights in potential additional mechanisms. It was found that circulating
fructose can report the nutritional state and alter feeding behaviour by direct
activation of a few central neurons that express the fructose receptor Gr43a (Mishra
et al, 2013). In addition, circulating hormones from the neuroendocrine system and
the fat body, including Drosophila insulin-like peptides, the adipokinetic hormone, and
the leptin homolog Unpaired 2, signal the status of available carbohydrate and lipid
stores (Rajan & Perrimon, 2013). Moreover, insects” enteric nervous system has
been shown to be important for a wide range of feeding and metabolic related
processes (Penzlin, 1985). In blowflies, as well as in adult Drosophila, postingestive
feedback via the recurrent nerve inhibits feeding and this nerve” s lesion leads to
hyperphagia (Dethier & Gelperin, 1967; Pool et al, 2014). Thus, a list of potential
candidate systems exists that, based on the availability of genetic tools, can now be

identified and analysed in the larva.
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6.5.4 Caffeine sensing and associative olfactory learning

According to our data, larvae appear to be unable to associate an olfactory stimulus
with the bitter substance caffeine (Figure 1D). Notably, this is in contrast to most
other gustatory substances tested so far (El-Keredy et al, 2012; Niewalda et al, 2008;
Rohwedder et al, 2012; Schipanski et al, 2008; Schleyer et al, 2011). So why do
larvae not express a change in their behaviour after repeated odour-caffeine
exposures? Several possibilities are conceivable and we want to discuss three of
them in detail. i) caffeine may not have sufficient behavioural relevance for the
animal; ii) caffeine per se may limit its own reinforcing potential; iii) caffeine may

induce a set of behavioural outputs that limit its own reinforcing potential.

i) Caffeine has a prominent relevance in all the other paradigms tested in this study;
choice behaviour, survival and feeding (Figure 1). Therefore, larvae can sense
caffeine and it is rather unlikely that it has no value for the animal as a reinforcer.
Also, taking into account that larvae possibly encounter caffeine in their natural
environment and that caffeine consumption is detrimental for larvae and flies, it

should be beneficial for the animal to learn and remember this cue (Mustard, 2014).

i) It was shown for larvae of Manduca sexta that caffeine inhibits feeding and has a
natural pesticidal activity (Nathanson, 1984). This is in line with our and previous
results on Drosophila larvae (Figure 1) (Nigsch et al, 1977a). Thus, caffeine is
detrimental for several insect larvae and one could imagine that it directly reduces the
state of the animal or induces an escape response that indirectly leads to a reduction
of the performance during test after odor-caffeine training. Flies studies have, indeed,
shown that caffeine pre-exposure for more than 20 hours causes impairments for
visual learning (Folkers & Spatz, 1984; Wang et al, 1998). Moreover, in honey bees,

pre-exposure to caffeine reduces the acquisition during olfactory learning (Mustard et
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al, 2012). These effects were shown to be dose-dependent; the higher the caffeine
concentration used, the stronger the observed phenotype. However, in our study, we
did not find any effect after caffeine pre-exposure on fructose-reinforced olfactory
learning (Figure 1E). Thus, under the conditions and caffeine concentrations that we
apply the caffeine exposure does not affect learning in general. Hence, we speculate
that another mechanism is present, in which caffeine blocks its own reinforcing

capacity.

iii) How likely is the chance that caffeine triggers a behavioural response which would
inhibit its potential as a reinforcer in olfactory learning? Remarkably, caffeine seems
to completely inhibit feeding (Figure 1B). Notably, all gustatory stimuli applied so far
to successfully reinforce olfactory memories in larvae do not show such a strong
antifeedant capacity. The list of reinforcers in use comprises seven different sugars
(fructose, sucrose, glucose, maltodextrin, sorbitol, xylose and arabinose), sodium
chloride and quinine (Apostolopoulou et al, 2014b; El-Keredy et al, 2012; Niewalda et
al, 2008; Rohwedder et al, 2012; Schipanski et al, 2008). Although most of these
stimuli do in fact down-regulate feeding to some extent (including all sugars that offer
a nutritional benefit), significant amounts of the substance still pass the pharynx and
can be recognized in the gut. Therefore, it is tempting to speculate that additional
sensory mechanisms exist downstream of the peripheral and pharyngeal sensory
system to detect the substances swallowed and to signal information during the
learning process. In this case, a substance may have to pass an initial quality check
that allows for feeding, to be then sensed and processed by a particular
chemosensory-to-motor pathway that triggers learning-dependent reinforcement
processing. Indeed, for Drosophila larvae and flies, as well as for other insects,
additional systems were recently proposed that may serve such a function. In detail,
the systems allow to measure the osmolarity of the consumed food (Gruber et al,
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2013), to sense a post-ingestional malaise-like state of the animal (Ayestaran et al,
2010), to measure sugar concentration within the brain (Dus et al, 2013; Mishra et al,
2013; Miyamoto et al, 2012), or use the biogenic amine serotonin to signal
postingestive information (Wright et al, 2010). Thus, to identify the chemosensory
architecture of the larva that signals gustatory reinforcement, it is crucial to carefully
revisit the sensory architecture in its entirety by additionally including the post-

ingestive gustatory mechanisms mentioned above.

6.5.5 Labelled line or across-fibre pattern?

Convincing data from many studies have shown that taste is organized in basic
categories corresponding to neuron types which are narrowly tuned to a single
stimulus quality (Pfaffmann, 1959; Scott & Plata-Salaman, 1991). These findings in
principle support the 'labelled line theory', which suggests that individual GRNs are
highly specific and respond to one stimulus or a very limited range of stimuli. Hence,
each of them would send a direct o6l ine
information regarding a particular taste. However, other studies suggest that
individual GRNs are not exclusively labeled for a particular sensation, but more likely
cooperate with other GRNs to provide a neuronal pattern for a specific taste. This
model is called 'across-fibre pattern theory' and assumes that each GRN is less

specific and responds to a wider range of stimuli (Erickson, 1968; Erickson, 2008).

With respect to larval bitter-taste triggering choice behavior, we show that caffeine
sensing is based on a single Gr93a-positive GRN (D1 neuron; Figure 8). In adult
flies, the Gr93a receptor was shown to be necessary for the perception of the two
methylxanthines caffeine and theophylline, but not for other bitter substances tested

(Lee et al, 2009). This suggests that the response of the Gr93a receptor can only be
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induced by a very restrictive range of stimuli. In other words, we report here an
example for taste processing which supports the labelled line theory. On the other
hand, we have recently shown that quinine-dependent choice behaviour is reduced
either when the single Gr97a positive neuron (C3) or the three Gr59d positive
neurons (C1, C2 and C4) are ablated (Apostolopoulou et al, 2014b) (Figure 8). In
this case, ablating a single neuron does not result in a complete loss of choice
behaviour, unlike the data we show here for caffeine. Thus, at least four of the twelve
identified Abittero receptor n-dependemshoige3d 3 %) a
behaviour T suggesting categorizing it rather as an example for across-fibre pattern

processing.

Why should bitter substances sometimes be represented by narrow and sometimes
by more broadly organized patterns of GRNs in the larval taste system? De Brito
Sanchez and Giurfa (2011) suggest that labelled line coding is used for taste stimuli
that offer a high biological value for the animal, whereas across-fibre pattern coding
is used for substances of lower importance. Based on the neuronal representation for
each stimulus, this implies that caffeine sensation should be more important than
guinine sensation for the larva. Interestingly, ecological data support this hypothesis,
since D. melanogaster originates within Sub-Saharan Africa, which is also the native
region for many Coffea species (Charrier & Berthaud, 1985; Lachaise & Silvain,
2004). The cinchona tree which is the natural source of quinine, however, is native to
the tropical Andes forests of South America (Andersson, 1998). Thus, substances
found in the original environment of the animal, which are crucial for survival, such as
caffeine for D. melanogaster, would be encoded by a labelled line system, that allows
for a rapid and specific detection. On the contrary, substances that are more unlikely
to be encountered in the environment of this species, such as quinine, can still be
detected, albeit in a more unspecific fashion, encoded in an across-fibre pattern.
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Figure (8): Schematic overview of the larval sensory system perceiving caffeine and quinine
taste to trigger choice behaviour. According to Kwon et al. (2011), GR genes that signal bitter
information are only expressed in twelve neurons of the DO, TO, DPS, VPS and PPS. Bitter quinine
taste information affecting larval choice behaviour is mediated mainly by the TO neurons C1-C4 (red)
and especially by the single TO neuron C3 (Apostolopoulou et al, 2014b). Bitter caffeine taste
information affecting larval choice behaviour is mediated by the single D1 neuron of the DPS (this
study). The ligand specificity for the rest of the twelve "bitter" neurons of the TO (B1, B2, C5 and C6),
DO (Al and A2), DPS, VPS and PPS is yet unknown (indicated in white). Signals propagate to the
subesophageal ganglion via the maxillary nerve (for quinine) and the labral nerve (for caffeine). From
here postsynaptic, yet unidentified, second order neurons further process gustatory signals to trigger
taste-dependent choice behaviour.
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6.8 Supplemental material

50mM Caffeine in odour container 50mM Caffeine in the agarose mixture
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Supplement Figure 1: Caffeine is not perceived by the olfactory sensory system of Drosophila
larva (A) Larvae do not show any olfactory preference for caffeine odour when presented in Teflon
containers to avoid direct contact. (B) Orco mutants show a similar gustatory preference towards
caffeine compared to WTCS control larvae. The data suggest that caffeine is not sensed by the
olfactory sensory system. Sample size for each box plot is n > 12. Differences between experimental
groups are depicted above the respective box plots (n.s., non-significant p > 0.05, *p < 0.05, and **p <
0.01; Small circles indicate outliers).
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7.1 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, sugarsd perceived as
A s w e eaotanmtially 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 fisweet, 0 cannot b e Drasaphilaa ao |l 1 z e d

postingestive system that additionally evaluates the nutritional benefit of an ingested
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 learning
are regulated in a more complex way by nutrition valuei dependent and nutrition
valuel 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.

7.2 Introduction

In the last decade, Drosophila larvae have turned into a suitable model organism 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 comprehensive
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set of studies has described the anatomy of the olfactory and gustatory sensory
systems even partially including their organization within higher brain centers

(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), terminal
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 (GRNSs)
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 organized 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 terminal 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). Octopaminergic and dopaminergic neurons are supposed to signal
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the sugar-dependent reward information onto higher brain centers like the mushroom
body, a brain structure necessary for establishing odori 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 (Gr2la and
Gr63a) that detect CO, (Badre et al. 2005; Kwon et al. 2007; 2011). Other types of
GRNSs 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 most of them

express thecikhpittor@er GR& 3 a. I nterestingly,

shown to be mediated by another set of GRNs (located within the TO) that express
DEG/ENaC channel genes Pickpocket (ppk). Genetic interference with ppkll 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, Gr6la, 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.

205



Compared with Drosophila olfactory system, gustatory system has a lower

dimensionality and seems to be designed to classify substances in a handful of

hedonic values, for exampl e, Anonedi bl

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 different
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 perceived by the

fyas Asweet o and has a nutritional val u

e

is also perceived as fAsweet o but cannot

arabinose), and the third group is not
(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

e o \Y;
(e.c¢c
be |

perce

gene dependent and evaluates the fAsweetnesso:«

of unknown identity that recognizes the nutritional value.

By investigating how different sugars affect larval survival, choice, feeding, and
appetitive 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
nutritional benefit to fruitflies (fructose, sucrose, glucose, sorbitol, and maltodextrin)

or lack nutritional benefit (arabinose and xylose). Taken together, our behavioral data
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show first that a nutrition-dependent system in larvae indeed exists. Second, survival
and feeding mainly depend on the nutritional value of sugars. Third, larval choice
behavior and learning are regulated in a more complex way by nutrition valuei
dependent and nutrition valueiindependent 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.

7.3 Materials and methods

7.3.1 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 96i 144 h were removed from vials
and divided into groups of 30 animals that were briefly washed in tap water to remove

food residues.

7.3.2 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
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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 = (number of living larvae / # total number of larvae) x 100

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.

7.3.3 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 1T # nS) [ # TOTA
Negative PREFsugar values indicate sugar avoidance, whereas positive PREFsugar

values represent sugar attractiveness.
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7.3.4 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 pl of a 1 M ascorbic acid

solution (Sigma Aldrich cat. no.: A7506). The homogenate was centrifuged for 5 min

at 136400 r pm. The supernatant was then

Om pores) into a fresh Eppendorf cup and

In all, 100 pl of the supernatant was loaded into single wells of a 96-well plate
(Hartenstein, Wirzburg, Germany). Then, using a Sunrise spectrophotometer (Tecan
AG, Mannedorf, Switzerland) or an Epoch spectrophotometer (BioTek, Bad

Friedrichshall, Germany), absorbance at 610 nm was measured.

Relative feeding was calculated by dividing each photometrically measured value
minus the blank control by the mean score obtained for larvae feeding on pure

agarose minus the blank control:

Relative feeding = (# absorption on sugar plate - # absorption for blank control ) /

(# mean absorption on pure agarose - # mean absorption for blank control)

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.
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7.3.5 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 pl 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:

PREFaviea= (# AM T # BA) [/ # TOTAL

PREFammpa:=#AM 1 # BA) [ # TOTAL

We then compiled a performance index (PI):

Pl = (PREFANH. IBA T PREFAM/BA+)/ 2
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Negative Pls represent aversive learning, whereas positive Pls indicate appetitive

learning.

7.3.6 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.

7.4 Results

7.4.1 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.
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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 1Ci 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
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.

212



Agarose only

o
-
_ N
agarose 3 T\\[
sugar !\\‘\I
— Percentage Survival o r el
12 3 45 6 7 8
Cc Agarose and Fructose D Agarose and Sucrose
J [
Q \\\g> (=] | \\T\\‘
T} — s S
o o
1 2 3 4 5 6 7 8 12 3 45 6 7 8
E Agarose and Glucose F Agarose and Maltodextrin
o o
e~ S
w0 I 0
o o
1 2 3 4 86 6 7 8 1 2 3 45 6 7 8
G g H
Agarose and Sorbitol Agarose and Xylose
o ) o
e \ )
o ' o
) ‘\‘\\\\\\\\*__ﬂ ) \\\\_;
12 3 45 6 7 8 12 3 45 6 7 8

| Agarose and Arabinose

50 100
PS
L]

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 (l). 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 Ci 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
pointis n = 15.
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7.4.2 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 (Figure 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 fructose
(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 nutritional
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
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Figure 2 Larval choice responses for seven different sugars. 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. non significant (P > 0.05), * (P < 0.05), ** (P < 0.01) or *** (P < 0.001).
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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 elicit 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 concentration of
2 M was significantly attractive (P = 0.0068). The larval response for arabinose 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 optimum
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 xylose).
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7.4.3 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 x 10'® and P = 2.6 x
10", respectively). Also glucose, maltodextrin, and sorbitol significantly reduced
feeding of third instar larvae with respect to food ingestion on pure agarose (Figure
3B;P=4.1x10"° P=29x10">and P = 1.0 x 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 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.

7.4.4 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
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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. non significant (P >
0.05), * (P < 0.05), ** (P < 0.01) or *** (P < 0.001).

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 = 0.008 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
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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 (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
(Figure 4H; P = 0.027 for 1 M, P = 0.011 for 2 M, and P = 0.002 for 4 M). Higher
concentrations of arabinose tended to increase performance, as a pairwise
comparison of 1 M and 2 M (P = 0.045) and 1 M and 4 M (P = 0.007) showed

significantly different results.

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).
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7.5 Discussion

We systematically analyzed seven different sugars for their effects on survival (Figure
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
understanding regarding the neuronal circuits and mechanisms of larval

chemosensation (Figure 5).

A B
sugar sugar
nutrition nutrition
dependent independent
value value

survival

feeding choice
choice learning
learning

Figure 5 The effect of sugar-related information on larval survival, choice, feeding and learning. A)
Nutrition-dependent information affects all tested behaviors: survival, feeding, 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.

7.5.1 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
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small number of individuals) (Figure 1). Thus, all of these sugars offered a nutritional
benefit to the larvae compared with pure agarose, although larval development 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). However, 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 reduced 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),
describing 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 adu | t flies were dead.

recently confirmed by two independent 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
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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 xylose
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 compared 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
anywhere in the body (Stryer 1999). The same is true for the disaccharide sucrose,
which is composed of fructose and glucose (Stryer 1999). The polysaccharide
maltodextrin 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.
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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).

7.5.2 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 significant
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) (Deldianne 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,
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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
fructose 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
behavior regarding sorbitol and xylose might suggest that nutritional valuei
dependent and nutritional valuei independent information of a sugar can induce the
behavior. Yet, these conclusions have to be handled with care, given the limited
information 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
behavior, 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.

7.5.3 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
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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.

7.5.4 Learning

The reinforcing potency of sugar-mediated olfactory associative learning was
analyzed 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 (Figure 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 Md when paired with
an odord induce a positive association when tested afterward. Furthermore, for three
of these (fructose, glucose, and sorbitol) there was no concentration dependence for
its reinforcing function. However, for sucrose and arabinose, 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-
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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 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 without 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). Interestingly, 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 nutritional value. Given
the fact that we found learning for all tested sugars, we argue that either nutritional
valuei dependent or nutritional valuei independent information 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
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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).

7.6 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
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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 provides 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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8.1 Abstract

The Drosophila larva has turned into a particularly simple model system for studying
the neuronal basis of innate behaviors and higher brain functions. Neuronal networks
involved in olfaction, gustation, vision and learning and memory have been described
during the last decade, often up to the single-cell level. Thus, most of these sensory
networks are substantially defined, from the sensory level up to third-order neurons.
This is especially true for the olfactory system of the larva. Given the wealth of
genetic tools in Drosophila it is now possible to address the question how modulatory
systems interfere with sensory systems and affect learning and memory. Here we
focus on the serotonergic system that was shown to be involved in mammalian and
insect sensory perception as well as learning and memory. Larval studies suggested
that the serotonergic system is involved in the modulation of olfaction, feeding, vision
and heart rate regulation. In a dual anatomical and behavioral approach we describe
the basic anatomy of the larval serotonergic system, down to the single-cell level. In
parallel, by expressing apoptosis-inducing genes during embryonic and larval
development, we ablate most of the serotonergic neurons within the larval central
nervous system. When testing these animals for naive odor, sugar, salt and light
perception, no profound phenotype was detectable; even appetitive and aversive
learning was normal. Our results provide the first comprehensive description of the
neuronal network of the larval serotonergic system. Moreover, they suggest that
serotonin per se is not necessary for any of the behaviors tested. However, our data
do not exclude that this system may modulate or fine-tune a wide set of behaviors,
similar to its reported function in other insect species or in mammals. Based on our
observations and the availability of a wide variety of genetic tools, this issue can now

be addressed.
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8.2 Introduction

The classical genetic model system, the fruit fly Drosophila melanogaster, shares
many of the crucial organizational features of the mammalian central nervous
system, yet comprises 1,000 to 10,000 times less neurons [1], [2]. Cell numbers are
even more reduced in Drosophila larvae, which seem to include no more than 3,000
functional neurons [3]i[6]. Despite this drastic reduction, larvae still display a
considerable behavioral repertoire ranging from simple naive responses such as
chemotaxis or phototaxis to higher brain functions like learning and memory [7]i [15].
Thus, many recent studies demonstrate the great potential of Drosophila larvae for

studying the neuronal basis of behavior [11], [16]i [23].

Current assays for measuring naive gustatory, olfactory and visual preferences in
Drosophila larvae are simple choice tests performed on agarose filled Petri dishes
[24]. Petri dish assays can also be used to study classical olfactory conditioning.
Presenting an odor (the conditioned stimulus [CS]) simultaneously with an aversive
unconditioned stimulus (US) may induce experience-dependent avoidance of the CS.
Conversely, if the same CS is paired with an appetitive US, animals can be trained to
develop a preference for the CS [25]. Thus, depending on previous experience, the
same odor can trigger either avoidance or attraction [26]i [29]. Taken together, a
comprehensive set of behavioral assays allows for the analysis of larval behavior

from naive responses to higher brain functions.

Genetic manipulations have been widely used to elucidate the functions of neural
circuits in larval behavior. The GAL4/UAS system allows for a convenient and
reproducible expression of effector genes in defined subsets of cells [30]i [33]. The
transcription factor GAL4, whose spatial and temporal expression is controlled by a

flanking enhancer, determines the expression of the effector. For example, effectors

236



that block neurotransmitter release or induce cell death have been used to impair
neural function [34], [35]. In this study we have used a combination of the apoptosis
inducing genes head involution defective (hid) [36], [37] and reaper (rpr) [38] to
reliably ablate most of the neurons expressing serotonin (5-hydroxytryptamine, 5HT),
using specific driver lines named TPH-GAL4 [39] and TRH-GAL4 [40]. Both of them
utilize promoter fragments of the same tryptophan hydroxylase (Trh) gene to direct
GAL4 expression to the 5HT system, as TRH was reported to catalyse the rate-
limiting step of 5SHT synthesis from tryptophan to 5-hydroxy-tryptophan [41]. It has to
be mentioned that the nomenclature is rather confusing as the Drosophila genome
harbors two different genes that both provide enzymatic activity to hydroxylate
tryptophan. However, the initially described gene CG7399 (also called TPH, PAH,
DTPH, Trh, Henna and DTPHu) is expressed in larval dopaminergic neurons and not
in serotonergic neurons of the brain [42]. Only the later identified gene CG9122 (also
called TRH, DTRHn) is expressed in the serotonergic neurons of the brain [42].
Unfortunately, although clearly distinct in their expression and even function, both
genes are sometimes called TPH, similar to their conserved mammalian counterparts
TPH1 and TPH2. Subject of this study is the gene CG9122 that can be functionally

addressed by TPH-GAL4 and TRH-GALA4.

5HT is a biogenic amine, which are important neuroactive molecules in the central
nervous system (CNS) of insects [41], [43], [44]. Apart from 5HT, the biogenic amines
dopamine (DA), histamine (HA), tyramine (TA) and octopamine (OA) have been
studied in Drosophila. Each of them consists of a stereotypic pattern of a small
number of neurons that are widely distributed in the adult and larval CNS [41].
However, studies that provide a detailed description of these systems on the single-

cell level are rather limited [19], [45]i [49].
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Initial work was based on antibodies that specifically bind 5HT and thereby describe
the larval 5SHT system in general [50]i [52]. These studies showed that serotonergic
neurons are mostly interneurons found in bilateral clusters in the CNS, in the feeding
apparatus as well as in the major endocrine organ of the larva, the ring gland. Neither
the number nor the projection patterns of these neurons seem to change significantly
during larval development [50]. Within the CNS, the 5HT system consists of about 84
neurons, distributed in clusters of one to five neurons each [50]. Four distinct clusters
can be recognized per brain hemisphere, called SP1, SP2, LP1 and IP containing
about three, four, four and two neurons, respectively. The suboesophageal ganglion
(SOQG) includes three additional 5HT-positive clusters called SE1, SE2 and SE3; they
comprise about two, three and three serotonergic neurons, respectively, per side.
The three thoracic neuromeres T1, T2 and T3 contain about two 5HT neurons per
side, except for T1 that consists of three neurons. The abdominal neuromeres A1-A7
include about two serotonergic neurons per side, whereas the fused terminal A8/A9
neuromere contains a single 5HT neuron per side [41], [50], [52]. It has to be
mentioned that the nomenclature of the different clusters is partially misleading as the
cell bodies of the thoracic and abdominal neurons are not located in the respective
neuromere, only their projections innervate the respective brain area. However,
although we are aware of this problem we will use the established nomenclature for

this study.

Regarding the detailed anatomy of these neurons, two papers provided first insights
[53], [54]. Roy and coworkers described a pair of contralaterally projecting serotonin-
immunoreactive deutocerebral (CSD) interneurons (one per hemisphere) of the IP
cluster [53]. In the larva, these neurons innervate both antennal lobes (AL) and the
lateral protocerebrum and after metamorphosis expand their expression to the
mushroom body (MB) calyx and lateral horn. Similar 5SHT-positive large-field neurons
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have been described in a variety of insects. Functionally it was suggested that
mechanosensory stimulation (for example, air currents) could trigger serotonin
release from the CSD neurons to set the threshold of detection of odorants [55]i [58].
The second study used the flp-out technique to label single SHT neurons in the
abdominal ganglion, focusing on the Ali A7 two-cell 5HT clusters [54]. However,
while these authors were able to describe the detailed morphology of these neurons,

a comprehensive description of the 5SHT system on the single-cell level is still lacking.

On the functional level, early studies that were based mainly on the innervation
pattern of 5HT-positive neurons in pharyngeal muscles, proventriculus, midgut and
ring gland suggested their modulatory role in larval feeding behavior and
neuroendocrine activity [50], [52]. Recent studies addressed the effect of SHT more
directly by genetic interference and suggested a role of this system in larval light-
dependent locomotion [59] as well as in olfaction, feeding and heart rate regulation
[42], [60]. In addition, 5HT may also have developmental effects as it was suggested
to regulate the density of varicosities [61] and the branching of 5SHT-positive neurons

[62].

In this study we first comprehensively describe the basic 5HT-positive neuronal
network up to the single-cell level using the flp-out technique [63]. In the second part
we analyze the necessity of the larval 5HT-positive neurons for innate olfactory-,
gustatory- and visually-guided behaviors as well as appetitive and aversive olfactory
learning. Taken together, we demonstrate that the serotonergic neuronal network
mainly consists of interneurons that are not required per se for the basic behaviors
addressed above buti based on other studies i may rather modulate some of these

behaviors similar to the situation in mammals.
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8.3 Results

8.3.1 General Anatomy of the Serotonergic System in the Larval CNS

For analyzing the gross anatomy of the larval 5HT system with respect to the
published data, we first used a 5HT-specific antibody in combination with anti-
Fasciclinll (Fasll)/anti-Cholineacetyltransferase (ChAT) to visualize the 5HT-positive
cells and neuropil structures at the same time (Figure 1) [5], [17], [19]. Second, we
used the two GAL4 driver lines TRH-GAL4 and TPH-GAL4 for expressing UAS-
mCD8::GFP (Figures 2 and 3) [39], [64]i [66] in order to use a triple staining protocol
in which anti-Fasll/anti-ChAT, anti-serotonin (5HT) and anti-CD8 (CD8) label at the
same time the neuropil structures, 5HT cells and UAS-mCD8::GFP-positive cells,
respectively. Triple staining allowed us to directly trace 5HT cells within the GAL4
pattern of the respective GAL4 line and to follow their projections within the neuropil
(Table 1). Third, we further analyzed the 5HT system by expressing post- and
presynaptic markers via TRH-GAL4 and TPH-GAL4, reflecting potential input and
output sites of these neurons, respectively. Similar to our previous study of the DA
system, we used the two effectors Dendrite-Specific Drosophila Down Syndrome Cell
Adhesion Molecule, conjugated to GFP (Dscam[17.1]::GFP) (postsynaptic; Figure 4A
and 4C) and neuronal synaptobrevin, conjugated to GFP (n-syb::GFP) (presynaptic;
Figure 4B and 4D) [67], [68]. Overall, the larval 5SHT system seems to establish
dendritic innervations in the protocerebrum, SOG, AL as well as the thoracic and
abdominal ganglia. Within the protocerebrum, expression tended to be denser within
the medial parts compared to the lateral ones. 5HT arborizations in the larval optic
neuropil (LON) do not seem to be dendritic, and there was no signal detectable within
the MBs (Figures 1, 2, 3, 4). Regarding the presynaptic organization, we detected
massive expression throughout the protocerebrum lacking any particular pattern. In

both lines, presynaptic staining was also visible in the LON, and especially in the
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SOG, thoracic and abdominal ganglia (Figure 4). Again MB lobes and calyces were
not included in the expression pattern. Interestingly, the ALs were not labeled by any
line crossed with UAS-n-syb::GFP (Figure 4). Therefore either expression was not
detectable due to missing or week staining within the AL-specific CSD neurons, or
more probable the CSD neurons are exclusively postsynaptic in the ALs. The
opposite seems to be true for the SHT-positive neurons innervating the LON (Figure
4). Thus, the larval visual system may only get input from the 5HT system but lacks

direct output onto it.

PR
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Figure 1. Anatomy of the Serotonergic System in the Larval CNS Based on anti-5HT Staining.
5HT positive cells (green) of Canton-S wild type larvae are shown in combination with anti-Fasciclinll
(Fasll)/anti-Cholineacetyltransferase (ChAT) neuropil markers (magenta) (A and Di G). (A) The CNS
of the third instar larva comprises 19 different 5SHT-positive bisymmetrical clusters of one to three cells
each. (Bi G) In the brain hemispheres, five serotonergic clusters, SP1, SP2, LP1, SEO and IP, were
detected (in B and C only the anti-5HT channel is shown). (D) 5HT cells innervate the antennal lobe
(AL; right arrow) and the suboesophageal ganglion (SOG; left arrowhead). (E) The mushroom body
lobes (MB; arrow) and the (E) MB calyx (arrow) show only very week 1 if any - innervation. (F) By
contrast, the larval optic neuropil (LON; arrow) is innervated by serotonergic arborizations. (B) and (C)
show a frontal view of the anterior or posterior half of the brain, respectively. In (DT G) lateral is always
to the right and medial to the left. Scale bars: Ai C: 50 um; Di G: 25 pym.
doi:10.1371/journal.pone.0047518.g001
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Figure 2. Expression Pattern of the Driver Line TRH-GAL4 in the Larval CNS. Triple staining of
TRH-GAL4/UAS-mCD8::GFP third instar larvae in the first column shows cell membrane-bound CD8

labeling (green) combined with S5HT-immunoactivity (red) and anti-Fasll/anti-ChAT staining for

visualizing the neuropil (blue). The second (CD8), third (5HT) and fourth columns illustrate the three

channels separately. The first row (ATA866) shows the whol epreSédtShighe he ot
magnifications of the brain in frontal view (BiB 6 6 : posCtoedr:i oarn;t e i or) and the
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(VNC) (DIiD6 6 ) . A -lodalizagidn ofc@D8- and 5HT-positive cells is found in the posterior
hemisphere clusters SP1, SP2 and LP1 (BiB66) as wel | as in the-3qCGiterior
C66) . Nearly al/|l c el Band aXi ABtAD @I DWNG s |hGDBtardrasti-bHT1

double staining. In addition some non-serotonergic CD8-expressing cells were detected (asterisks).

Scale bars: 50 um.

doi:10.1371/journal.pone.0047518.g002

In addition we crossed TRH-GAL4 and TPH-GAL4 with the apoptosis-inducing
effectors UAS-hid,rpr to induce directed cell death within the 5HT system. Again, we
applied anti-Fasll/anti-ChAT antibodies to label the neuropil and anti-5HT to visualize
the remaining serotonergic neurons (Figure 5). The results essentially support the
finding that the two GAL4 lines cover nearly all 5HT neurons, although a small
fraction of SHT neurons was still visible in the experimental larvae (Figure 5A and
5B). Thus, both lines allow for ablation of nearly all 5HT neurons. However, the
persistence of several neurons of the same type in both approaches affects the

interpretation of the behavioral experiments to some respect (see also Discussion).

These data were useful to get a general idea of the organization of the SHT system.
However, they did not allow us to reconstruct the morphology of individual
serotonergic neurons. To this end, we applied a single-cell approach based on the
flp-out technique [63]. In combination with the triple staining protocol mentioned
above we were thus able to randomly induce single-cell clones of the different S5HT
positive cells. Based on more than 500 preparations, we describe here the
morphology of 5HT cells that were independently hit in at least two different
preparations, most often in both GAL4 lines. In the following, we present the different
cell clusters, from the brain region to the last abdominal neuromere (summarized in
Table 1). The brain neuropil nomenclature used to describe the projection patterns of

the single serotonergic neurons is based on Selcho et al. (2009).
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Figure 3. Expression Pattern of the Driver Line TPH-GAL4 in the Larval CNS. First column: CNS

of TPH-GAL4/UAS-mCD8::GFP third instar larvae stained with anti-CD8 (green), anti-5HT (red) and
anti-Fasll/anti-ChAT (neuropil markers; blue). The second, third and fourth columns represent the

three channels separately. The firstrow (ATA6 6 6) shows an over vowerepreseit t he CN
higher magnifications of the brain in frontal view with slightly shifted brain hemispheres (BiB 6 6 :

posterior; CiC 6 0 : anterior) and the W\DéMdt)r.all nnetrhv&6 @coosr eda d(i \ON
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