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1 Summary




Summary

1.1 Deutsche Version

In der vorliegenden Doktorarbeit untersuche ich Lernen und Gedachtnis in Drosophila
Larven. Die Fruchtfliege Drosophila melanogaster hat sich in den letzten Jahren
zunehmend als geeigneter Modellorganismus zur Erforschung von neuronalen Netzw-
erken und Verhalten etabliert. Drosophila als Modellsystem bringt grof3e Vorteile mit
sich, so ist zum Beispiel das gesamte Genom sequenziert. Dies ermdglichte die En-
twicklung eines umfangreichen genetischen Toolkits, welches erlaubt einzelne Gene und
auch einzelne Zellen in beinahe unlimitierter Art und Weise zu manipulieren. Zusatzlich
verfigt das Fliegengehirn nur Gber 100.000 und das larvale Gehirn sogar nur Uber
10.000 Nervenzellen. Somit wird die Erforschung der Aufgaben, welche Neurone in
bestimmten Verhalten ibernehmen, auf der Einzelzellebene in adulten sowie in larvalen
Drosophila handhabbar.

Es wurde gezeigt, dass verschiedene assoziative Lernprozesse von mehreren Reizen
im Pilzkdrper stattfinden, dieser ist eine Struktur im Zentralgehirn von Insekten. Der
Pilzkorper besteht aus parallelen Fasern, den sogenannten Kenyon-Zellen, in denen
das gemeinsame Auftreten von konditionierten und unkonditionierten Reizen ermittelt
wird. Wahrend der konditionierte Reiz den Pilzkérper Uber die Haupteingangsstruktur,
der sogenannten Calyx, erreicht, signalisieren die Eingangsneurone der Loben den un-
konditionierten Reiz. Von den Loben senden Pilzkorper-Ausgangsneurone die gelernte
Information zu pramotorischen Gehirnzentren weiter. Jedoch waren die Details Uber
die VerknUpfungen, die Nervenzellen in dieser Gehirnregion miteinander machen, zu
Beginn meiner Arbeit unbekannt.

Folglich ist ein zentrales Ziel meiner Doktorarbeit die Feinstruktur des Zentrums far
Lernen und Gedachtnis, in einem Larvengehirn mit einer Auflésung auf Synapsenebene,

zu erstellen. Weiterhin charakterisiert die vorliegende Doktorarbeit die neuronale Or-
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ganisation von unkonditionierten Reizen, welche zum Pilzkorper signalisiert werden.
Zunachst beschreibe ich in Kapitel | eine elektronmikroskopische Studie, welche sich
der Charakterisierung des Pilzkdrpers im Detail widmet. Hierflr habe ich alle Pilzkdrper
intrinsischen Kenyon-Zellen und alle ihre pre- und postsynaptischen Partner von Hand
rekonstruiert. Diese Arbeit wurde im Gehirn einer Larve im ersten Lebensstadium
durchgefiihrt in einem Datensatz, welcher von Albert Cardona zur Verfligung gestellt
wurde. Der Antennallobus ist das Duftzentrum, welches die Duftinformation in andere
Gehirnzentren sendet, so auch in den Pilzkdérper. Die Rekonstruktion des larvalen
Antennallobus von Berck und Kollegen im selben Datensatz ermdglichte mir die Charak-
terisierung des Eingangs von konditionierten Reizen, welche die Kenyon-Zellen auf
ihren Dendriten erhalten. In diesem Kapitel prasentiere ich das Konnektom des larvalen
Lernzentrums, welches nun erstmalig die Verschaltungen im Pilzkérper in einer Detail-
genauigkeit beschreibt, die zuvor nicht erreichbar war.

Waéhrend alle Verhaltensstudien in dieser Doktorarbeit Larven im dritten Stadium nutzen,
wurde die Rekonstruktion mit einer Larve im ersten Stadium durchgefihrt. Deswe-
gen beschaftigt sich Kapitel Il mit dem Vergleich dieser beiden Lebensstadien von
Drosophila im Bezug auf angeborenes und gelerntes Verhalten. Hierbei konnte ich
eine hohe Ubereinstimmung der beschriebenen Verhalten feststellen, somit lassen
sich Studien zur Anatomie und zum Verhalten der Larve Uber ihre Entwicklung hinweg
vergleichen.

AnschlieBBend flhre ich ein aversives assoziatives Duftlernen in Kapitel Il ein. Hier
benutze ich einen mechanosensorischen Stimulus als Bestrafung und zeige, dass dieser
angeborenes und erlerntes Fluchtverhalten in Drosophila Larven im dritten Stadium
verursacht.

In Kapitel 1V beschreibe ich die Organisation des Belohnungssystems im Pilzkdrper.

Hier dokumentiere ich die Rolle von Eingangs- und Ausgangsneuronen des PilzkGrpers
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in appetitiven assoziatives Duftlernen in Larven im dritten Stadium. Hierflr wurden
diese Zellen aktiviert oder deren Informationsiibertragung an Synapsen ausgeschaltet.
In Kapitel V beschreibe ich noch einmal den aktuellen Stand der Lern- und Gedachtnis-
forschung in Drosophila Larven in Form eines Reviews.

Zusammenfassend, zeige ich in meiner Doktorarbeit, dass die Drosophila Larve ein
geeigneter Modellorganismus fir die Erforschung von assoziativen Duftlernen und
dessen zugrunde liegenden Mechanismen ist. Das Konnektom des Pilzkérpers wird
die Gedachtnisforschung weiter vorantreiben und als Grundlage neuer Experimente
dienen. Somit riickt ein Verstehen von erfahrungsabhangigen Verhaltensweisen durch
die Integration von sensorischen Stimuli, um so mit der gelernten Information zum

Beispiel leichter Futter zu finden und Fressfeinde zu vermeiden, in greifbare Nahe.
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1.2 English Version

In my thesis, | studied learning and memory in the Drosophila larva. In the recent years
the fruit fly Drosophila melanogaster was established as a suitable model organism for
understanding neuronal networks and the expression of behavior. Using the fruit fly
model system has great advantages due to its fully sequenced genome. This allowed
for the development of an extensive genetic toolkit, which enables researchers to ma-
nipulate single genes and single cells in an almost unlimited fashion. Moreover the fruit
fly brain contains only about 100,000 neurons and the larval brain has about an order of
magnitude less. This makes investigating the role neurons play in particular behaviors
manageable on the single-cell level in both the larva and the adult fly.

Associative learning of multiple stimuli is a process known to occur in the mushroom
body (MB), an insect central brain structure. The MB consists of parallel fibers, the
so-called Kenyon cells (KCs), which are coincidence detectors for the conditioned (CS,
in my case olfactory stimuli) and unconditioned stimulus (US, relevant for this work:
appetitive and aversive stimuli like sugar or vibration, respectively) during learning. The
CS enters the MB at its main input structure the calyx and the US connects to the lobes
of the MB. Output neurons from the lobes convey the learned information to premotor
areas in the brain. However, the details of how the neurons wire together in the MB was
largely unknown at the beginning of my thesis work.

Thus a central aim of this thesis is to reveal the ultrastructure of the learning and mem-
ory center in a larval brain in single-synapse resolution. This thesis work also further
characterizes the organization of reward and punishment stimuli (US) signaling onto the
MB.

First, in Chapter | | describe the electron microscopy effort to characterize the MB

neuropile in a connectome study. | manually reconstructed all MB intrinsic KCs, and
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all of their pre- and postsynaptic partners. For this work | used the whole first instar
larval brain volume made available by Albert Cardona. The larval antennal lobe (AL) is
the olfactory center that conveys odor information to higher order brain areas (MB and
lateral horn). Recently Berck and colleagues have reconstructed the AL in the same
volume enabling me to characterize the CS inputs KCs receive on their dendrites. In
this chapter | reveal the connectome of the larval learning and memory center, showing
the connections in the MB at a resolution that previously could not have been achieved.
While the behavioral studies in this thesis employ third instar larvae, the connectome
was reconstructed in a first instar larva dataset. Thus Chapter Il deals with the compari-
son of innate and learned behavior of first and third instar larvae. | show a high degree
of concordance which enables the comparison of anatomical and behavioral studies
across the life stages of larvae.

Chapter Il introduces an aversive olfactory learning paradigm using a mechanosensory
stimulus as punishment. | show that such a stimulus can elicit innate and learned
escape response behavior in third instar Drosophila larvae.

In Chapter IV | characterize the organization of the reward system of the MB. By activat-
ing or acutely silencing MB input and output neurons this chapter reveals the importance
of these neurons for appetitive olfactory learning in third instar larvae.

Finally in Chapter V | review the current findings in the field of learning and memory in
Drosophila larvae.

In summary, my thesis shows that the Drosophila larva is a suitable model organism
to study the underlying mechanisms and networks of conditioned behavior. The ac-
cessibility of the MB connectome will guide future investigation into how a small brain
integrates sensory stimuli to learn about the environment and to find food sources and

avoid predators based on acquired knowledge.
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General introduction

2.1 Drosophila as a suitable model organism

The fruit fly Drosophila melanogaster is a well established model organism offering a
wide range of tools allowing for genetic manipulations. The adult fruit fly brain consists
of a relatively small amount of neurons (about 100,000 [lyengar et al., 2006]) yet is
capable of complex behaviors such as courtship (reviewed in |Pavlou and Goodwin
[2013]), circadian rhythm and sleep (reviewed in Yamamoto and Koganezawa [2013])
and learning and memory (reviewed in (Guven-Ozkan and Davis| [2014]). The fruit
fly also has a short life cycle (reviewed in Markow|[2015]) and is easy to rear in the
laboratory (reviewed in Stocker and Gallant [2008]).

The Drosphila genome contains many gene homologues of the human genome and
thus shows a high degree of evolutionary conservation (reviewed in |Bier|[2005]). This
makes the fly a model organism for studying the genetic processes underlying heritable
diseases in humans [Hu et al., 2011]. Additionally, the fruit fly has been utilized to
investigate cellular and molecular mechanisms that when failing lead to neurodegenera-
tive diseases including Parkinson’s and Alzheimer’s as well as neurological diseases,
such as amyotrophic lateral sclerosis (reviewed in \Ugur et al.[[2016]). Furthermore, the
Drosophila olfactory system was found to be surprisingly similar to the mammalian one
in respect of anatomical organization and its functional logic [Buck and Axel, [1991].
The complete sequencing of the fairly small Drosophila genome of about 13,600 genes
in the year 2000 [Adams et al., |2000] allowed for a multitude of genetic tools to be
developed. One of these tools is the GAL4 system published in 1993 by Brand and
Perrimon [Brand and Perrimon, [1993] and has since been developed further based on
the sequenced genome and gained significant importance in the field of neuroscience.
The GAL4 system allows for targeted gene expression in Drosophila (for details see

section 2.3). To restrict the GAL4 expression pattern even further another tool, the Split
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GAL4 system was developed (Luan et al. [2006]; see section 2.3). The advantage of
genetic accessibility enables large-scale genetic screens with behaving animals and
makes Drosophila melanogaster an attractive model organism for studying behavior

and its underlying neuronal mechanisms and networks.

2.2 The Drosophila life cycle

Drosophila melanogaster is a holometabolous insect with a short life cycle of around
10 days when reared at 25 °C [Demerec and Kaufmann, [1965]. Female flies can lay
up to 3,000 eggs throughout their adult life [Ashburner et al., 2005]. During the first
24 hours after egg-laying embryogenesis occurs and a larva will hatch from its egg.
Larvae undergo two molts, at 48 and 72 hours after egg-laying, resulting in three larval
stages, so-called instars (Fig. 1). Two days later, after leaving the food substrate in the
wandering stage for about one day, larvae pupate within the last larval skin [Demerec
and Kaufmann, |1965]. In the subsequent four to five days metamorphosis takes place
in the pupa to transform the larval body into the imago. The adult fly ecloses about 10

Figure 1: The Drosophila melanogaster life cycle

A larva hatches one day after egg-laying and goes through three
larval stages over the course of about four days. The Drosophila
larva pupates and after metamorphosis the imago ecloses.

From http://www.creative-diagnostics.com/Drosophila.htm,
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days after egg-laying. Female flies are fertile 8-12 hours after eclosure [Ashburner et al.,

2005).

2.3 The GAL4/UAS-system

The GAL4/UAS-system developed by Brand and Perrimon|[1993] allows expression of
genes of interest in Drosophila in a cell- and tissue-specific manner (Fig. 2A).

Taking advantage of this genetic tool requires two fly strains, driver (containing the GAL4
construct) and effector (containing the UAS construct) strain (Fig. 2A). The gal4 gene is
coding for a yeast transcription factor that binds to its binding site, the UAS (Upstream
Activation Sequence). In the presence of the GAL4 transcription activator protein the
UAS is activated and a gene downstream of UAS is transcribed.

A fly-specific promoter upstream of gal4 restricts the expression pattern to a defined
subset of cells expressing the transcription factor that drives the particular promoter
[Brand and Perrimon, [1993]. In the offspring of the driver and effector strain cross GAL4
drives the transcription of a gene of interest only in a specific set of cells. Any gene
of interest can be expressed under the control of UAS transcription. The possibility
of diversifying the fly-specific promoter and the gene of interest makes this genetic
tool very adaptable (reviewed in |Yoshihara and lto [2012]; Hudson and Cooley [2014];
Sivanantharajah and Zhang [2015]).

An approach to restrict the GAL4 expression pattern to just a few or even to single cells in
the brain can be achieved by the Split GAL4 system (Fig. 2B). This tool uses the modular
nature of GAL4, which consists of two domains, DNA binding (DBD) and activation
domain (AD) to be functional. Each domain is fused to a heterodimerizing leucine zipper
fragment, so that both domains are binding tightly together when expressed in the

same cell [Luan et al., 2006] and thus creating the functional GAL4 transcription factor
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(Fig. 2B). Both constructs can be under the control of a different promoter fragment. By
crossing a DBD and an AD GAL4 strain one can generate a new fly strain in which the
functional GAL4 is restrained to cells overlapping in both expression patterns.

The Janelia Research Campus hosts a collection of GAL4 and Split GAL4 driver and
UAS effector fly strains that enable researchers to time-dependently gain control over
a specific set of neurons in the Drosophila brain [Pteiffer et al., 2008]. For example,
neurons can be made visible by expressing a green fluorescent protein (GFP, reviewed
in Tsien|[1998]), silenced by a temperature sensitive protein shibire [Kitamoto, 2001] or
activated with a channelrhodopsins like Chronos and Chrimson [Klapoetke et al., 2014].
Moreover, the activity of neurons can be monitored with a genetically encoded calcium

indicator (GCaMP) [Tian et al., 2009].

A Binary Gal4-UAS System
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Figure 2: The Split GAL4 system restricts the expression pattern further

A The GAL4/UAS-system in Drosophila for targeted gene expression. The driver strain contains the gal4 gene expressing the
GAL4 transcription factor driven by the control of a genomic promotor (P) in a driver-specific expression pattern (in black). The
UAS effector strain carries the upstream activation sequence (UAS) and the gene of interest (transgene, in green). When both
strains are crossed together the GAL4 transcription factor can bind to the UAS and enables driver-specific expression of the gene
of interest (in green).

B The Split GAL4 system uses the modular nature of the GAL4 protein. It consists of two separable domains, the DNA-binding
(DBD) and transcription-activation (AD) domain. To ensure that both domains bind together when expressed they are fused to a
leucine zipper (Zipt or Zip~). Using different promotors for the two GAL4 domain constructs expresses the domains in different
cell populations. Only in the intersection (N) of these two expression patterns domains are able to fuse and thus create a functional
GALA4 transcription factor restricting the transgene expression to these cells.

From|Luan et al.|[2006].
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2.4 Olfactory pathways in Drosophila

Olfaction is one of the most important senses for flies at any stage. It is key to finding
mating partners, tracking down food sources and locating suitable sites for egg-laying.
Adult Drosophila sense odors and pheromones with about 1,300 olfactory receptor
neurons (ORNSs, Fig. 3). These are located in the third antennal segment and the
maxillary palp where they express olfactory receptors (ORs) (reviewed in Gerber et al.
[2009]). The fly Or gene family consists of 60 genes encoding for 62 ORs [Robertson
et al., 2003]. ORNs project to 50 glomeruli (reviewed in Gerber et al. [2009]) in the
antennal lobe (AL), while ORNs expressing the same OR exist in multiple copies and
target the same glomerulus. Odors activate multiple different ORNs and olfactory
information is encoded as an activity pattern in the AL (reviewed in Hallem and Carlson
[2004]). 150 projection neurons (PNs), about three from each glomerulus, send the
olfactory information (in form of an activity pattern of PNs) to two higher brain centers:
the mushroom body (MB) and lateral horn (LH) (reviewed in Gerber et al. [2009]). These
two target areas of the PNs are thought to be involved in distinct tasks. While the MB is
the center for learning and memory [Quinn et al., [ 1974] the LH was shown to be involved
in innate olfactory behavior [De Belle et al., 1994} Tanaka et al., 2004} Jefferis et al.,
2007]. PNs connect to approximately 2,000 MB intrinsic Kenyon cells (KCs; Kenyon
[1896]) [lto and Hotta, [1992; Aso et al., 20144a] in the calyx (Yasuyama et al./ [2002];
Leiss et al. [2009]; for more detail see section 2.7).

The larval olfactory pathway has the same building plan as the adult pathway, however
neuron numbers are reduced [Ramaekers et al., 2005; Kreher et al., 2005]. The 21
larval ORNs are located in the dome of the dorsal organ, a paired structure on each site
of the larval head [Heimbeck et al., [1999; Kreher et al., 2005]. They each express their

individual OR and send their axons to their individual glomerulus in the antennal lobe
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[Ramaekers et al., 2005]. From there 21 PNs project to the larval LH and MB (where
they connect to about 600 KCs;|Stocker| [2009]; reviewed in|Gerber et al.|[2009]) like in

adult flies (Fig. 3).

While the adult olfactory pathway consists of converging and diverging connections

[Stocker, [2009] the larval pathway relates the olfactory information in a one-to-one

fashion [Ramaekers et al., [2005].
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2.5 Gustatory pathways in Drosophila

Figure 3: Olfactory pathways
in adult and larval Drosophila
melanogaster

The design of the olfactory path-
ways of adult and larval Drosophila
is similar. However, larvae have
drastically reduced numbers of neu-
rons in each level of the pathway.
There are multiple copies of adult
olfactory receptor neurons (ORNSs)
and projection neurons (PNs). The
adult olfactory pathway has layers of
convergence and divergence, while
the pathways in larvae are charac-
terized by one-to-one connections.
Larvae have only one ORN per
expressed OR and a unique PN
per glomerulus in the antennal lobe
(AL). PNs signal olfactory informa-
tion into two higher order brain cen-
ters, the mushroom body (MB) and
the lateral horn in adult and lar-
val Drosophila. Additionally, adult
flies have a pheromone subsystem
(black dots) that is missing in larvae.

From Stocker 2009

The gustatory sense enables animals to navigate their chemosensory environment by

physical contact and to distinguish between harmful and safe food. The taste system

controls eating and drinking behavior. In Drosophila tastes are categorized into relatively

few modalities, like sweet, salt and bitter (reviewed in Vosshall and Stocker| [2007];

18



General introduction

Gerber et al.|[2009]). Taste sensilla, which are hairlike structures, are found at the tarsi,
labellum, wing margins and in the pharynx of adult flies (reviewed in |Stocker [1994];
Singh [1997]). Gustatory receptor neurons (GRNs) are organized in two to four neurons
per sensilla. The circuitry of the gustatory system is not as well understood as the
olfactory pathways. From the sensory organs on the labellum, pharynx and tarsi GRNs
project to their first-order processing center, the subesophageal zone (SEZ) (Wang et al.
[2004]; reviewed in Stocker [1994]). GRNSs that express the same GR and derive from
different taste organs do not project to the same brain area like the ORNs do in the AL.
The projections of GRNs are constrained by the nerve through which they enter the
brain and thus they segregate into different parts of the SEZ depending on the taste
organ they originated from [Stocker and Schorderet, [1981}; |Scott et al., 2001; Wang
et al., 2004].

A gene family related to the Or family consisting of 60 members (Gr family) encodes
for 68 gustatory receptors [Clyne et al., 2000; Scott et al., 2001]. In this family Gr5a,
Gr64a-f and Gr66a are the best understood genes and code for sweet and bitter taste
sensing receptors (reviewed in|Gerber et al.|[2009]). Gr5a encodes a trehalose receptor
that binds to a variety of sugars (for example: trehalose, arabinose, fructose, and
sucrose; reviewed in |Gerber et al. [2009]) and activates the neuron expressing the
receptor [Tanimura et al., [ 1988]. Surprisingly, Gr5a neurons are also activated by low
concentrations of salt (NaCl; Marella et al.|[2006]). Neurons expressing Gr64a have
been found to be activated by other sugars like maltotriose or stachyose [Dahanukar
et al., 2007]. Both receptors Gr5a and Gr64a were proposed to be complementary
in detecting different types of sugar and might be expressed in the same cell acting
as independent sensors (Dahanukar et al.[[2007]; reviewed in \Gerber et al. [2009]).
Recently Gr43a was found to be a fructose receptor in the hemolymph of adult flies

[Miyamoto et al., 2012]. While these receptors seem to be activated by positive taste
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experiences, the Gr66a receptor bind to negative tastants [Moon et al., 2006]. Gr66a
neurons are activated by bitter compounds like caffeine, quinine and limonin, as well
as high concentrations of salt, but not by sweet compounds [Marella et al., |2006].
Interestingly, salt can be sensed by sweet and bitter receptors dependent on the salt
concentration, suggesting the existence of two different salt sensors. In both cases
members of the pickpocket (ppk) gene family are involved in the process. One ppk
gene, ppk11, might mediate the appetitive response to low salt concentrations and
another one, ppk19, is involved in the aversive responses to high concentrations of salt
[Liu et al., |2003]. Furthermore GRNs have been found to sense water, however the
underlying processes and neurons involved are largely unknown (Inoshita and Tanimura
[2006]; reviewed in Gerber et al. [2009]).

Interestingly larvae behave very similar to the adult fly towards different tastants. They
avoid high concentrations of salt and bitter compounds and prefer sugars and low salt
concentrations [Liu et al., [2003; [Niewalda et al., 2008]. Larvae have two more external
sense organs (terminal and ventral organs) and four pharyngeal organs [Gendre et al.,
2004] in addition to the aforementioned dorsal organ involved in olfaction. Most of these
organs are suggested to be involved in gustation (Singh and Singh|[1984]; Python and
Stocker [2002]; reviewed in |Gerber et al. [2009]). Food search is the main task of a
larva (reviewed in [Tennessen and Thummel [2011]) and therefore it is important to
evaluate putative food sources. Unsurprisingly different studies estimated there to be
90 GRNs per body side (Python and Stocker| [2002];|Colomb et al.|[2007]; reviewed in
Apostolopoulou et al. [2015]), outnumbering the ORNs by large. This is consistent with
a feeding focused larval life style dug into the food, while flying adult flies have 1,300
ORNSs (reviewed in |Stocker [2001]) and only 600 GRNs (reviewed in [Stocker| [1994]).
Like in adult flies, larvae express the Gr66a gene and it encodes for bitter receptors

[Kwon et al., 2011}; |/Apostolopoulou et al., 2014, |2016]. Also neurons expressing the

20



General introduction

ppk11 gene were found in larvae, which are activated by low salt concentrations [Liu
et al., [2003];|Colomb et al., 2007]. Recently, the receptor gene GR43a was described as
the major larval sugar receptor [Mishra et al., 2013]. Moreover it has been found that a
set of GRNs expresses a gene called serrano as well as ppk19 and Gr66a which are
all required for high-salt perception [Alves et al., 2014]. Interestingly GRNs project to
similar regions in the SEZ in larvae as observed in adult Drosophila [Scott et al., [2001;;
Colomb et al., [2007].

Candidate target neurons of GRNs have been reported to express the hugin gene and
send processes to the protocerebrum and the ventral nerve cord in larvae [Colomb
et al., 2007; Bader et al., 2007; Melcher and Pankratz, 2005]. In adult flies as well as in
larvae further gustatory pathways in the brain remain largely unknown (for detail see

section 2.6)

2.6 Other sensory pathways in Drosophila larvae

In addition to olfactory and gustatory stimuli adult flies as well as larvae can detect
other sensory cues like mechanosensory, temperature, nociceptive and visual stimuli. |
will focus on the larval pathways due to their relevance to Chapter I. Recently Ohyama
et al.| [2015] described a multimodal sensory pathway involved in escape behavior as a
response to an attack of a predatory wasp [Tracey et al., 2003]. While so-called multi-
dendritic class IV neurons sense the nociceptive stimuli of the wasps sting, chordotonal
neurons react to mechanosensory cues like vibration resulting from the wasps wing
motions. Nociceptive and mechanosensory stimuli are integrated in the larval brain to
enhance the selection of the fastest mode of escape locomotion [Ohyama et al., [2015].
Furthermore larvae can sense air-currents [Ohyama et al., [2013; Jovanic et al., [2016]

and respond with startle behavior or explore the environment further with a head-turn
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[Ohyama et al., 2013]. This gentle mechanical stimulus activates the mentioned chordo-
tonal neurons [Ohyama et al., |2013; Jovanic et al., 2016].

Drosophila larvae can also navigate temperature gradients moving up the gradient
between 15 °C and 23 °C and down the gradient at temperatures above 30 °C. Three
sensory neurons in each dorsal organ at the larval head have been found to be involved
in cold avoidance behavior, while neurons for warm avoidance behavior remain unknown
[Klein et al., |2015].

Moreover larvae show light avoidance behavior for which the Bolwig’s organs (BO)
[Hassan et al., 2000] and class IV multidendritic (md) [Xiang et al., 2010] neurons are
required. The BO contains of 12 photoreceptors (PR) that express Rhodopsin (eight
express Rh6 and four express Rh5) and is involved in phototaxis at low light levels. PRs
send their axons to the larval optical neuropil and contact three classes of neurons:
three optic lobe pioneer neurons, a serotonergic cell cluster and five lateral neurons
(LNs) which are essential for light avoidance behavior [Sprecher et al., 2011; Kane et al.,
2013]. The md neurons express Rhodopsin only in very small amounts and respond to
high light levels like the sun light (Sokabe et al. [2016]; reviewed in Keene and Sprecher
[2012)).

In summary larvae can navigate their environment based on olfactory, gustatory,
mechanosensory, nociceptive, temperature and visual cues. These stimuli can be
associated with one another in a central brain structure to learn about features of the

larval world to make predictions about the future (see next section).

2.7 Associating different sensory modalities

Association of different sensory stimuli gives organisms the advantage of learning

about their environment and predicting future events. Learning and memory is an
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activity-dependent process described to require a central-brain structure in insects
called the mushroom body (MB) [Heisenberg et al., [1985]. Adult Drosophila show
Pavlovian learning by associating odors with a reward (sugar; 'Tempel et al. [1983])
or a punishment (electric shock; Tully and Quinn [1985]). In a classical conditioning
paradigm flies receive an electric shock in the presence of an odor A. Subsequently
flies are presented another odor B and no electric shock occurs. To control for innate
preference of the flies towards the odors or any other odor-specific effects, another
group of flies is trained reciprocally (odor A, no shock; odor B with shock). After training
flies face a choice test in which they avoid the previously punished odor (reviewed in
Gerber et al. [2009]). But how does this memory come about?

The mushroom body is where these associations occur. Here the unconditioned stimulus
(US; e.g. electric shock) and the conditioned stimulus (CS; e.g. odor) are integrated
and processed to establish the conditioned response (e.g. odor avoidance) [Heisenberg
et al., [1985]. In flies the CS enters the MB in its main input structure, the so-called
calyx (Fig. 4A). Olfactory projection neurons (PNs) form large presynaptic boutons in
the calyx [Yasuyama et al., 2002} Leiss et al., 2009]. MB Intrinsic Kenyon cells (KCs)
[Kenyon, [1896], wrap their dendritic branches around the PN boutons forming claw-like
structures. KCs were found to typically have about 6 claws with different PNs in the larva
[Masuda-Nakagawa et al., 2005] and five to six in adult Drosophila [Leiss et al., 2009].
The connectivity between PNs and KCs has previously been suggested to be random
[Masuda-Nakagawa et al., 2005; Murthy et al., [2008; |Caron et al., 2013]. However one
study in larvae found a high degree of stereotypy in the connectivity between AL and
calyx glomeruli [Ramaekers et al., 2005]. Another study in adult Drosophila found a
regionalized and probabilistic connectivity [Gruntman and Turner, 2013]. Additionally
to olfactory input (for adult reviewed in|Heisenberg|[2003]; Waddell|[2013]; Owald and
Waddell [2015]; Schuarmann|[2016] and larvae Drosophila Berck et al. [2016]; Masuda-
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Nakagawa et al.|[2005]; reviewed in|Gerber et al.|[2009]) KCs were reported to receive

gustatory, visual and thermal input in the adult Drosophila calyx (Bang et al. [2011];

Vogt et al.| [2014]; reviewed in Owald and Waddell [2015]; \Schirmann| [2016]; for larvae

see Chapter ).
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Figure 4: The mushroom
body (MB) of Drosophila
melanogaster

A Schematic of the reward
and punishment pathways in
an adult Drosophila MB. Odor
information is signaled to the
MB calyx via projection neu-
rons (PN). Also visual infor-
mation enters the MB at the
calyx. The reward is medi-
ated by dopaminergic PAM-
cluster neurons onto the hor-
izontal lobe and punishment
is signaled via PPL1-cluster
neurons onto the vertical lobe.
~ Kenyon cells are involved in
visual and olfactory memory,
while a/B8 and «/3" Kenyon
cells mediate olfactory learn-
ing. Adapted from

[2014].

B Schematic of the larval MB.
KC send dendrites into the ca-
lyx and parallel axons through
the peduncle and bifurcate at
the lower peduncle into me-
dial (ML) and vertical lobe
(VL). There they also send ex-
tensions into the lateral ap-
pendix (LA). Scale bar is 50
pm.

C Schematic of the adult fly
MB. The horizontal lobe con-
sists of three parallel struc-
tures: 3, 8’ and v lobe. The
vertical lobe is divided into
a and o' lobes. KCs send
their dendrites into the ca-
lyx and axons into the lobes
in three distinct morphological
patterns. They either bifur-
cate into o/B or /B’ or inner-
vate only the ~ lobe. Scale
bar is 60 pm.

B and C adapted from|Kurusu

et al][2000].

As mentioned before KCs have their dendrites in the calyx of the MB. Furthermore they

form parallel axons in the peduncle and bifurcate into the horizontal (called medial lobe
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in larvae) and the vertical lobe [Aso et al., 2014a; Kunz et al., [2012] (Fig. 4B and C). MB
extrinsic dopaminergic (DANs) and octopaminergic modulatory neurons (OANSs) connect
to KCs in the lobes defining separate compartments. Dopamine and octopamine are
neurotransmitter that have been shown to be involved in signaling the US during learning
in insects. DANs and OANs convey the rewarding and punishing signals to the MB
KCs in insects (adult insects; Schwaerzel et al. [2003]; |Vergoz et al. [2007] reviewed
in (Waddell [2013]; (Owald and Waddell [2015]; \Schurmann|[2016], larval Drosophila;
Selcho et al. [2009]; Pauls et al. [2010]; |Selcho et al. [2014]; |Rohwedder et al.|[2016];
reviewed in Gerber et al.|[2009]; Diegelmann et al. [2013])) and tile the MB into distinct
compartments [Pauls et al., 2010; Aso et al., 2014a]. DANs from the PAM-cluster
connect to the horizontal lobe and have been shown to be involved in appetitive (reward)
learning [Liu et al., 2012]. PPL1-cluster DANs innervate the vertical lobe and were
reported to play a role in aversive (punishment) learning [Aso et al., 2012] (Fig. 4A). MB
output neurons (MBONSs) send their dendritic arborizations into the lobe compartments
respecting the boundaries formed by the DANs/OANs (adult; Aso et al.|[2014a]; Owald
et al.[[2015]; reviewed in Owald and Waddell [2015], larvae Drosophila; |Pauls et al.
[2010]). Thus each compartment is characterized by DAN-to-KC and KC-to-MBON
connections. It has been shown that simultaneous activation of KCs and DANs can
modulate the KC-MBON synapses (reviewed in Owald and Waddell [2015]; |Schirmann
[2016]). Interestingly MBONs from the horizontal lobe drive aversive behavior when
optogenetically activated, even though their DANs/OANs encode reward [Owald et al.,
2015; Aso et al, 2014b]. Similarly activating MBONs from the vertical lobe drives
appetitive behavior, while the DANs/OANs from these compartments signal punishment
[Aso et al., 2014b]. The current model in the field is that synaptic depression occurs at
the KC-MBON synapses. Associating an odor with a punishment “weakens” the KC-

MBON synapses in the active DAN compartment and causes the flies to subsequently
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approach this odor less.

Interestingly, the MB has been compared to the cerebellum in the mammalian brain due
to consisting of granule cells organized in parallel fibers (KCs) [Kenyon, |[1896] and the
synaptic connections between extrinsic afferent and efferent elements (MBINS/MBONS)

with the intrinsic fibers [Schirmann, 1974].

2.8 Similarities and differences of adult and larval MBs

The MB KCs derive from four neuroblasts that divide consistently from the embryonic to
the end of the pupal stage forming the larval and adult MB [lto and Hotta, 1992; Kunz
et al., 2012]. While first instar larvae have a relatively small number of KC (~100; see
Chapter ), the adult MB consists of approximately 2,000 KCs [lto and Hotta, [1992; /Aso
et al., [2014a]. The principal architecture of the MB shares similar features. KC axons
form the peduncle in a parallel bundle and later bifurcate into vertical and horizontal
(medial) lobes [Kurusu et al., 2002]. While the larva has only one medial and one vertical
lobe system, the adult MB is organized in seven KC subunits in three horizontal and 2
vertical lobes (Fig. 4) [Lee et al., [1999; Tanaka et al., [2008; Aso et al., [2014a]. MB input
neurons have been shown to be octopaminergic or dopaminergic (adult Schwaerzel et al.
[2003]; |/Aso et al.|[2014a]; reviewed in Waddell|[2013], larva Selcho et al. [2009, 2014]).
DANs/OANs and MBONsSs tile the MB into a relatively small number of compartments in
both larval [Pauls et al., 2010] and adult MB [Aso et al., 2014a]. In the calyx KC wrap
around PN boutons in both life stages forming “claw”-like structures (adult Yasuyama
et al. [2002]; Leiss et al.| [2009], larva Masuda-Nakagawa et al. [2005]; Ramaekers et al.
[2005]. While the larval MB has KCs that only present one claw in the calyx [Ramaekers
et al., [2005], these single-claw KCs have not been found yet in the adult MB. Another

important difference is that a key neuron for memory consolidation in the adult MB,
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the DPM neuron [Waddell et al., [2000; Haynes et al., 2015], has not been found in
larval Drosophila. However, a paired GABAergic feedback neuron innervating most MB
compartments, called the APL neuron, was found in both larval [Masuda-Nakagawa

et al., [2014] and adult MB [Liu and Davis, |2009].

2.9 Comprehensive electron microscopy (EM) reconstruction is

fast in the Drosophila larva

Neurons connect to each other through synapses, building circuits in which they send
and process information. Mapping the neural connections in a circuit is important for
understanding the possible flow of information within a circuit - and in determining the
circuit motifs that could implement neural computations. With serial section transmission
electron microscopy [Hayworth et al., [2006; Anderson et al.,|2009; Cardona et al., 2010]
one can generate images of brain tissues, which can be analyzed for synapses and neu-
ron structure [Cardona et al., 2010; |Schurmann, 2016] subsequently. The Drosophila
larval MB is very similar in organization and function to the adult MB but has an order of
magnitude less KCs (reviewed in |Gerber et al.| [2009]) and each neuron is an order of
magnitude smaller. Hence reconstruction of an entire MB is two orders of magnitude
faster and thus becomes very feasible. In Chapter | we reconstructed neurons in a
first instar larval brain EM volume, made available by the lab of Albert Cardona at
Janelia Research Campus (USA). After dissecting the brain from the larva it was cut
into thin slices (50 nm) using an ultramicrotome, these sections were imaged with an
electron microscope (for more detail see Chapter | Material and Methods) as mosaics
with slightly overlapping image areas. The overlap allows for assembly of individual
sections computationally. Moreover, cutting the sections can deform them and destroys

the continuity between them [Saalfeld et al., 2012]. Thus the deformations have to be
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removed and the sections need to be aligned. Assembly and alignment of the sections

generates a 3D representation of the imaged brain tissue [Cardona et al., 2012];Saalfeld
2012]. This dataset is embedded into a browser-based reconstruction software

called CATMAID (Collaborative Annotation Toolkit for Massive Amounts of Image Data;

Fig. 5, Saalfeld et al.|[2009]; |(Cardona et al.|[2012]; Schneider-Mizell et al.|[2016]) for

manual reconstruction of neurons and networks.
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Figure 5: Collaborative Annotation Toolkit for Massive Amounts of Image Data (CATMAID)

Screenshot of the browser-based annotation toolkit with some representative widgets shown that are employed for reconstruction
of neurons.

A The 3D widget allows for visualization of reconstructed neurons (here two KCs in green) and the whole larval CNS (grey mesh).
B Neurons can be listed in the Selection widget, visual features can be changed here to be presented in the 3D widget (A).

C The Neuron Navigator allows for organization of the reconstruction effort. Neurons can be given meaningful tags, so-called
annotations. This tool helps with searching for neurons by their name or annotations.

D The EM stacks are manually reconstructed (colored dots on top of black-and-white EM images). This is a cross section of the
larval MB peduncle with reconstructed KCs in dark red.

E The Connectivity widget lists all pre- and postsynaptic partners of neurons of interest by the connection strength (here a KC of
the right brain hemisphere). This tool helps with targeted reconstruction of connected neurons. All listed neurons and synapses
are "clickable” and lead the user to the respective location in the EM stacks in (D).

F Connections between neurons can be made visible in the Graph widget. Again connections are “clickable” and lead to the
respective synapse location in (D).

After reconstruction neurons can be reviewed branch by branch with the help of the Review widget (not shown), to ensure re-
construction accuracy. The widgets in CATMAID support fast reconstruction of neurons and their visualization for comparison
purposes with light microscopy data.
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Starting the reconstruction of a neuron in this environment begins with the soma
of a neuron of interest or at a synapse up- or downstream of a reconstructed neuron.
Subsequently, the user follows all the branches of the neuron and marks all the synapses.
A user documentation on how to trace neurons is available at http://catmaid.readthedocs.
io/en/stable/#. The tools provided by CATMAID allow for fast neuron reconstruction with
a single-cell and -synapse resolution and help with accuracy.

For example, visualizing homologous neurons of both brain hemispheres in the 3D
widget (Fig. 5A) helps with detection of missing branches when comparing the two
neurons. Analyzing reconstructed networks in both brain hemisphere in the Graph
widget (Fig. 5F) allows identification of missing connections in one hemisphere and
further investigation of the neurons missing that connection. Furthermore, CATMAID’s
tools help with analyzing the reconstructed neuronal network and allow for export of
neuronal features into different file formats (tables showing connection strength between

neurons, lists of all 3D coordinates of a neuron and its synapses) for further investigation.

2.10 Introduction to Chapters|-V

2.10.1 Chapterl

For my thesis | focus on uncovering the ultrastructure of a learning and memory center.
It has been shown that a central brain structure, the so-called mushroom body (MB),
is required in insects in general for establishing and retrieving an olfactory memory
[Heisenberg et al., [1985]. The MB has been extensively characterized in light micro-
scopic and behavioral studies recently in adult (Aso et al. [2014a,b] reviewed in Owald
and Waddell| [2015]) as well as larval Drosophila [Rohwedder et al., 2016]; reviewed in
Diegelmann et al. [2013];/Schleyer et al.|[2011]). However no wiring diagram of this brain

area in single-neuron- and single-synapse-resolution has been available to this date.
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Such a map could guide further behavioral analysis and assist in the understanding of
learning processes.

As mentioned before the MB in adult Drosophila consists of ~2,000 intrinsic and ~200
extrinsic elements [Aso et al., 2014a]. Like in the adult the MB is crucial for associative
learning in larvae, yet has about an order of magnitude less neurons (reviewed in
Gerber et al. [2009]). It has been shown that even the earliest stages of larvae can form
associative memories with their embryonic born KCs [Pauls et al., 2010]. Due to the
relatively small size of larval neurons, complete circuit reconstruction can be achieved
quickly [Berck et al., [2016;|(Ohyama et al., 2015; Jovanic et al., 2016; |Schneider-Mizell
et al., [2016].

Thus | set out to manually reconstruct all MB intrinsic KCs and their pre- and postsy-
naptic partners in the first instar larva brain dataset from Albert Cardona (see section
2.9). This chapter analyzes the resulting connectome of the first instar larval MB and

describes its implication in associative learning behavior.

2.10.2 Chapter Il

The MB connectome described in Chapter | was reconstructed in a first instar larva, due
to the much smaller size of its nervous system compared to third instar larvae. However
most behavioral studies (see Chapter Il and 1V) are performed in third instar larvae,
because their body size makes them easier to handle. This chapter aims to compare
innate and learned behaviors in these larval stages to provide confidence in relating
functional studies in third instar with circuit reconstruction data acquired in first instar

larvae.
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2.10.3 Chapter llI

Chapter Ill describes the behavior of third instar Drosophila larvae in response to
vibration, a mechanosensory disturbance. This stimulus (‘buzz’) is presented through
a loud speaker located beneath a agarose-filled petri dish on which the larvae crawl
and is equivalent to the natural sound of predatory wasps attacking larvae. | study the
impact of three different buzz frequencies on locomotion and innate olfactory behavior.
Moreover | show that certain buzz frequencies can serve as a punishing stimulus in
olfactory learning in larvae. This chapter investigates the behavior first reported in

Eschbach et al. [2011] further.

2.10.4 Chapter IV

Based on the connectome described in Chapter I | analyze the function of MB extrinsic
(in- and output) neurons (MBESs) in this chapter. This study focuses on the behavioral
architecture of MBEs and their specific function for associative odor-taste reward learn-
ing. | acutely block synaptic output of MBEs or optogenetically activate these neurons
during odor-fructose learning employing the GAL4/UAS-system. | reveal the function
of nearly all MBEs in innate olfactory and gustatory behavior as well as in odor-taste

associative learning in third instar larvae.

2.10.5 ChapterV

In this review | summarize the current progress in the field of larval olfactory learning.
| relate the recent findings from the circuit reconstruction of the larval MB (Chapter I)
to behavior reported by other studies. Moreover | review the current findings about the

molecular network of learning and memory in Drosophila larvae.
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3.1 Abstract

Associating stimuli with positive or negative reinforcement is essential for survival, but a
complete wiring diagram of a higher-order circuit supporting associative memory has
not been previously available. We report the full reconstruction at synaptic resolution
of one such circuit, the mushroom body of Drosophila larva. Our results reveal that
Kenyon cells not only integrate random combinations of inputs, but that a subset of
them receives stereotyped inputs from single projection neurons. Combining these
two kinds of Kenyon cells maximizes the performance of a model output neuron on
a stimulus discrimination task. Memories are formed when co-activation of Kenyon
cells and modulatory neurons (mostly dopaminergic) alters the strength of Kenyon
cell synapses onto output neurons within mushroom body compartments. We found a
novel canonical circuit in these compartments with previously unidentified connections:
reciprocal Kenyon cell to modulatory neuron connections, modulatory neuron to output
neuron connections, and a surprisingly high number of recurrent connections between
Kenyon cells. We also report a comprehensive set of connections between output
neurons that could enhance the selection of learned responses. The complete circuit
map of the mushroom body should guide future functional studies of this learning and

memory center.

3.2 Introduction

Massively parallel, higher-order neuronal circuits such as the cerebellum and insect
mushroom body serve to form and retain associations between stimuli and reinforce-
ment in vertebrates and higher invertebrates [Heisenberg, 2003; Menzel, 2012; \Waddell,

2013; Owald and Waddell, 2015; \Schurmann, 2016]. Although these systems provide a
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biological substrate for adaptive behavior, no complete synapse-resolution wiring dia-
gram of their connectivity has been available to guide analysis and inspire understanding.
The mushroom body (MB) is a higher-order parallel fiber system in many invertebrate
brains, including hemimetabolous as well as holometabolous insects and their larval
stages [Schurmann, 2016]. MB function is essential for associative learning in adult
insects [Heisenberg, 2003; (Waddell, [2013]; Menzel, 2012; Owald and Waddell, |2015]
and in Drosophila larvae [Gerber et al., 2009; Diegelmann et al., 2013; Rohwedder et al.,
2016|, from the earliest larval stages onward [Gerber et al., 2009, Pauls et al., [2010].
Indeed, the basic organization of the adult and the larval MB and their afferent circuits
is very similar, however, the number of neurons is less by about an order of magnitude
in larvae [Gerber et al., 2009]. Thus, to systematically investigate the organizational
logic of the MB, we used serial section electron microscopy (EM) to map with synaptic
resolution the complete MB connectome in a first instar Drosophila larva (L1; Fig. 1a).
L1 are foraging animals capable of all behaviors previously described in later larval
stages, including their modulation by associative learning [Gerber et al., 2009; Pauls
et al., 2010] (Fig. 1b). Their smaller neurons enable fast EM imaging of the entire
nervous system and reconstruction of complete circuits [Ohyama et al., 2015; Berck
et al., [2016].

Models of sensory processing in many neural circuits feature neurons that fire in re-
sponse to combinations of sensory inputs, generating a high-dimensional representation
of the sensory environment [Babadi and Sompolinsky, [2014]. The intrinsic MB neurons,
the Kenyon cells (KCs), receive dendritic input from combinations of projection neurons
(PNs) that encode various stimuli, predominantly olfactory in both adult [Heisenberg,
2003, |Waddell, [2013; Owald and Waddell, [2015; \Schirmann, [2016], and larva [Masuda:
Nakagawa et al., 2005; Gerber et al., |2009; Berck et al., 2016], but also thermal,

gustatory and visual in adult [Bang et al., 2011; Owald and Waddell, 2015}, (Schirmann,
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2016] and larva (reported here for the first time). Previous analyses in adults [Murthy
et al., | 2008; Caron et al., 2013] and larvae [Masuda-Nakagawa et al., [2005] suggest
that the connectivity between olfactory PNs and KCs in the calyx is random, but they do
not eliminate the possibility of some degree of bilateral symmetry [Gruntman and Turner,
2013]|, which requires access to the full PN-to-KC wiring diagram in both hemispheres.
The MB contains circuitry capable of associating reward or punishment with the repre-
sentation of the sensory environment formed by KCs. KCs have long parallel axons that
first run together forming the peduncle and then extend collaterals to form the so-called
lobes, in both larvae |Gerber et al., 2009] and adults [Heisenberg, 2003; Waddell, 2013;
Schurmann, [2016]. KCs receive localized inputs along their axonal fibers from dopamin-
ergic as well as octopaminergic modulatory neurons (DANs and OANSs, respectively)
that define separate compartments. DANs and OANs have been shown to convey
reinforcement signals in adult insects [Waddell, 2013; Lin et al., 2014b; |Das et al., 2014}
Galili et al., 2014}, Huetteroth et al., 2015} |lchinose et al., [2015; Cohn et al., 2015} |Owald
and Waddell, 2015; Menzel, |2012}; Schurmann, 2016] and larval Drosophila [Gerber
et al., 2009; Diegelmann et al., 2013} |Rohwedder et al., 2016]. The dendrites of the
mushroom body output neurons (MBONSs) respect the DAN compartments in adult [Aso
et al., |2014a; Owald et al., 2015; Bouzaiane et al., 2015; Owald and Waddell, [2015]
and larvae [Pauls et al., 2010]. It has been shown in adult Drosophila that co-activation
of KCs and DANs can associatively modulate the KC-MBON synapse [Owald and
Waddell, 2015]; Bouzaiane et al., [2015; |Cohn et al., [2015; Hige et al., 2015, Perisse
et al., 2016}, Schurmann, [2016]. Thus, the compartments represent anatomical and
functional MB units where sensory input (KCs) is integrated with internal reinforcement
signals (DANs/OANSs) to modulate instructive output for behavioral control (MBONS).
However, the synaptic connectivity of KCs, DAN/OANs, and MBONSs at this crucial point

of integration was previously unknown.
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Furthermore, studies in adult Drosophila have shown that despite the compartmental
organisation of the MB, many MBONSs interact with MBONs from other compartments,
suggesting that the MB network functions combinatorially during memory formation
and retrieval [Aso et al., [2014a); Owald et al., 2015}, Perisse et al., 2016]. However, a
comprehensive account of all MBON-to-MBON/DAN connections is lacking. Thus, to
provide a basis for understanding how the MB, a prototypical parallel fiber learning and
memory circuit, functions as an integrated whole, we provide a full, synapse-resolution

connectome of all MB neurons of an L1 Drosophila larva.

3.3 Results

We reconstructed all the KCs in both brain hemispheres of an L1 Drosophila larva and
identified all of their pre- and postsynaptic partners (Fig. 1a, d, Fig. 3a; Supp. Table 1).
We found 223 KCs (110 on the left, 113 on the right), of which 145 are mature (73 on
the left, 72 on the right). Immature KCs either lack or have tiny dendrites, and their
axons terminate early with filopodia typical of axon growth cones. Every mature KC
presents a well-developed dendrite, and its axon innervates all of the MB compartments.
Although the number of KCs is different between the two sides (Fig. 1a), we found
exactly 24 MBONSs, 7 DANSs, 2 paired and 2 unpaired OANs and 5 additional modulatory
input neurons (which we call MBINs or mushroom body input neurons, a term we also
use to refer to all the modulatory neurons collectively) of unknown neurotransmitter
identity (Supp. Fig. 1a, Supp. Table 3). An additional pair of GABAergic neurons
(one per side), homologous to the APL neurons in the adult fly [Liu and Davis, |2009;
Masuda-Nakagawa et al., 2014], synapse reciprocally with all mature ipsilateral KCs

(Ext. Data Fig. 1).
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Figure 1: Mushroom bodies of a first instar Drosophila larva.

a Kenyon cells (KCs) from a whole-CNS EM volume.

b Associative learning in first instar larvae: in a Petri dish, we presented an odor (cloud) and red light, either paired (left) or unpaired
(right), and computed the performance index. Control larvae (attP2; UAS-CsChrimson) receiving paired stimuli did not learn,
whereas larvae in which optogenetic activation of dopaminergic (PAM cluster) neurons (GMR58E02-GAL4; UAS-CsCrimson) was
paired with odor showed robust appetitive learning (p < 0.0001).

¢ Diagram of the current MB circuitry model. Projection neurons (PN) relay sensory stimuli to KC dendrites. MBON dendrites
and DAN/OAN/MBIN axons tile the parallel KC axons, defining compartments (grey boxes). DAN/OAN/MBIN signal reward or
punishment, and KCs synapse onto output neurons (MBONSs).

d PN-to-KC connectivity matrix, color-coded by percent of inputs on KC dendrites. Uniglomerular olfactory PNs (Olfactory PNs)
and other PNs from other sensory modalities synapse onto single-claw or multi-claw KCs. Stars indicate KCs with identical input
patterns on the left and right hemispheres. For the PNs on the right of the black vertical lines, first 18 columns are left-right
homologous PN, last column (left) and last five columns (right) are hemisphere-specific PNs.

e Number of KCs integrating inputs from uniglomerular olfactory, multiglomerular olfactory, non-olfactory or a mixture of these PN
types.

f Earlier-born KCs join the lineage bundle closer to the neuropil surface than later-born ones, meaning older KCs present less
claws than younger ones. Distances span from the point where the KC joins the bundle to the joining point of the KC nearest
to the neuropil. Differences between all groups are significant (*** p-values smaller than 0.0001; single-claw and multi-claw KC
comparison p-value: 0.0237).

PN inputs to the KCs
The reconstruction enabled us to identify all the sensory PNs and their connections

onto KCs. KC dendrites have claw-like structures that wrap around PN axon boutons
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in the MB calyx [Schirmann, 2016] (Ext. Data Fig. 2b). We identified input from 21
uniglomerular olfactory PNs on each side, 5 and 7 multiglomerular PNs [Berck et al.,
2016], and 14 and 18 non-olfactory PNs on the left and right sides, respectively. Non-
olfactory PNs include thermal, visual, gustatory, mixed olfactory, and possibly other
modalities (Fig. 1d, e; Supp. Table 1). A subset of mature KCs receives input from
only one PN (single-claw KCs), while the remaining KCs (multi-claw KCs, as in the
adult fly [Caron et al., [2013]) receive input from 2—-6 PNs [Masuda-Nakagawa et al.,
2005] (Fig. 1d, Ext. Data Fig. 2c). Interestingly, single-claw KCs are born earlier than
multi-claw KCs (Fig. 1f). KCs with different numbers of claws receive roughly the same
number of synapses summed across claws (Ext. Data Fig. 2a). This suggests that
multi-claw KCs may require input from multiple PNs to respond, assuring combinatorial
selectivity [Honegger et al., 2011}; Gruntman and Turner, [2013].

Two features of the PN-to-KC connectivity are immediately visible (Fig. 1d): the contrast
between the ordered and apparently disordered connections onto single-claw KCs
and multi-claw KCs, respectively, and the existence of KCs that do not receive any
uni-glomerular PN input. Most KCs (77%) receive exclusively olfactory input from uni-
or multi-glomerular PNs, while the others receive non-olfactory input (Fig. 1d, e). Promi-
nent among these are two KCs per side that exclusively receive thermal information and
one per side that carries visual signals.

No structure is apparent in the olfactory PN input to multi-claw KCs (Fig. 1d; see Ext.
Data Fig. 3b-e for further analysis), consistent with previous analyses in adults [Murthy
et al., 2008};|Caron et al., 2013] and larvae [Masuda-Nakagawa et al., [2005]. Structure
was found, however, when all the PNs were included in the analysis, reflecting the
presence of specialized non-olfactory KCs (Ext. Data Fig. 3a). We also examined
whether PN connections onto multi-claw KCs in the left and right hemispheres are

independent. Only one bilateral pair of multi-claw KCs receives input from the same
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set of homologous PNs (marked by asterisks in Fig. 1d), no more than predicted by a
random model (p = 0.69; Ext. Data Fig. 3e). Such asymmetry has not been observed
previously in the first instar larva where strongly connected presynaptic partners of
identified neurons have always been seen to have left and right homologs [Ohyama
et al., 2015};|Schneider-Mizell et al., [2016; Berck et al., 2016].

In contrast to the randomness of multi-claw KCs, the number of single-claw KCs is
significantly greater than predicted by random models (Fig. 2a) and Fig. 1d shows clear
structure in their wiring. If single-claw KCs sampled random PNs, we would expect
to find about 5 pairs of single-claw KCs innervated by the same PN per hemisphere
(“duplicates”). The data indicate zero left-hemisphere and one right-hemisphere du-
plicate (p < 0.002 and p < 0.005 in the random model, respectively). In contrast, the
random model predicts that duplicates should be rare for multi-claw KCs, and the data
reveal only two (p = 0.93). The fact that single-claw KCs appear earliest in development
suggests that a top priority, initially, is to assure that a complete set of signals is relayed
to the MBONSs, which is not guaranteed with random wiring. Indeed, we found that 27
(44) randomly wired multi-claw KCs, on average, were needed to achieve the same level
of coverage of PN inputs as the 17 (19) single-claw KCs in the left (right) hemisphere

(see Methods).

PN-to-KC connectivity optimizes the KC odor representation for associative learning

The lack of duplication in PN-to-KC connections suggests that MB wiring is well-suited to
promote KC diversity. We hypothesized that this diversity produces a high-dimensional
odor representation that supports stimulus discrimination. To test this idea, we devel-
oped a model in which KCs produce sparse responses to random combinations of
odor-evoked PN activity (see Methods). We compared the performance on a stimulus
classification task of a model MBON in networks with the observed PN-to-KC connec-

tivity and completely randomly connected models with varying degrees of connectivity
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Figure 2: KC connectivity reduces redundancy and optimizes stimulus discrimination.

a Distribution of KC claw numbers compared to random models (grey). Random models have significantly fewer single-claw KCs
(p < 107°). Grey circles and lines denote mean and 95% confidence intervals. Random models for both hemispheres gave
similar results and were pooled.

b Classification error rate of a readout of the KC representation trained on a stimulus discrimination task. Observed connectivity
(blue and orange) is compared to random models in which KCs have different distributions of average claw numbers (grey).

¢ Average performance of models with purely random connectivity (grey) or random multi-claw plus non-random single-claw KCs
(white). S.E.M. is smaller than the marks. d Number of APL-to-KC synapses, which is correlated with claw number.

e Number of presynaptic KC-to-KC connections, which is inversely related to postsynaptic claw number. Data is shown for dendritic
synapses in the calyx (filled circles) or all synapses (open circles).

f Dimension of KC representation in models with only feedforward PN-to-KC connections (FF), with APL-mediated inhibition
(FF+APL), or with inhibition and excitatory KC-to-KC connections (FF+APL+KC). Dimension is slightly reduced by dendritic KC-to-
KC connections (right, filled bars) but strongly reduced by axonic KC-to-KC connections (open bars). Facilitatory axonic KC-to-KC
connections (hatched bars) yield an intermediate reduction.

(see Methods). Fully random networks have few of the single-claw KCs observed in the
reconstruction (Fig. 2a).

The observed connectivity leads to performance superior to the average performance
of purely random model networks (Fig. 2b). Motivated by the observation that unique
single-claw KCs are born early in MB development (Fig. 1f), we hypothesized that
their presence may be particularly important when the number of KCs is small. We
therefore compared the performance of networks with only randomly connected KCs

to that of networks with the same total number of KCs but containing a subpopulation
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of unique single-claw KCs. In networks with few KCs, the presence of single-claw
KCs substantially improves performance (Fig. 2c). As additional KCs are added, the
advantage of single-claw KCs diminishes. For networks constructed using estimates
of adult Drosophila KC connectivity, where single-claw KCs have not been identified

[Caron et al., |2013], unique single-claw KCs provide only a small benefit.

Inhibitory KC interactions via the APL neuron

The MB is innervated by the GABAergic APL neuron [Liu and Davis, |2009; Masuda-+
Nakagawa et al., 2014] that synapses reciprocally with all mature KCs (Ext. Data
Fig. 1a). Although APL receives most of its input from multi-claw KCs, individual
single-claw KCs typically have more synapses onto APL dendrites than multi-claw
KCs (Ext. Data Fig. 1b,c). Conversely, APL connects more strongly to KCs with more
claws (Fig. 2d, Ext. Data Fig. 1c). We extended our model to include APL-mediated
feedback inhibition and assessed its effect on the dimension of the KC representation,
which quantifies the level of decorrelation of KC responses [Litwin-Kumar et al., 2017
(see Methods). The addition of recurrent APL inhibition increases the dimension by
approximately 30% (Fig. 2f), consistent with the proposed role of APL in maintaining
sparse, decorrelated KC responses [Luo et al., [2010}; Papadopoulou et al., 2011} |Lin
et al., 2014a; Masuda-Nakagawa et al., 2014]. The increased inhibition received by
multi- compared to single-claw KCs may reflect a greater need for decorrelation of their

responses given the larger overlap of their PN inputs.

Recurrent KC interactions

We next examined whether KCs directly interact with each other, a possibility suggested
by previous studies in Drosophila and other species [Schurmann, [2016]. Surprisingly,
we found that, on average, 60% of the synapses received by KCs come from other
KCs (on average, 10 presynaptic partners) and 45% of output synapses made by

KC are onto other KCs (Fig. 2e, Ext. Data Fig. 2d—g). Most KC-to-KC synapses are
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axo-axonic and located in the peduncle and MB lobes; a much smaller fraction are
dendro-dendritic and located in the calyx (Ext. Data Fig. 2h). The largest number of
KC-to-KC connections occurs between the two thermosensory KCs (Supp. Table 1),
but these KCs also make large numbers of connections to olfactory and visual KCs.
Single-claw KCs make more recurrent connections, on average, than multi-claw KCs,
and both single- and multi-claw KCs tend to connect reciprocally to KCs of the same
type (Ext. Data Fig. 4a—d). However, we found no relationship between the similarity
of the PN inputs to KC pairs and the number of KC-to-KC synapses formed between
them (correlation coefficients 0.016 and —0.014 for left and right hemispheres; p > 0.4,
comparison to shuffled network).

KCs have been shown to be cholinergic in the adult [Barnstedt et al., 2016], so it is
likely that KC-to-KC connections are depolarizing. Even when strong dendro-dendritic
KC connections are added to our model, dimension only decreases slightly (Fig. 2f).
Additional subthreshold axo-axonic KC-to-KC connections also have a weak effect
(Fig. 2f, hatched bars). However, if we also assume that the strength of axo-axonic
connections is equal to that of the dendro-dendritic connections we model, the dimension
collapses due to the large correlations introduced by this recurrence (Fig. 2f, open bars).
While our model does not reveal a functional role for KC-to-KC connections, it is possible
that processes that we did not model, such as experience-dependent modulation
of their synaptic strengths, may modify the representation to favor either behavioral
discrimination or generalization. Further characterization of these connections is needed

to assess this hypothesis.

A canonical circuit motif in each MB compartment
We next identified the MBONs and modulatory neurons (MBINs) associated with every
MB compartment. Each compartment is innervated by 1-5 MBONs and 1—-3 MBINs

(most often DAN/OANSs), except for the shaft compartment of the medial lobe that lacks
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MBINs in L1 larvae (but has them in L3; [Rohwedder et al., [2016]). Most MBONs and
MBINs innervate a single MB compartment (although most MBINs present a bilateral
axon,innervating both the left and right homologous compartments), with few exceptions
(MBIN-I1 and 5/24 MBONSs; Fig. 3d, Ext. Data Fig. 5). Most MBINs (over 80%) are
primarily presynaptic to other MB neurons, but some allocate 50% or more of their
presynaptic sites to non-MB neurons (Ext. Data Fig. 6a, Supp. Table 2b). We also found
a positive correlation between the number of output sites on the MBIN axons or the
number of input sites on the MBON dendrites and the number of synapses with KCs
(Ext. Data Fig. 6b, c).

Antibody labeling of GFP-labeled neurons showed seven MBINs are dopaminergic
(DAN-c1, d1, f1, g1, i1, j1 and k1; Ext. Data Fig. 5, four are octopaminergic (OAN-a1,
-a2, -e1 and -g1), three others are neither dopaminergic nor octopaminergic (MBIN-e1,
-e2 and -I11), and two were not technically accessible (MBIN-b1 and -b2) (Supp. Fig. 2a).
MBONSs can be glutamatergic, cholinergic or GABAergic (Supp. Fig. 2b), the same set
of neurotransmitters seen for adult MBONSs [Aso et al., 2014a] (Supp. Table 3).

EM reconstruction of MBONs and DAN/OAN/MBINs reveals a canonical circuit motif
(Fig. 3b, d and Ext. Data Fig. 5) that appears in every compartment, independent of
DAN/OAN/MBIN or MBON neurotransmitter (except in the shaft compartment that lacks
modulatory input in L1). In this motif, KCs synapse onto MBONSs, as previously shown
in adult Drosophila [Owald and Waddell, 2015|;|Cohn et al., 2015]; | Barnstedt et al., 2016}
Schurmann, 2016] and bees and locusts [Cassenaer and Laurent, 2012; Menzel, 2012;
Schurmann, [2016]. However, we identified two unexpected connection types. The first
are numerous KC-to-DAN/OAN/MBIN connections (Fig. 3d, Ext. Data Fig. 5). Second, a
sizable fraction of DAN/OAN/MBIN presynaptic sites (which are polyadic) each simulta-
neously contacts both KCs and MBONSs, with generally at least one of the postsynaptic

KCs synapsing onto one of the postsynaptic MBONSs within less than a micron of the
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DAN/OAN/MBIN-KC synapse (Fig. 3c). Thus, DAN/OAN/MBINs synapse both onto the
pre- and postsynaptic side of many KC-to-MBON synapses. For comparison, MBONs
receive on average 3.44% of their input from individual DAN/OAN/MBINs and 1.3%
from an individual KC. If only 5% of the 73 mature KCs are active in response to a
given odor, as has been shown in the adult [Honegger et al., 2011], then the MBONs
receive on average ca. 4.8% of their input from active KCs, very similar to the % of
DAN/OAN/MBIN input.

DAN/OAN/MBINs convey reinforcement signals and are thought to modulate the efficacy
of KC-to-MBON connections through volume-release in the vicinity of KC presynaptic
terminals [Waddell, 2013; Owald and Waddell, 2015; Cohn et al., 2015; Hige et al., 2015;
Owald et al., 2015; [Menzel, 2012; Schirmann, 2016] and as expected, we observed
DAN/OAN/MBIN axon boutons containing dense-core vesicles (Ext. Data Fig. 7). We
also observed dense core vesicles in addition to clear-core vesicles in 1/3 of KCs (Ext.
Data Fig. 7), consistent with findings in the adult that many KCs co-release sNPF
peptide with acetylcholine [Barnstedt et al., 2016].

Our EM reconstruction also revealed DAN/OAN/MBIN synapses containing clear vesi-
cles (Ext. Data Fig. 7and Fig. 3c) indistinguishable from those that release classical
neurotransmitters [Ohyama et al., [2015]. All DAN/OAN/MBIN terminals with clear-core
vesicles contained dense core vesicles and the vast majority of dense core vesicles
are located within the presynaptic boutons (Ext. Data Fig. 8). This suggests that
DAN/OAN/MBINs may have two concurrent modes of action onto KCs and MBONSs:
activation via synaptic release (of dopamine, octopamine, or fast neurotransmitters)
and neuromodulation via volume release. These two modes, coupled with the diverse
connection types among KCs, DAN/OAN/MBINs, and MBONSs, may provide a powerful

and flexible substrate for associative learning.
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Figure 3: A canonical circuit in every mushroom body compartment.

a EM-reconstructed DAN/OAN/MBIN (green) and MBONs (magenta).

b Canonical circuit present in every MB compartment, with previously unknown KCs synapses onto DAN/OAN/MBINs, and from
these onto MBONSs.

¢ Example of an MBIN presynaptic site (green dot) with a KC (white dot) and an MBON (magenta dot) postsynaptic to it. The
same KC is also presynaptic to the MBON in close proximity. Dense-core and clear vesicles are visible in the DAN axon close to
a presynaptic site.

d The connectivity matrix between KCs, DAN/OAN/MBINs, and MBONSs of the right-hemisphere MB shows the specific,
compartment-centric synapses among cells types. Each entry represents the num. synapses from a row to a column (values are
averaged for KCs). Note absence of DAN in SHA (develops later in larval life). DAN/OAN/MBINs synapse only onto MBONSs inner-
vating their compartment, and axo-axonically onto same-compartment DAN/OAN/MBINs. Note the presence of multi-compartment
MBONSs in the vertical lobe and LA.

Heterogeneous KC-to-MBON/DAN/OAN/MBIN connections in multiple compartments

Previous studies in adult Drosophila have shown that different lobes and compartments
within the lobes are involved in forming different types of memories [Waddell, 2013; /Aso|
et al.l [2014b; Lin et al., [2014b; Galili et al., 2014; Das et al., 2014; |Huetteroth et al.,
2015]; (Owald and Waddell, [2015}; (Owald et al., [2015; [Bouzaiane et al., 2015 [Perisse|

et al., [2016; /Aso and Rubin, 2016]. Functional studies in larvae [Gerber et al., [2009;
Diegelmann et al., [2013; |Rohwedder et al., 2016] also suggest that vertical and medial
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lobes may be implicated in distinct types of memory formation (aversive and appetitive,
respectively). Our EM study shows that all mature KCs make synaptic connections with
MBONs and DAN/OANSs in both the vertical and medial MB lobes (Ext. Data Fig. 9a-c,
Ext. Data Fig. 10a-c and Supp. Table 4a, b). Furthermore, individual MBONs are
innervated by between 40% to almost all of the KCs, with an average of 70% (Ext. Data
Fig. 9a). This extensive innervation provides MBONs access to the high-dimensional
KC representation and suggests that individual KCs may be involved in the formation
and storage of associations involving multiple stimuli and valences, as suggested for
the adult [Waddell, 2013; Owald and Waddell, |2015] (but see [Perisse et al., 2013]).

Our EM reconstruction reveals that in the larva, the axon terminals of all DAN/OAN/MBINs
overlap with all KCs within a compartment and could potentially connect to all KCs,
unlike in the adult [Perisse et al., 2013} /Aso et al., [2014a]. Nevertheless, only subsets of
KCs synapse onto either the DAN/OAN/MBIN or the MBON, or both, within a given com-
partment, with a broad distribution in the number of synaptic contacts (Ext. Data Fig. 9d,
e, Ext. Data Fig. 10d, e and Supp. Table 4a, b). Estimating connection strength using
synapse number, distinct subsets of KCs synapse strongly with DAN/OAN/MBINs and
MBONs in distinct compartments (Ext. Data Fig. 9c, Ext. Data Fig. 10c, Supp. Table 4a,
b and Supp. Table 1). This could arise from an innately broad distribution of synapse
strengths or activity-dependent changes in synapse number. Either way, this hetero-
geneity implies that distinct MBONs and DAN/OAN/MBINSs respond to heterogeneous

combinations of active KCs.

Comprehensive profile of MBON inputs

EM reconstruction and synaptic counting provides a comprehensive view of the signals
carried by the MBONSs (Fig. 4a, b and Supp. Table 2a). In general, MBONSs are among
the neurons in the L1 larval brain receiving the largest number of inputs, with a median

of 497 and a maximum of about 1500 postsynaptic sites. The median for other neurons
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reconstructed so far is around 250 in L1 [Ohyama et al., [2015; Berck et al., 2016].

We analyzed the detailed structure of KC-to-MBON connectivity to determine the nature
of the sensory signals relayed to MBONs. About 25% of the KC input to MBONSs
originates in KCs that integrate inputs from non-olfactory PNs (Fig. 4b, c), significantly
more than in networks with shuffled PN modalities (p < 0.05). This pattern of non-
olfactory input is stereotyped: the fraction of non-olfactory input received by homologous
MBONSs across hemispheres is more similar than across different MBONSs in the same
hemisphere (p < 0.002, Mann-Whitney U Test). These observations, along with the
sparse activity of olfactory KCs seen in adult flies [Honegger et al., 2011], suggest that
non-olfactory signals may have a large influence on the activity of certain MBONs despite
the small number of non-olfactory KCs. To quantify this influence, we compared the total
number of synapses made by thermosensory KCs onto the different MBONs to 0.05
times the total number of synapses made by non-thermosensory KCs (Ext. Data Fig. 9f).
This ratio quantifies the relative influence of a stimulus that activates thermosensory KCs
to a typical odor stimulus that activates 5% of olfactory KCs [Honegger et al.,[2011]. The
ratio is high for some MBONSs (d3, o1 and b3) and stereotyped for homologous MBONs
across hemispheres, suggesting that some MBONs may be wired to respond strongly to
non-olfactory cues, such as temperature. We also examined whether the olfactory input
received by homologous MBONS is stereotyped by computing the correlation between
the number of connections they receive from each olfactory PN via KCs. Unlike for
non-olfactory input, homologous MBONSs across hemispheres receive a less similar
pattern of olfactory PN input than different MBONSs in the same hemisphere (p > 0.99,
Mann-Whitney U Test), arguing against stereotypy. Therefore the lack of stereotypy in
the olfactory PN-to-KC connectivity and the greater degree of stereotypy in the non-
olfactory PN-to-KC connectivity are inherited by the MBONSs.

Interestingly, MBONSs do not receive their inputs exclusively from KCs, DANs and other
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MBONs. We found that some compartments (Fig. 4b) have two kinds of MBONs
that differ in the amount of input they receive from non-MB sources. Some MBONSs
are postsynaptic almost exclusively to MB neurons (over 90%), while some receive
50% or more of their inputs from non-MB neurons on dendritic branches outside the
MB compartments (Fig. 4b and Supp. Table 2a). MBONSs with significant input from
outside the MB typically receive input from other MBONSs as well. The convergence of
modulatory neurons, of olfactory, thermal and visual KCs, and of “other” non-MB inputs
onto some MBONs makes them flexible sites for learning and integration of multisensory
and internal state information (via DANs, as suggested by functional studies in the adult
[Krashes et al., 2009; Lewis et al., 2015; |Lin et al., 2014b; Perisse et al., 2016], and

possibly via the “other” new non-MB inputs identified here).

The MBON output network

In adult Drosophila MBONSs form a multi-layered feedforward network [Aso et al., 2014a;
Perisse et al., [2016]. Consistent with this, we found synaptic connections between
MBON:Ss in different compartments, on both the ipsi- and contralateral sides, that create
a bilaterally symmetric structured feedforward circuit (Fig. 4a, Supp. Table 5). Most inter-
lobe connections are mediated by GABAergic (MBON-g1, g2, h1, h2) and Glutamatergic
(MBON-i1, j1, k1) MBONSs, potentially providing a substrate for lateral inhibition between
the lobes. Glutamate has previously been found to be inhibitory in the fly [Liu and
Wilson, 2013], but an excitatory effect on some neurons cannot be excluded. Some VL
MBONSs could also disinhibit (via inhibition of inhibitory ML MBONSs), or directly excite,
other VL MBONSs, potentially providing within-region facilitation.

In addition, there is a hierarchy of interactions across regions of the MB. MBONSs of the
peduncle and calyx are exclusively at the bottom of the inhibitory hierarchy, receiving
inputs from GABAergic MBONSs from both the VL and the ML, but not synapsing onto
any other MBONSs (Fig. 4a). Furthermore, ML may also disinhibit the peduncle MBON-c1
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that the VL inhibits (Fig. 4a).

Homo- and hetero-compartment MBON connections to DANs and OANs

The mushroom body connectome further revealed several feedback connections from
MBONSs onto DAN/OAN/MBIN of the same compartment (Fig. 5a-b). MBON-e2 from
the tip compartment of the VL (UVL) synapses onto the dendrites of OAN-e1 outside
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a Ipsi- and contralateral connections between MBONs. MBONSs are in the compartments innervated by their dendrites. Most
connections among MBONSs are axo-axonic, and fewer are axo-dendritic. Few MBONSs avoid synapting to others. Most inter-
lobe connections are mediated by GABAergic (MBON-g1, g2, h1, h2) and glutamatergic (MBON-i1, j1, k1) MBONSs, potentially
providing a substrate for lateral inhibition between compartments of opposite valence.
b Fractions of synaptic input onto MBONSs by neuron type. Left and right homologous MBONSs are shown adjacent. Only vertical
lobe and LA MBONSs get less than 80% of their input from MB neurons and less than 60% from KCs. Almost all multi-compartment
MBONs (MBON-m1, n1, o1 and p1) have a higher fraction of input from non-MB neurons than single-compartment MBONs. The
fraction of inputs from PNs to MBONSs via KCs is shown within the fraction of KC input (different shades of blue). To determine the
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the MB (bilateral; Fig. 5a and Supp. Fig. 1b). MBON-q1 from IVL/LVL compartments
is presynaptic to the axons of the DANs from these two compartments in addition to
the MBIN-I1 from the LA compartment (Fig. 5b and Supp. Fig. 1b). An MBON-to-DAN
feedback connection was found in the a1 compartment of the adult VL and is implicated
in the formation of long-term memory [lchinose et al., 2015].

Interestingly, we also found hetero-compartment feed-across connections where MBONs
that innervate one region of the MB synapse onto DAN/OAN/MBIN innervating other
regions (Fig. 5¢c and Supp. Fig. 1b). The feed-across motifs could play a role during
conflicting memory formation [Das et al., 2014; Aso and Rubin, 2016] or during reversal
learning and more generally they could enhance the flexibility of modulatory input to the

MB.
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Figure 5: Intra- and inter-compartment feedback: MBONs of one MB compartment synapse onto MBINs of the same or
other compartments.

Schematics of connections from output neurons (MBONS) onto input neurons (MBINs) within their own (feedback) or from other
compartments (feed-across).

a The output neuron MBON-e2 synapses onto the dendrites of OAN-e1 in its own compartment, UVL.

b Feedback among compartments of the same lobe suggests that the establishment of a memory in a compartment can affect the
DANSs of adjacent compartments.

¢ Feed-across motif from proximal MB compartments (calyx and intermediate peduncle) to a distal one (UVL).

d Feed-across motif from the vertical lobe to the medial lobe.
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3.4 Discussion

We provide the first complete wiring diagram of a parallel fiber circuit for adaptive
behavioral control. Such circuits exist in various forms, for example the cerebellum in
vertebrates and the mushroom body in insects. They contribute to multiple aspects
of behavioral control including stimulus classification, the formation and retrieval of
Pavlovian associations, and memory-based action selection [Heisenberg, 2003; Waddell,
2013; Owald and Waddell, 2015; Schirmann, 2016]. A comprehensive wiring diagram
of such a multi-purpose structure is an essential starting point for functionally testing the
observed structural connections and for elucidating the circuit implementation of these
fundamental brain functions.

Even though individual neurons may change through metamorphosis, many of the basic
aspects of the MB architecture are shared between larval and adult Drosophila stages
and with other insects (see Supp. Table 6, Supp. Table 7) [Heisenberg, 2003; Gerber
et al., 2009} /Aso et al., 2014a,b; Waddell, 2013}, Menzel, 2012, Owald and Waddell,
2015; Bouzaiane et al., 2015; |Perisse et al., |2016; Rohwedder et al., 2016}, |Schirmann,
2016|, Takemura et al., [2017]. We therefore expect that the circuit motifs identified here
are not unique to the L1 developmental stage, but instead represent a general feature

of Drosophila and insect MBs.

A canonical circuit in each MB compartment with unexpected motifs

Our EM reconstruction revealed a canonical circuit in each MB compartment that
features two unexpected motifs in addition to the previously known DAN/OAN-to-KC
and KC-to-MBON connections. First, we were surprised to observe that the number
of KC-to-DAN/OAN/MBIN synapses is comparable to the number of KC-to-MBON
synapses. As KCs were shown to be cholinergic in adults [Barnstedt et al., 2016], this

connection could potentially depolarize DAN/OAN/MBIN axons. Untrained, novel odors
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can activate DANs in adult Drosophila [Riemensperger et al., 2005; Mao and Davis,
2009] and OANSs in bees [Menzel, 2012]). Similar brief short-latency activations of
dopamine neurons by novel stimuli are observed in monkeys, too, and are interpreted
as salience signals [Schultz, 2015]. Learning could potentially modulate the strength
of the KC-to-DAN/OAN/MBIN connection, either weakening it, or strengthening it. The
latter scenario could explain the increase in DAN activation by reinforcement-predicting
odors observed in adult Drosophila [Riemensperger et al., 2005], bees and monkeys
[Menzel, 2012; Schultz, [2015].

Another unexpected finding was that DANs synapse directly onto MBONSs, rather than
only onto KCs. Such a motif could provide a substrate for neuromodulation-gated
Hebbian spike-timing dependent plasticity which has so far been observed in locust MB
[Cassenaer and Laurent, 2012], even though, in Drosophila, dopamine receptors have

been shown to be required in KCs for memory formation [Kim et al., 2007].

Single-claw KCs and the dimensionality of the MB representation

In addition to random and bilaterally asymmetric olfactory and structured non-olfactory
PN-to-KC connectivity (Ext. Data Fig. 3), our analysis identified single-claw KCs whose
number and lack of redundancy are inconsistent with random wiring (Fig. 2). Random
wiring has previously been shown to increase the dimension of sensory representations
when the number of neurons participating in the representation is large compared to
the number of afferent fibers, as in the cerebellum or adult mushroom body [Babadi and
Sompolinsky, [2014; Litwin-Kumar et al., 2017]. However, our model shows that when the
number of neurons is limited, random wiring alone is inferior to a combination of random
and structured connectivity that ensures each input is sampled without redundancy.
The presence of single-claw KCs may reflect an implementation of such a strategy. In
general, our results are consistent with a developmental program that secures complete

and high-dimensional sensory representations by KCs to support stimulus discrimination
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at both larval and adult stages.

Mutual inhibition as general motif of the MBON-MBON network

The current study reveals the complete MBON-MBON network at synaptic resolution
(Fig. 4a). Previous studies in the larva have shown that odor paired with activation of
medial and vertical lobe DANs leads to learned approach [Rohwedder et al., 2016] and
avoidance [|Gerber et al., 2009|; Diegelmann et al., 2013], respectively. Our connectivity
analysis reveals that glutamatergic MBONSs from the medial lobe laterally connect to
MBONSs of the vertical lobe. The glutamatergic MBON-to-MBON connections could be
inhibitory [Liu and Wilson, 2013], although further studies are needed to confirm this.
Furthermore, inhibitory GABAergic MBONSs from the vertical lobe laterally connect to
MBONSs of the medial lobe. An example is the feedforward inhibition of ML MBON-i1
output neuron by the VL GABAergic MBON-g1, -g2 output neurons. A similar motif
has been observed in Drosophila adult, where aversive learning induces depression of
conditioned odor response in the approach-promoting MBON-MVP2 (MBON-11) which
in turn causes a disinhibition of conditioned odor responses in the avoidance-promoting
MBON-M4/M6 (MBON-03) due to the MBON-MVP2 to MBON-M4/M6 feedforward in-
hibitory connection [Aso et al., [2014ab; Hige et al., 2015;/Owald et al., 2015; Bouzaiane
et al., |2015]; Perisse et al., 2016].

Combining the present connectivity analysis of the MBON-MBON network in the larva
and previous studies in the adult Drosophila [Aso et al., 2014albf; Owald et al., [2015|;
Owald and Waddell, 2015 |Perisse et al., [2016], the rule seems to be that MBONs
encoding opposite learnt valance laterally inhibit each other. Such inhibitory interactions
have been proposed as a paradigmatic circuit motif for memory-based action selection

[Lorenz, 1973].
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3.5 Material and Methods

Circuit mapping and electron microscopy

We reconstructed neurons and annotated synapses in a single, complete central nervous
system from a 6-h-old [iso] Canton S G1 x w!''® [iso] 5905 larva acquired with serial
section transmission EM at a resolution of 3.8 x 3.8 x 50 nm, that was first published
in [Ohyama et al., [2015] along with the detailed sample preparation protocol. Briefly,
the CNS of 6-h-old female larvae were dissected and fixed in 2% gluteraldehyde 0.1 M
sodium cacodylate buffer (pH 7.4) to which an equal volume of 2% OsQO, in the same
buffer was added, and microwaved at 350-W, 375-W and 400-W pulses for 30 sec
each, separated by 60-sec pauses, and followed by another round of microwaving but
with 1% OsQ, solution in the same buffer. Then samples were stained en bloc with
1% uranyl acetate in water by microwave at 350 W for 3x3 30 sec with 60-sec pauses.
Samples were dehydrated in an ethanol series, then transferred to propylene oxide and
infiltrated and embedded with EPON resin. After sectioning the volume with a Leica
UCB6 ultramicrotome, sections were imaged semi-automatically with Leginon [Suloway
et al., [2005] driving an FEI T20 TEM (Hillsboro), and then assembled with TrakEM2
[Cardona et al., 2012] using the elastic method [Saalfeld et al., 2012]. The volume is
available at http://openconnecto.me/catmaid/, titled “acardona_0111_8".

To map the wiring diagram we used the web-based software CATMAID [Saalfeld et al.,
2009], updated with a novel suite of neuron skeletonization and analysis tools [Schneider+
Mizell et al., 2016], and applied the iterative reconstruction method [Schneider-Mizell
et al., 2016]. All annotated synapses in this wiring diagram fulfill the four following criteria
of mature synapses [Ohyama et al., |2015; Schneider-Mizell et al., 2016]: (1) There is a
clearly visible T-bar or ribbon. (2) There are multiple vesicles immediately adjacent to

the T-bar or ribbon. (3) There is a cleft between the presynaptic and the postsynaptic
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neurites, visible as a dark-light-dark parallel line. (4) There are postsynaptic densities,
visible as black streaks hanging from the postsynaptic membrane.

In this study we validate the reconstructions as previously described [Ohyama et al.,
2015; Schneider-Mizell et al., 2016], a method successfully employed in multiple studies
[Ohyama et al., 2015 |Heckscher et al., 2015; [Fushiki et al., [2016}; |Schneider-Mizell
et al., 2016; Zwart et al., 2016; Jovanic et al., 2016; Schlegel et al., 2016]. Briefly, in
Drosophila, as in other insects, the gross morphology of many neurons is stereotyped
and individual neurons are uniquely identifiable based on morphology [Goodman et al.,
1981}; |Bate et al., |[1981};|Costa et al., 2016]. Furthermore, the nervous system in insects
is largely bilaterally symmetric and homologous neurons are reproducibly found on
the left and the right side of the animal. We therefore validated MBON, DAN, OAN,
MBIN, APL and PN neuron reconstructions by independently reconstructing synaptic
partners of homologous neurons on the left and right side of the nervous system.
By randomly re-reviewing annotated synapses and terminal arbors in our dataset we
estimated the false positive rate of synaptic contact detection to be 0.0167 (1 error per
60 synaptic contacts). Assuming the false positives are uncorrelated, for an n-synapse
connection the probability that all » are wrong (and thus that the entire connection is a
false positive) occurs at a rate of 0.0167". Thus, the probability that a connection is false
positive reduces dramatically with the number of synaptic connections contributing to
that connection. Even for n = 2 synapse connections, the probability that the connection
is not true is 0.00028 (once in every 3,586 two-synapse connections) and we call
connections with two or more connections ‘reliable’ connections. See [Ohyama et al.,

2015]; Schneider-Mizell et al., |2016] for more details.

Identification of PNs
The olfactory PNs from this same EM volume were previously traced and identified

[Berck et al., 2016]. To identify the photosensory and thermosensory PNs connected
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to KCs, we traced all neurons downstream of 12 photosensory neurons in the left and
right brain hemispheres and all neurons downstream of three previously characterized

cold sensing neurons , expressed in 11F02-GAL4 line [Klein et al., 2015].

Learning in first instar larvae with a substitution experiment

Learning experiments were performed as described in [Schroll et al., 2006 Ro+
hwedder et al., 2016]. The fly strain PGMR58E02-GAL4attP2 (Bloomington Stock
Center no. 41347) and the attP2 control strain were crossed to P20XUAS-IVS-
CsChrimson.mVenusattP18 (Bloomington Stock Center no. 55134). Flies were reared
at 25°C in darkness on 4% agarose with a yeast and water paste including retinal in a
0.5 mM final concentration. First instar feeding-stage larvae in groups of 30 individuals
were placed on plates filled with 4% agarose and the odor ethyl-acetate (100-times
diluted in distilled water) was presented on filter papers located on the lid. Larvae were
exposed to constant red light (630nm, power: 350uW/cm2) during this odor presentation
for 3 minutes. Subsequently larvae were transferred to a new plate and no odor was
presented in the dark for 3 minutes. This paired training cycle was repeated two times.
We also performed the unpaired experiment (odor presentation in the dark and red light
without odor) with another group of 30 naive larvae. After a 5-minute test with odor
presentation on one side of the lid larvae were counted on the side of the odor, no odor
and a 1 cm area in the middle of the plate. Preference and performance indices were
calculated as in Rohwedder et al. [2016]. Namely for both the paired and unpaired, the
number of larvae on the no-odor side are subtracted from the number of larvae on the
odor side, and the result is divided by the total number of larvae on the plate (including
those in the middle). The performance index is half of the value for the paired minus the

unpaired preference scores.
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Random models of PN-to-KC connectivity

Individual PN connection probabilities were computed as the number of KCs contacted
divided by the total number of KCs. Probabilities were computed separately for the two
hemispheres. To generate the random networks in Fig. 2a, we assumed that PN-to-KC
connections were formed independently according to these probabilities. We then
iteratively generated KCs until the number of multi-claw KCs matched the number found
in the reconstruction. To compare dimensionality and classification performance for
random networks with varying degrees of connectivity (Fig. 2c), we scaled the individual
PN connection probabilities so that, on average, each KC received between 1 and 10
claws (Fig. 2b, c). In this case, we fixed the total number of KCs (single- and multi-claw)
to be equal to the number found in the reconstruction.

To obtain KCs with a specified number of claws (Fig. 2b), PN connections were de-
termined by weighted random sampling using the individual connection probabilities
described above. When comparing detailed connectivity statistics to random models, we
used this type of sampling to match the KC degree distribution for the random models
to that of the data.

We also evaluated how many random multi-claw KCs would be required to ensure
coverage of the subset of PNs that are connected to single-claw KCs. We restricted our
analysis to these PNs and iteratively added multi-claw KCs, with the distribution of claw
counts determined by the reconstructed connectivity, until each PN was connected to at

least one KC.

Model of sparse KC responses

We assumed the activity of the ith KC was given by s; = [>_; Ji;z; — 0;]+, where [],
denotes rectification, J is the matrix of PN-to-KC connections, z; is the activity of the
jth PN, and 6; is the KC activity threshold. Simulated odor-evoked PN activity was

generated by sampling the value of each z; independently from a rectified unit Gaussian
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distribution. The value of 6; was adjusted so that each KC fired for a fraction f = 0.05 of
odors. The entries of J were either the synapse counts from the reconstructed data or,
for the case of random connectivity, chosen in the manner of the previous section with a
weight sampled randomly from the distribution of synaptic contact numbers found in the
EM reconstruction.

To assess classification performance (Fig. 2b, c¢), the KC responses to 8 odors were
evaluated (10 odors were used when simulating the adult MB). Odor responses again
consisted of rectified unit Gaussian random variables, but corrupted by Gaussian noise
with standard deviation 0.2. A maximum-margin classifier was trained to separate the
odors into two categories to which they were randomly assigned, and the error rate was
assessed when classifying odors with different noise realizations. Dimensionality (Fig. 2f)
was assessed by estimating the KC covariance matrix C;; = ((z; —(2:))(2; — (%;))), where
z; is the z-scored activity of neuron 4, using 1,000 random simulated odors. We then
computed dim = (3, \;)?/ >, A7, where {)\;} are the eigenvalues of C' [Litwin-Kumar
et al., 2017].

To implement recurrence, we modified the model so that the activity of the ith KC was
given by s;(t) = © (Zj Jiji + > Jisip(t —1) — 9,-), where Jt° is a matrix of recurrent
KC-to-KC interactions and ¢ is the timestep. J™¢ is equal to a; JX“7KC 1 a, JAPL where
JRC=KC was determined by the KC-to-KC synapse counts (either dendro-dendritic only
or both dendro-dendritic and axo-axonic) and J4PL oc APLPKCKC=APL fyyjth (APL=KC
representing the number of APL synapses onto the ith KC and c£“~AFL representing
the number of synapses onto APL from the kth KC. JAFPL was scaled so that the average
of its entries equaled that of J. The scalar «; = 0.33 was chosen so that the strength of
KC-to-KC and PN-to-KC connections were comparable, while «; = 0.05 represents the
gain of the APL neuron. A single randomly chosen KC was updated on each timestep,

with the number of timesteps equal to 5 times the number of KCs. We also modeled
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facilitatory KC-to-KC interactions by assuming KC-to-KC connections only depolarize

the postsynaptic neuron when it is already above threshold.

Immunostaining

Third-instar larvae were put on ice and dissected in PBS. For all antibodies brains were
fixed in 3.6% formaldehyde (Merck) in PBS for 30 min except anti-dVGlut that required
bouin’s fixation [DrObysheva et al., 2008]. After several rinses in PBT (PBS with 1%
or 3% Triton X-100; Sigma-Aldrich), brains were blocked with 5% normal goat serum
(Vector Laboratories) in PBT and incubated for at least 24 hours with primary antibodies
at 4°C. Before application of the secondary antibodies for at least 24 hours at 4°C or
for 2 hours at room temperature, brains were washed several times with PBT. After
that, brains were again washed with PBT, mounted in Vectashield (Vector Laboratories)
and stored at 4°C in darkness. Images were taken with a Zeiss LSM 710M confocal
microscope. The resulting image stacks were projected and analyzed with the image
processing software Fiji [Schindelin et al., 2011]. Contrast and brightness adjustment,

rotation, and arrangement of images were performed in Photoshop (Adobe Systems).

Antibodies

Brains were stained with the following primary antibodies, polyclonal goat anti-GFP
fused with FITC (1:1000, Abcam, ab6662), polyclonal rabbit anti-GFP (1:1000, Molec-
ular Probes, A6455), polyclonal chicken anti-GFP (1:1000, Abcam, ab13970), mono-
clonal mouse anti-TH (1:500, ImmunoStar, 22941), polyclonal rabbit anti-TDC2 (1:200,
CovalAb, pab0822-P), monoclonal mouse anti-ChAT (1:150, Developmental Studies
Hybridoma Bank, ChaT4B1), polyclonal rabbit anti-GABA (1:500, Sigma, A2052), and
rabbit anti-dVGlut (1:5000; |Daniels et al. [2004]) for identifying GFP positive, dopaminer-
gic, octopaminergic, cholinergic, GABAergic, and glutamatergic neurons, respectively.
The following secondary antibodies were used, polyclonal goat anti-chicken Alexa

Fluor 488 (1:200, Molecular Probes, A11039), polyclonal goat anti-rabbit Alexa Fluor
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488 (1:200, Molecular Probes, A11008), polyclonal goat anti-rabbit Alexa Fluor 568
(1:200, Molecular Probes, A11011), polyclonal goat anti-rabbit Cy5 (1:200, Molecular
Probes, A10523), polyclonal goat anti-mouse Alexa Fluor 647 (1:200, Molecular Probes,
A21235), and polyclonal goat anti-rabbit Alexa Fluor 647 (1:200, Molecular Probes,
A21245).

Identifying GAL4 lines that drive expression in MB-related neurons

To identify GAL4 lines (listed in Supp. Table 3) that drive expression in specific MB-
related neurons, we performed single-cell FLP-out experiments (for flp-out methodology
see [Nern et al., 2015; Ohyama et al., [2015]) of many candidate GAL4 lines (LiTru-
man2014). We generated high-resolution confocal image stacks of the projection
patterns of individual MBONs/DANs/OANs (multiple examples per cell type), which
allowed their identification. Most MBONs/DANs/OANs were uniquely identifiable based
on the dendritic and axonal projection patterns (which MB compartment they project to
and the shape of input or output arbour outside the MB). These were also compared to
previously reported single-cell FLP-outs of dopaminergic and octopaminergic neurons in
the larva [Selcho et al., |2009; Pauls et al., [2010; Selcho et al., 2014; Slater et al., [2015;
Rohwedder et al.,|2016]. Some compartments were innervated by an indistinguishable

pair of MBONs or MBINs.

Estimating the birth order of KCs

KCs arise from four neuroblasts per hemisphere that divide continuously from the
embryonic to the late pupal stage [Ito and Hotta, [1992; Kunz et al., 2012]. The primary
neurite of newborn KCs grows through the center of the MB peduncle, pushing existing
KCs to the surface of the peduncle [Kurusu et al., 2002] (Ext. Data Fig. 4h). As new
cells are added, their somas remain closer to the neuroblast at the surface of the brain
and push away existing somas. The point of entry into the lineage bundle of each KC

primary neurite remains as a morphological record of the temporal birth order, with
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some noise. For every KC, we measured the distance from the point where its primary
neurite joins the lineage bundle to a reference point consisting of the point where the
neurite of the last KC (potentially the oldest of that lineage) joins the bundle before
the bundle enters the neuropil (Fig. 1f) to form the peduncle together with the other
three bundles. This measurement revealed that single-claw KCs are born early in MB
development, followed by 2-claw KCs, 3-claw KCs and so on (Fig. 1f), with the last-born
KCs being immature and expected to develop into multi-claw KCs later in larval life [Lee

et al., [1999].
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3.8 Supplemental data

Extended Data Figures:

a C KCs presynaptic of APL axon KCs presynaptic of APL dendrite
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Extended Data Figure 1: Connectivity of the larval APL neuron.

a Morphology of the right hemisphere larval APL neuron. While APL dendrites are postsynaptic to the KCs in LA, LVL, IVL and all
medial lobe compartments, its axon is both post- and presynaptic to the MB calyx. Presynaptic sites in red and postsynaptic sites
in blue.

b APL connectivity with KC types. Connections are displayed as fractions of input onto the receiving neurons. APL forms more
axo-dendritic connections with multi-claw than with single-claw KCs. All mature KCs connect to APL on its dendrite as well as on
its axon.

¢ Strength of synaptic connections between KCs and the APL neuron for single-claw and multi-claw KCs separately. While single-
claw KCs have a higher synapse count connecting to the APL dendrites than multi-claw KCs, both groups of KCs project a similar
number of synapses to the APL axon. In the calyx, APL makes more synapses onto multi-claw than onto single-claw KCs. In the
lobes, single-claw KCs make more synapses with APL pre- than postsynaptically.
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Extended Data Figure 2: Input onto KC dendrites and KC-KC connections.

a Total synaptic input onto KC dendrites from PNs, the APL neuron and calyx MBINs for single- and multi-claw KCs from both
hemispheres. Insert: Sum of the KC postsynaptic sites in the calyx as a function of the number of claws. Grey circles show
individual KCs and black line shows the mean. Young KCs that have no claws or only form short branches in the calyx have few
postsynaptic sites. Mature KCs forming one to six claws present a similar total amount of postsynatic sites in the calyx.

b A PN bouton (blue) and its associated KC dendritic arborizations. Stars indicate all dendrites of the single-claw KC for this PN.
¢ Prototypical examples of KCs according to the structure of their dendrites, traditionally known as “claws”. In first instar, we define
each “claw” (indicated by arrows) as a connection from a PN providing at least 10% of the postsynaptic sites of the KC dendritic
arbor. This connectivity-based definition generally agrees with the count of physically separate claw-like dendritic branches that
wrap around the axon terminals of the PNs. Single-claw KCs have not yet been described in the adult fly or other insects.

d-g Frequency of different numbers of postsynaptic KC-partners of KCs with at least two synapse connections, plotted separately
for three different types of KCs.

d Postsynaptic partners of single-claw KCs.

e Postsynaptic partners of multi-claw KCs.

f Postsynaptic partners of young KCs.

g KC input onto KCs as a percent of total KC input. For most KCs more than 50% of their presynaptic partners are other KCs.

h Morphology of an example reconstructed KC (left) and example electron micrographs showing KC-KC synapses (right). Dendro-
dendritic connections are in the clayx compartment (1 and 2) and axo-axonic connections are located in the peduncle (3), vertical
lobe (4) and medial lobe (5).
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Extended Data Figure 3: Test of structure in PN-to-KC connectivity.

a We performed principal components analysis on the PN-to-KC connectivity matrices for the left and right hemispheres |Caron
et al., |2013]. The analysis is restricted to multi-claw KCs. The variance explained by each principal component in descending
order is compared to that obtained from random models in which KCs sample PNs according to the individual PN connection
probabilities (see Methods). Gray circles and bars denote mean and 95% confidence intervals for the variance explained by each
principal component of the random connectivity matrices, while the black circles indicate the values obtained from data. Note a
small deviation from the random model, likely due to the non-olfactory PNs.

b Same as a but restricted to connections between olfactory PNs and KCs.

¢ Same as b but combining the PN-to-KC connectivity for both hemispheres. The data is compared to a random model in which
KCs in each hemisphere sample PNs randomly and independently (grey), and to a bilaterally symmetric model in which the
connectivity is random but duplicated across the two hemispheres (pink).

d To assess the ability of our method to identify structured connectivity, we also generated connectivity matrices in which a weak
bias was added (blue). Networks were generated in which PNs were randomly assigned to one of two groups. For each KC, the
probabilities of connecting to PNs belonging to one randomly chosen group were increased by 1%, while the probabilities for the
other group were decreased by 1% (the baseline probabilities were on average approximately 5%). This procedure was performed
independently for each KC and leads to networks in which KCs preferentially sample certain PNs. The data is inconsistent with
this model, illustrating that biases of ~ 1% connection probability can be identified using our methods.

e As an independent method to identify structure in the PN-to-KC wiring, we considered the distribution of olfactory PN overlaps
for all KC pairs, defined as the number of olfactory PNs from which both KCs receive input. This quantity specifically identifies
biases in the likelihood of KCs to sample similar inputs. As in b, no such structure was identified.
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Extended Data Figure 4: KC-KC clustering.

Synaptic connectivity between KCs reveals two communities within the MB.

a Heat map representation of the KC-KC network adjacency matrix, sorted by community structure as discovered by the Louvain
method [2008], which identifies groups of KCs with more within-group connections than expected by chance. We
denote the denser community on each side as "Group 1” and the other community as "Group 2”. Number of cells in each group is
shown in the column labels.

b The number of observed 2+ synapse connections between pairs of KCs within and between groups in the same side of the body,
normalized by the total number of all possible such connections (L: left, R: right).

c Distribution of number of synapses per edge for connections within and between each group. Boxes indicate interquartile interval,
whiskers 95th percentile, white cross indicates mean, outliers shown.

d Claw distribution by group (both sides aggregated). Note that all single claw KCs are in Group 1.

e Total number of anatomical input synapses onto Group 1 and Group 2 KCs, including from non-KC sources. Group 1 cells have
significantly more inputs than Group 2 cells on each side (p < 1019, t-test with Bonferroni correction).

f Total number of anatomical output synapses from Group 1 and Group 2 KCs, including synapses onto non-KC targets. Group 1
cells have significantly more outputs than Group 2 cells on each side (p < 10~ 19, t-test with Bonferroni correction).

g KC anatomy labeled by group for the right MB. Note that both groups of KCs come from each lineage cluster. Labeled spots
indicate locations of cross-section views in h.

h Cross-sections of the two principle axon branches of KCs in the left (above) and right (below) MBs at the locations indicated in
g. Orientations of each cross-section are arbitrary.
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Extended Data Figure 5: Neurons in the canonical circuit in every MB compartment.

Neuronal morphology and connectivity of MBINs and MBONSs participating in the canonical circuit motif of each MB compartment
(MBINs in green and MBONs in magenta). Neurons connecting to the left hemisphere MB are displayed in anterior view (right
hemisphere has the same morphology, data not shown). Locations of MBINs synapsing on MBONSs in a given compartment are
shown depending on their location (inside the MB neuropil, black; outside the MB, orange). MBIN axons and MBON dendrites tile
the MB into 11 distinct compartments. For each compartment the MBIN and MBON neurons and their connections as a fraction
of total input to the receiving neuron are shown on the right. MBONs are diverse in the neurotransmitter that they release (see
legend). All compartments present the canonical circuit motif except for SHA, that does not develop its DAN until later in larval life.
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Extended Data Figure 6: Fractions of postsynaptic inputs by cell type.

a Fractions of synaptic output from MBINs onto KCs, other MBINs, MBONs and other neurons. Some MBINs show a high
percentage of connections to MB neurons while others connect with less then 50% of their synapses to MB neurons.

b Number of MBIN-KC synapses in relation to the number of total synaptic output from MBIN axons showing a positive correlation
between presynaptic sites on the MBIN axon and synapses dedicated to KC population.

¢ Number of KC-MBON synapses in relation to the number of total synaptic input to MBON dendrites showing a positive correlation
between postsynaptic sites on the MBON dendrite and fraction of input from KCs.
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Extended Data Figure 7:
MBIN presynaptic vesi-
cle types.

Examples of electron
micrographs of MBIN
presynaptic sites and

vesicles. We found
three types of vesicles:
large dense-core,

small dense-core, and
small clear vesicles.
Octopaminergic and
dopaminergic  neurons
contain  small clear
vesicles in  addition
to other vesicle types.
While OANs have all
the same type of large
dense-core vesicles,
DANs show a variety
of small dense-core
vesicles. We found small
dense-core vesicles in
1/3 of KCs. Some of
these were single-claw,
others were multi-claw,
some received olfactory
and other non-olfactory
PN input. The largest
number of dense core
vesicles was observed in
the two thermosensory
KCs. Scale bar 500 nm
in all panels.
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Extended Data Figure 8: Dense core vesicles in OANs and DANs.
a Morphology of OAN-a1 and -a2 innervating the calyx of both MBs.
b Location of presynaptic sites (red) and dense core vesicles (DCV/ black) along the axon of OAN-a1 and -a2.
¢ DCV color coded by their distance to the closest presynaptic site on the axon of OAN-a1 and -a2.
d Distance (in um) of DCV to the closest presynaptic site sorted by the value for OAN-a1 and -a2. Most DCV are within 2 um from
a presynaptic site, just a few are further away and appear to be in transit.
e Presynaptic sites color coded by their distance to the closest DCV on the axon of OAN-a1 and -a2.
f Distance (in um) of presynaptic sites to the closest DCV sorted by the value for OAN-a1 and -a2. Half of the presynaptic sites
have a DCV associated within 20 um. Some presynaptic sites have no close DCV associated and are located in the dendrites of
OAN-al and a2 (data not shown).
g Morphology of DAN-i1 right innervating the upper toe of the MB medial lobe in both hemispheres with the location of presynaptic
sites (red) and dense core vesicles (DCV/ black).
h Zoom in onto the medial lobes from g.
i DCV color coded by their distance to the closest presynaptic site on the axon of DAN-i1 right.
j Presynaptic sites color coded by their distance to the closest DCV on the axon of DAN-i1 right.
k Distance (in um) of DCV to the closest presynaptic site sorted by the value for DAN-i1 right and left together. Some DCV are
further away from presynaptic sites than 10 um, these DCV are in the dendrites of the DAN (shown in g). And distance (in xm) of
presynaptic sites to the closest DCV sorted by the value for DAN-i1 right and left together. Most of the presynaptic sites have a
DCV associated within 1 um.
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Extended Data Figure 9:
KC-to-MBON synaptic
connections.

a Percent of mature KCs that
are presynaptic to a given
MBON.

b Frequency of the percent of
KCs presynaptic to MBONs
bin width is 10 percent).

¢ Frequency of the percent-
age of MBONs each KC
connects to for single-claw
and multi-claw KCs sepa-
rately. All single-claw KCs
connect with at least 75% of
all MBONs present in their
own hemisphere.

d Percent of dendritic MBON
inputs from individual KCs
in the left brain hemisphere.
KCs are ranked by their
amount of synapses to the
MBON for each MBON sep-
arately (each line represents
an MBON). Note the rank
order of KCs is different for
every MBON. Note that a
few MBONs receive very
strong synaptic input from
approximately 20 KCs and
less than 3% from the
remaining KCs, while most
MBONSs receive less than
4% of dendritic input from all
KCs.

e Same as d, but for the right
brain hemisphere.

f Effective strength of ther-
mosensory input to MBONS.
The thermosensory fraction
is defined as the number of
synapses received by an
MBON from thermosensory
KCs divided by 0.05 times
the number of synapses
received from all other KCs.
The fraction thus represents

—

the relative influence of
an input that activates
the thermosensory KCs

compared to that of a typical
stimulus that activates 5% of

KCs [Honegger et al} [2011].
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Extended Data Figure 10:
MBIN-to-KC synaptic
connections.

a Percent of mature KCs that
are postsynaptic to a given
MBIN. On average 68% of
KCs in a compartment are
postsynaptic to at least one
MBIN of that compartment.

b Frequency of the percent of
KCs postsynaptic to MBINs
(bin width is 10 percent).

¢ Frequency of the percent-
age of MBINs presynaptic to
each KC for single-claw and
multi-claw KCs separately.
All single-claw KCs receive
synaptic input from at least
50% of all MBINs present in
their own hemisphere.

d Percent of axonic outputs
from MBINs connecting to
individual KCs in the left brain
hemisphere. KCs are ranked
by their amount of synapses
they receive from an MBIN
for each MBIN separately
(each line represents an
MBIN). Note the rank order
of KCs is different for every
MBIN. Note that a few
MBINs connect very strongly
to approximately 10 KCs
and less than 2% to the
remaining KCs, while most
MBINs dedicate less than 2%
of their axonic output to all
KCs.

e Same as d, but for the right
brain hemisphere.
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Supplemental Tables:

Supplemental Table 1: Connectivity matrix of the entire MB network.
Number of synapses for each edge in the MB network. Neurons in rows are presynaptic to neurons in columns. PN-PN connec-
tions are almost all dendro-dendritic and occur within the antennal lobe. (File found on DVD).

[MBONs MBON-a1 left | MBON-a1 right| MBON-a2 left| MBON-a2 right| MBON-b1 left | MBON-b1 right | MBON-b2 left | MBON-b2 right | MBON-b3 left | MBON-b3 right | MBON-c1 left | MBON-c1 right | MBON-d1 left | MBON-d1 right | MBON-d2 left | MBON-d2 right
KCs [#223] 305 319 446] 354 360 408 363 385 184] 179 1156 1350 420] 444] 125 251
[MBONs [#48] 13| 34] 99| 95| 6| 3 3] 5| 26| 23] 47| 38] 69) 70| 25| 23]
MBINS [#30] 6| 16) 26| 24| 35| 32| 23] 24 28| 47| 105 105 68| 83| 23| 30|
others [#585] 30| 44 32| 22| 31 j 12| 17, 21 35 141 109) 9) 17| 4 37|
otal input 354 413] 603 495| 432 458 401 431 259 284 1449)] 1602 566 614 214 341
MBONs MBON-d3 left | MBON-d3 right | MBON-e1 left | MBON-e1 right | MBON-e2 left | MBON-e2 right| MBON-f1 left | MBON-f1 right | MBON-g1 left | MBON-g1 right | MBON-g2 left | MBON-g2 right | MBON-h1 left | MBON-h1 right | MBON-h2 left | MBON-h2 right
KCs [#223] 204 115] 631 523 158 139 89| 100) 520 441 477 476) 428] 527| 544 509
[MBONs [#48] 17 16| 30| 40 57 50| 60| 58| 20| 21 27 31 28| 24| 28 12|
MBINs [#30] 10 7] 103 76| 14 13| 27| 28| 121 102 100 110} 4| 2 4 5|
others [#585] 173 143| 95| 97 66 80) 91 96| 34| 14 30 14] 17| 17 13 20|
total input 404, 281 859 736 295 282] 267| 282 695 578 634 631 477] 570 589 546
[MBONs MBON-i1 left | MBON-i1 right | MBON-j1 left | MBON-j1 right [ MBON-k1 left [ MBON-k1 right [MBON-m1 left] MBON-m1 right | MBON-n1 left | MBON-n1 right [ MBON-o1 left [MBON-o1 right | MBON-p1 left | MBON-p1 right [ MBON-q1 left [ MBON-q1 right
KCs [#223] 519, ABﬂ 509, 417, 568 SGA 210, 226 153 88 226 179 245 85 192 194
[MBONS [#48] 40 4 54 40 61 37| 105 94] 55| 51 11 5| 15| 9 18 7]
[MBINS [#30] 106 79| 81 85 26 a1 21 28| 15| 18 19 16| 22 1 19 20|
others [#585] 25 25| 53| 52 30 35| 544 437] 95| 69 157 161 239 299 49 43|
total input 690 627} 697 594 685 645 880 785 318 226 413 361 521 404 278 264
b

MBINS OAN-al OAN-a2__| MBIN-b1 left | MBIN-b1 right | MBIN-b2 left | MBIN-b2 right | DAN-c1 left | DAN-c1right | DAN-d1left | DAN-d1right | OAN-e1left | OAN-e1 right | MBIN-e1 left | MBIN-e1 right | MBIN-e2 left | MBIN-e2 right

KCs [#223] 22 31 61 54 79 75| 104 136 333 403] 77 100 26 21 196 254
[MBINS [# 30] 7 3 7 4 6) 6 6 3] 7 5 9] 1 22 25 17 32
[MBONS [#48] 32 34 48 46 57 44 108 101 9 7 68 48 14 23 50 57|
fothers [#810] 224 170 30 10 24 36 6 8 15/ 10 61 49 75 95, 54 66
otal output 285 238 146| 114] 166 161 224 248 451 489 215) 208 137] 164] 317 409
MBINS DAN-f1 left | DAN-firight | DAN-g1 left | DAN-g1right | OAN-g1 left | OAN-g1right | DAN-i1left | DAN-i1right | DAN-j1left | DAN-j1right | DAN-k1left | DAN-k1right | MBIN-I1left | MBIN-I1 right

KCs [#223] 281 333 59| 44] 13| 8| 302 356 286 359 311 395 27| 12|

MBINS [# 30] 9| 10] 10) 9| 13| 10} 5| 3 5 6| 3| 7 8| 12}

MBONS [#48] 30] 39| 17] 127, 93] 84 94 108 90 68 31 38 95 97|

others [#810] 39| 23] 41 45| 96| 146| 23] 19| 1 18| 13| 12) 60) a1

total output 359 405 227 225 215 248 424] 486 392 451 358 452 190) 162]

Supplemental Table 2: Presynaptic partners of MBONs and postsynaptic partners of MBINs.

a Number of input synapses from different types of neurons to MBONs.

b Number of output synapses from MBINSs to different types of neurons. Square brackets indicate the number of neurons in that
group, e.g. "KCs [#223]” means there are 223 neurons of the KC type contributing to the amount of synapses in the corresponding
table cells.
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MB tile Cell T:Er:;:sr T:‘r:"r:l:::r Synonym cell name Reference Gal4 Lines
Calyx OAN-a1 n.a. OA/TA sVUMmx1 Selcho et al. 2014
OAN-a2 n.a. OAITA sVUMmd1 Selcho et al. 2014
MBON-a1 ChAT ChAT Odd neuron Slater et al. 2015 R71E06
MBON-a2 ChAT ChAT QOdd neuron Slater et al. 2015 R71E06
intermediate peduncle MBIN-b1 n.a.
MBIN-b2 n.a.
MBON-b1 GABA BL Pauls et al. 2010 R21D02
MBON-b2 GABA BL Pauls et al. 2010 R21D02
MBON-b3 n.a.
lower peduncle DAN-c1 DA likely DA DL1-5 Selcho et al. 2009 R53C05
MBON-c1 ChAT R20F01
lateral appendix DAN-d DA likely DA DL 1-4 Selcho et al. 2009 MB143B
MBON-d1 GABA la type Pauls et al. 2010 R12C03
MBON-d2 n.a.
MBON-d3 n.a.
upper vertical lobe OAN-e1 OA/TA R75F01
MBIN-e1 not DA/ not OA R53C05-LexA
MBIN-e2 not DA/ not OA likely DA vl 3 type, DL1-1 Pauls et al. 2010, Selcho et al. 2009 BJD114E05
MBON-e1 ChAT R74B11
MBON-e2 GLUT R53A10
intermediate vertical lobe DAN-f1 DA likely DA vl 2 type, DL 1-2 | Pauls et al. 2010, Selcho et al. 2009 MB145B
MBON-f1 n.a.
lower vertical lobe DAN-g1 DA likely DA DL 1-3 Selcho et al. 2009 R27G01
OAN-g1 n.a. OATA sVPMmx Selcho et al. 2014
MBON-g1 GABA Vi1 type Pauls et al. 2010 R21D06
MBON-g2 GABA vi1 type Pauls et al. 2010 R21D06
shaft MBON-h1 GABA/GLUT APBL Pauls et al. 2010 R52E12
MBON-h2 GABA/GLUT APBL Pauls et al. 2010 R52E12
upper toe DAN-i1 DA DA pPAM3 Rohwedder et al. 2016 BJD105C04
MBON-i1 GLUT R14C08
intermediate toe DAN-j1 DA DA pPAM4 Rohwedder et al. 2016 BJD105C04
MBON-j1 GLUT R18D09
lower toe DAN-k1 DA DA ma type, pPAM2 | Pauls et al. 2010, Rohwedder et al. 2016 | BJD105C04
MBON-k1 GLUT R27G01
multiple tiles innervated BIN-I1 not DA/ not OA R49C08
MBON-m1 GABA R52H01
BON-n1 n.a.
BON-o1 n.a.
MBON-p1 n.a.
MBON-q1 n.a.
APL GABA GABA Larval APL Masuda-Nakagawa et al. 2014 R55D08

Supplemental Table 3: MBINs and MBONSs are listed.
The neurotransmitter for each cell is shown for this study and formerly published studies. Known synonyms of cells and their
reference publication are indicated.
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Supplemental Table 4: MBIN-to-KC and KC-to-MBON connectivity matrices.

a Connectivity matrix from MBINs to KCs. Color-coded by the number of postsynaptic sites on the KC axonic arbor. KCs are
ranked by their number of claws.

b Connectivity matrix from KCs to MBONSs. Color-coded by the number of postsynaptic sites on the MBON dendritic arbor. KC
ranking is the same as in a.
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Supplemental Table 5: MBON-MBON connectivity matrix.

Connectivity matrix of MBON interactions color-coded by the type and strength of connections. Axo-dendritic connections are
displayed in magenta, axo-axonic in dark grey and dendro-dendritic in light grey. The matrix contains ipsi- and contralateral
connections of MBONs. Homologous neurons from the left and right brain hemispheres are fused. Connection strength is shown
as percent of inputs received by the postsynaptic neuron from a particular presynaptic neuron.
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Common function

The MB is a cerebellum-like structure [Farris, 2011] and essential for olfactory learning and memory in adult [Kaun et al.,
2007; Heisenberg et al., [1985} |Gerber et al., |2004} Margulies et al., [2005; |Davis| 2011] and larva [Honjo and Furukubo-
"Tokunaga, [2009; |Pauls et al., |2010; Michels et al., |2011; Diegelmann et al., [2013; |Aceves-Pina and Quinn, |1979] as well as
in the honey bee [Menzell 2001} 2014], comparison of adult and larval MB reviewed in [Gerber and Stocker, 2007} |Stocker,
2009].

Common basic neuronal organization:

The MB KCs are derived from the same 4 neuroblast lineages in adult and larva |lto and Hottal |1992; Truman and Bate, 1988}
Kunz et al.}|2012;|Thomas et al.,|1984; |Lee et al.,|1999]. KCs have long parallel axons in a bundle forming the peduncle and
later bifurcate into the vertical and medial (horizontal) lobes [Armstrong et al.,|1998; |Kurusu et al., [2002].

The MB is a convergence point for PNs, MBINs, KCs and MBONSs in adult and larva, reviewed in |Heisenberg} 2003} Gerber
et al.} 2009; |Strausfeld et al.,|2009; |Davis} 2011} |Owald and Waddell, 2015].

The MB is subdivided in a relatively small number of compartments in adult [Tanaka et al.,|2008; |Aso et al.,|2014a] and larva
(|Pauls et al.,[2010] and this study).

MB compartments are defined by overlapping innervation of individual MBINs and MBONSs in adult [Tanaka et al.| [2008; |Aso
et al.,[2014a] and larva (|Pauls et al.} 2010] and this study).

A single GABAergic neuron (the APL neuron) innervates most MB compartments in adult [Liu and Davis| [2009] and larva
(IMasuda-Nakagawa et al.,|2014] and this study).

Common calyx organization:

In calyx, many KCs get olfactory input in adult [Turner et al., |2008; |Honegger et al., 2011} |Caron et al., |2013| and larva
|Python and Stocker, 2002} |Ramaekers et al.} [2005; Masuda-Nakagawa et al., 2005} |2009; Das et al., 2013} |Berck et al.,
2016] and some KCs get input from other modalities (including temperature and light) in adult [Bang et al., 2011} |Kirkhart
and Scott, 2015} |Vogt et al.,[2016] and larva (revealed by the connectome in this study). KC dendrites wrap around the PN
axon boutons by forming "claw’-like structures [Yasuyama et al., 2002;|Leiss et al., 2009].

Multi-claw KCs randomly sample PN inputs in adult [Murthy et al., 2008; |Caron et al.,|2013] and larva (|[Masuda-Nakagawa
et al.,[2005] and this study).

Calyx receives input of two octopaminergic neurons in adult [Schwaerzel et al., |2003; Busch et al., |2009] and larva (|Selcho
et al.} 2009, 2014] and this study).

Common global compartment organization:

MBINs are either dopaminergic or octopaminergic in adult [Schwaerzel et al.| |2003 [Mao and Davis| [2009; [Waddell, 2013}
Aso et al.|[2014a] and larva (|[Selcho et al.,|2009,/12014] and this study) and have been shown to convey reinforcement signals
in bees and locust [Hammer, |1993; |Vergoz et al.,|2007}; |(Cassenaer and Laurent, [2007] as well as in the adult fly [Aso et al.,
2010, 2012} |Liu et al., 2012; |Burke et al.}[2012; |Placais et al., 2012 Yamagata et al., [2015]. This requires the expression of
specific amine receptors in insects [Kim et al.,|2007;|Qin et al., 2012} |Selcho et al.||2009;|McQuillan et al.| [2012].

There are 21 MBON types in adult |[Aso et al.,|2014a;|Owald and Waddell, 2015| and larva (this study).

MBONSs are mainly glutamatergic, cholinergic and GABAergic in adult [Aso et al., |2014a] and larva (shown in this study). Co-
activation of KCs and MBINs has been shown to modulate the KC-MBON synapses in flies |Sejourne et al., [2011} |Placais
et al.,[2013}Pai et al.}|2013] and in bees [Menzel and Manz, |2005].

Common synaptic compartment organization:

The EM connectome in the larva revealed a compartment circuit motif:

KCs not only receive input from DANs but also synapse back onto DANs

DANSs synapse onto KCs but also directly onto MBONs

KCs synapse onto MBONSs (previously shown in adult Drosophila [lto et al.,|1998] and bees [Mauelshagen| |1993]).

Ongoing EM reconstruction of one adult compartment («-3) confirms the same canonical circuit motif exists in the adult
(Gerry Rubin, personal communication).

KC-KC connections

The EM connectome in the larva revealed a high degree of KC-KC interconnectivity: an individual KC receives 59% of its
total synaptic input from other KCs. Individual EM sections from peduncle of bees and crickets suggest KC-KC connections
|Schidrmann|, (1971 (1974] and a light-microscopy study in Drosophila suggests presynaptic KC sites in calyx [Christiansen
et al.,[2011]. While total fraction of synaptic input onto individual KCs from other KCs cannot be evaluated in the adult in the
absence of a comprehensive EM volume spanning all MB related neurons and a comprehensive reconstruction of the MB,
ongoing EM reconstruction of an entire adult a-3 adult compartment confirms the same degree of compartmental axo-axonic
KC-KC connectivity (Gerry Rubin, personal communication): an individual KC makes 48% of its total synaptic output in a
compartment onto other KCs, in both larva and adult.

Common feedforward and feedback organization:

A light microscopy study in the adult suggests cross-compartment MBON-MBON interactions |Aso et al.,|2014a], and a re-
cent functional study shows MBON-MVP2 inhibits MBON-M4/M6 |Perisse et al., 2016]. The EM connectome and antibody
labelling in the larva revealed extensive MBON-MBON synaptic connections between different compartments that can imple-
ment lateral inhibition.

Light microscopy and functional studies in the adult reveal MBON-DAN feedback connections in some compartments [Aso
et al.| |20144a; |Ichinose et al.} 2015]. The EM connectome in the larva revealed MBON-DAN feedback connections in some
compartments.

Supplemental Table 6: Common features of larval and adult MB.
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. The number of KCs is larger (2000) in the adult enabling an even greater dimensionality expansion |lto and Hotta,
1992} |Technau and Heisenberg, |1982].

. There are multiple parallel lobe systems in the adult composed of different KC types [Yang et al.,|1995;|Tanaka et al.}
2008} |Perisse et al.| [2013;|Aso et al.,|20144a].

. Larvae present single-claw KCs (|[Ramaekers et al.,|2005|, and this study), so far not found in the adult.

. We found no DPM neuron in the larva — a key neuron of the adult circuit [Waddell et al., |2000; |Keene et al., 2004}
2006; |Yu et al.,|2005; |[Krashes and Waddell, [2008; [Haynes et al., [2015].

. Both larval and adult MB are clearly structured in vertical and horizontal (medial) lobe systems, but the larva has one
horizontal (medial) and one vertical lobe, and the adult has three horizontal and two vertical lobes [Lee et al.,[1999].

. In the adult a few compartments are innervated by a much larger number of DANs from the PAM cluster than is the
case for any of the larval compartments |Aso et al.,|2014a].

Supplemental Table 7: Differences between larval and adult MB.
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a Morphology of MBINs and MBONs
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b Morphology of the feedback motifs
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Atlas Figure 1: Morphology of MBINs and MBONSs and of their connections in the feedback motifs.
a Neuronal morphology of MBINs and MBONs per MB compartment in anterior view (MBINs in green and MBONs in magenta).
Left and right brain hemisphere neurons are displayed separately. The transparent mesh represents the volume of the KC arbors;

the legend of compartments is at the bottom right.

b Neuronal morphology of MBINs and MBONSs participating in feedback and feed-across motifs (green, MBINs; magenta MBONSs).
Neurons connecting to the left and right MB are displayed separately in anterior view. Locations of the feedback and feed-across
connections as shown in Figure 5 are shown depending on their location (inside the MB neuropil, black; outside the MB, orange).
Feedback and feed-across connections from compartments of different lobes are located outside of the MB neuropil. Feed-across
connections of compartments of the same lobe are located inside the MB neuropil.
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d Antibody light microscopy analysis for MBINs
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b Antibody light microscopy analysis for MBONs
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Atlas Figure 2: Antibody light microscopy analysis for mushroom body input and output neurons. (See next page).
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Atlas Figure 2: Continues from prior page.

a Neurotransmitter properties of mushroom body input neuron somata as revealed by selected GAL4 lines. Each row shows from
left to right: the name of the individual neuron, a combined anti-GFP (green) and anti-TH (TH: tyrosine hydroxylase; magenta)
staining, both antibody stainings separately in black and white, the combined anti-GFP (green) and anti-TDC (TDC: tyrosine
decarboxylase) staining, both antibody stainings separately in black and white. Whether a cell is dopaminergic or octopaminergic
is listed at the end of each row. For OAN-e1 (OAN: octopaminergic input neuron) we found an overlap of GFP expression and
anti-TDC in its soma. In addition, Selcho and coworkers (2014) anatomically described three additional octopaminergic neurons
that we cite here and include them in our analysis, renaming them. For DAN-c1, d1, f1, g1, i1, j1 and k1 (DAN: dopaminergic input
neuron) we found overlap of GFP expression and anti-TH in their somata. No overlap was detected for MBIN-e1, e2 and I1. Scale
bars: 5um.

b Neurotransmitter properties of mushroom body output neuron somata and the anterior paired lateral (APL) neuron soma as
revealed by selected GAL4 lines. Each row shows from left to right: the name of the individual neuron, combined anti-GFP (green)
and anti-ChAT (ChAT: choline acetyltransferase; magenta) stainings, both antibody stainings separately in black and white, the
combined anti-GFP (green) and anti-GABA (GABA: gamma aminobutyric acid) staining, both antibody stainings separately in
black and white, the combined anti-GFP (green) and anti-GLUT (GLUT: vesicular glutamate transporter) staining, both antibody
stainings separately in black and white. Whether a cell is cholinergic, GABAergic or glutamatergic is listed at the end of each row.
In four cases MBONs show up as pairs of the same type. In all cases the antibody profile of both cells is identical. Thus, we
name them individually although we cannot distinguish them; indistinguishable cells have identical connectivity within the MB. For
MBON-at, a2, c1 and e1 (MBON: mushroom body output neuron) we found an overlap of GFP expression and anti-ChAT in their
somata. For MBON-b1, b2, d1, g1, g2, h1, h2, m1 and APL we found overlap of GFP expression and anti-GABA in their somata.
For MBON-e2, h1, h2, i1, j1 and k1 we found overlap of GFP expression and anti-GLUT in their somata. Scale bars: 5um.
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4.1 Abstract

Mapping brain function to brain structure is a fundamental task for neuroscience. For
such an endeavour, the Drosophila larva is simple enough to be tractable, yet complex
enough to be interesting. It features about 10,000 neurons and is capable of various
taxes, kineses, and Pavlovian conditioning. All its neurons are currently being mapped
into a light-microscopical atlas, and Gal4 strains are being generated to experimentally
access neurons one at a time. In addition, an electron microscopic reconstruction of
its nervous system seems within reach. Notably, this EM-based connectome is drafted
for a stage 1 larva - because stage 1 larvae are much smaller than stage 3 larvae.
However, most behaviour analyses were performed for stage 3 larvae because their
larger size makes them easier to handle and observe. It is therefore warranted to
either redo the EM reconstruction for a stage 3 larva, or to survey the behavioural
faculties of stage 1 larvae. We provide the latter. We probe stage 1 Drosophila larvae for
free locomotion, feeding, responsiveness to substrate vibration, gentle and nociceptive
touch, for burrowing, olfactory and thermotaxis, light avoidance, gustatory choice of
various tastants plus odour-taste associative learning, as well as light-electric shock
associative learning. Quantitatively stage 1 larvae show lower scores in most tasks,
arguably because of their smaller size and lower speed. Qualitatively, however, stage
1 larvae perform strikingly similar to stage 3 in almost all cases. These results bolster

confidence in mapping brain structure and behaviour across developmental stages.

4.2 Introduction

Mapping brain function to brain structure is a fundamental task for neuroscience. Fo-

cussing on behaviour as the integrated function of the brain, we describe the behavioural
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faculties of stage 1 Drosophila larvae. This provides a resource for relating behavioural
function to the upcoming description of their connectome (e.g. Ohyama et al.|[2015];
Berck et al.|[2016]; Fushiki et al. [2016]; Jovanic et al. [2016]; Schlegel et al.|[2016];
Schneider-Mizell et al.| [2016]; Zwart et al.| [2016]).

Drosophila is known as a genetic model system. It allows for studying the principles
of heredity, development, and brain function. The uncovered genetic and molecular
networks are highly conserved, examples including early embryonic development, ion
channel and synaptic function (e.g. |St Johnston and Nusslein-Volhard [1992]; [Littleton
and Ganetzky [2000]). This genetic and molecular similarity defines Drosophila as a
model for biomedical science.

In the 1970s, also behavioural genetics of Drosophila gained momentum. Early study
cases explored phototaxis [Benzer, [1967], circadian behaviour [Konopka and Benzer,
1971], and Pavlovian learning [Dudai et al., 1976; Heisenberg et al., [1985; [Tully and
Quinn, 1985]. The range of experimentally accessible behaviours now includes var-
ious further olfactory and gustatory behaviours, courtship, feeding, and aggressive
behaviours as well as operant and other learning paradigms (Zhang et al. [2010] and
references therein). These studies received a boost by their combination with new meth-
ods for transgenesis and transgene expression [Rubin and Spradling, 1982; O'Kane
and Gehring, [1987; Brand and Perrimon, [1993]. These and related techniques now
allow the comparatively convenient expression of transgenes, in any cell or group of
cells, at any time (e.g. |Venken et al. [2011]). Thus, Drosophila is a powerful model
system to understand not ‘only’ molecular and cellular processes, but also their function
in behaviourally meaningful circuitry (e.g. Sivanantharajah and Zhang|[2015]) as had
been envisioned by [Hotta and Benzer [1970]. The elegance of the uncovered minimal
biological circuits defines the inspiration of Drosophila for engineering, informatics and

robotics (e.g. [Frye and Dickinson|[2004]).
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With a slight delay, larval Drosophila entered the stage as subjects of behavioural
neurogenetics (e.g. Aceves-Pina and Quinn [1979]; Rodrigues [1980]; Heisenberg et al.
[1985]), with revived interest since the 1990s [Stocker, [1994; Cobb, 1999; |[Sokolowski,
2001} Gerber and Stocker, [2007;|Gomez-Marin and Louis, 2012; Keene and Sprecher,
2012; Diegelmann et al., 2013]. Larvae possess 10 times fewer neurons than adult
flies, but feature fundamental adult-like circuit motifs (for example in the olfactory path-
ways: Vosshall and Stocker [2007]; Stocker| [2008]) as well as fundamental faculties
of behaviour - with the obvious exception of reproductive behaviours and flight. Be-
yond locomotion and feeding, these faculties include various forms of taxes, kineses,
and Pavlovian learning. Thus, the larva offers a fortunate balance between being
simple enough to be tractable, yet complex enough to be interesting. Indeed, in the
foreseeable future the larva’s 10,000-neuron nervous system will be mapped into a
light-microscopical cell-by-cell atlas [Li et al., 2014], and Gal4 strains can be gener-
ated to experimentally access these neurons one at a time. In addition, an electron
microscopic reconstruction of the full larval brain and ventral nerve cord, at synaptic
resolution, seems within reach (e.g. (Ohyama et al. [2015]; Berck et al.|[2016]; |[Fushiki
et al.[[2016]; Jovanic et al.|[2016]; Schneider-Mizell et al. [2016]; |Zwart et al. [2016]).
These resources will allow mapping behaviour onto circuitry with an unprecedented
combination of ease, completeness and precision. Notably, the EM-based connectome

is being drafted for a stage 1 larva - because they are considerably smaller than stage 3

larvae and thus are quicker to image using EM techniques. However, the vast majority
of published behaviour analyses were performed for stage 3 larvae - as their larger
size makes them easier to handle. Although light microscopical observations have not
yet ascertained major qualitative discrepancies in the neuroanatomy between stage
1 and stage 3 larvae, it is not trivial to show the utility of the stage 1 connectome for

guiding behavioural analyses in stage 3 larvae. This is because not only growth but
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also neurogenesis continues across larval stages in at least some brain regions [lto
and Hotta, [1992]. To bolster confidence in connectome-behaviour mappings, it is thus
warranted to either redo the EM reconstruction for a stage 3 larva, or to survey the

behavioural faculties of stage 1 larvae. We provide the latter.

4.3 Results

We will first present the results of the counting-based assays, followed by the results

from the assays based on video-tracking.

Olfactory and gustatory preference

Stage 1 as well as stage 3 larvae show attraction to both odours tested (Fig. 1A, B),
in line with what has previously been reported for stage 3 larvae (e.g. |(Cobb| [1999];
Saumweber et al. [2011])). For both odours, it takes slightly longer until this preference
becomes significant for stage 1 larvae. The same pattern of results is observed for the
preference behaviour for fructose and arabinose (Fig. 2A, B); for sorbitol preference
does not reach significant levels in stage 1 larvae during the observation period (Fig.
2C). We note that the early, transient aversiveness of sorbitol in stage 3 larvae is not
observed in stage 1 larvae. Preference for various sugars has previously been reported
for stage 3 larvae (e.g. \Schipanski et al. [2008]; |Rohwedder et al. [2012]).

Avoidance of quinine in stage 1 is consistently less than in stage 3 larvae, yet apparently
converges towards the same level at the end of the observation period, suggesting that
it takes longer for stage 1 larvae until these levels can be reached (Fig. 2D). Avoidance

of quinine has previously been reported for stage 3 larvae (e.g. El-Keredy et al. [2012]).

Preference scores for aspartic acid are low, both in stage 1 and stage 3 larvae; indeed

only after 16 min does weak attraction to aspartic acid become evident in stage 3 larvae
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Figure 1: Olfactory preference.
A n-amyl acetate. Larvae are allowed to choose between one
side of a Petri dish that features a container filled with n-amyl
0 . . . Ne21 2 acetate as odour (filled cloud), and the other side that does
08 vy vv vy ' @ not. An olfactory preference index (Prefo;sactory) is calcu-
06 lated for the distribution of larvae after 2 min, 4 min, 8 min,
04 %.I Iﬁ E B @ and 16 min after the experiment has started. Positive values
2; é % indicate attraction to n-amyl acetate, which is statistically sig-
02 o nificant already after 2 min for stage 3 larvae (L3, magenta-line
04 cg—t——3 box plots), while this is the case only after 4 min for stage 1 lar-
06 vae (L1, black-line box plots). In direct comparisons, attraction
08 L1 L3 of n-amyl acetate in L1 is not significantly less than in L3 lar-
M en amn gmm temn BT % vae at any time point. The inset presents the median of the
preference indices plotted over time.
B 1-octanol. Same as above, but using 1-octanol (open cloud)
as odour. Preference for 1-octanol is statistically uniform in L1
10 and L3 larvae.
= = The box plots show the median, 25 % and 75 % quantiles as
the box boundaries, and 10 % and 90 % quantiles as whiskers.
@ % @ * and ns refer to Bonferroni-corrected MWU comparisons be-
tween groups (P<0.05/4); grey shading of the box plots indi-
cates Bonferroni-corrected within-group significance from zero
in OSS tests (P<0.05/4).
Sample sizes are given within the figure.
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(Fig. 2E), an effect that fails to reach significance for stage 1 larvae. Attraction to
aspartic acid has previously been reported for stage 3 larvae [Croset et al., [2016], and
using an modified assay geometry for both stage 1 and stage 3 larvae [Kudow et al.,
2017].

Thus, for the odours and tastants tested up to this point the general result is that these
cues have concordant valence for both larval stages but that it takes slightly longer until
the same levels of preference are reached for stage 1 as compared to stage 3 larvae.
One simple explanation of these results is that stage 1 larvae are smaller and slower in
locomotion than stage 3 larvae (see also Fig. S4A). Such slower locomotion cannot,
however, account for the results obtained for salt that are presented in the next section.
It has previously been reported for stage 3 larvae as well as for adult Drosophila that
low salt concentrations are moderately attractive, while high concentrations are strongly
aversive; at intermediate concentrations both these behavioural tendencies cancel
out [Niewalda et al., [2008; Russell et al., [2011]. This inverted U-shaped dose-effect

function for salt preference behaviour may be shifted towards the left, i.e. towards higher
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sensitivity, in stage 1 larvae: that is, both attraction at low concentrations and avoidance
at high concentrations of salt is stronger in stage 1 larvae (Fig. 2F-H). Obviously, slower
locomotion in stage 1 larvae works against such stronger attraction/avoidance scores,
such that the valence differences for salt between stage 1 and stage 3 larvae may
actually be underestimated.

Thus, olfactory and gustatory preference behaviour in stage 1 and stage 3 larvae is
essentially equal in valence and strength, excepting the longer time it takes for stage

1 to express these preferences, and excepting the case of salt where a shift towards

higher sensitivity may be reckoned with in stage 1 larvae (Fig. S1).

Odour-tastant associative learning

It has been previously reported for stage 3 larvae that repeatedly presenting an odour
together with a fructose reward increases preference for the odour in a subsequent
test [Scherer et al., 2003; Neuser et al., 2005; |[Saumweber et al., 2011]. Specifically, in
one group of larvae the odour amyl acetate (AM) is presented together with fructose as
reward (+) and 1-octanol without reward (AM+/OCT), while a second group of larvae
undergoes reciprocal training (AM/OCT+). Then, animals are tested for their choice
between AM versus OCT in the absence of the fructose reward. Appetitive associative
memory is indicated by a relatively higher preference for AM after AM+/OCT training
compared to the reciprocal AM/OCT+ training. This difference in preference is quantified
by the associative performance index (Pl) such that positive Pls indicate appetitive
associative memory (negative Pls would indicate aversive memory). The elevated
preference for the reward-associated odour can be grasped as a memory-based search
for reward, because it ceases if the sought-for reward is actually present during the test
(Gerber and Hendel [2006]; Saumweber et al. [2011]; Schleyer et al. [2011], 2015a,b];
also see Schleyer et al. [2013]).
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Figure 2: Gustatory preference.(See next page).
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Figure 2: Continues from prior page. A Fructose. Larvae are allowed to choose between one side of a Petri dish that contains
agarose added with 2 mol/l fructose (FRU; green fill of hemi circle), and pure agarose (PURE) on the other side. A gustatory
preference index (Prefgustatory) IS calculated for the distribution of the larvae after 2 min, 4 min, 8 min, and 16 min after the
experiment has started. Positive values indicate attractiveness of fructose, which is statistically significant already from 2 min on
for both stage 1 larvae (L1, black-line box plots) and for stage 3 larvae (L3, magenta-line box plots). Attractiveness of fructose in
L1 is not significantly less than in L3 at any time point. The inset presents the median scores plotted over time.

B Arabinose. As above for fructose, but using 2 mol/l arabinose (ARA; orange), and pure agarose (PURE) on the other side.
Attraction of arabinose is statistically significant from 4 min on for L1 while this is the case already after 2 min for L3 larvae.
Attraction of arabinose in L1 is less than in L3 early on, i.e. after 2 min, but not at the other time points.

C Sorbitol. As above for fructose, but using 2 mol/l sorbitol (SOR; turquoise), and pure agarose (PURE) on the other side. For L1
we find indifference towards sorbitol, at all time points; for L3, we observe slight yet significant avoidance at 2 min and attraction
after 16 min. At that latest time point, preference scores in L3 are higher than for L1.

D Quinine. Same as above for fructose, but using 5 mmol/l quinine (QUI, red), and pure agarose (PURE) on the other side.
Avoidance of quinine is statistically significant already from 2 min on for L1 as well as for L3 larvae. Avoidance of quinine in L1 is
less than in L3 at all time points.

E Aspartic acid. Same as above for fructose, but using 10 mmol/l aspartic acid (ASP, brown), and pure agarose (PURE) on the
other side. Attraction to aspartic acid is not statistically significant for any of the time points except for L3 larvae at 16 min. Scores
do not differ between L1 and L3, at any time point.

F-H Salt. Same as above for fructose, but using either a low, an intermediate, or a high concentration of salt (NaCl: 0.02 mol/l, 0.2
mol/l, 2 mol/l; blue), and pure agarose (PURE) on the other side. (F) For L1 larvae attraction of the low concentration is statistically
significant from 4 min on, while for L3 larvae only tendencies for attraction are observed. At 8 and 16 min, L1 show stronger
attraction than L3. (G) For an intermediate concentration of salt, both L1 and L3 larvae show aversion, and do so to the same
extent, for all time points. (H) For the high salt concentration, avoidance is statistically significant at all time points for both L1 and
L3. At 8 and 16 min, L1 show stronger aversion than L3. It thus seems that the dose-effect function for salt preference in L3, from
attraction at very-low to low salt concentrations to aversion at high salt concentrations, is shifted towards the left in L1, i.e. towards
a higher sensitivity to salt in L1 than in L3. * and ns refer to Bonferroni-corrected MWU comparisons between groups (P<0.05/4);
grey shading of the box plots indicates Bonferroni-corrected within-group significance from zero in OSS tests (P<0.05/4).

Sample sizes are given within the figure.

As previously reported for stage 3 larvae, odour-fructose training also establishes appet-
itive memory in stage 1 larvae (Fig. 3A1, left box plot for the associative performance
indices and Fig. 3A2, the two left box plots for the underlying preference scores) (also
see Pauls et al. [2010]). Notably and also as previously observed for stage 3 larvae, the
associative modulation in the preference for the fructose-associated odour is abolished
if the test is performed in the presence of the fructose reward (Fig. 3A1, A2, right box
plots).

Likewise as previously reported for stage 3 larvae [Schleyer et al., 2015a], odour-aspartic
acid training establishes appetitive memory in stage 1 larvae, a memory that can be
prevented from behavioural expression by the presence of aspartic acid during the test
(Fig. 3B).

To provide a case of taste-punishment learning, we trained stage 1 larvae by presenting
one of the odours together with quinine, while the other odour was presented alone. As

previously reported for stage 3 larvae [Gerber and Hendel, 2006} |Schleyer et al., 2011,
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2015a; El-Keredy et al., 2012] no learned behaviour towards the quinine-associated
odour is observed (Fig. 3C1, left box plot for the associative performance indices and
Fig. 3C2, the two left box plots for the underlying preference scores) - unless quinine is
indeed present during the test (Fig. 3C1, right box plot for the associative performance
indices and Fig. 3C2, the two right box plots for the underlying preference scores). This
arguably is because learned behaviour after odour-punishment training is a form of
learned escape that is behaviourally expressed only if the testing situation does indeed
require escape. The case of odour-salt associative learning turned out to be special. In
stage 3 larvae it was previously found that low concentrations of salt have a rewarding
effect, while high concentrations of salt are punishing [Niewalda et al., 2008;; Russell
et al., |2011]. Using 0.2 mol/l salt as a concentration that was reported to be rewarding
in stage 3 larvae we were surprized to observe aversive memory in stage 1 larvae. That
is, when tested in the absence of salt, associative performance indices are zero, while
negative scores are uncovered when testing is carried out in the presence of salt (Fig.
3D1, D2). As mentioned in the preceding paragraph for quinine, this can be seen as a
case of learned escape from the salt-associated odour that is warranted only when the
salt to escape from indeed is present. Thus, a salt concentration that is punishing in
stage 1 larvae is rewarding in stage 3 (for a confirmation of the latter result under the
present conditions: Fig. 3E1, E2). Possibly, the inverted U-shaped dose-effect function
for salt as a reinforcer, from rewarding at low to punishing at high concentrations, is
shifted towards the left for stage 1 larvae, i.e. towards higher sensitivity. Such an inter-
pretation would also fit the results regarding salt preference behaviour presented in the
preceding section. Likely explanations for such a generally increased sensitivity to salt
are that the geometry of stage 1 larvae renders them more susceptible to osmotic stress
by high salt concentrations in the substrate, and/or that their cuticle is less protective for

such osmotic stress. Indeed, salt concentrations high enough to be punishing in stage
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3 larvae are lethal for stage 1 (data not shown).

We note that for stage 3 larvae the dose-effect function for the reinforcing effect of salt
was reported to be shifted rightward along the concentration axis relative to preference
behaviour [Niewalda et al., 2008; Russell et al., 2011]. In other words, a higher salt
concentration is needed to be an effective punishment than is required to induce avoid-
ance. This is confirmed within the present study: a salt concentration that stage 3 larvae
already avoid in a preference test (0.2 mol/l, Fig. 2G) is not yet punishing to them, but

rather still is rewarding (Fig. 3E).

Thus, the faculties for odour-taste associative learning, and the rules for behaviourally
expressing the established memories, are strikingly similar for stage 1 larvae when
compared to previous reports concerning stage 3 larvae. The exception to this rule is
salt, as apparently stage 1 larvae are much more sensitive to salt reinforcement than

stage 3.

Odour-DAN activation associative learning

It has previously been reported for stage 3 larvae that repeatedly presenting an odour
together with optogenetic activation of the R58E02-Gal4 positive DAN neurons associa-
tively increases preference for the odour in a subsequent test [Rohwedder et al., 2016].
Specifically, in one group of larvae the odour ethyl acetate (EA) is presented paired
with red light for optogenetic DAN activation (*), alternated with blank trials (EA*/blank
training). A second group of larvae receives unpaired presentations of odour and red
light (EA/* training). Then, all animals are tested for their preference for EA. Appetitive
associative memory is indicated by a relatively higher preference for EA after paired
EA*/blank training compared to unpaired EA/* training. This difference in preference
is quantified by the associative performance index (Pl) such that positive Pls indicate

appetitive associative memory (negative Pls would indicate aversive memory).
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Figure 3: Odour-tastant associative learning.

A Fructose as reward in stage 1 larvae. One set of stage
1 larvae receives one odour (n-amyl acetate: black
cloud) paired with a fructose reward (green fill of Petri
dish), and the other odour (1-octanol: white cloud) with
pure agarose (white fill of Petri dish); in a second set
of larvae, training is reciprocal (n-amyl acetate without
and 1-octanol with reward). Testing of the choice be-
tween both odours is performed either in the absence
of the fructose reward, that is on pure agarose plates
(below left box plot in A1), or in the presence of the
fructose reward (below right box plot in A1). Appet-
itive associative memory is indicated by positive Per-
formance Indices (Pls), showing that larvae systemati-
cally prefer the previously rewarded over the previously
non-rewarded odour (the underlying preference scores
(PREF) are presented in A2, such that preference for n-
amyl acetate yields positive scores). Associative perfor-
mance indices are significant in the absence, but not in
the presence of the fructose reward. This indicates that
appetitive associative memory supports learned search
behaviour, which is only expressed in the absence of
the sought-for fructose reward.

B Aspartic acid as reward in stage 1 larvae. as in (A),
yet using 10 mmol/l aspartic acid (brown) as a reward.
Appetitive associative memory is indicated by positive
Pls. Notably, aspartic acid memory is only expressed in
the absence but not in presence of aspartic acid.

C Quinine as punishment in stage 1 larvae. as in (A), yet
using 5 mmol/l quinine (red) as a punishment. Aversive
associative memory is indicated by negative Pls. No-
tably, quinine memory is only expressed in the presence
but not in absence of quinine, i.e. is a form of learned
escape.

D, E Salt as punishment in stage 1, but as reward in
stage 3 larvae. as in (A), yet using 0.2 mol/l sodium chlo-
ride (blue) in stage 1 larvae (L1; D, black-line box plots)
or stage 3 larvae (L3; E, magenta-line box plots). No-
tably, L1 show aversive memory in the presence but not
in absence of this salt concentration, while L3 show ap-
petitive memory in the absence but not the presence
of salt. It thus seems that the dose-effect function
for salt reinforcement in L3, from rewarding at low salt
concentrations to punishing at high salt concentrations
[Niewalda et al.,|2008;|Russell et al., 2011], is shifted to-
wards the left in L1, i.e. towards higher sensitivity. Thus,
a salt concentration that is rewarding to L3 already is
punishing to L1.

* and ns refer to MWU comparisons between groups
(A1-E1: * P<0.05; A2-E2: * or ns P <or >0.05/2); grey
shading of the box plots indicates Bonferroni-corrected
within-group significance from zero in OSS tests (A1-E1:
P<0.05/2; A2-E2: P<0.05/4).

Sample sizes are given within the figure.
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Figure 4: Odour-DAN activation associative learning.
A DAN activation as reward in stage 1 larvae. One set of stage
A B 1 larvae receives odour (ethyl acetate: grey cloud) paired with
& " R i N N red light for optogenetic DAN activation (red square around
ol —r ’ sl X Y M v Petri dish), alternated with blank trials (white-filled Petri dish).
04 é — 04 ? Eé In a second set of larvae, odour presentation and red light
Zi )] == 22 are unpaired. In both groups, this training is followed by a
02 02 test of odour preference. Appetitive associative memory is in-
04 04 dicated by positive Performance Indices (Pls), reflecting that
ZZ 22 larvae have a systematically higher preference for the odour
_WE@ 10 after paired rather than unpaired training. For the experimen-
T 3 tal genotype expressing Chrimson in the R58E02-Gal4 DANs,
On positive Pls are observed, showing that DAN activation is suffi-
n cient as an internal reward signal. In the effector and the driver
@ control genotypes, the DANs are not activated and Pls are in-
SIS distinguishable from chance levels. B Preference scores un-
RSBEOR-Cald s B N . B . derlying the Pls from (A). * and ns refer to Bonferroni-corrected
UAS-Chrimson + + - + + - MWU comparisons between groups (A, B: P <or >0.05/3);
C grey shading of the box plots indicates Bonferroni-corrected
= within-group significance from zero in OSS tests (A: P<0.05/3;
B: P<0.05/6). (C) Anti-GFP visualization in R58E02-Gal4 x
UAS-GFP stage 1 larvae (green) (expression from R58E02-
Anti-GFP Gal4 in stage 3 larvae has recently been described by Rohwed
A aseel | as. der et al.|[2016]). Expression of GFP can be discerned in two
ROSERz GaltruAS-GTP pPAM-cluster neuron cell bodies in each hemisphere (arrows)
projecting onto the mushroom bodies revealed through anti-
Fasciclin Il detection (magenta). For a tentative identification
of these cells as DAN-i1 and -j1 please refer to the body text;
occasionally and as can be seen in the current preparation, an
additional cell is observed which does not innervate the mush-
room bodies. The scale bar represents 100 pm.
Sample sizes are given within the figure.

ODOUR-DAN ACTIVATION ASSOCIATIVE LEARNING
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The present results show that odour-DAN activation training establishes appetitive
memory also in stage 1 larvae (Fig. 4A, for the associative performance indices of the
experimental as well as the effector and driver control strains; Fig. 4B for the underlying
preference scores). Thus, activation of the R58E02-Gal4 DANSs is sufficient as an
internal reward signal also in stage 1 larvae. Interestingly the R58E02-Gal4 driver labels
three DANs of the pPAM-cluster in stage 3 larvae, respectively innervating the shaft,
upper and intermediate toe of the mushroom body medial lobe [Rohwedder et al., [2016].
However, only two such cells are labelled in stage 1 (Fig. 4C, arrows; occasionally, an
additional cell is observed which does not innervate the mushroom bodies). Specifically,
stage 3 R58E02-Gal4 larvae express in DAN-h1, -i1 and -j1 (Rohwedder et al. [2016];
nomenclature according to Eichler et al. [2017]). Given that Eichler et al. [2017] found

that of these DANs only DAN-h1 is not present in a stage 1 whole-brain EM volume,
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the two mushroom body-innervating cells labelled in Figure 4C in a stage 1 larva are

tentatively identified as DAN-i1 and DAN-j1.

Light/dark-electric shock associative learning

Stage 1 larvae were trained either with pairings of light with electric shock and dark-
ness without shock, or were trained reciprocally with light-alone trials and pairings of
darkness with electric shock punishment. This was followed by a test of their light-dark
preference (see sketch Fig. 5A). Stage 1 larvae behave regardless of previous training
regimen in such a test; that is, performance indices are zero (Fig. 5A, left box plots).
Correspondingly, light-dark preference scores are equal between the reciprocally trained
groups of stage 1 larvae and indicate avoidance of light (Fig. 5B, left box plots). This
result was surprising, given the previously reported ability of stage 3 larvae in a similar
paradigm [von Essen et al., [2011]. We therefore ran the current paradigm also for stage
3 larvae and confirmed their ability of light/dark-electroshock learning (Fig. 5A). Indeed,
avoidance of light was stronger after the light had been paired with electric shock as
compared to the reciprocally trained group of stage 3 larvae (Fig. 5B, middle box plots);
no such alteration is seen when the shock is omitted during training, arguing that these
differences in light avoidance are associative in character and are unrelated to the
difference in the duration of light-dark exposure between reciprocal groups (Fig. 5A, B,

right box plots).
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Figure 5: Light/Dark-electric shock associative learning.

One group of larvae receives light exposure (yellow fill of circles) paired with an electroshock punishment (lightning symbol), and
darkness (black fill of circles) without electroshock (Light+/Dark training). Circles indicate agarose-filled Petri dishes; the small
size of the circles represents a 1 min trial duration, while the large diameter circles indicate a 5 min trial duration. A second
group receives Light/Dark+ training. During the test, the preference of the larvae for the lighted quadrants is determined. The
performance index (Pl) as displayed in (A) quantifies the difference in light preference between both groups, such that negative
Pls reflect avoidance of the shock-paired visual condition (the underlying preference scores (PREF) are presented in (B) such that
preference for the lighted quadrants yields positive scores). Experiments were performed either with stage 1 larvae (L1, black-line
box plots) or stage 3 larvae (L3, magenta-line box plots). Given that total light exposure was not equal between groups (see
body text), a control experiment was performed in L3 by subjecting them to training-like handling and light exposure, yet omitting
all electroshocks (rightmost condition in A and B). L1 do not show avoidance of the shock-associated visual condition, while L3
do. As shown for L3, differences in light exposure as such are not sufficient to lead to differences in light avoidance, arguing
that the negative Pls observed reflect associative memory. * and ns refer to MWU comparisons between groups (P<0.05/3);
grey shading of the box plots indicates Bonferroni-corrected within-group significance from zero in OSS tests (A: P<0.05/3; B:
P<0.05/6). Sample sizes are given within the figure.

Food intake

Larval feeding behaviour has been measured in different assays (e.g. Bjordal et al.
[2014]; Gasque et al. [2013]; Neckameyer| [2010]; Schoofs et al. [2014]). In particular
for short-term food intake assays, choosing the appropriate duration of the experiment
is crucial. We therefore determined food intake in stage 1 larvae at different time points,
and compared the changes in food ingested over time to stage 3 larvae (Fig. S2A). We
found the time course of food intake across the assay duration to be virtually identical
for stage 1 and stage 3 larvae (Fig. S2B). For both stages the largest increase in food
uptake occurs between 10 min and 20 min, making 20 min the experimental duration

most likely to detect changes in food intake in this assay.
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Burrowing

When allowed 60 min to feed, roam around, or burrow into the substrate of a Petri dish
containing yeast diet, it takes stage 1 larvae longer to burrow into the substrate than
stage 3 larvae. That is, while half of the stage 3 larvae have already burrowed into the

substrate after 5 min, this takes about 10 times longer for stage 1 larvae (Fig. S3).

Mechano-nociception and touch

We aimed at exerting a stimulus to stage 1 and stage 3 larvae that is noxious but not
damaging. This is not trivial, as the cuticle is softer in stage 1 larvae and therefore
noxious stimuli normally used for stage 3 larvae (30-100 mN) frequently cause tissue
damage to stage 1 larvae. We therefore calibrated stimulation to a force of 20 mN
for stage 1 and 50 mN for stage 3 larvae. Under such conditions of different physical
stimulation adjusted to be not physically damaging for either stage, both stage 1 and
stage 3 larvae show the previously characterized types of behaviour towards noxious
stimuli, namely stop, stop-and-turn, bending, and rolling, and do so at about the same
proportions (Fig. 6A). Only rolling, the strongest nociceptive behaviour, is tendencially
less likely to occur in stage 1 larvae under the chosen conditions (Fig. 6A, right bars);
note that arguably rolling is a noci-defensive, rather than noci-ceptive behaviour.

Upon gentle touch with an eyelash, both stage 1 and stage 3 larvae show the typical
behavioural signs of disturbance [Kernan et al., [1994], at about the same proportions.
That is, in the large majority of cases animals from both stages show withdrawal of the
head followed by turning, or a single backward wave of body peristalsis which then is
also followed by turning (Fig. 6B).

To further investigate rolling behaviour, we optogenetically activated the somatosensory
Basin interneurons (Fig. 6C) in stage 1 larvae. Crossing the R72F11-GAL4 driver strain
with the UAS-Chrimson effector strain and raising larvae in food supplemented with

retinal for proper function of the Chrimson protein, we observed rolling behaviour in 95

115



Chapter Il

% of animals in response to light stimulation (Fig. 6D). This fits with what has previously

been reported for stage 3 larvae [Ohyama et al., |2015]. No rolling was seen in the

genetic control strains, and only very rarely if retinal was omitted from the larval diet.

Movie 1 and Movie 2 present examples of optogenetically induced rolling behavior in

stage 1 and stage 3 larvae, respectively.

MECHANO-NOCICEPTION AND TOUCH

Rolling in response to optogenetic
activation of Basin interneurons

L1 L3

N=88, 82
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Figure 6: Mechano-nociception and touch.

A Mechano-nociception. Shown are the responses of stage 1
(L1, black bars) and stage 3 larvae (L3, magenta bars) to a
mechano-nociceptive stimulus adjusted to be just-not damag-
ing for either stage (L1: 20 mN, L3: 50 mN). Both, L1 and
L3 display nociceptive behaviour (Bending, Rolling) as well as
non-nociceptive behaviour (Stop, Stop and turn) at the same
rates. ns refers to Bonferroni-corrected two-tailed z-tests be-
tween L1 and L3 (P>0.05/4) (XLSTAT, Statcon, Witzenhausen,
Germany).

B Gentle touch. Shown are the responses of stage 1 (L1, black
bars) and stage 3 larvae (L3, magenta bars) to an innocuous
mechanical stimulus with an eyelash. L1 and L3 larvae ex-
hibit behavioural signs of mild disturbance (Stop, Head with-
drawal and turn, Backward wave and turn, Backward crawl and
turn) at the same rates. ns refers to Bonferroni-corrected two-
tailed z-tests between L1 and L3 (P>0.05/4) (XLSTAT, Statcon,
Witzenhausen, Germany).

C, D Rolling in response to optogenetic activation of Basin in-

terneurons. Shown in (C) is the anti-HA visualization from a
R72H11 x UAS-HA stage 1 larva (green). Expression of HA
can be discerned in the Basin interneurons of the ventral nerve
cord; longitudinal fibre bundles stained for anti-Fasciclin Il (ma-
genta) allow orientation in the preparation. Scale bar: 25 pm.
(D) Larvae of the indicated genotypes were stimulated with
light and scored for rolling behaviour. Larvae of the experimen-
tal genotype expressing Chrimson in the Basin interneurons
are likely to show rolling upon light stimulation, while larvae of
the genetic controls, or larvae of the experimental genotype
raised without retinal (open bar), are not. * refers to P<0.05/3
in Bonferroni-corrected two-tailed z-tests between the experi-
mental genotype raised with retinal versus the respective con-
trol condition (XLSTAT, Statcon, Witzenhausen, Germany).
Sample sizes are given within the figure.

Video-tracking of the response to ‘Buzz’ mechanosensory disturbance

We measured translational run speed as well as the angular sideways speed of stage 1

and stage 3 larvae, both under baseline conditions and upon presenting a disturbing

mechanosensory 'buzz’ stimulus [Eschbach et al., 2011}, Saumweber et al., [2014].

Under baseline conditions, translational run speed is about 4-fold lower in stage 1 as

compared to stage 3 larvae, while angular speed is equal in both stages (Fig. S4A,
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B). In other words, stage 1 larvae run slower, but if they move sideways or turn, these
lateral movements are of the same speed as in stage 3 larvae. In order to compare the
buzz-induced changes in translational run speed and angular speed between stages,
we normalized these measures, for each larva, to the ones obtained immediately before
the buzz. Such normalized measures of translational run speed and angular speed do
not reveal a difference between stage 1 and stage 3 larvae (Fig. S4C, D). Both stages
hunch and slow down (i.e. ’startle’) for 2-3 s after the buzz; during the first of these

seconds they typically implement sideways movements (see also Movie 6 and Movie 7).

Video-tracking of ‘free’ locomotion

In Figure 7A as well as in Movies 3-5 we show example tracks of locomotion for stage 1
and stage 3 larvae. As previously reported [Otto et al.,|2016] larval locomotion alternates
between go- and reorientation phases.

Qualitatively, we note that body contractions and the resulting peristalsis during go-
phases appear to be less regular in stage 1 than in stage 3 larvae (Fig. 7B, Movie
3). Quantitatively, the frequency of peristaltic contractions during go-phases was by
about 20 % higher for stage 1 than for stage 3 larvae (Fig. 7C). As expected from their
smaller body size, the absolute speed during go-phases was much slower for stage 1
than for stage 3 larvae (Fig. 7D; see also Fig. S4A). Notably, from a 4-fold difference in
absolute speed during go-phases only a minute difference remains when considering
speed relative to body length (Fig. 7E).

Stage 1 larvae were much more likely to be observed in a bent body posture than
stage 3 larvae (Fig. 7F); for example, stage 1 larvae were found to be bent by 30 °or
more in about 30 % of the frames, while for stage 3 larvae this was the case for only
10 % of all frames. Also, turn rate was much higher in stage 1 than in stage 3 larvae
(Fig. 7G). In effect, stage 1 larvae gained less relative distance from their site of origin

than stage 3 larvae (Fig. 7H). This reduced ’exploration range’ in stage 1 larvae, even
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when normalized to body length, manifests largely by differences in bending and turning

behaviour (Fig. 7F, G), rather than in speed (Fig. 7E).

VIDEO-TRACKING OF 'FREE’ LOCOMOTION
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Video-tracking of thermotaxis

Figure 7: Video-tracking of 'free’ locomotion.

A Examples of tracks of individual larvae from FIMTrack.
Tracks of two stage 1 larvae (L1, black) and two stage 3 lar-
vae (L3, magenta) under free crawling conditions. Images of
stage 1 larvae are scaled to represent them at the same ab-
solute size (L1, left), or at the same relative size (L1, right) as
stage 3 larvae (L3, middle).

B-E Characterization of go-phases. (B) Example plots of body
size over time indicating peristaltic contractions during a go-
phase for stage 1 larvae (L1, black) and stage 3 larvae (L3, ma-
genta). Note the slightly less regular organization of peristalsis
in stage 1 compared to stage 3 (see also Movie 3). (C) Fre-
quency of peristaltic contractions during go-phases, derived
from the temporal maxima in body size of stage 1 (L1, black-
line box plots) and stage 3 (L3, magenta-line box plots). Peri-
staltic contraction frequency is higher in stage 1 as compared
to stage 3. (d, e) Absolute (D) and relative (E) speed during
go-phases in stage 1 (L1, black-line box plots) and stage 3 (L3,
magenta-line box plots). Absolute speed is much less in stage
1 than in stage 3. This difference is strongly reduced when
considering speed relative to body length. * refers to P<0.05
in MWU comparisons between L1 and L3.

F-H Characterization of bending, turns and 'exploration range’.
(F) Probability distribution of frames with bending angles > 5 °
for stage 1 and stage 3 larvae (L1, black line and L3, magenta
line). In stage 1 the likelihood to observe animals in a bent
state was higher than in stage 3 for all considered bending an-
gles. (G) Turn rate of stage 1 larvae (L1, black-line box plots)
is substantially higher than in stage 3 larvae (L3, magenta-line
box plots). (H) The gain in their relative distance to origin is
less in stage 1 than in stage 3 larvae. This suggests a smaller
‘exploration range’ in stage 1 than in stage 3, even when con-
sidered relative to body length. * refers to P<0.05 in MWU
comparisons between L1 and L3.

Sample sizes are given within the figure.

Stage 1 larvae as well as stage 3 larvae crawl away from their starting position at the
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hot 33 °C isothermal line and reduce their distance to the colder side linearly during the
observation period (Fig. 8A, B; Movie 8, Movie 9). While navigating away from the heat,
stage 1 and stage 3 larvae show a median bearing of about 62 °and 58 “%owards the
cold side, respectively (Fig. 8C). In other words, both stage 1 and stage 3 are typically
oriented obliquely to the isothermal lines of 29 °C and 18 °C respectively, with stage
1 doing slightly higher-amplitude zig-zagging during go-phases and being oriented
towards the 'wrong’, hot side slightly more often.

Absolute speed of stage 1 larvae in the heat gradient is about 3-fold lower compared to
stage 3 larvae (Fig. 8D); when considering speed normalized to body length, however,
stage 1 larvae appear to move faster (Fig. 8E). Indeed, when comparing speed under
free crawling conditions versus in the heat gradient, speed is approximately 50 % higher
in the heat gradient for stage 1 larvae (Fig. 7D, E versus Fig. 8D, E), while stage 3
larvae do not show higher speed in the heat gradient (Fig. 7D, E versus Fig. 8D, E).
Stage 1 larvae were much more likely to be observed in a bent body posture than stage
3 larvae also in the heat gradient (Fig. 8F); for example, stage 1 larvae were found to be
bent by 30 °or more in about 25 % of the frames, while for stage 3 larvae this was the
case for only about 7 % of all frames. Also, turn rate was much higher in stage 1 than
in stage 3 larvae (Fig. 8G). In effect, stage 1 larvae gained less relative distance from
their site of origin than stage 3 larvae (Fig. 8H). While in principle this matches what
was observed under free crawling conditions (Fig. 7F-H), we note that the distance to
origin that the animals gained per min was massively enhanced during thermotaxis, in
particular for stage 1 but also for stage 3 larvae (Fig. 7H versus Fig. 8H).

Thus, within a heat gradient behaviour is obviously oriented for both stage 1 and stage 3
larvae. Stage 1 larvae appear more sensitive to the heat gradient, as the heat-induced
modulation of speed and the heat-related gains in distance from origin appear more

prominent.
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X Figure 8: Video-tracking of thermotaxis.

VIDEO-TRACKING OF THERMOTAXIS A Sketch of the thermotaxis setup (left). Note that correspond-
ing to the 4-fold differences in body length between stage 1
and stage 3 larvae, the area for stage 3 larvae is 4-fold larger
than for stage 1 larvae. The heat gradient is linear; the covered
temperatures are aversive for the respective stages within the
observation areas delineated for stage 1 and stage 3. The
two rightmost panels show screen-shots of the final frames of
Movies 8 and 9 with tracks of stage 1 and stage 3 larvae (L1
and L3, respectively). Dimensions were normalized to body
M length.

B Median distance to the cold side over time, with the distance
& at the origin of the tracks defined as 100 % distance for both
60 stage 1 larvae (L1, black line) and stage 3 larvae (L3, magenta
40 40 Iine).
20 20 n=250,177  C-E Characterization of go-phases in a linear heat gradient.
L1 L3 L1 L3 (C) Bearing angle to the cold side of stage 1 (L1, black line)
x and stage 3 (L3, magenta line). Absolute (D) and relative (E)
speed during go-phases in stage 1 (L1, black-line box plots)
and stage 3 larvae (L3, magenta-line box plots). Absolute
speed is much less in stage 1 than in stage 3. This difference
is reversed when considering speed relative to body length. *
refers to P<0.05 in MWU comparisons between L1 and L3.
o == N= 360, 336 o n=3s0,33  F-H Characterization of bending, turns and *exploration range’
L1L3 L11L3 in a linear heat gradient. (F) Probability distribution of frames
with bending angles > 5 °for stage 1 and stage 3 larvae (L1,
— black line and L3, magenta line). In stage 1 the likelihood to
observe animals in a bent state was higher than in stage 3 for
¢ all considered bending angles. (G) Turn rate of stage 1 larvae
03 3 (L1, black-line box plots) is substantially higher than in stage 3
02 1 L3 ) N=350,305 larvae (L3, magenta-line box plots). (H) The relative distance
o \\ , L1 L3 to origin is less in stage 1 than in stage 3 larvae. This suggests

a smaller ’exploration range’ in stage 1 than in stage 3, even
om w O o e o st when considered relative to body length. * refers to P<0.05 in
MWU comparisons between L1 and L3.
Sample sizes are given within the figure.
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Video-tracking of light avoidance

When encountering the dark-light border zone, stage 1 and stage 3 larvae show avoid-
ance behaviour at strikingly different probabilities. That is, 56.7 % of such encounters
resulted in retraction for stage 1 larvae (212/ 374 encounters; Fig. S5B and C, Movie
10), while for stage 3 larvae this was observed for only 31.3 % of cases (167/ 534
encounters; Fig. S5B, C, Movie 11). This suggests that stage 1 larvae are more light

averse than stage 3 larvae.
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Video-tracking of chemotaxis

When located close to an odour source, both stage 1 and stage 3 larvae remained
in the vicinity of that odour source, resulting in ’'ball-of-wool’ trajectories (Fig. 9A, A’)
not seen in the absence of odour (Fig. 9A”). We described tracks as sequences of
runs and turns (Fig. 9B-B”). Mapping these tracks onto the respective reconstructed
olfactory experience suggests that turns typically take place after the larvae moved
down the odour gradient for some time, and that after a turn they move up the odour
gradient (Fig. 9C, C’). In other words, turns reorient the larva up the odour gradient and
thus eventually towards the odour source (behaviour in the absence of odour, i.e. in a
fictive’ odour gradient from a ’fictive’ odour source located at a corresponding point in
the arena, was confirmed to be random in this respect: Fig. 9C”). Indeed, the average
olfactory experience during the 15 s preceding a turn consists of negative changes
in odour concentration; under such conditions head casts towards the odour entail a
large and sudden rise in odour concentration such that this new direction is accepted
and a turn is implemented (Fig. 9D, D’). Thus, turning manoeuvres result in a positive
change in stimulus intensity in both stage 1 and stage 3 larvae. This was confirmed to
not be the case for turns in the no-odour condition relative to a fictive odour source (Fig.
9D”), although turning manoeuvres with similar kinematics do take place under such
conditions, too (see below, Fig. 9F”). Specifically, in the presence of an odour source
stage 1 larvae turned towards the local odour gradient in 79.4 % of the cases (114 turns
towards the odour source of 29 larvae), while in the absence of a real odour source the
larvae implemented the expected approximately 50 % of their turns towards a fictive
odour source (85 turns towards such fictive odour source of 20 larvae) (P<0.005, two
tailed t-test, data not shown). Parametrically, and as found in previous work on stage 3
larvae [Gomez-Marin et al., 2011], the probability at which larvae of either stage turned

towards the left side was highest whenever the odour gradient was pointing up to their
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left (i.e. at bearings values close to 90°: Fig. 9E, E’) and lowest whenever the odour
gradient was pointing up to their right (i.e. at bearings values close to -90°: Fig. 9E, E’).
This was not observed in the absence of odour relative to a fictive odour source (Fig.
9E”).

As for the kinematics of the turns, both stage 1 and stage 3 larvae show a reduced
forward-speed of centroid movement immediately before a turn (Fig. 9F, F’); as expected
from the smaller size of stage 1 larvae, this deceleration was less in stage 1 than in
stage 3 larvae. Both stage 1 and stage 3 larvae then initiated a head cast, characterized
by a sharp increase of head-speed caused by lateral movement of the head (Fig. 9F,
F’). The same kinematics of turning were observed for turns performed in the absence
of odour (Fig. 9F”).

In addition to the turns analysed above, chemotaxis in stage 3 larvae was reported
to involve continuous slight bending of runs toward the local odour gradient a process
termed weathervaning [Gomez-Marin and Louis, |2014]. We found that also stage
1 larvae, just like stage 3, bias their runs in this way. Specifically, we observed a
correlation between the instantaneous reorientation rate during runs versus the bearing
angle between the direction of motion and the direction of the odour source (Fig. 9G,
G’); as expected, no such relationship was observed in the absence of odour relative
to a fictive odour source (Fig. 9G”). We note a trend in the weathervaning without an
odour source, such that the larvae tend to bias their runs towards their right. This may
hint at a handedness of larval turning behaviour in stage 1 larvae. Indeed, a weak
trend suggesting such right-handedness was previously observed in stage 3 larvae, too

(Gomez-Marin and Louis [2014], loc. cit. figure 1D).
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VIDEO-TRACKING OF CHEMOTAXIS
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Figure 9: Continues from prior page. A-A” Example tracks, based on centroid positions, for stage 1 larvae (A) and stage 3 larvae
(a’) in a reconstructed odour gradient visualized by the colour scale. (a”) shows tracks of stage 1 larvae in the absence of odour,
i.e. in this case the colour code indicates a ‘fictive’ odour landscape.

B-B” Example trajectories of individual larvae in the three experimental conditions. The starting positions are marked with a dot.
The trajectory of the centroid is shown in black; the trajectory of the head is shown in magenta. Positions corresponding to turns
are marked in green.

C-C” Time courses of concentrations corresponding to the example trajectories shown in (B-B”). Turning manoeuvres are typically
implemented after a prolonged period of moving down the odour gradient, both in stage 1 and in stage 3 larvae (C, C’). In the
absence of odour, no such relationship is observed relative to a fictive odour source (c”).

D-D” Turn-triggered averages of the relative changes in odour concentration at the centroid (black) and at the head (magenta).
When moving down-gradient, the beginning of the turning manoeuvre in both stage 1 and stage 3 larvae is associated with a
sharp rise in odour concentration at the head, corresponding to a head cast toward the odour source. This entails acceptance of
the new direction and completion of the turning manoeuvre (C, C’). Note that turning manoeuvres in the absence of an odour (f”)
do not show these features relative to a fictive odour source (c”).

E-E” Within an odour gradient, turns are more likely to take place towards than away from the odour, in both stage 1 and stage
3 larvae (e, €’). Upon the used convention, for positive bearings left turns reorient the larva up the odour gradient, i.e. effectively
towards the odour source. Such turns were most likely for bearing angles around 90°, that is when the larvae were oriented
perpendicularly to the odour gradient. For negative bearings, turns towards the right reorient the larvae up the odour gradient;
these are most frequent at -90°. In the absence of odour, no such relationship is observed relative to a fictive odour source (e”).
Error bars represent an estimate of the standard error calculated based on a bootstrap procedure.

F-F” Turn-triggered averages of head speed (magenta) and centroid speed (black) during turning manoeuvres. Before a turn,
centroid speed declines, while head speed increases. This is the case for both stage 1 and stage 3 larvae navigating in an odour
gradient (F, F’) - and is also true for turning manoeuvres in the absence of odour (f*). Error bars show the confidence interval
(5th-95th percentile). Mind the approximately 5-fold higher speed in stage 1 (F, F”) than stage 3 larvae (f’).

G-G” Trajectories during run periods in an odour gradient are often bent up the odour gradient, i.e. towards the odour source (A,
A’). To quantify the underlying behaviour, weathervaning was measured as the relationship between the average instantaneous
reorientation rate and the local bearing angle. This shows that both stage 1 and stage 3 larvae bent their runs most strongly
toward the odour source when oriented perpendicularly to it, i.e. at bearings of +/- 90°. Error bars show the confidence interval
(5th-95th percentile).

Sample sizes are given within the figure.

Figure 10: Stability and dynamics of transgene expression
across larval stages.
A Schematic overview of the body plan and internal organs of a stage
3 larva (modified from |[Demerec and Kaufmann|[1972]; image cour-
tesy of The Carnegie Institution).
B Confocal projections of stage 1 and stage 3 larval nervous systems
(L1 and L3, respectively) for four different driver strains of the Janelia
collection |Li et al.| 2014]. For L1, separate projections are provided
for the brain (br) and the ventral nervous system (v). The chosen
R strains maintain expression, visualized via anti-GFP staining of brains
from crosses of the indicated driver strains with UAS-GFP, in many of
the same neurons throughout larval stages. R16F06 shows expres-

STABILITY AND DYNAMICS OF TRANSGENE EXPRESSION
ACROSS LARVAL STAGES

sion in the AVMO011 interneurons of the brain (arrowhead) and in two
pairs of segmentally repeated interneurons. R26G02 shows expres-
sion in the APL neuron (arrowhead) that innervates the mushroom
bodies. R53F05 expresses in a variety of brain interneurons and
segmental sensory neurons, and R68B06 in embryonic-born Kenyon
cells of the mushroom bodies (arrowhead). In the latter line, expres-
sion in the segmental interneurons is largely lost before stage 3 is
reached. In other cases, additional expression may be seen in stage
3 (not shown). Indeed, expression patterns often are dynamic across
larval stages |Li et al.}|2014], such that they must be ascertained on
a case-by-case basis. The scale bar represents 100 um.
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4.4 Discussion

In a community-approach featuring 15 types of behavioural experiment, comprising
contributions from 37 scientists of 12 labs, we have probed stage 1 Drosophila larvae
for various behavioural faculties that had previously been described for stage 3 larvae.
With few exceptions, our results suggest qualitative concordance of behaviour in stage
1 and stage 3 larvae.

Before going into detail, we would like to stress that this suggestion of concordance
is necessarily based on a lack of evidence for qualitative differences in behaviour
between stage 1 and stage 3 larvae. This must not be confused with an evidence for the
absence of such differences. Indeed future studies using other or refined methods may
well uncover qualitative differences in behaviour between stage 1 and stage 3 larvae.
Still, the fact that across most of the presently used assays no such differences were
uncovered does suggest quite some stability of behavioural organization across larval
stages. Is this surprising?

During the 5-7 days between larval hatching and pupariation, larval Drosophila increase
by well 60-fold in mass (considering approximated body proportions of 1 mm x 0.25
mm x 0.25 mm = 0.0625 mm3 in stage 1 larvae and 4 mm x 1 mm x 1 mm = 4 mm3
in stage 3). If mass increase took place at a 60-fold rate per week in humans and
assuming a birth weight of 3.5 kg, parents would face a gargantuan 210 kg baby after
the first post-partum week. In other words, finding food and feeding are important to
a larva, and shape the organization of its behaviour and body plan. Indeed, the larval
nervous system is considerably smaller than its salivary glands (Fig. 10A). The larval
nervous system as established upon hatching thus must be immediately 'ready for life’
not only in supporting an immediate competitive feeding frenzy, but also to cope with

a massively growing body. For the most part, this seems to be accomplished by the
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growth of neurons. At only some sites of the brain, such as the antennal lobe body
and most drastically the mushroom body [lto and Hotta, 1992], it has been observed
that further neurons continue to be knitted into the circuit and become functional
during larval life. Furthermore, in Figure 10B examples of stable as well as dynamic
transgene expression across larval stages are presented, speaking to both stability and
dynamics of gene regulation as related to the employed driver elements. Based on our
present results, and as we think surprisingly, the changes in body size and in the size
and number of neurons seem largely inconsequential for larval behaviour - with the
only apparent exceptions pertaining to the speed of locomotion, salt- and light-related
behaviour. These exceptional cases of discordance are discussed below, in relation to
their possible neurogenetic bases (regarding the cases of concordance between stage
1 and stage 3 behaviour, we refer the reader to the references cited in the Introduction

and Results sections).

Speed of locomotion

Stage 1 larvae are about 4-fold slower in absolute speed than stage 3 larvae (Fig.
S4A, 7D, 9F, F’). Behavioural measures of stage 1 larvae not taking into account their
slow speed may therefore yield systematically lower scores. This can be remedied by
normalizing the data to speed, by using a scaled-down experimental set up and/ or by
using paradigms that allow sufficient time until scores are taken.

We note that maintaining accuracy in behaviour at higher speed in stage 3 larvae
demands a better signal to noise ratio in neuronal processing, and that this may be
one of the reasons why functionally redundant larval-born neurons are knitted into the
embryonic-born circuits (see section Brain organization below). The same applies for

the larva-to-adult transition.

Salt-related behaviour

Stage 1 larvae appear more sensitive to salt than stage 3, in a way that cannot be
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explained by differences in the speed of locomotion. This is the case for innate gustatory
preference behaviour towards salt (Fig. 2F, G, Fig. S1) and for the effects of salt as
reinforcer (Fig. 3D, E) (also see Niewalda et al.|[2008]; [Russell et al. [2011]). That is,
avoidance of and aversive learning about salt observed for stage 3 larvae is seen earlier
during the experiment, is stronger, and/ or is observed already at lower concentrations
in stage 1. This higher sensitivity to salt may partially be caused by an unfavourable
surface to volume ratio in stage 1, leading to higher sensitivity to desiccation stress.
Also, the cuticle of stage 1 larvae is softer than in stage 3. Thus, micro-lesions of
the cuticle caused by handling will be more likely and in combination with a possible
itching upon salt application will be of more impact for stage 1 than for stage 3 larvae.
Furthermore, developmental differences in the expression of salt sensors, and/or in the
wiring of salt-sensitive sensory neurons and their downstream circuits may be reckoned

with.

Light-related behaviour

The present data suggest that stage 1 larvae are more light averse than stage 3 larvae.
That is, in the employed light-annulus assay the likelihood of a retraction response when
encountering a dark-light border is almost twice as high for stage 1 as for stage 3 larvae
(Fig. S5B, C). Interestingly, the preference scores from a light-dark quadrant assay
measured after light-electroshock training are not apparently more negative for stage 1
than for stage 3 larvae (Fig. 5B) [Sawin-McCormack et al., [1995]. This could imply that
in the latter type of assay more time needs to be allowed for stage 1 larvae to reveal the
full extent of their light avoidance, and/ or of light-electroshock associative memory. In
other words, what appears to be an inability to form light-electric shock associations
in stage 1 larvae may partially reflect that assay conditions are suboptimal for stage 1,
revealing but a weak trend for aversive memory (Fig. 5). Data on the behaviour of stage

1 larvae in a light gradient are not yet available.
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Considering that in addition to suboptimal assay conditions there may be 'true’ biological
reasons for the poor light-electroshock association scores in stage 1, we note that stage
1 larvae are capable of learning with electroshock as punishment if odours are used for
association [Aceves-Pina and Quinnj, [1979]. This implies that it may be visual processing,
rather than electric shock processing, which is not permissive for association formation.
In this context it seems relevant that serotonergic neurons innervating the larval optic
neuropil start to form extensive ramifications only in late, wandering stage 3 larvae
[Mukhopadhyay and Campos, [1995]; this innervation has previously been related to the
loss of light avoidance upon the transition from feeding- to wandering-stage 3 [Sawin
McCormack et al., [19935]. Also, the larval mushroom body lacks serotonergic innervation
[Blenau and Thamm, 2011; Giang et al., 2011} [Huser et al., [2012]; specifically, the
serotonergic CSD neuron is present in larvae, yet is innervating the mushroom bodies
only after metamorphosis [Huser et al., 2012} |Roy et al., 2007]. It is therefore tempting
to speculate that alterations in serotonergic signalling may be partially responsible for
differences in light aversion and/ or light-electroshock associative learning across larval
stages, in particular as pupariation approaches. Changes in serotonergic signalling
may also impact other behavioural alterations along the larval-pupal transition, such as

changes in geotaxis, aggregation and locomotion.

Brain organization: The mushroom bodies as exceptional case

To date, surprisingly few discrepancies have been revealed between a stage 1 larval
nervous system reconstructed at synaptic resolution from the electron microscope
versus what was known before from studies based on light microscopy. Arguably the
most significant of these discrepancies, in addition to what has been mentioned in
the previous section regarding the serotonin system, relates to the mushroom body, a
higher-order brain centre of the insects required for learning and memory [Heisenberg,

2003]. That is, the number of mushroom body-intrinsic Kenyon cells (KCs) increases
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from about 100 in stage 1 [Eichler et al., 2017] to 800-1200 in stage 3 [lto and Hotta,
1992]. In no other case have similarly massive increases in neuron number during larval
stages been reported. If the added KCs were simply redundant to the already existing
ones, one may interpret this as reflecting the need for a better signal to noise ratio in
stage 3 larvae because of their higher speed of locomotion. Interestingly, however, a
group of about 20 early-born KCs qualitatively differs from the later-born ones in their
connectivity to the second-order sensory projection neurons (PNs) that map sensory
information onto the KCs. That is, each early-born KC has but one claw, a postsynaptic
specialization at which it connects to but one PN. In turn, PNs connect to but one
such early-born KC, plus, later on, a random set of about 4-8 later-born KCs. These
later-born KCs typically sample 2-6 PNs. Thus, for the earliest set of PN-KC connections
a 1:1 connectivity makes sure that all PNs get fairly sampled. Once this is achieved,
combinatorial and randomized PN-KC connections are added to fine-tune the sensory
representation across the KCs. This implies that mushroom body function in stage 1
larvae is more narrowly constrained by a 1:1 PN-KC connectivity than is the case in
stage 3 larvae. As far as associative olfactory learning abilities are concerned, this does
not seem to lead to qualitative differences in mnemonic ability between stage 1 and
stage 3 (Fig. 3) [Aceves-Pina and Quinn, 1979, Heisenberg et al., 1985} [Scherer et al.,
2003 Neuser et al., 2005; Niewalda et al., 2008; |Gerber and Hendel, 2006|; Pauls et al.,
2010; [El-Keredy et al., [2012]; Schleyer et al., [2015a]. Clearly, however, differences in
for example the stimulus-specificity of memory, in the ability to detect components from
compound stimuli or the ability to discern stimuli from contextual background may be
expected.

Taken together, despite massive growth there appears to be a phase of relative stability
in brain organization between stage 1 and stage 3 larvae. Clearly, however, profound

reorganization then takes place during the pupal stages and into early adulthood [Levine
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et al., [1995; Truman, (1996} Consoulas et al., 2000; Tissot and Stocker, 2000]. As
discussed above for the visual system as an example, much of this is indeed fore-
shadowed already at the end of larval life, as larvae develop out of feeding- and into
wandering-stage 3 and pupa. These changes in behavioural and brain organization

during the larval-pupal transition may warrant a separate survey.

In conclusion, our results show a striking match in the behavioural faculties of stage 1
and stage 3 larvae. Keeping due caveats in mind, it thus appears valid to interpret the
behavioural faculties of stage 3 larvae in the context of the electron microscope-based

synaptic connectome described for stage 1 - and vice versa.

4.5 Material & Methods

The aim of this study is to test stage 1 Drosophila larvae for their behavioural faculties,
with a focus on assays that have been routinely used for stage 3 larvae. When designing
the present experiments, three general considerations were borne in mind. Firstly, we
wanted to employ methods of experimentation, data acquisition and analysis as similar
as possible to the ones previously used for stage 3. These methods differ to some extent
across assays and laboratories. Secondly, and conflictingly, we aimed at homogeneity
of methods across the assays of this survey in order to allow meaningful comparisons
across assays. Thirdly, in some cases it did not seem reasonable to use the very same
experimental parameters for stage 1 and stage 3 larvae. For example, using the same
parameters for nociceptive stimulation as in stage 3 would have been damaging if not
lethal for stage 1 larvae. The below thus corresponds to the reasoned judgement of the
contributing scientists as what is a reasonable balance between comparability of their

respective assay to published work as well as between stages versus comparability
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across the assays within this survey.
We first present general aspects of our methods regarding the larvae and statistics
used. Then we will present counting-based assays, followed by assays based on

video-tracking.

Larvae

We used stage 1 larvae from the Canton-S wild-type strain, aged 30 h (+/- 2 h) after egg
laying. Three days before the experiment approximately 350 adult flies were transferred
to apple juice agar plates (25 % juice and 1.25 % sucrose in 2.5 % agar solution), and
maintained at 25 °C, 60-70 % relative humidity and a 12/ 12 h light/ dark cycle. One
day before each experiment flies were allowed to lay eggs for 2 h on a fresh apple juice
agar plate, and then removed. After 30 h we collected approximately 30 larvae from the
apple juice plates, briefly rinsed them in a droplet of water and started the experiment.
In cases when also stage 3 larvae were used, these were aged 5 days (120 h) after egg
laying.

Exceptions to the above are mentioned along the description of the behavioural

paradigms.

Statistics

Non-parametric statistics were applied throughout. For comparisons to chance
levels (i.e. to zero) one-sample sign tests (OSS) were used (provided on
www.fon.hum.uva.nl/Service/Statistics.html). For between-group comparisons, Kruskal-
Wallis tests (KW) and Mann-Whitney U-tests (MWU) were employed as appropriate
(Statistica 12 from StatSoft). We used a Bonferroni correction whenever warranted to
maintain an error rate below 5 %. Data are displayed as box plots, where the middle
line shows the median, the box boundaries the 25, 75 % quantiles, and the whiskers the
10, 90 % quantiles.

Exceptions to the above are mentioned in the respective figure legends.
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Behavioural paradigms

Olfactory preference

We used Petri dishes of 55 mm inner diameter (Sarstedt, Nimbrecht, Germany), filled
with freshly boiled 1 % agarose solution. Once solidified, dishes were stored until use at
4 °C for up to a week.

We added 10 pl of n-amyl acetate (AM, Merck, Darmstadt, Germany; CAS: 628-63-7)
into Teflon containers of 5 mm diameter. These containers were then closed by a lid
perforated with 5-10 holes, each of approximately 0.5 mm diameter and placed at the
edge of the dish. The position of the container was varied (left, right, front, back) to
average-out spurious effects of the experimental surround. AM was diluted in paraffin
oil (1:50; paraffin oil: CAS: 8012-95-1; Merck, Darmstadt, Germany). Paraffin oil is
without apparent behavioural significance as an odour [Saumweber et al., 2011].

We placed 30 larvae to the middle of each Petri dish and closed the lid. At the time
point(s) mentioned along the Results section, we scored the number of larvae located
either on the AM side, the other side, or a 10 mm-wide 'neutral’ middle stripe. We
calculated an olfactory preference index (Prefo;s..ory) as the difference between the
number of larvae on the AM side (#AM) minus the number of larvae on the other side

(#) and divided this difference by the total number of larvae on the dish:

(1) PrefOlfactory = (#AM - #) / #Total

Thus, Prefoifaciory values were constrained between 1 and -1; positive values
indicate preference for and negative values indicate aversion of AM. In a second set of
experiments 1-octanol (OCT) (CAS: 111-87-5; Merck, Darmstadt, Germany) was used

as odour.

Gustatory preference
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We prepared Petri dishes of 55 mm inner diameter (Sarstedt, Nimbrecht, Germany)
such that one side was filled with 1 % agarose solution that in addition contained e.g.
fructose at a 2 mol/l concentration (FRU) (CAS: 57-48-7, purity 99 %, Sigma-Aldrich,
Steinheim, Germany) while the other side was filled with 1 % agarose only (PURE).
After preparation, Petri dishes were covered with their lids and left at room temperature
until the experiment started later the same day.

The position of the tastant side was varied (left, right) to average-out spurious effects of
the experimental surround. We placed approximately 30 (stage 1) or 15 (stage 3) larvae
to the middle of these Petri dishes and closed the lid. At the time points mentioned
along the Results section, we scored the number of larvae located either on the PURE
side, the FRU side, or a 5 mm-wide 'neutral’ middle stripe. We calculated a gustatory
preference index (Prefgusiaiory) @s the number of larvae on the fructose side (#FRU)
minus the number of larvae on the pure side (#PURE) and divided this difference by the

total number of larvae on the dish:

(2) Prefaustatory = (#FRU - #PURE) / #Total

Thus, Prefcysatory, values were constrained between 1 and -1; positive values
indicate preference for and negative values indicate aversion of fructose. In addition,
experiments were performed as above for fructose, except that either 2 mol/l arabinose
(ARA) (CAS: 10323-20-3, purity 99 %, Sigma-Aldrich, Steinheim, Germany), or 2
mol/l sorbitol (SOR) (CAS: 50-70-4, purity 98 %, Sigma-Aldrich, Steinheim, Germany),
or 5 mmol/l quinine hemisulfate (QUI) (CAS: 6119-70-6, purity 92 %, Sigma-Aldrich,
Seelze, Germany), or 10 mmol/l aspartic acid (ASP) (CAS: 56-84-8, purity > 99 %,
Sigma-Aldrich, Steinheim, Germany), or sodium chloride (NaCl) (CAS: 7647-14-5,

purity > 99.5 %, Roth, Karlsruhe, Germany, at the concentrations mentioned along the
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Results section) was used.

Odour-tastant associative learning: fructose and aspartic acid

We followed standard methods for a two-odour, reciprocal conditioning paradigm
(Scherer et al. [2003]; Neuser et al.| [2005]; for detailed protocols see |Gerber et al.
[2010, |2013]; |Apostolopoulou et al. [2013]). Adapted to the small size of stage 1 larvae
we used smaller Petri dishes (55 mm diameter) than is standard for stage 3 larvae (90
mm), filled with either only 1 % agarose (PURE), or with 1 % agarose plus fructose
(FRU; 2 mol/l) as reward. Olfactory choice performance of larvae was compared after
either of two reciprocal training regimen: one set of larvae received n-amyl acetate
(CAS: 628-63-7; AM; Merck, Germany, diluted 1:50 in paraffin oil) together with fructose
as reward (+) and 1-octanol (CAS: 111-87-5; OCT; Sigma-Aldrich, Germany; undiluted)
without reward (AM+/OCT,; this cycle of 5 min/ 5 min training trials was performed for
a total of 3 times). The other set of larvae underwent reciprocal training (AM/OCT+).
The sequence of training trials was balanced across repetitions of the experiment (i.e.
OCT/AM+ and in the reciprocal case OCT+/AM). Then, animals were tested for their
relative preference between AM versus OCT. They were placed to the middle of a
Petri dish equipped with AM on the one side and OCT on the other side. After 3 min
their numbers (#) were scored as on the AM side, the OCT side, or at the middle, and

preference scores calculated as:

(3) PREF = (#AM - #OCT) / #Total

Appetitive associative memory is indicated by a relatively higher preference for

AM after AM+/OCT training compared to the reciprocal AM/OCT+ training. These

differences in preference were quantified by the associative performance index (Pl):
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(4) Pl = (PREF 4pr1 /001 - PREF 4n0074) /2

Thus, positive Pl values indicate appetitive memory and a rewarding effect of
the tastant, while negative Pl values would indicate aversive memory and a punishing
effect of the tastant. In stage 3 larvae it was shown that the preference for the previously
rewarded odour is a form of learned search behaviour, such that the location of the odour
source during the test informs the animal about the likely location of the reward. Fittingly,
such learned search is abolished if the test is performed in the presence of the sought-
for reward (Gerber and Hendel|[2006]; [Saumweber et al.|[2011]; |Schleyer et al.| [2011),
2015a,b]: also see [Schleyer et al.[[2013]). To determine whether the same organization
of behaviour is found in stage 1 larvae, we ran the test after the above training regi-

men either in the absence or in the presence of fructose throughout the testing Petri dish.

The same type of behavioural paradigm was used for 10 mmol/l aspartic acid
(ASP; (CAS: 56-84-8, purity > 99 %, Sigma-Aldrich, Steinheim, Germany)) as

reinforcer.

Odour-tastant associative learning: quinine and salt

The behavioural paradigm followed the methods as described above for odour-fructose
and odour-aspartic acid learning, except that 5 mmol/I quinine (QUI; CAS: 6119-70-6;
Sigma-Aldrich, Seelze, Germany) was used as reinforcer. Notably, in stage 3 larvae it
was shown that 5 mmol/l quinine is an effective punishment. In particular, the preference
for the previously non-punished odour is a form of escape behaviour that is expressed
only when the testing situation indeed warrants escape, i.e. if the quinine punishment
is present during the test (Gerber and Hendel [2006]; Schleyer et al.|[2011} 2015al];
El-Keredy et al.[[2012]; also see [Schleyer et al.[[2013]). To see whether the same

organization of behaviour is found in stage 1 larvae, we ran the test after the above
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training regimen either in the absence or in the presence of quinine throughout the
testing Petri dish.

The same type of behavioural paradigm was used for 0.2 mol/l NaCl (salt; CAS: 7647-
14-5; Roth, Karlsruhe, Germany) as reinforcer. Of note, in stage 3 larvae it was shown
that low concentrations of salt can be rewarding, while high concentrations of salt can
be punishing. Specifically, based on the literature concerning stage 3 larvae 0.2 mol/l
salt is expected to be an effective reward, and learned search be abolished if the test is
performed in the presence of that reward (Gerber and Hendel [2006]; [Niewalda et al.
[2008]; |[Russell et al. [2011]; also see |Schleyer et al. [2013]). To see whether this is
the case in stage 1 larvae, too, we ran the test after the above training regimen either
in the absence or in the presence of salt throughout the testing Petri dish. As our
results indicated that, unexpectedly, 0.2 mol/l salt is a punishment to stage 1 larvae, we
repeated the experiment for stage 3 larvae as well; the same size of Petri dishes as for

stage 1 larvae was used for these experiments.

Odour-DAN activation associative learning

Odour-DAN activation associative learning experiments were performed according
to Rohwedder et al. [2016], with the modifications described in Eichler et al.| [2017].
Double heterozygous stage 1 larvae of the experimental genotype express Chrimson
as effector in dopaminergic neurons (DANs) innervating the mushroom body medial
lobe. They were the offspring of a cross of PGMR58E02-GAL4attP2 (henceforth
abbreviated as R58E02-Gal4; |Liu et al. [2012]; Bloomington stock center no. 41347) and
P20XUAS-IVS-CsChrimson.mVenusattP18 (henceforth abbreviated as UAS-Chrimson;
Klapoetke et al.|[2014]; Bloomington stock center no. 55134). Effector control larvae
resulted from a cross of UAS-Chrimson and a strain carrying an empty attP2 landing
site [Pfeiffer et al., 2008; Jenett et al., [2012]. Driver control larvae resulted from a cross

of R58E02-Gal4 and a strain carrying an empty attP18 landing site [Pfeiffer et al., 2010].
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Eggs were incubated at 25 °C in constant darkness on 4 % agarose with a yeast and
water paste including retinal at 0.5 mM final concentration. At 40 h after egg-laying,
groups of 30 individual stage 1 larvae were placed on plates filled with 4 % agarose.
The odour ethyl acetate (EA; CAS: 141-78-6, Sigma-Aldrich, St-Louis, MO, USA,
100-times diluted in distilled water) was presented on filter papers located on the lid.
In this situation, the larvae were exposed to constant red light from above (626 nm,
3.5 pyW/mm2) (*) for 3 minutes. Subsequent to this EA*-trial, larvae were transferred
to a new plate, and were left for 3 min without odour and in darkness (blank). This
paired EA*/blank-training cycle was repeated two more times. A second set of larvae
underwent reciprocal training with unpaired presentations of odour and red light (EA/*).
The sequence of training trials was balanced across repetitions of the experiment (i.e.
blank/EA* and in the reciprocal case */EA). Then, animals were tested for their relative
preference for EA versus blank. They were placed to the middle of a Petri dish of 90
mm inner diameter equipped with EA on the one side and a blank filter paper on the
other side. After 5 min, their numbers (#) were scored as on the EA side, the blank side,

or at a 10-mm middle stripe, and preference scores were calculated as:

(5) PREF = (#EA - #blank) / #Total

Appetitive associative memory is indicated by a relatively higher preference for
EA after EA*/blank training compared to the reciprocal EA/* training. These differences

in preference were quantified by the associative performance index (Pl):

(6) Pl = (PREF g s biank - PREFE4/.) /2
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Light/Dark-electric shock associative learning

The behavioural paradigm follows von von Essen et al.[[2011], modified into a two-group
paradigm. Adapted to the small size of stage 1 larvae we used 55 mm Petri dishes
throughout (Greiner Bio-One, Wemmel, Belgium) filled with 1 % agarose (CAS: 3810.4,
Roth, Karlsruhe, Germany). Petri dishes were equipped with two copper electrodes
located at opposing sides of the Petri dish, through which 100 V shock could be applied
(Miter RTT3, 0-270 V AC, 2.5 A, 675 W). For light stimulation, LEDs (OSRAM LED,
80012 White) were used at an intensity of 760 lux.

A cohort of larvae was transferred onto a Petri dish and light was switched on for 1 min
(for stage 1 and stage 3 larvae about 45 and 25 animals, respectively, were used per
cohort; this ensured that for both stage 1 and stage 3 about 20 animals remain for
scoring during the test). During the last 30 s of this light stimulation the larvae were
exposed to a continuous electric shock (+). Afterwards the light was switched off and
the larvae were left untreated for 5 min (Light+/Dark training). This training cycle was
repeated towards a total of 5 times (total duration of light exposure: 5 x 1 min = 5 min:
sketch Fig. 5). A second group of larvae underwent Light/Dark+ training (total duration
of light exposure: 5 x 5 min = 25 min: sketch Fig. 5). The sequence of training trials was
balanced across repetitions of the experiment (i.e. either as above, or Dark/Light+ and
Dark+/Light). Then the larvae were tested for their preference between light and dark
on a testing Petri dish equipped with a modified lid such that two quarters were covered
by black tape. They were placed to the centre of the testing Petri dish and after 5 min

their numbers (#) were scored according to their location on a light or dark quadrant:

(7) PREF = (#Light - #Dark) / #Total

Memory is indicated by stronger light avoidance after Light+/Dark training than
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after Dark+/Light training. This differences in preference was quantified by the

performance index (PI):

(8) Pl = (PREF Light+/park - PREF parky/Lignt) / 2

As mentioned above, the total duration of light exposure was not equal between
groups (5 min versus 25 min: sketch Fig. 5). Therefore, in order to test whether such
differences in light exposure can in themselves lead to differences in light preference, a
control experiment was run (for stage 3 larvae); it featured training-like handling and

light exposure for both groups, yet omitted electroshocks.

Food intake

Larvae were raised and staged as described above except that a droplet of yeast paste
was added to the apple juice agar plates used for egg laying. Also, the stage 3 larvae
used were younger than indicated above, namely 96 +/- 1 h after egg laying. Stage 3
larvae were transferred from agar plates to vials containing standard fly food at 48 h
after egg laying.

Larvae were washed and transferred onto apple juice-agar plates (stage 1: 30-40
larvae/plate; stage 3: 5 larvae/plate); these plates contained 0.1 g fluorescent yeast
paste (0.3 % fluorescein sodium salt, Sigma Aldrich, order #F6377). Larvae were
then left untreated for 5, 10, 20 or 30 min. All experiments were performed at 18
°C. Afterwards larvae were removed, washed, and transferred onto an adhesive tape
wrapped around a glass slide to incapacitate them. For image acquisition a fluorescence
binocular (Olympus SZX 12) with mounted camera (F-View U-Tv1, Olympus; Software:
CellF 2.8, Olympus) was used. ImagedJ was used to calculate fluorescence intensity F of
the whole larva by averaging over all pixel values for each individual larva. Fluorescence

intensity data of individual larvae from the 10, 20, and 30 min time points were separately
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normalized to the mean F of all individuals at time point 5 min for the stage 1 and the
stage 3 data, respectively. Such separate normalization for stage 1 and stage 3 larvae
is warranted because the size difference between them makes it necessary to adjust
image acquisition (zoom) accordingly.

We note that incapacitating the larvae prior to image acquisition by exposure to high
(~ 60 °C) or low (<-20 °C) temperature turned the larvae opaque, resulting in an
impractically diffuse, low-contrast fluorescence signal.

We further note that using yeast coloured with crimson red powder, an assay that we
previously used for stage 3 larvae [Schoofs et al., 2014] proved to be impractical in

stage 1 as the staining in the gut was too weak (not shown).

Burrowing

For the burrowing assay, 10 larvae (either stage 1 or stage 3) were collected and placed
onto the surface of a 60 mm-diameter tissue culture dish filled with yeast diet (180 g/l
yeast, Lesaffre SAF-Instant Red #15909, #31105, and #31150, in 0.5 % agar). Larvae
were left to forage and the percentage of larvae remaining on the surface of the food

was determined at 0, 5, 15, 30 and 60 min.

Mechano-nociception

Strains of Drosophila, rearing conditions and staging procedures were as described
above except that egg-laying was allowed for 2 h on 60-smm grape juice agar dishes at
25 °C and 70 % relative humidity and a 12/12 h light/dark cycle. Stage 3 larvae were
staged and grown on yeast paste containing grape juice agar plates and assayed at 96
h +/- 2 h after egg laying.

Mechano-nociception assays were performed as described in |[Hwang et al. [2007]
with some modifications. Stage 1 or stage 3 larvae were placed on a 100 mm, 2 %
agar dish overlaid with 1 ml of distilled water to create a thin water-film on the agar

surface. Straight-moving larvae were stimulated with a von Frey filament. In order to
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be noxious without actually lesioning the larvae, stimulation was calibrated to exert
a force of 20 mN for stage 1 and 50 mN for stage 3 larvae. Stimulation consisted
of briefly (approximately 1 s) exerting the respective force to the dorso-lateral side
of a mid-abdominal larval segment. Each larva was stimulated twice within several
seconds. Only the response to the second stimulation was scored according to Hwang
et al.|[2007] as: No response, Stop, Stop and turn, or Rolling (360 °rotation along the
body axis); in addition, Bending was introduced to score for an incomplete nociceptive
response (simultaneous convulsive head and tail movements) that did not result in
Rolling. In order to compare proportions of larvae displaying each type of behaviour at

L1 versus L3 stages, we used two-tailed z-tests.

Touch

Strains of Drosophila, rearing conditions and staging procedures were as described in
the previous section. Larvae were briefly (approximately 1 s) and gently brushed with
an eyelash (kind gift of Assia Hijazi) on the T2 segment, which was identified by the
presence of spiracles. Each larva was touched four times and the behaviour was scored
according to Kernan et al.| [1994] as: No response, Stop, Head withdrawal and turn,
Backward wave and turn, Backward crawl and turn. In order to compare proportions of
larvae displaying each type of behaviour at L1 versus L3 stages, we used two-tailed

z-tests.

Rolling in response to optogenetic activation of Basin interneurons

Experiments on rolling upon Basin interneuron activation were performed using the
experimental setup described by Ohyama et al.[[2013] and follow the methods from
Ohyama et al. [2015], with modifications described below.

Double heterozygous stage 1 larvae of the experimental genotype express Chrimson
as effector in Basin interneurons. They were the offspring from the cross of male

w[1118];PGMR72F11-Gal4attP2 (henceforth abbreviated as R72F11-Gal4; Ohyama
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et al. [2015]; Bloomington stock center no. 39786) and female UAS-Chrimson (Klapoetke
et al.[[2014]; Bloomington stock center no. 55134), and were tested for rolling behaviour
upon light stimulation. To obtain effector control larvae, female UAS-Chrimson flies were
crossed to males of a strain carrying an empty attP2 landing site [Pfeiffer et al., 2008;
Jenett et al., 2012] and assayed for rolling behaviour; R72F11-Gal4 larvae were used
as driver control.

Eggs were incubated at 25 °C in constant darkness on standard fly food with retinal
at 0.5 mM final concentration. For control experiments without retinal, larvae of the
experimental genotype were grown on retinal free food. At 24-30 h after egg laying,
individual stage 1 larvae were collected with 15 % sucrose and individually placed on a
4 % agar plate for video tracking as described in Ohyama et al. [2013]; the illumination
required for tracking was provided by an infrared light array (850 nm). After a 30-s
accommodation period, a red light stimulus (627 nm, 160 yW/mm2) was applied for
15s. This 30 s/ 15 s cycle was repeated 4 more times. If a larva could for technical
reasons not be tracked during at least 4 of the stimulations of this protocol, its data
was discarded (this happened in less than 10 % of the cases when image contrast was
insufficient). From the tracked images, rolling behaviour was scored according to [Tracey,
et al.|[2003]. A larva was classified as 'Rolling’ if it showed rolling behaviour at least

once during the stimulation protocol.

Video-tracking of the response to ‘Buzz’ mechanosensory disturbance

To measure the locomotor changes by mechanosensory disturbance, we used the
'Buzz’ setup described in [Eschbach et al. [2011] and Saumweber et al. [2014] with
minor changes to accommodate the small size of stage 1 larvae. Specifically, (i) a
higher-resolution camera (Basler ace acA2040-90umNIR, Ahrensburg, Germany), ii) a
new custom-written software, and (iii) agarose-filled Petri dishes of smaller diameter

(90 mm) were used. In brief, either stage 1 or stage 3 larvae were tracked in groups
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of about 20 with 10 such groups being assayed. After an accommodation period of
4.8 s, a single mechanosensory disturbance was delivered by a loudspeaker below the
Petri dish (duration: 0.2 s, frequency: 100 Hz, defined as 'Buzz’). Following Eschbach
et al.|[2011] the baseline translational run speed and the baseline angular speed was
determined for the 2 s before the Buzz, for each individual larva. Data from these
individual larvae during the 4 s after Buzz onset then are expressed normalized to their
individual baseline as relative translational run speed and relative angular speed, in 1-s
bins. Negative scores thus indicate slowing down and turning less, respectively, while

positive scores indicate speeding up and turning more.

Video-tracking of 'free’ locomotion

Larvae were staged and maintained as described above, except that neither sugar
nor juice were added to the yeast agar plate (5 % agar, food grade, CAS: 9002-18-0,
Applichem, Darmstadt, Germany, with 0.125 % acetic acid, Sigma-Aldrich, Hamburg,
Germany).

Tracking experiments were performed according to Risse et al. [2013], 2014]. In brief,
cohorts of 18 - 22 stage 1 larvae were placed on a 55 mm x 55 mm test arena covered
with 0.8 % agar (food grade, CAS: 9002-18-0, Applichem, Darmstadt, Germany). Upon
their placement onto this test arena, the larvae were allowed a ~ 2 min period to
accommodate themselves until a 5 min window for data acquisition started, at 10 frames
per s (Movie 3, top; Movie 4). The minimum track length analysed was 600 frames (1
min). A total of 16 larval cohorts yielded 294 tracks with a median track length of 1199
frames (=~ 2 min).

Locomotion of stage 1 larvae was compared to stage 3 larvae (Movie 3, bottom; Movie
5). Stage 3 larvae are about four times larger than stage 1 (median body length stage
1: 1.29 mm; median body length stage 3: 5.10 mm; based on >300 larvae each). To

obtain the same resolution in the recordings as for stage 1 larvae (40 pixels per larval
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length), stage 3 larvae were filmed on a larger (225 mm x 225 mm) test arena. Also,
as stage 3 larvae are quicker in overcoming their initial disorientation upon placement
onto the test arena, the 5 min data acquisition window started already after a ~ 1 min
accommodation period. From 16 larval cohorts, this yielded 370 tracks with minimum
track length of 600 frames (median: 1334 frames ~ 2 min 13 s). These tracks were
analysed using FIMTrack (fim.uni-muenster.de) and according to Otto et al. [2016] were
classified into 'go’ and reorientation’ phases; data during collisions were not analysed.
From the gathered tracks the following parameters were determined (see |Risse et al.

[2013], [2074], for details):

frequency of peristaltic contractions during go-phases (based on the temporal

distribution of body size);

absolute speed during go-phases, and speed relative to larval length;

probability distribution of bending angles across all recorded frames and larvae;

turn rate (based on those transitions between go and reorientation phases that

entailed a change in bearing of at least 30°);

* distance gained from origin, relative to larval length.

Video-tracking of thermotaxis

Larvae were staged and maintained as described in the preceding section.
Measurements of thermotaxis follow Risse et al. [2014]. In brief, a temperature gradient
was established ranging from 38 °C to 14 °C in a 225 mm x 225 mm tracking area,
with a linear range from 33-18 °C at a gradient of 0.08 °C/mm (Fig. 8A). Reflecting the
differences in absolute size and exploration range (Fig. 7), the observation area for
stage 3 larvae was a 190 m x 190 mm area within this linear range. For stage 1 larvae

the observation area was 55 mm x 55 mm, spanning a 33-29 °C temperature range,
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temperatures that are aversive to stage 1 and stage 3 larvae [Garrity et al., 2010].
Groups of 15 - 20 stage 1 or stage 3 larvae were placed along the 33 °C isothermal
line. Stage 1 larvae were allowed 2 min to accommodate themselves until a 4 min 40
s window for data acquisition started, at 10 frames per s. The minimum track length
analysed was 600 frames (1 min). A total of 15 cohorts of stage 1 larvae yielded 362
such tracks with a median track length of 1398 frames (=~ 2 min 20 s).

Given that stage 3 larvae are quicker in overcoming their initial disorientation upon
placement in the tracking area than stage 1 larvae, stage 3 were allowed only a 1 min
accommodation period before data acquisition started. This yielded 336 tracks of >600
frames with a median track length of 1382 frames (=~ 2 min 18 s).

Tracks were analysed using FIMTrack (fim.uni-muenster.de) and according to Otto et al.
[2016] were classified into 'go’ and reorientation’ phases; data during collisions were

not analysed. From the gathered tracks the following parameters were determined:

median distance to the cold side of the observation area over time, with the origin
of the respective track defined as 100 % distance (Fig. 8B); for stage 1 larvae the
cold side corresponds to the 29 °C isothermal line, for stage 3 larvae it corresponds

to the 18 °C isothermal line;

» bearing angle to the cold side during go-phases, taking the median of all frames
of a given larva (Fig. 8C); a bearing angle of 0 implies larvae are headed straight

towards the cold side; 180 “implies they are headed straight to the hot side;
+ absolute speed, and speed relative to larval length, during go-phases (Fig. 8D, E);
* probability distribution of bending angles across all observed larvae (Fig. 8F);

* turn rate (Fig. 8G), based on those transitions between go-/ reorientation-/ go-

phases that entailed a change in bearing between the go-phases of at least
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30¢

« distance gained from origin of track, relative to larval length (Fig. 8H).

Video-tracking of light avoidance

Larvae were staged and maintained as described in the preceding section.

The analysis of light avoidance follows [Kane et al. [2013] and |Risse et al. [2014]. In
brief, a dark-light boundary was established using an LCD projector with a programmed
light pattern (Fig. S5A). We projected an annulus of light (1450 Lux) onto a dark agar
surface (80 Lux). Dimensions were adjusted to the body size of stage 1 and stage 3
larvae, respectively (stage 1: radius of the inner dark area rdark= 7.5 mm, width of light
annulus w= 2.5 mm; stage 3: radius of the inner dark area rdark= 42.5 mm, width of
light annulus w= 5.5 mm).

We placed 15-20 larvae to the middle of the dark area and allowed the larvae to move
for 7 min. The location of the larvae was determined as the location of their centroid. To
assess the probability at which the larvae show avoidance behaviour when encountering
light, we identified animals that entered the dark-light border zone and then determined
the number of animals moving back to the dark area versus those animals not doing so.
The dark-light border zone was defined as a zone of one larval length between the dark
and light area, of which two thirds are located in the dark and one third in the light area
(rin = rdark - 2/3 larval length =~ 6.9 mm for stage 1 and 39 mm for stage 3 larvae; rout
= rdark + 1/3 larval length ~ 8.6 mm for stage 1 and 44 mm for stage 3 larvae). The
proportion larvae of that showed light avoidance behaviour at L1 versus L3 stages was

compared with a two-tailed z-test.

Video-tracking of chemotaxis
Larvae were raised and staged as described above except that only 150-200 flies, of

the w1118 genotype, were used for egg-laying. Molasses-apple juice agarose plates

146



Chapter Il

with added yeast paste were used as a substrate. After collecting the larvae, they were
briefly transferred onto an agarose Petri dish before testing.

The specifics of the chemotaxis assay and the tracking arena follow (Gomez-Marin et al.
[2011] (also see Louis et al.|[2008a,b]). In brief, the top part of a rectangular plastic lid
(Falcon 353958 rectangular plate lid, Corning Inc., USA) was coated with a layer of 3 %
agarose (SeaKem, LE Agarose, Lonza, Switzerland) to later serve as the base of the
chemotaxis arena. Next, a solution of odour diluted in paraffin oil was pipetted into a
single 9 mm-well of a 96-well-plate lid (Falcon 353071 lid for 96 well plates, Corning
Inc., USA). For stage 3 larvae, 10 pl of ethyl butyrate (CAS: 105-54-4, Fluka) (30 mM
dilution in paraffin oil; CAS: 8012-95-1, Sigma Aldrich) were pipetted to one of the
centrally located 9 mm-wells. To adjust for the smaller size of stage 1 larvae, we used a
custom-made well with only 3 mm diameter and reduced the volume of odour solution
to 3 pl. We note that without these adjustments, and using Canton-Special larvae, poor
chemotactic performance was observed in preliminary experiments with stage 1 larvae
(not shown). The lid with the odour droplet was flipped over and placed onto the first
lid, creating a closed behavioural arena with the odour-source well-plate lid at the top
and the lid with the agarose surface at the bottom. The arena remained closed for
approximately 15 s, allowing an odour gradient to establish. Then, the top lid was briefly
opened and a single larva was introduced into the centre of the bottom, agarose-coated
lid. Tracking then lasted for a maximum of 5 min and automatically ceased as soon as
a larva left the field of view. The arena was illuminated from above by a flat light pad
(Slimlite Lightbox, Kaiser). We obtained and analysed 29 tracks for stage 1 larvae and
23 tracks for stage 3 larvae (Fig. 9A, A’). Reference measurements of locomotion of
stage 1 larvae were also performed in the absence of odour (Fig. 9A”). Corresponding
reference measurements in stage 3 larvae were presented before [Gomez-Marin et al.,

2011]. In this non-odour condition, data was analysed relative to a "fictive’ odour located
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at the same position as in the odour cases (rightmost column of panels in Fig. 9).

Behaviour was recorded at 5 frames s~! with a video camera below the setup. Tracking
and image processing were performed with the SOS-track software [Gomez-Marin et al.,
2012; Gomez-Marin and Louis, 2012, 2014]. The positions of head, tail, centroid and
midpoint were extracted from every frame to calculate the kinematic variables of interest.
Tracks were decomposed into runs and turns by the threshold rule of (Gomez-Marin
et al.|[2011]; loc. cit. figure 2B) (Fig. 9B-B”); specifically, we set the threshold to identify
the onset of a turning manoeuvre for stage 1 larvae to a reorientation speed of 9 °s~!
and to 12 °s~! for stage 3 larvae. To compare behaviour between stage 1 and stage 3
larvae an odour gradient reconstructed for the stage 3 case Gomez-Marin et al. [2011]
was normalized and scaled by a factor of 3 to reflect the smaller diameter of the odour
source used for the stage 1 case. Conclusions regarding chemotaxis of stage 1 larvae
remained unaltered if the original gradient was used for the analyses. That is, the scaling
factor merely acts as a proxy for slight shape changes of the gradient in the set-up used
for stage 1 larvae. Next, tracks were mapped onto the respective odour gradient to
reconstruct the sensory experience of the larvae as it moved about the arena (Fig. 9C-
C”). This way the turn-triggered-averages of the locally experienced odour concentration
and the speed of the larvae before and after turns could be computed (Fig. 9D-D”, F-F”).
We calculated the probability of turning towards the left depending on the orientation of
larvae towards the odour source (bearing). Upon the used convention, left turns reorient
the larva towards the odour source when the bearing is larger than 0°; for bearings
smaller than 0°, right turns reorient the larva towards the odour source. We relied on a
bootstrap strategy to estimate a confidence interval in these turn probabilities calculated
on the full dataset (Fig. 9E-E”); the standard error was calculated as described in
Martinez and Martinez [2012]. To see whether the curvature of a track is correlated

with the direction to the odour source, weathervaning was quantified as described in
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Gomez-Marin and Louis [2014] through the instantaneous orientation rate separated
across the bearing angle towards the odour source (Fig. 9G-G”); error bars represent

the confidence interval (95 %) and were calculated by bootstrapping.

Immunohistology

Immunohistology related to odour-DAN activation associative learning

Males from the R58E02-Gal4 strain (Liu et al. [2012]; Bloomington stock center no.
41347) were crossed to females homozygous for pJFRC2-10XUAS-IVS-mCD8::GFP
(henceforth abbreviated as UAS-GFP; |Pfeiffer et al.|[2010]; Bloomington stock center
no. 32186). Larval tissues were dissected in phosphate buffered saline (PBS) added
with 10 % normal goat serum and fixed for 30 min in 4 % paraformaldehyde at room
temperature. After multiple rinses in PBS with 1 % Triton X-100 (PBS-TX), tissues
were mounted on poly-lysine (CAS: 25988-63-0, Sigma-Aldrich, St-Louis MO, USA)
coated coverslips, pre-blocked with 10 % normal goat serum in PBS-TX for 30 minutes,
and incubated in rabbit anti-GFP IgG (1:1000; Abcam, ab290, Atlanta GA, USA) and
mouse 1d4 anti-Fasciclin 1l (1:50; Developmental Studies Hybridoma Bank, lowa City,
IA, USA) in PBS-TX for 2 days at 4 °C. After multiple rinses in PBS-TX, tissues were
incubated for 2 days at 4 °C with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 633
goat anti-mouse IgG (1:500; Invitrogen, A-11008 and A-21052, respectively, Carlsbad
CA, USA). Nervous systems were then washed three times in PBS-TX and mounted in
antifade mountant (ProLong gold, Molecular probes, Eugene OR, USA). Immunolabeled
nervous systems were imaged on a Zeiss 710 confocal microscope using their 40 x oil
immersion objective (N.A. 1.4). Images of brains were assembled from a 2 x 1 array of
tiled stacks, and with each stack scanned as an 8-bit image with a resolution of 512 x

512 and a Z-step interval of 1 um.
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Immunohistology related to rolling behaviour in response to optogenetic activation of
Basin interneurons

Males from the R72F11-Gal4 strain (Bloomington stock center no. 39786) were crossed
to females of the strain 10xUAS-HA;CyO/Sp;MKRS/TM6 (henceforth abbreviated as
UAS-HA; Nern et al.| [2015]). Brains were removed from stage 1 larvae and fixed
in phosphate buffered saline (PBS) added with 10 % normal goat serum for 30 min
in 4 % paraformaldehyde, at room temperature. After multiple rinses in PBS with 1
% Triton X-100 (PBS-TX), tissues were mounted on poly-lysine (CAS: 25988-63-0,
Sigma-Aldrich, St-Louis MO, USA) coated coverslips, pre-blocked with 10 % normal
goat serum in PBS-TX for 30 min, and incubated in rabbit anti-HA 1gG (1:500; Cell
Signaling Technology, C29F4 Danvers MA, USA) and mouse 1d4 anti-Fasciclin 1l (1:50;
Developmental Studies Hybridoma Bank, lowa City, IA, USA) in PBS-TX for 2 days
at 4 °C. After multiple rinses in PBS-TX, tissues were incubated for 2 days at 4 °C
with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 633 goat anti-mouse IgG (1:500;
Invitrogen, A-11008 and A-21052, respectively, Carlsbad CA, USA). Nervous systems
were then washed three times in PBS-TX and mounted in antifade mountant (ProLong
gold, Molecular probes, Eugene OR, USA). Immunolabeled nervous systems were

imaged on a Zeiss 710 confocal microscope using a 63 x oil immersion objective.

Immunohistology related to stability and dynamics of transgene expression across
larval stages

Males from the indicated GAL4 strains (Li et al. [2014]; R16F06-GAL4, R26G02-GAL4,
R53F05-GAL4, R68B06-GAL4; Bloomington stock center no.s 48734, 48065, 50440,
39458) were crossed to females homozygous for P10XUAS-IVS-mCD8::GFPattP40
(Pteiffer et al. [2010]; Bloomington stock center no. 32186). Larval tissues were
dissected in phosphate buffered saline (PBS) and fixed for 1 hr in 4 % formaldehyde in
PBS at room temperature. After multiple rinses in PBS with 1 % Triton X-100 (PBS-TX),
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tissues were mounted on poly-lysine (CAS: 25988-63-0, Sigma, St. Louis, MO, USA)
coated coverslips, pre-blocked with 3 % normal donkey serum in PBS-TX for 1 hr, and
incubated in the following primary antibodies: rabbit anti-GFP IgG (1:1000; Invitrogen
A11122), mouse anti-Neuroglian (1:50; BP104, Developmental Studies Hybridoma
Bank, lowa City, IA, USA), and rat anti-N-cadherin (1:50; DN-Ex #8, Developmental
Studies Hybridoma Bank, lowa City, 1A, USA) in PBS-TX for 2 days at 4 °C. After
multiple rinses in PBS-TX, tissues were incubated for 2 days at 4 °C with the following
secondary antibodies, all at 1:500 dilution and obtained from Jackson ImmunoResearch
(West Grove, PA, USA): AlexaFluor 488 conjugated donkey anti-rabbit (#711-545-152),
AlexaFluor 594 donkey anti-mouse IgG (#715-585-151), and AlexaFluor 647 donkey
anti-rat IgG (#712-605-153). Nervous systems were then washed two to three times in
PBS-TX, dehydrated through a graded ethanol series, cleared in xylene, and mounted
in DPX (Sigma, St. Louis, MO, USA). Immunolabeled nervous systems were imaged on
a Zeiss 510 confocal microscope using their 40 x oil immersion objective (N.A. 1.3).
Images of each nervous system were assembled from a 2 x 3 array of tiled stacks, with
each stack scanned as an 8-bit image with a resolution of 512 x 512 and a Z-step

interval of 2 um.

All experiments and analyses comply with applicable ethical regulations and
law.

The data underlying the presented figures and used for statistical analyses are
documented in Supplemental Table 1.

Assuming effect sizes were equal or moderately less in stage 1 relative to data
published for stage 3 larvae, sample sizes were chosen to be equal or moderately

higher relative to previously published sample sizes for stage 3.
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4.8 Supplemental information

Supplemental tables:

Supplemental Table 1: The table presents the data underlying the displayed

figures and reported statistics.

Supplementary tables can be found on the accompanying DVD.

Supplemental figures:

COMPARISON OF OLFACTORY AND GUSTATORY PREFERENCE

BETWEEN STAGE 1 AND STAGE 3 LARVAE
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Supplemental Figure 1: Comparison of olfac-
tory and gustatory preference between stage
1 and stage 3 larvae. Plot of the median olfac-
tory and gustatory preference scores of stage 1
larvae (L1) and stage 3 larvae (L3) taken from
Figure 1 and Figure 2. If both valence and speed
were equal between L1 and L3, data would fall
onto the diagonal. If valence were qualitatively
the same, yet e.g. speed were reduced in L1,
preference scores should have the same sign
yet be consistently closer to zero in L1 than in
L3 such that data points would fall into the grey
shaded areas. This is observed for all tested
odours and tastants, excepting low-salt and high-
salt. In these two exceptional cases, L1 show sig-
nificantly stronger attraction and stronger avoid-
ance, respectively, than L3. Obviously, these ef-
fects cannot be accounted for by lower speed of
locomotion in L1 (see Fig. S4, Fig. 7). The white
dot represents the respectively first time point of
measurement.
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Supplemental Figure 2: Food intake.
FOOD INTAKE A Sketch of the food intake assay. Stage 1 and stage 3 larvae
were allowed to feed from yeast paste supplemented with flu-
A orescein (blue shading). After 5, 10, 20, and 30 min fluores-
cence was measured.
raising on yeast/FF yeast + fluorescein image acquisition B Time course of food intake. Shown is the fluorescence inten-
L sity F for stage 1 larva (L1, black-line box plots) or stage 3 lar-
F"*? — LL ' vae (L3, magenta-line box plots), separately normalized to flu-
=~ L= A - == orescence after 5 min (grey baseline against further increases
e are judged; therefore data at the 5 min time point are not sta-
tistically compared). For both stages a steep increase in food
L3 ; ' intake is seen between 10 min and 20 min; the time course of
= 5 % - _(_";,_ - food intake appears indistinguishable between L1 and L3. ns
=] S refers to MWU comparisons between groups (P<0.05/3); grey
shading of the box plots indicates Bonferroni-corrected within-
group significance from zero in OSS tests (P<0.05/3). Data at
time point 5 min are not statistically compared, because scores
at this time point were defined to be 1, as described in the Ma-
N= 32, 38, 55, 38, 58, 35, 52, 36 vy terials & Methods section. ,
30 Sample sizes are given within the figure.

ns
v v

20 iy FIL'
ERiLaS :

0.0

30h 5/10/20/30min

48h 48h SM10/20/30min

Normalized fluorescence intensity F

L1 L3

5 min 10 min 20 min 30 min

Supplemental Figure 3: Burrowing.

BURROWING Groups of 10 larvae (either stage 1 larvae, L1, black-line box
plots, or stage 3 larvae, L3, magenta-line box plots) were
placed onto a yeast-diet substrate and the percentage of lar-

Vv viv vv vv vae visible on the surface was determined at 0, 5, 15, 30, and

3 100f =— — 60 min. L1 are significantly slower in burrowing into the sub-
£ T N= 34,42 strate than L3. * refers to Bonferroni-corrected MWU compar-
2 isons between L1 and L3 (P<0.05/4). Data at time point 0 min
§ 75 L1 L3 are not statistically compared, because per the experimental
g procedures all larvae were located on the surface.
= Sample sizes are given within the figure.
S 50
(5}
o

25

5 0 0

0 min 5 min 15min  30min 60 min
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VIDEO-TRACKING OF THE RESPONSE TO "BUZZ’
MECHANOSENSORY DISTURBANCE
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Supplemental Figure 4: Video-tracking of the response to
a ’Buzz’ mechanosensory disturbance.

A, B Baseline translational run speed and baseline angular
speed. Shown are baseline translational run speed (mm/s) and
baseline angular speed (%s) of stage 1 larvae (L1, black-line
box plots) or stage 3 larvae (L3, magenta-line box plots) dur-
ing a 2-s time window before the Buzz. L1 have about 5-fold
lower baseline translational run speed than L3. Baseline angu-
lar speed is not different between L1 and L3.

* and ns refer to MWU comparisons between L1 and L3 (P<or
>0.05).

C, D Relative translational run speed and relative angular
speed during and after the 'Buzz’. (C) Shows run speed, for

each individual larva normalized to the 2 s before the 0.2-s/
100-Hz Buzz mechanical disturbance was delivered. Data are

IS

(@)

Probability of avoidance response [%]

Relative angular speed ()

N=150,103 -
L1 L3 » L1 L3

+1s +2s +3s +4s

VIDEO-TRACKING OF LIGHT AVOIDANCE

10 N= 374, 534
L1 L3

separated in 1-s bins for the 4 s after Buzz onset. (D) Shows
the same as in (C), for angular speed. Both L1 and L3 show
startle behaviour, in that they hunch and slow down, and then
turn.

* and ns refer to Bonferroni-corrected MWU comparisons be-
tween L1 and L3 (P<or >0.05/5); grey shading of the box plots
indicates Bonferroni-corrected within-group significance from
zero in OSS tests (P<0.05/5).

Sample sizes are given within the figure.

Supplemental Figure 5: Video-tracking of light avoidance.
A Sketch of the light avoidance setup, consisting of an inner
dark area (according to the radius rg,,%), an annulus of light
(of width w), and the indicated dark-light border zone (accord-
ing to r;, and roy¢). Dimensions were adjusted according to
the differences in body length between stage 1 and stage 3 lar-
vae (L1 and L3, respectively) (see Methods section); the inset
shows the set-up used for stage 1 larvae for comparison.

B Screen-shots of the final frames of Movies 10 and 11 with
tracks of stage 1 and stage 3 larvae (L1 and L3, respectively).
Dimensions were normalized to body length. The width of the
light annulus is indicated (LA).

C Percentage of larvae showing avoidance behaviour at the
dark-light border zone. This is the case more often for stage
1 than for stage 3 (L1 and L3, respectively), suggesting stage
1 is more light averse than stage 3. * refers to a two-tailed
z-test between L1 and L3 (P<0.05) (XLSTAT, Statcon, Witzen-
hausen, Germany).

Sample sizes are given within the figure.
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Supplemental movies:

Movie 1: Example of rolling behaviour in response to optogenetic activa-
tion of Basin interneurons in a stage 1 larva

Tracked rolling behaviour of an individual stage 1 larva expressing Chrimson in the
Basin interneurons (R72F11-Gal4 x UAS-Chrimson) upon light stimulation starting at 4
s. Frame rate: 26 frames/s.

Movie 2: Example of rolling behaviour in response to optogenetic activation of
Basin interneurons in a stage 3 larva

Tracked rolling behaviour of an individual stage 3 larva expressing Chrimson in the
Basin interneurons (R72F11-Gal4 x UAS-Chrimson) upon light stimulation starting at 4
s. Frame rate: 26 frames/s.

Movie 3: Example go-phases of individual stage 1 and stage 3 larvae

Examples of go-phases (125 frames, 12.5 s) of a stage 1 larva (top) and a stage 3 larva
(bottom) using the FIM tracking system. Note that the peristaltic pattern in the stage 1
larva is less regular than in stage 3.

Movie 4: Free locomotion of a group of stage 1 larvae

A group of stage 1 larvae moving freely in the 55 mm x 55 mm test arena for 7 min
(5-fold time-lapse) recorded with FIM and analysed with FIMTrack [Risse et al., 2013,
2014]. Trajectories are blended in after 25 s. The larvae alternate between brief go and
reorientation phases; most of the phase transitions lead to changes in bearing >30
“which we defined as turns (Fig. 7G). When compared to stage 3 larvae (Movie 5), the
relatively smaller ’exploration range’ in stage 1 larvae (Fig. 7H) manifests largely by
differences in bending and turning behaviour (Fig. 7F, G), rather than in speed (Fig. 7E).
Movie 5: Free locomotion of a group of stage 3 larvae

Stage 3 larvae moving freely in the 225 mm x 225 mm test arena for 5.3 min (5-fold
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time-lapse) recorded with FIM and analysed with FIMTrack [Risse et al., 2013|, 2014].
Trajectories are blended in after 15 s. Similar to stage 1 larvae, also stage 3 larvae
alternate between go- and reorientation phases, however relatively fewer of the phase
transitions lead to changes in bearing >30 ° which we defined as turns (Fig. 7G).
Together with differences in bending behaviour (Fig. 7F), this results in a larger
exploration range in stage 3 than in stage 1 larvae, even when normalized to body
length (Fig. 7H).

Movie 6: 'Buzz’ response of stage 1 larvae

Examples of stage 1 larval behaviour before, during, and after presentation of three
consecutive Buzzes (only behaviour in response to the first Buzz was analysed in
Figure S4). The white dot in the lower right panel indicates the presentation of the Buzz.
Note that the animals startle in response to the Buzz, i.e. hunch and slow down, and
then turn.

Movie 7: 'Buzz’ response of stage 3 larvae

Examples of stage 3 larval behaviour before, during, and after presentation of three
consecutive Buzzes (only behaviour in response to the first Buzz was analysed in
Figure S4). The white dot in the lower right panel indicates the presentation of the Buzz.
Note that the animals startle in response to the Buzz, i.e. hunch and slow down, and
then turn.

Movie 8: Thermotaxis of a group of stage 1 larvae

Stage 1 larvae moving in a 55 mm x 55 mm arena as described for Movie 4. Larval
behaviour is observed within a linear 0.08 °C/mm heat gradient between 33 °C and 29
°C for 7 min (5-fold time-lapse). Larvae are placed at about 33 °C. Tracks are blended in
after 23 s.

Movie 9: Thermotaxis of a group of stage 3 larvae

Stage 3 larvae moving in a 225 mm x 225 mm arena as described for Movie 5. Larval
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behaviour is observed within a linear 0.08 °C/mm heat gradient between 33 °C and 18
°C for 5 min (5-fold time-lapse). Larvae are placed at about 33 °C. Tracks are blended in
after 15 s.

Movie 10: Light avoidance of a group of stage 1 larvae

Stage 1 larvae moving in a central dark area surrounded by a light annulus of the
indicated width (w) for 7 min (5 fold time-lapse). From 26 s onwards, r;, and r,,; and
larval trajectories are blended in (Fig. S5 A). The flags are set to define r;,, and r,,;.
Trajectories are boldened after 73 s. Light avoidance is measured in the dark-light
border zone (ryu: - rin)-

Movie 11: Light avoidance of a group of stage 3 larvae

Stage 3 larvae moving in a central dark area surrounded by a light annulus of the
indicated width (w) for 7 min (5 fold time-lapse). From 26 s onwards, r;, and r,,; and
larval trajectories are blended in (Fig. S5 A). The flags are set to define r;,, and r,,;.
Trajectories are boldened after 73 s. Light avoidance is measured in the dark-light
border zone (ryu; - rin)-

Movies can be found on the accompanying DVD.
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5.1 Abstract

The ability to respond to and to learn about mechanosensory disturbance is widespread
among animals. Using Drosophila |larvae, we describe how the frequency of mechanosen-
sory disturbance (‘buzz’) affects three aspects of behaviour: free locomotion, innate
olfactory preference, and potency as a punishment. We report that (i) during 2-3 sec-
onds after buzz onset the larvae slowed down and then turned, arguably to escape
this situation; this was seen for buzz frequencies of 10, 100, and 1000 Hz, (ii) innate
olfactory preference was reduced when tested in the presence of the buzz; this effect
was strongest for the 100 Hz frequency, (iii) after odour-buzz associative training, we
observed escape from the buzz-associated odour; this effect was apparent for 10 and
100, but not for 1000 Hz. We discuss the multiple behavioural effects of mechanosensa-
tion and stress that the immediate effects on locomotion and the impact as punishment
differ in their frequency-dependence. Similar dissociations between immediate, reflexive
behavioural effects and reinforcement potency were previously reported for sweet, salty
and bitter tastants. It should be interesting to see how these features map onto the

organization of sensory, ascending pathways.

5.2 Introduction

Drosophila larvae have but 10,000 neurons, yet display a relatively rich behavioural
repertoire (Vogelstein et al.|[2014]; for reviews, see |Cobb [1999]; |Diegelmann et al.
[2013];|Gerber and Stocker [2007]; |Schleyer et al. [2013]): they are not only able to feed,
smell and taste, to sense visual, tactile and noxious stimuli, temperature and vibration,
but also use these kinds of sensory information for learning. Larvae form associative

memories between an odour and rewards such as fructose [Scherer et al., 2003] or low
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salt concentrations [Niewalda et al., 2008], whereas high salt concentrations or bitter
substances as well as electric shocks can be used as punishment [Aceves-Pina and
Quinn, [1979; |El-Keredy et al., 2012; Niewalda et al., 2008]. We focus on the behavioural
impact of mechanical disturbance (‘buzzes’). In particular our experiments concern (i)
the impact of buzzes on locomotion and on (ii) innate olfactory behaviour, as well as (iii)
their potency as punishment [Eschbach et al., [2011].

Locomotion in larval Drosophila is studied mostly in Petri dish arenas covered with an
agarose substrate. Their behaviour consists of runs, accomplished by peristaltic waves
of muscular contraction that propagate from back to front (e.g. (Gomez-Marin and Louis
[2014]). Runs feature low-amplitude side movements (<20 degrees/s) of the first 1-3
segments, called head weathervaning. Weathervaning can support slightly curved runs
and does not entail a break of the peristaltic wave [Gomez-Marin and Louis, 2014].
Peristaltic runs can be interrupted to accommodate reorientation events. Upon such an
interruption the larvae typically show more pronounced side movements of their head
(~60 degrees/s). Dependent on when the peristaltic wave is re-initiated during these
movements, the body is pushed forward in this new orientation. The mechanosensory
chordotonal organs and the brain hemispheres are apparently dispensable for these
locomotor patterns, arguing they are produced by circuitry in the ventral nerve cord;
however, brain and mechanosensory input are required for the integration of these
locomotor patterns into adaptive, biologically meaningful behaviour [Berni et al., |2012;
Caldwell et al., 2003; Ohyama et al., 2013; Wu et al., 2011].

Interestingly in the current context, the presentation of a buzz can both interrupt peri-
staltic running [Eschbach et al., 2011}, |Ohyama et al., 2013;|Zhang et al., 2013] and
serve as punishment in an associative olfactory learning experiment [Eschbach et al.,
2011] (both these effects may under natural conditions help larvae to avoid predatory

wasps [Zhang et al., 2013]). In these experiments an odour A is presented with a buzz,
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but another odour X is presented without a buzz. After such training, the preference
between both odours is tipped to the disadvantage of the previously punished odour
(Fig. 1). In accordance with what has been found for other types of aversive olfactory
learning in the larva [Apostolopoulou et al., 2014a,b; El-Keredy et al., 2012; Gerber and
Hendel, 2006; Niewalda et al., 2008; [Schleyer et al., 2011 |Schroll et al., 2006; Selcho
et al., 2009], such learned behaviour can best be understood as an escape strategy.
Consider that you will not run out of a movie theatre upon seeing the emergency exit
sign, but only when there is an emergency to escape from. Likewise, the larvae do not
show conditioned escape during the test unless the punishment is present and escape
indeed is warranted (for buzz as punishment [Eschbach et al., [2011]). In other words,
the smell of the previously punished odour does not itself trigger escape, but gives
direction to an escape which is otherwise triggered - namely by the buzz.

The current study aims to further our understanding of the behavioural impact of buzz-
mechanosensation in larval Drosophila. We parametrically describe the potency of
buzzes of various frequency (10, 100, 1000 Hz) as punishment, as well as their impact

on free locomotion and olfactory preference behaviour.

5.3 Results

Buzz as punishment

Drosophila larvae were trained such that one odour, namely either n-amyl acetate
or 1-octanol (AM, OCT), was associated with a buzz as punishment (-). Then, the
larvae were offered a choice between AM and OCT (Fig. 1A,B). Preference scores as
displayed in Fig. 1C (left) were defined such that positive scores indicate a choice of
AM while negative scores indicate a choice of OCT. We used ‘standard’ 0.2 s-duration

buzzes at a frequency of 100 Hz [Eschbach et al.,|2011]. Preference scores were shifted
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towards OCT after AM-/OCT training as compared to AM/OCT- training (Fig. 1C, left).
Correspondingly, the associative performance index, which measures the difference in
preference, was significantly negative (Fig. 1C, right). Increasing buzz duration by a
factor of ten, i.e. from 0.2 s to 2 s, did not increase this associative effect (Fig. 1D; for
the underlying preference scores, see supplementary material Fig. S1), suggesting that
the punitive effect of the buzz might be largely exerted by its onset [Zhang et al., 2013].
Next, we asked whether the frequency of buzz punishment has an influence on as-
sociative scores (Fig. 2B; supplementary material Fig. S2B). Buzzes of 10 Hz and
100 Hz support significantly negative associative performance indices, whereas 1000
Hz buzzes did not. A relatively low frequency of 10 Hz supported the same level of
associative effect as the standard 100 Hz buzz, while the scores using 1000 Hz buzzes
were less relative to the 100 Hz buzz.

We were surprised to observe that the 1000 Hz buzz did not support a punitive effect.
As mentioned in the Introduction, both for bad-taste and for the buzz as punishment,
learned behaviour is part of an escape process and is expressed only in the presence
of the punishment. Therefore the lack of associative effect of a 1000 Hz buzz may either
be because no odour-buzz memory is established, or because the 1000 Hz buzz during
testing does not allow the behavioural expression of an otherwise intact odour-buzz
memory. Given that the standard buzz of 100 Hz was effective as punishment (middle
plot in Fig. 2B), we trained larvae with such a standard 100 Hz buzz, but tested them in
the presence of a 1000 Hz buzz. It turned out that associative scores were intact (Fig.
2C; supplementary material Fig. S2C). This argues that a 1000 Hz buzz is permissive for
learned escape. In turn, as the standard 100 Hz buzz was also permissive for learned
escape (middle plot in Fig. 2B), we trained larvae with a 1000 Hz buzz, but tested them
in the presence of the standard 100 Hz buzz. In such an experiment, associative scores

were zero (Fig. 2D; supplementary material Fig. S2D).
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Figure 1: Buzz as punishment.

A Experimental set-up: In a sound- and light-isolated box, a Petri dish was placed on top of a speaker delivering vibration as a
mechanosensory punishment (‘buzz’). The dish was illuminated with a ring of red LEDs. Odours, represented as clouds, were
applied using odour-soaked filter papers fixed to the lid of the dish. Larvae were allowed to crawl over the dish while one odour
was presented together with the buzz, alternated with another odour being presented without the buzz (not shown). During testing
a choice situation was created by placing different odours on either side, as shown. Larval behaviour was recorded with a digital
camera mounted above the Petri dish.

B Experimental design: during training, larvae either received a first trial with buzz punishment during the presentation of n-amyl
acetate (filled cloud) and a second trial with the presentation of 1-octanol (open cloud) without the buzz. In a second group,
larvae were trained reciprocally. These training cycles were repeated two more times. During the test, the larvae faced a choice
between both odours. Preference scores were calculated on the basis of the number of larvae on either side; then, the associative
performance (PIl) was determined as the difference in preferences between the reciprocally trained groups, such that negative Pls
indicate aversive memory. Please note that during testing the buzz was presented (see Introduction for rationale). The sequence
of trial types was varied across repetitions of the experiment, making sure that in half of the cases n-amyl acetate or 1-octanol
were first within training cycles, counterbalanced with buzz presentation during the first or second trial. During a punished trial, a
100 Hz buzz was presented every 5th second for a duration of 0.2 s, unless specified otherwise.

C, D Results: to the left of panel C, odour preferences from the reciprocally trained groups are shown. Pref; indicates the
preference for n-amyl acetate when n-amyl acetate had been punished whereas Prefy indicates the preference for n-amyl acetate
for the reciprocally trained group in which 1-octanol had been punished. Data are presented as box-whisker plots, such that the
middle line represents the median, the box the lower and the upper quartile, and the whiskers the 90 and 10 percentiles. * indicates
a MWU-test of P<0.05; U=506; N=50, 50. To the right of panel C, the associative Pref; performance indices are presented; in this
case * indicates significance from zero, that is an OSS-test of P<0.05; N=50.

D Increasing buzz duration from 0.2 s (left) to 2.0 s (right) did not affect associative performance scores (ns: MWU-test of P=0.65;
U=643; N=49, 29; * OSS-tests of P<0.05/2; sample sizes as above).
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A Sketch of the experimental design using buzz frequencies of 10 Hz, 100 Hz and 1000 Hz. Presenting the buzz during the test
is required, because conditioned avoidance is not behaviourally expressed if there is no ‘reason’ to escape (see Introduction for

rationale).

B Associative performance indices when using buzzes at the indicated frequencies. Associative performance is observed for 10
Hz and 100 Hz, but not for 1000 Hz buzzes. * and ns refer to P<0.05/3 and P>0.05/3 (OSS-tests), respectively; Embedded Image
refers to P<0.05/2 (MWU-test, P<0.05/2; U=327.0), Embedded Image refers to P<0.05 (KW-test: P<0.05; H=7.71; df=2). From

left to right, sample size is N=32, 38, 28.

C, D Associative performance indices when using buzzes differing in frequency between training and test. Odour-buzz memory,
if established using a 100 Hz buzz, can be behaviourally expressed at 1000 Hz (C). In turn, 1000 Hz buzzes cannot function as
punishment (D). * and ns indicate P<0.05 and P>0.05, respectively (OSS-tests) (N=50, 43).
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Figure 3: Buzz as modulator of olfactory preference.

A, B Time course of olfactory preference. Larvae were of-
fered the choice between an odour side and a blank side of
a Petri dish. Preference was scored after 1 min, 3 min, and 5
min, using either n-amyl acetate (AM) or 1-octanol (OCT) as
odours. For both odours, choice behaviour reached a steady
state after 5 min; therefore these 5-min scores are displayed in
panels C and D. * indicates significance from zero (OSS-tests,
P<0.05/3) (N=24 for AM and N=23 for OCT preferences).

C, D Modulation of innate olfactory preference behaviour by
the buzz. Odour preferences, for AM or for OCT, are displayed,
either assayed without the buzz, or assayed in the presence
of the buzz at the indicated frequency. Buzzes of 100 Hz abol-
ish innate olfactory behaviour. * and ns refer to P<0.05/4 and
P>0.05/4, respectively (OSS-tests) (N=24, 19, 19, 18; N=23,
19, 18, 18).
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This argues that a 1000 Hz buzz does not support the establishment of an aversive
memory to begin with.

We conclude that buzzes of 10 as well as of 100 Hz are effective as punishment,
whereas buzzes of 1000 Hz are not.

Of note, the fact that 100 Hz buzzes induce aversive memory for concomitantly presented
odours means that these odours are effectively processed towards the larvae’s ‘memory
centre’ during training. Also, 100 Hz buzzes allow for the retrieval of such olfactory
memories, arguing that also during testing odours can be effectively processed towards
and from this ‘memory centre’. Thus, the associative aspects of odour processing

remain intact in the presence of a 100 Hz buzz.

Buzz as modulator of innate olfactory behaviour

We offered the larvae a choice between an odour side (either AM or OCT) versus a blank
side of a Petri dish and recorded their preference - and did so either in the presence
or in the absence of a buzz (Fig. 3A,C). Given that it takes 3-5 min for the larvae to
distribute themselves between both sides of the Petri dish (Fig. 3B), we chose to focus
on the data at 5 min. This was done for either 10, 100, or 1000 Hz buzzes. In the
presence of 10 Hz and 1000 Hz buzzes the larvae behaved the same as larvae tested
without a buzz; to our surprise, however, in the presence of 100 Hz buzzes innate odour
preference was strongly decreased, for both the odours employed (Fig. 3D).

We conclude that 100 Hz buzzes, but not 10 or 1000 Hz buzzes, strongly modulate
innate olfactory behaviour - while, as mentioned above, associative aspects of olfactory

processing remain unaffected in the presence of a 100 Hz buzz.
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Larval locomotion was assayed 2 s before, during, and 4 s after
buzz onset (A). Analysed parameters were centroid speed (B)
and angular speed (C), displayed for the four 1-s time windows
normalized to the 2 s before buzz onset, using buzzes of the
indicated frequency. At all buzz frequencies, larvae slow down

B1} C13 A (@ 2s), and turn (@ 2-3 s). * indicates P<0.05/5 (OSS-tests)
r\/ (N=88, 82, 84 for 10, 100 and 1000 Hz, respectively).
t o] A7
3R V.4
H i
1:0-I ; ™
WAl
>y — ‘ ¥y
d _ : o
T Centroid speed 5 = Angular speed
82,82 qonz 36C2  qoHz
@ (7]
a o
w (%]
o) = 4
o1 I 3
€ )]
So— N G 2
g g |
® 1 @
. | 0 —_
[ * 13}
e | £ 5
-2-1 o)) +1 +2 +3 +4 -2-1 W) +1 +2 +3 +4
B, B3 100Hz 36 C3  100Hz
2 2
w 7] 4
BT 3
= =)}
8 ol = é & 2|
20 =0y g ] é
g I 1 Eol—m 5]
&'1 & L * ‘
2-1 o) +1 +2 +3 +4 -2-1 W) +1 +2 +3 +4
2 o B4 1000Hz 3 6C4  1000Hz
® 3
& 5,
g g
= [=)]
g &2
PR é 2 ] é é
® 1 T Al —
= * = 0 —
&71 & - * %

We monitored locomotion of individual larvae and quantified their innate behaviour with

respect to buzzes of 10, 100, or 1000 Hz. We present speed and turning propensity

upon the very first (Fig. 4), the 10th (supplementary material Fig. S3) and the 60th buzz
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within a 5 min period (supplementary material Fig. S4). We normalized data to the 2
s before the onset of the respective buzz as baseline. In keeping with Eschbach et al.
[Eschbach et al., 2011], the larvae ‘startled’, that is they briefly slowed down and then
turned in response to a 100 Hz buzz (Fig. 4B3,C3). The speed dropped below baseline
at second 2, yet returned to baseline while turning was still in progress, until at second
3 to 4 after the buzz the new direction was assumed. The same qualitative pattern of
results was found for 10 Hz and 1000 Hz buzzes (Fig. 4B2,C2,B4,C4). These results
were surprisingly stable over dozens of repetitions of the buzz (for the 10th and 60th
buzz, see supplementary material Fig. S3, Fig. S4).

We conclude that innate behaviour towards buzzes is a rather repetition-stable behaviour
consisting of sequential slowing-down and turning, and that this behaviour does not

depend on the frequency of the buzzes, at least not across 10, 100, and 1000 Hz.

5.4 Discussion

We demonstrate that mechanical disturbances (buzzes) impact immediate behaviour
and are effective as punishment - and that buzzes of different frequency differ in impact
across the types of behaviour assayed: 10 Hz buzzes function as punishment, do not
modulate innate olfactory behaviour, and induce startle. Buzzes of 100 Hz also serve
as punishment, do reduce innate olfactory preference and elicit startle. Lastly, 1000 Hz
buzzes cannot serve as punishment, do not modulate innate chemotaxis, and do make
larvae startle. How can these differences in frequency-dependence be understood?

For sugars, salt, and quinine, mismatches have been reported between the dose-effect
functions of immediate and reinforcing effects [El-Keredy et al., 2012; Niewalda et al.,
2008; Russell et al., 2011};Schipanski et al., 2008]. For example, figure 5 in El-Keredy

et al. found that the suppressing effect of quinine on feeding is shifted by about one
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order of magnitude towards higher concentrations as compared to the punishing effect
of quinine [El-Keredy et al., 2012]. The authors suggested that different sensory neu-
rons differing in dose-effect function and differentially hooked up to feeding behaviour
versus reinforcement signalling are responsible for these effects. This was confirmed by
Apostolopoulou et al.: ablating Gr33a-Gal4 positive gustatory sensory neurons reduces
feeding-suppression by quinine, but leaves punishment processing unaffected [Apos+
tolopoulou et al., [2014D].

A buzz interrupts peristaltic running and induces a brief hunch, followed by large-
amplitude sideways movements of the head and ensuing peristaltic runs into a new
direction [Bharadwaj et al., 2013; Ohyama et al., 2013; Wu et al., 2011}, Zhang et al.,
2013] (Fig. 4). This sequential pattern of behaviour is reminiscent of startle in mammals
(supplementary material Fig. S5): upon a sudden and intense visual, tactile or acoustic
stimulus, mammals interrupt current behaviour, close their eyes, flatten their ears, bend
their spine and limbs and stiffen their neck (these behaviours are typically measured as
‘startle’). In a second phase, the eyes are widely opened, the ears pricked, and, while
the spine and body parts remain bent, the head is rotated sideways [Landis and Hunt,
1939; Strauss, (1929; Gerber et al., [2014; |[Koch, [1999; Yeomans and Frankland, [1995].
As in larvae, these behaviours seem to initially protect the subject, followed by attempts
at threat localization, reorientation, and preparation for a fight or flight decision.
Regarding the neurogenetics of sensing mild mechanical disturbance like buzzes, the
precise targeting of chordotonal neurons within the central nervous system is required
[Wu et al., 2011]. Further, these chordotonal neurons are necessary for modulating
head casts, crawling and hunching with respect to vibration and gentle touch [Caldwell
et al., [2003; Fushiki et al., 2013} Ohyama et al., [2013;|Wu et al., 2011]. Within these
chordotonal neurons, the natural sounds of wasps and yellow jackets as well as pure

tones of 500 Hz are sensed by NOMPC, NANCHUNG, and INACTIVE channels [Zhang
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et al., 2013]. In terms of sufficiency, optogenetic activation of chordotonal neurons
evokes aspects of startle behaviour [Ohyama et al., [2013]. Thus, activity in the chor-
dotonal neurons seems largely necessary and sufficient for larval startle behaviour.
Extracellular recordings of chordotonal neurons and Ca* imaging fit these conclusions
in showing an optimum function with a peak at about 500 Hz [Zhang et al., 2013]. Stimuli
with 10, 100 or 1000 Hz, as used in the current study and in Eschbach et al., would,
according to Zhang et al., induce only very moderate activity [Eschbach et al., [2011;;
Zhang et al., [2013]. When summed up across all chordotonal neurons across all body
segments, however, even such moderate activity may be sufficient for startle (Fig. 4).

To summarize, the different frequency-dependencies of how buzzes affect locomotion,
innate olfactory preference, and their potency as a punishment, parametrically disso-
ciate these three types of behavioural effects. It should be fascinating to map these
dissociations, which likewise have been found for the taste system, onto the emerging

behaviour-connectome relationships of the larva [Cardona et al., 2010, [2012].

5.5 Material and Methods

Larvae

Third-instar feeding stage larvae of the Canton S strain were used, raised on standard
food in groups of about 200, under standard conditions (25°C, 60-70 % relative humidity,
12/12 light/dark cycle).

Set up and stimuli

The experimental setup follows Eschbach et al. and Eschbach [Eschbach et al., 2011}
Eschbach, 2011] (Fig. 1A). It consists of a 50x50x75 cm wooden box covered on the
inside by silencing foam. A speaker (MC GEE 201847, CON Elektronik, Greussenheim,

Germany, impedance 8 2, diameter 16 cm, acoustic pressure: 89.2 dBW-1 power 150
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W r.m.s.) was fixed at the bottom, such that a 145 mm diameter Petri dish (Sarstedt,
Nuembrecht, Germany) could be placed on top. An opaque inner ring made of Perspex
and an outer ring fitted with 30 LEDs (624 nm, Conrad Electronics, Hirschau, Germany)
surrounded the Petri dish. The Petri dish was covered with a thin layer of agarose (1 %;
electrophoresis grade; Roth, Karlsruhe, Germany) on the eve of the experiment. The
speaker was operated via a PC using a custom-written LabVIEW program. A camera
(Logitech Webcam Pro 9000, frame rate 30 s—!, Logitech, Munich, Germany) could be
fixed above the plate and connected to a PC for offline analysis.

1-octanol (OCT, CAS: 111-87-5, purity: 99 %) and n-amyl acetate (AM, CAS: 628-
63-7, purity 98 %, diluted 1:50 in paraffin oil, CAS: 8012-95-1) (all Merck, Darmstadt,
Germany) were used as odorants. Filter papers (7 mm?) were loaded with 10 pl of AM

or OCT and fixed to the Petri dish cover (50 mm from both the midline and the rim).

Buzz as punishment

Behaviour is compared between reciprocally trained larvae. One set of larvae expe-
rienced AM with punishment (-) and OCT without punishment (AM-/OCT), while the
other larvae were trained reciprocally (OCT-/AM) (Fig. 1B). For the test, the relative
preference between the two odours was measured, allowing us to calculate an associa-
tive performance index as the difference in preference between the reciprocally trained
larvae. In the next section, we present our ‘standard’ protocol; parametric variations are
mentioned in the course of the Results.

Two filter papers were fixed to the Petri dish lid, both loaded with 10 pl of the same odour
(e.g. AM) and the lid was put on the Petri dish. Then, 50 larvae were collected from their
rearing vials, washed and transferred to the Petri dish. For punishment, 60 disturbances
were applied at a frequency of 100 Hz (‘buzzes’ in the following), each lasting 0.2 s
and presented evenly spaced in time for 5 min. The larvae were then transferred to a

fresh Petri dish and OCT was presented, without the buzz (AM-/OCT). This cycle was
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repeated two more times (in half of the cases larvae were punished during the 1st, 3rd
and 5th trial, while otherwise they were punished in the 2nd, 4th and 6th trial).

For testing, larvae were transferred to a Petri dish equipped with AM on one side and
OCT on the other. After 5 min, we counted the number of larvae in the middle (0.5 cm

wide stripe), on the AM side and on the OCT side. A preference index is calculated as:

(1) PREF, = (@AM - @OCT )/TOTAL

Likewise, a preference index PREF, was determined for larvae of the reciprocally
trained group (AM/OCT-). The performance index Pl was defined as the difference in

preference between the reciprocally trained groups:

(2) Pl = (PREF, - PREF,)/2

Positive scores thus indicate appetitive memory, while negative scores indicate aversive
memory, that is a punitive effect of the buzz. Testing was performed in the presence of

the buzz (see Introduction for rationale).

Buzz as modulator of olfactory preference

Two 7-mm? filter papers were fixed to the Petri dish lid, one of which was loaded with
odour (10 pl of either AM or OCT) while the other one was left blank. A group of 50
larvae was collected and transferred to the middle of an agarose-filled Petri dish. The
Petri dish was then placed into the assay box described above. After 1, 3 and 5 min
we determined the number of larvae on either the odour side or the blank side or the

middle stripe, allowing us to calculate a preference score as:

(3) PREF = (@ODOUR - @BLANK)/TOTAL
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This experiment was performed either as described, or in the presence of the buzz.

Buzz as modulator of locomotion

We determined two key parameters of the behaviour towards the buzz, namely changes
in speed and changes in turning propensity. Single larvae were observed for 5 min,
moving over an agarose-filled Petri dish. During this time, buzzes of 0.2 s duration were
presented, evenly spaced in time, and data were recorded for offline analyses. For the
first buzz as well as for the 10th and the 60th buzz, we determined speed (mm/s; 1
voxel = 0.33 mm) and turning propensity (°s) (for details, see Eschbach et al. [2011];
Eschbach|[2011]). Baseline speed and turning propensity were determined for the 2 s
before the buzz; data were then scored for the 1st, 2nd, 3rd and 4th second after onset
of the buzz. Data are presented normalized to baseline: negative scores thus indicate
slowing down and turning less, respectively, while positive scores indicate speeding up
and turning more.

All three experiments were performed using buzzes at frequencies of 100 Hz, as in
Eschbach et al. [Eschbach et al., 2011], as well as buzzes of one order of magnitude
lower and higher frequency (10 Hz, 1000 Hz). All experiments comply with applicable

law and regulations.

Statistics

Statistical analyses were non-parametric throughout and performed with Statistica on a
PC (Statsoft 7.0, Tulsa, USA). To compare across multiple groups, we used Kruskal-
Wallis tests (KW); Mann-Whitney U-tests (MWU) were used for pairwise comparisons. To
test for differences from chance level we used One-Sample Sign-tests (OSS). In cases of
multiple comparisons, we applied a Bonferroni correction by dividing 0.05 by the number
of comparisons made (presented as P<0.05/3 in cases of e.g. three comparisons); this

ensures a within-experiment error rate below 5 %. Results of statistical analyses are
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presented in the figure legends. Data are presented as box-whisker plots (middle line:

median; box: lower and upper quartile; whiskers: 90th and 10th percentile).

List of abbreviations
AM: n-amyl acetate; OCT: octanol; TRP: transient receptor potential; NOMPC: No

mechanoreceptor potential C; NAN: nanchung; IAV: inactive.
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Supplemental Figure 1: Buzz as punishment.

A Experimental design.

B Plotted are the preference scores of reciprocally trained
groups of larvae from the experiment displayed in Fig. 1D. The
filled box plots indicate AM preference when AM was punished
during training (AM-) whereas the open box plots indicate the
AM preference for the reciprocally trained group (OCT-).

Supplemental Figure 2: Buzz as punishment: frequency-
dependence. A Experimental design.

B-D Plotted are the preference scores of reciprocally trained
groups of larvae from the experiment displayed in Fig. 2. Other
details as in supplementary material Fig. S1.
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Supplemental Figure 5: Acoustic startle of a rat. A startle system (SR-LAB, San Diego Instruments, San Diego, CA) was
used that contained a small custom-made enclosure made of a transparent Plexiglas cylinder (12612612 cm). Movements of the
animals were detected by motion-sensitive transducers mounted underneath. The output signal of the transducers was digitized
(sampling rate: 1 kHz) and stored on a PC. The acoustic startle probe (40 ms, 120 dB SPL white noise) was generated by high-
frequency loudspeakers mounted in the centre of the ceiling of the test chambers. A male Sprague-Dawley rat was exposed to
a startle stimulus of 40 ms duration. The startle response was videotaped by a digital camera (Canon, Powershot SX50) in the
slow-motion mode. The figures show that startle behaviour is biphasic [Koch] [1999; [Yeomans and Frankland} [T995]. The first
phase is protective, in particular for the sense organs and the dorsal surface of the neck: the eyes are closed (ca. 16-40 ms),
the ears are flattened, the neck is stiffened and the body bent (from ca. 24 ms on), and the legs are straightened (ca. 48 ms).
The second phase serves to locate the threat and to prepare a fight or flight decision: the eyes are opened (from ca. 40 ms on),
ears pricked (from ca. 96 ms on), and legs lifted. The sketch below indicates a timeline for the presentation of the startle sound
(bar) and for the first frames of the picture series shown above. The curve is the voltage output (mV) of the piezoelectric element
measuring the startle response.
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6.1 Abstract

Brains adaptively integrate present sensory input, past experience, and options for
future action. The insect mushroom body is a paradigmatic brain structure bringing
about such integration. We study these processes at single-cell resolution, focusing on
the behavioral architecture of the mushroom body input and output neurons (MBINs
and MBONSs), and the mushroom body intrinsic APL neuron. Our results reveal the
identity and morphology of close to all of these 44 neurons in stage 3 Drosophila
larvae. A combined silencing and optogenetic activation approach uncovers a sparse
and specific function of MBINs, MBONs and the APL neuron across three behavioral
tasks, namely innate olfactory preference, innate gustatory preference, and associative
learning between odor and taste reward. This comprehensive structure-function analysis
of the MBIN-MBON-APL network thus provides a cellular-resolution study case of how

brains organize behavior.

6.2 Introduction

The insect mushroom body is a paradigmatic case of a central-brain structure bringing
about the triadic integration of present sensory input, past experience, and options for
future behavior (reviews include Heisenberg [2003]; Strausfeld et al.|[2009]; Farris|[2011];
Guven-Ozkan and Davis| [2014]; Menzel [2014]; Owald and Waddell| [2015]; Gerber
and Aso [2017]). We use larval Drosophila to systematically study these processes
at single-cell resolution. Our focus is on the behavioral architecture of the mushroom
body input and output neurons, and their role in the association of odor with taste
reward as a biologically meaningful learning process. Combined with the complete

synaptic connectome of the larval mushroom body [Eichler et al., 2017, this provides
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an unprecedentedly detailed picture of how a central brain structure is functionally
organized.

The larval olfactory system, recently described at synaptic resolution [Berck et al.,[2016],
is organized like the one of adult Drosophila and other insects, yet at much reduced
cell numbers (Figure 1a and b) (reviews include \Stocker [1994]; |Cobb [1999]; |Gerber
and Stocker [2007]; Vosshall and Stocker [2007]; Gerber et al.| [2009]; Hansson and
Stensmyr|[2011]; Martin et al. [2011]; Diegelmann et al.| [2013]; (Galizia| [2014]). Its 21
olfactory sensory neurons, typically expressing a general co-receptor and one type
of odorant receptor each, define the range of odors detectable for the larva. Each
olfactory sensory neuron targets but one glomerulus in the antennal lobe. The 21
antennal lobe glomeruli are laterally connected by 14 interneurons [Thum et al., 2011;
Berck et al., [2016]. A set of 21 uni- and 13 multiglomerular second-order olfactory
projection neurons, plus 2 ventral unpaired median neurons, connect the antennal lobe
with third-order olfactory neurons in the lateral horn and the mushroom body. Depending
on the odorant receptors expressed and the connectivity within this system, olfactory
stimuli can thus be coded combinatorially across these ascending pathways (see |Gupta
and Stopfer| [2014] for the capacity of temporal coding). The lateral horn is largely
sufficient for innate olfactory behavior, while learned olfactory behavior requires the
mushroom body loop [Heimbeck et al., 2001; |Honjo and Furukubo-Tokunagal, 2009;
Pauls et al., 2010; Michels et al., [2011]. The ascending olfactory pathways remain
mostly ipsilateral (exceptions in |Berck et al. [2016]), are bilaterally symmetrical, and
are largely stereotyped. Exceptions to stereotypy are some variable antennal lobe
interneurons and the random connection between olfactory projection neurons and most
of the ~100 embryonic-born and the ~700 larval-born mushroom body intrinsic Kenyon
cells (KCs) [Ito and Hotta, |1992; Masuda-Nakagawa et al., |2005; [Thum et al., 2011|;

Berck et al., 2016} |Eichler et al., 2017]. The high input resistance of the KCs and a gain
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control mechanism by distributive GABAergic inhibition results in a sparse combinatorial
code across the mushroom body [Turner et al., 2008; Masuda-Nakagawa et al., 2014;
Eichler et al., 2017]. This architecture of the insect olfactory system resembles that of
mammals [Davis, 2004].

Despite significant advances [Colomb et al., 2007; Kwon et al., 2011} Mishra et al.,
2013; |Apostolopoulou et al., 2014; [Stewart et al., 2015; Apostolopoulou et al., 2016;
Choi et al., 2016; Croset et al., 2016; Huckesfeld et al., 2016; Kim et al., 2016} |Schlegel
et al., 2016; Van Giesen et al., [2016], the taste system of the larva is relatively less well
understood. The ~80 larval gustatory sensory neurons are located in three external
cephalic organs and four pharyngeal sense organs. However, a comprehensive picture
of taste coding and of how it proceeds towards the brain is but emerging [Gerber and
Stocker, 2007}, (Cobb et al., 2008; |Gerber et al., 2009; Apostolopoulou et al., | 2015;
Freeman and Dahanukar, [2015]. What is clear is that gustatory sensory neurons project
to the subesophageal zone; this includes neurons defined by Gr43a-Gal4 expression
that are reportedly necessary for proper fructose preference [Mishra et al., 2013].
From the subesophageal zone, taste information is passed on towards motor control
for steering innate gustatory behavior, and towards the central brain including the
mushroom body to confer valenced internal reinforcement signals across the KCs.
Indeed, dopaminergic and/ or octopaminergic/ tyraminergic interneurons (DANs and
OANSs, respectively) ascending towards the mushroom bodies are necessary and
sufficient for reward signaling in insects [Hammer, 1993; Hammer and Menzel, |[1998;
Schwaerzel et al., 2003; Schroll et al., 2006}, |Unoki et al., 2006/, |Claridge-Chang et al.,
2009; [Selcho et al., 2009 |Aso et al.,[2010, 2012} Burke et al., [2012; Liu et al., 2012
Selcho et al., 2014}, Yamagata et al., 2015]. Specifically, optogenetic activation of OANs
in larval Drosophila is sufficient as an internal reward signal [Schroll et al., 2006; Honda

et al., [2014], as is the case for the pPAM-subset of DANs [Rohwedder et al., [2016]. A
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different set of DANSs, in turn, is sufficient as an internal punishment signal [Schroll et al.,
2006]. Fittingly, a knock-down of the DopR1 dopamine receptor in the KCs impairs
both appetitive and aversive learning (Selcho et al. [2009]; in adult Drosophila: Kim
et al. [2007]; Qin et al.[[2012]). Thus during training an odor-specific subset of KCs is
activated via the projection neurons and at the same time most if not all KCs can receive
aminergic internal valence signals. As has been shown in adult Drosophila, coincident
input by odor and by the aminergic valence signal is detected within the odor-activated
KCs [Tomchik and Davis, [2009; |Gervasi et al., 2010] (also see |[Vasmer et al.|[2014])
allowing their output to be modified; in this way the level of activity in the mushroom
body output neurons (MBONSs) will reflect learned odor valence upon a subsequent
encounter with the odor [Sejourne et al., [2011};|Pai et al., |2013};|Placais et al., 2013; Aso
et al., 2014bj; Bouzaiane et al., 2015};|Cohn et al., 2015|;|Owald et al., 2015; Hige et al.,
2015; Perisse et al., 2016]. Learned valence signals from the MBONSs can then add
up with innate valence signals from the projection neurons to jointly instruct adaptive
behavior in both larvae and adults (Figure 1b) (Schleyer et al. [2015b]; Wystrach et al.
[2016]; Paisios et al.|[2017]; for adult Drosophila: Aso et al. [2014Db]). In the case of the
larva, turning probability is increased when they are heading away from a previously
reward-associated odor as compared to when they are heading towards it. Furthermore,
turns have a higher probability to be directed towards the previously reward-associated
odor, rather than away from it, while run speed is not associatively modulated [Schleyer
et al., 2015b; |Paisios et al., [2017]. Thus, the mushroom bodies are a paradigmatic
central-brain structure in that they integrate present sensory input (olfactory projection
neurons, DANs, and OANSs) and past experience with these inputs (the modified KC-
to-MBON presynaptic terminals) to provide value-based instruction for future behavior
(via the MBONS). In effect the mushroom bodies thus can be regarded as a ‘watershed’

along a sensory-motor continuum, reformatting a coding space that is concerned with
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what is and what was the case, into a coding space that is concerned with what should
be done.

For both larval and adult Drosophila it seems fair to say that despite the clarity of this
working hypothesis, the exact division of labor between individual DANs remains to
be elucidated (discussion in Das et al. [2016])). This must be revealed, however, to
understand how separate memories for distinct kinds of reward can be established
(e.g. fructose versus amino acids, Schleyer et al. [2015a]). Likewise, the way in
which MBONSs organize learned behavior is only recently beginning to be understood in
adults [Sejourne et al., 2011|; Pai et al., 2013; Placais et al., 2013} |Aso et al., 2014a,b;
Bouzaiane et al., [2015; |Owald et al., 2015; Hige et al., 2015; Perisse et al., 2016] and
remains clouded in the case of larvae. Here, we systematically address these issues at

the single-cell level, in the larva.

6.3 Resulis

We selected 877 Gal4 driver strains with expression in the central nervous system of
stage 3 Drosophila larvae (Li et al.|[2014], http://flweb.janelia.org/cgi-bin/flew.cgi) and
inspected them for coverage of mushroom body extrinsic neurons (MBEs). Systematic
multi-color flp-out [Li et al., 2014; |Nern et al., 2015] revealed the identity and morphology
of 11 mushroom body compartments and 44 individual MBE neurons (Figure 1c-e, Table
1-3). This flp-out approach in addition allowed establishing a collection of 102 Gal4
strains that include MBE neurons in their expression pattern for functional analysis and
for narrowing down expression patterns by intersectional strategies [Luan et al., 2006;
Pteiffer et al., 2010] (Table 4). A recent electron microscope reconstruction of a stage 1
larval brain uncovered 3 MBE neurons that have not yet been found in stage 3 larvae;

in turn and of particular significance for stage 3 larval behavior, we identified 6 MBE
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neurons that are present in stage 3 larvae but are not present in the electron microscope
reconstruction of the stage 1 larva (Figure S1 and Figure S2) [Eichler et al., 2017].
These differences suggest that our stage 3 MBE neuron atlas is about 95 % complete,
and that functional MBE neurons are incorporated into the system as the larvae grow
and mature. Fitting the generally very high level of concordance in MBE morphology
across stages (Figure S1 and Figure S2), however, behavioral faculties of stage 1 larvae
qualitatively match those of stage 3 larvae across multiple assays, including the odor
preference, taste preference and odor-taste associative learning assays employed in
the present analysis [The Ol;mpiad Consortium et al., 2017].

Most MBE neurons are present as one cell per hemisphere, with mirror-image symmetry
of the cells at the left and right side of the brain (‘pairs’). Exceptions are the OAN-af
and OAN-a2 neurons with unpaired cell bodies located at the midline in the maxillary
and mandibular segment, respectively (Figure S3); both these cells have bilaterally
symmetrical morphology. In five cases MBE neurons are present as double pairs, i.e.
with two cells per hemisphere (Figure S3, Table 1).

The axonic and dendritic arbors of the MBE neurons define 11 non-overlapping com-
partments of the mushroom body, and cover these compartments in completion (Figure
1c-e, Figure S4). The majority of MBE neurons innervate a single compartment per
hemisphere (38/44) and often the same compartment on the contralateral side (14/38)
(Figure 1e). These neurons we call single-compartment MBE neurons (sMBE). Those
6 MBEs that innervate multiple compartments are called multiple-compartment MBE
neurons (MMBE).

The innervation by the MBE neurons intersects the axonal projections of the KCs. Thus,
within each compartment the MBE neurons can relate to the coding space encom-
passed across the KCs. In most cases the morphology of the MBE neurons allowed us

to distinguish regions rich in presynaptic boutons from regions dominated by spine-like
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postsynaptic structures; electron microscopy verified these interpretations [Eichler et al.,
2017]. The MBE neurons were accordingly classified as MBE input or MBE output
neurons (MBINs or MBONs). Compartments are in register for MBINs and MBONs
(Figure 1e). The APL neuron is the only MBE that almost exclusively communicates
within the mushroom body and is therefore labeled as MBIN/MBON neuron (structure
and function of this neuron will be discussed in more detail below).

All MBINSs, excepting OAN-e1, provide inter-hemispheric crosstalk; the same is observed
for about half of the MBONs (12/21 sMBON neurons, 3/4 mMBON neurons) (Table
1). This is striking, as little inter-hemispheric integration is otherwise seen along the
olfactory ascending pathways [Berck et al., 2016], or the KCs [Kunz et al., 2012; Eichler
et al., 2017]. We note that all MBINs, excepting MBIN-m1, were classified as single-
compartment type, while the MBONSs feature 4 MBEs classified as multiple-compartment
type. This suggests that the mushroom body output coding space may be relatively
more integrated across compartments than mushroom body input.

For a pre-screen of the function of the MBE neurons, we crossed the mentioned col-
lection of 102 MBE-covering Gal4 driver strains to UAS-shi* (Table 2 and Table 3) (4
MBE neurons were not covered for practical reasons). At restrictive temperature, and
thus under acute block of synaptic output, the offspring was assayed in an odor-fructose
reward association task. Larvae received the odor n-amylacetate (AM) and a fructose
reward (FRU) either in a paired manner or, in independent groups of animals, in an
unpaired way. Then, animals from both groups were tested for their preference for
the odor. From the difference in preference between the paired-trained versus the
unpaired-trained groups an associative performance index (PIl) was calculated (see

Methods section for details).
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Figure 1: Atlas of the MBE neurons.

a Body plan of stage 3 Drosophila larvae (modified from |[Demerec and Kaufmann|[1965]); ‘Brain’ refers to the ventral nerve cord
plus the two brain hemispheres towards the left. Also see Movies 1-5.

b Simplified diagram of the olfactory and gustatory pathways, and of the organization of innate and learned olfactory, as well as
of innate gustatory behavior in the larva (for details, see text). AL: antennal lobe, KC: Kenyon cells of the mushroom body, LH:
lateral horn, MBIN: mushroom body input neurons, MBON: mushroom body output neurons, OSN: olfactory sensory neurons, PN:
olfactory projection neurons. The red triangles indicate KC output synapses that are modulated by the joint presentation of odor
and fructose; grey and black synapses indicate silent and active synapses, respectively. The grey boxes indicate mushroom body
compartments. Note that learned odor valence can be based on integration across multiple compartments. The within-AL circuitry
and the APL neuron are not displayed.

¢ Schematic of the location and orientation of the mushroom body within the larval nervous system. The mushroom body is only
shown in one hemisphere. A: anterior, D: dorsal, P: posterior, L: lateral, M: medial, V: ventral.

d Organization of the larval mushroom body in 11 compartments. CX: calyx; IP and LP: intermediate and lower peduncle;
LA: lateral appendix; UVL, IVL and LVL: upper, intermediate, and lower vertical lobe; SHA, UT, IT, LT: shaft as well as upper,
intermediate and lower toe of the medial lobe. Single-letter synonyms of compartment names are given as ‘a-k’; these letters are
used to indicate compartment-innervation by the MBEs in (e).

e Identification of the MBE neurons by compartment innervation, input and output regions, and cell body location. The MBE of only
one hemisphere is shown (for the unpaired OAN-a1 and OAN-a2 neurons, the cell bodies are located near the midline). For MBE
pairs, the second neuron of the pair is indicated by its cell body and stippled primary neurite. Innervations by ascending sensory
interneurons, such as the olfactory projection neurons, are not included. Anatomical panels show z-projections of those parts of
the larval brain that include the MBEs. MBEs are visible based on antibody staining against the flp-out effectors; anti-neuroglian
staining in grey reveals the local brain structure. Note that the nomenclature for the MBIN-I1 and MBON-p1 neuron is based on

their compartment-innervation in the stage 1 larva (Figure S1a and b). For more details, see Table 1 and|Eichler et al|[2017].
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Combining the data from all those strains that cover a given MBE neuron, and consider-
ing the recent report by Rohwedder et al.|[2016], this pre-screen identified the MBEs
innervating the medial lobe compartments, the lower vertical lobe compartment, and the
APL neuron as candidates for being required in odor-fructose association (Figure S5).
Next, we generated a collection of 12 split-Gal4 driver strains expressing reliably,
strongly, and specifically in 13 MBEs (Table 4) (in 3 cases, drivers were specific for
the respective double pair). These driver strains were crossed to UAS-Kir2.1::GFP to
silence neuronal activity by an immuno-histologically detectable transgene; expression
of Kir2.1::GFP was confirmed in all cases (not shown). The larvae were then assayed
for i) odor-fructose reward association, as well as for innate responsiveness towards the
to-be-associated stimuli, namely for ii) odor preference and for iii) fructose preference
(Figure 2). Our results show a sparse and specific role of MBEs in these tasks. That
is, in 3 cases impairments specifically concerned the odor-fructose association task,
but not odor preference and not fructose preference (DAN-h1, MBON-j2, MBON-g1,g2:
Figure 2a, g, and j, Figure S6a, g, and j) (regarding the APL neuron see below). In 1
case an impairment in the preference for odor as well as for fructose was found, and no
impairment of odor-fructose association (DAN-k1: Figure 2c, Figure Séc, Figure S7a
and b). We further note as a special case that while silencing DAN-g1 impaired neither
of these three tasks (Figure 2i), this was found to make olfactory behavior more suscep-
tible to non-associative effects of odor-only as well as of fructose-only exposure (Figure
S8). In the remaining 5 cases, no phenotype in any of the three tasks was observed
(MBON-h1,h2, MBON-k1, DAN-i1, MBON-i1, MBON-j1: Figure 2b, d, e, f, and h, Figure
S6b, d, e, f, and h). The fact that if impairments were observed, these impairments
were partial suggests a fair degree of redundancy in brain organization for the studied
behavioral tasks. In turn and maybe more importantly, we did not observe any case

of impairment in all tasks. Together, these results show sparseness and specificity in
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the requirement of MBE neurons for odor-fructose association, odor preference, and
fructose preference (Figure 2I).

The MBIN found to be required for the odor-fructose association task was DAN-h1
(Figure 2a). This resolves the question whether any one of the four pPAM neurons
delivering dopaminergic reward signals towards the mushroom body medial lobe is
individually necessary for proper performance in this task [Rohwedder et al., 2016].
We next asked whether in turn individual pPAM neurons are sufficient for mediating
an internal reward signal, as this likewise had remained unresolved. Towards this end,
instead of presenting a real fructose reward we used ChR2-XXL to optogenetically
activate DAN-h1, DAN-k1, or DAN-i1 as an internal reward signal (attempts to generate
a suitable driver strain for DAN-j1 have failed). We found that activation of DAN-h1 as
well as activation of DAN-i1 is sufficient as an internal reward signal, while activation of
DAN-k1 remained without such effect (Figure 3a-d, Figure S9; using Chrimson as an
optogenetic effector revealed that the rewarding effect of activating DAN-i1 is apparently
stronger than for DAN-h1: Figure S10). Corresponding to what was previously reported
for fructose as a real reward [Schleyer et al., 2015b; Paisios et al., 2017] the memories
established by optogenetic activation of DAN-h1 as well as of DAN-i1 behaviorally ex-
press in terms of associative modulations of both turn rate and turning direction (Figure
S11).

Thus, activation of either DAN-h1 or of DAN-i1 is sufficient to mediate an internal reward

signal (Figure 3a-d), while only DAN-h1 activity evidently participates mediating the

rewarding effect of real fructose (Figure 2a and e). This prompted the question whether

activity in DAN-i1 is required for mediating other rewards, while for those other rewards
DAN-h1 may be dispensable. Indeed, silencing DAN-h1 specifically impaired learning
about a fructose reward, but not learning about low-salt or aspartic acid rewards (Fig-

ure 3e, Figure S12). In turn, silencing DAN-i1 did not impair learning about fructose,
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low-salt, or aspartic acid reward (Figure 3f, Figure S12), and also did not affect learning
about arabinose or sorbitol reward (Figure S13). This suggests that different ‘matters
of concern’ to a larva are classified into at least partially separate internal rewarding
pathways reaching the mushroom body by different dopaminergic neurons. To some
extent, therefore, the coding across the dopaminergic MBINs features characteristics
of a labeled-line code. Does such separation of processing channels carry through to
mushroom body output?

This does not appear to be the case. That is, task requirement does not match by
compartment (Figure 2I): The only MBIN found to be required for proper performance in
the odor-fructose association task innervates the medial lobe shaft (DAN-h1: Figure
2a) - but silencing the MBONSs from this compartment does not impair performance
(MBON-h1,h2: Figure 2b, Figure S14). Rather, silencing MBONs from two other com-
partments causes impairments in odor-fructose association scores (MBON-j2 from the
intermediate toe: Figure 2g; MBON-g1,g2 from the lower vertical lobe: Figure 2j).
Likewise, silencing the MBIN to the lower toe impairs both odor and fructose preference
(DAN-k1: Figure 2c, Figure S7a and b), while silencing its output neuron does not

(MBON-k1: Figure 2d, Figure S7c and d).
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Figure 2: Selective and sparse necessity of MBE neurons for odor-fructose reward association, odor-preference and
fructose-preference.

a-j Expression pattern of the indicated split-Gal4 strain and schematic overview of the covered MBE (leftmost column), associative
performance indices for odor-fructose reward associative memory (second column), and preference scores of experimentally
naive larvae for the odor (third column) as well as for fructose (rightmost column). Experimental larvae are heterozygous for the
indicated split-Gal4 drivers and for UAS-Kir2.1::GFP, leading to silencing of the respective MBE (MBE Block). Control larvae are
heterozygous for only the UAS-Kir2.1::GFP effector (Effector Ctrl), or for only the split-Gal4 drivers (Driver Ctrl). Box plots show the
median as the middle line, and 25/75 % and 10/90 % quantiles as box boundaries and whiskers, respectively. Sample sizes are
indicated within the figure. At plain horizontal lines * refers to P>0.05/2 and ns to P>0.05/2 in Mann-Whitney U-tests; at horizontal
lines with arrowheads, ns refers to P>0.05 in Kruskal-Wallis tests. The preference scores underlying the associative performance
indices in the leftmost panels can be found in Figure S6. Expression patterns of split-Gal4 drivers covering the respective MBE
are visible based on anti-GFP staining (black); the central nervous system is visible based on background fluorescence (grey).

k From left to right the panel shows schematics of the odor-fructose reward association paradigm, and of the paradigms to measure
odor preference or fructose preference, respectively, in experimentally naive animals. The orange cloud indicates n-amylacetate
as the odor, the green circle indicates the fructose reward. In half of the cases the sequence of training trials was as indicated in
the leftmost display, while for the other half it was reverse (not shown).

| Summary of the necessity experiments. Arrows represent MBE neurons for which activity is required for full performance in
the indicated behavioral task. Note that for odor-fructose association the target compartment of the required MBIN (DAN-h1)
is different from the compartment of origin of both the required MBONs (MBON-g1,g2 and MBON-j2). Across-compartment
communication can arguably be mediated by i.a. the activity of the APL neuron (inset; Figure 1c and Figure 4). For more detail
regarding the effect of blocking DAN-g1 on olfactory behavior after non-associative odor and non-associative fructose exposure,
see Figure S8. References regarding the indicated transmitters can be found in Table 1.
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Figure 3: Sufficiency of DAN-h1 and of DAN-
i1 as internal reward signal.

a-c Larvae are trained for association of odor with
optogenetic activation of dopaminergic MBE in-
put neurons as internal reward. The panels show
the expression pattern of the indicated split-Gal4
strain and a schematic of the covered MBE, plus
the associative performance indices after odor-
internal-reward training. Experimental larvae are
heterozygous for the split-Gal4 drivers as well as
UAS-ChR2-XXL (DAN Activation). Control larvae
are heterozygous for only the UAS-ChR2-XXL ef-
fector (Effector Ctrl), or only the indicated split-
Gal4 drivers (Driver Ctrl). Activation of DAN-h1
(a) and activation of DAN-i1 (c) is sufficient as re-
ward, while activation of DAN-k1 is not (b). Other
details as in Figure 2. The preference scores un-
derlying the associative performance indices can
be found in Figure S9.

d Schematic of the odor-internal-reward associa-
tion paradigm. The blue color indicates optoge-
netic activation of the respectively covered MBE
neuron. Other details as in Figure 2.

e,f Silencing of DAN-h1 by means of Kir2.1::GFP
expression leads to an impairment in odor-
fructose association (left) (this data includes
those odor-fructose association data shown in
Figure 2a), but not in odor-t°*salt (middle) and
not in odor-amino acid association (right). Si-
lencing DAN-i1 does not impair association of
odor with either of these three rewards (f; odor-
fructose association data include those shown
in Figure 2e). Likewise, odor-arabinose associa-
tion as well as odor-sorbitol association are unaf-
fected by silencing of DAN-i1 (Figure S13). Other
details as in Figure 2. The preference scores un-
derlying the associative performance indices can
be found in Figure S12.

g From left to right, schematic of the odor-
fructose, odor-‘°*salt, and odor-amino acid as-
sociation paradigm are shown. The green, light
blue, and brown circles indicate the fructose,
odor-t°vsalt, and amino acid reward, respec-
tively. Other details as in Figure 2.
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Chapter IV

Taken together, our results suggest that within-mushroom body and between-compartment
crosstalk takes place during the organization of behavior. How could such crosstalk
come about?

At least four circuit motifs of the larval mushroom body matrix could provide such
crosstalk. First, four mMBONSs integrate inputs from multiple compartments (MBON-
e2, MBON-m1, MBON-n1, and MBON-d3: Figure 1e), and in the case of MBON-d3
also across hemispheres. Second, KC-KC synapses provide direct lateral connections
[Eichler et al., 2017]. Third, MBON-MBON synapses establish an intricate network of
mushroom body efferent circuitry [Eichler et al., 2017]. Fourth, the GABA-ergic APL
neuron integrates input from nearly half of the compartments and provides inhibition
towards the calyx where the signal is distributed across the KCs (Figure 4a-d). Indeed
a connectivity analysis of the APL neuron at the electron microscope revealed that
very few KCs are either exclusively presynaptic or exclusively postsynaptic to it, and
that for a given KC, the number of KC,-APL synapses is unrelated to the number of
APL-KC, synapses; rather, APL establishes a distributive KC,-APL-KC, loop (Figure
4b and c; [Eichler et al. [2017]). Thus, via the APL neuron most KCs receive inhibition
proportional to an integrated read-out of activity in all KCs; in turn, the APL neuron
samples most of if not the complete olfactory input that the olfactory projection neurons
deliver towards the KCs, plus a sizeable non-olfactory input (Figure 4c and d; [Eichler
et al.|[2017]). Thus, across those KCs receiving olfactory input, GABA-ergic signaling
via the APL neuron can contribute to the sparsening of odor-evoked activity; such
sparse activity allows for a specific combinatorial coding of odors in the mushroom
body. A modulation of this sparseness could tweak the set point between generalization
and discrimination of odors, which indeed can be adjusted in a task-dependent way
(Mishra et al.| [2010]; Barth et al. [2014]; but also see |Campbell et al. [2013]; Chen and

Gerber|[2014]). It can also contribute to negotiate the balance of activity across KCs
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activated by different sensory modalities, potentially aiding a task-dependent separation
of stimulus foreground from contextual background. Taken together, there is ample
substrate for integration of odor-related activity, plus activity related to non-olfactory
input, across compartments. In effect it appears that a code in the MBINs that operates
with at least some characteristics of a labeled-line code is ‘re-formatted’ into a relatively
more integrated, combinatorial code across the network of the MBONs. For the APL
neuron as an example we looked into the behavioral significance of such integration.

Across-compartment integration via the GABA-ergic APL neuron is required for proper
odor-fructose association, as shown by the impairment in this task upon blocking APL;
this requirement is specific, as both odor preference and fructose preference remain
unchanged (Figure 4e and f, Figure S6l). Thus, without the possibility to maintain a
sparse activity pattern across the KCs, and without an ability to separate olfactory stim-
ulus foreground from non-olfactory, contextual background, the larvae are apparently
unable to properly perform in the present association task. In turn, optogenetically
driving GABA-ergic signaling from the APL neuron should effectively silence the KCs;
fittingly, under such conditions odor-fructose association is impaired, either when such
GABA-ergic activation is exerted during the training phase only, or only during testing
(Figure 4g-j, Figure S15). Again, this effect is specific, as driving the APL neuron neither

affects odor preference, nor fructose preference (Figure 4k-n).
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Figure 4: Structure, connectivity and behavioral function of the APL neuron.

a-c The larval APL neuron provides distributive inhibition within the mushroom body, and is embedded into the DAN-MBON
network. (a) Electron microscopy reconstruction of the APL neuron relative to the mushroom body Kenyon cells (KCs) in both
brain hemispheres (left panel). Sites of KC-to-APL synapses are marked in blue (middle panel), sites of APL-to-KC synapses in
red (right panel). Inter-hemispheric connections are from aberrantly developed ‘freak’ KCs and do not correspond to the so-called
ni-cells identified by [Kunz et al|[2012]; these were found in the electron microscopy reconstruction but are not shown here.

b Classification of KCs as either being only presynaptic, as both pre- and postsynaptic, as only postsynaptic or as unconnected
to the APL neuron (left panel). The anatomy of these KC classes is shown in the middle panel, including their number and the
number and the site of KC-to-APL synapses (blue) and APL-to-KC synapses (red). KCs without any synapse with the APL neuron
are apparently lacking proper dendrites and axons, and therefore are classified as young and likely immature. The panels to
the right show for each KC the number of APL-to-KC synapses versus respectively the number of all KC-to-APL synapses (top),
the number of KC to APL-dendrite synapses (middle), and the number of KC to APL-axon synapses (bottom). The type of KC
(single-claw, multi-claw and young KC) is color-coded. The lack of correlation implies that inhibition through the APL neuron is
distributive, i.e. with but random levels of KC.-APL-KC, feedback.

¢ Fraction of the APL neurons’ presynaptic partners as percent of the total amount of synaptic input to APL (top left), and fraction
of APLs’ postsynaptic partners as percent of the total amount of synaptic output from APL (top right). Data is shown for the left
(black) and right brain hemisphere (grey) separately. KCs contribute more than two thirds of the inputs to the APL neuron, which
in turn dedicates about two thirds of its output to KCs. The bottom panel shows the connectivity of the APL neuron with DANs and
MBONSs. APL receives input from one vertical lobe DAN (DAN-f1) and one medial lobe DAN (DAN-k1) as well as from a vertical
lobe MBON (MBON-q1, which was only found in stage 1 larvae: Figure S1 and Figure S2). The APL neuron delivers output to
both calyx MBONs (MBON-a1 and MBON-a2). Indicated connections are axo-dendritic and shown as fractions of inputs onto the
receiving neuron.

d The APL neuron samples the complete information delivered to the KC via projection neurons (PNs). To determine the total
input that the APL neuron receives from KCs that in turn receive their input from uniglomerular olfactory PNs (black and dark
grey), multiglomerular olfactory PNs (light grey) and non-olfactory PNs (white), we calculated the matrix product of the respective
PN-to-KC connections and the KC-to-APL connections. (See next page).
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Figure 4: Continues from prior page.

e Silencing the APL neuron impairs odor-fructose association, but neither odor preference nor fructose preference. Expression
pattern of the split-Gal4 strain covering the APL neuron and schematic of its innervation of the mushroom body (left column),
associative performance indices for odor-fructose reward associative memory (second column), and preference scores of exper-
imentally nai larvae for the odor (third column) as well as for fructose (right column). Experimental larvae are heterozygous for
the split-Gal4 driver and for UAS-Kir2.1::GFP (APL-Block). Control larvae are heterozygous for only the UAS-Kir2.1::GFP effector
(Effector Ctrl), or for only the split-Gal4 driver (Driver Ctrl). Other details as in Figure 2. The preference scores underlying the
associative performance indices can be found in Figure S6.

f From left to right the panel shows schematics of the used behavioral paradigms; further details as in Figure 2.

g Optogenetic activation of the APL neuron during only training abolishes odor-fructose association. Experimental larvae are
heterozygous for the split-Gal4 driver as well as UAS-ChR2-XXL (APL-Activation). Control larvae are heterozygous for only the
UAS-ChR2-XXL effector (Effector Ctrl), or for only the split-Gal4 drivers (Driver Ctrl). Other details as in Figure 2 and Figure 3a-d.
The preference scores underlying the associative performance indices can be found in Figure S15.

h Schematic of the behavioral paradigm. Blue shading indicates optogenetic stimulation. Other details as in Figure 2.

i, j As in (g, h), showing that activation of the APL neuron during only the test reduces odor-fructose association scores.

k, n) As in (1, j) showing that activation of the APL neuron in experimentally nai animals does neither affect odor preference nor
fructose preference.

6.4 Discussion

The present study reveals the identity and morphology of close to all neurons of the
MBIN-MBON-APL network of stage 3 Drosophila larvae, and provides a survey of
their function in innate olfactory behavior, innate gustatory behavior, and odor-taste
associative learning. It further provides a collection of split-Gal4 drivers for specifically

manipulating a subset of these neurons.

The MBIN-MBON-APL network across larval stages

A stage 3 larva shares characters with its earlier self as a stage 1 larva and its later
self as an adult fly [Hartenstein et al., 2008; [lto et al., |2013]; Yu et al., 2013]. Across
the larval stages body length and speed of locomotion increase about 4-fold. Still, the
behavioral faculties of stage 1 larvae are qualitatively concordant with stage 3 [The
Olympiad Consortium et al., 2017]. Fittingly, the number and morphology of their MBINSs,
MBONSs, and of the APL neuron are very similar (Figure S1, Figure S2) [Eichler et al.,
2017] - with at least two relevant exceptions. Firstly, the DAN-h1 neuron is absent in
stage 1 (Figure S1) [Eichler et al., 2017]. Despite this lack of DAN-h1, stage 1 larvae

are capable of odor-fructose association [Pauls et al., 2010; The Ol;mpiad Consortium
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et al., 2017]. This is in line with our observation in stage 3 larvae that silencing
DAN-h1 but partially impairs odor-fructose association (Figure 2a, Figure 3e). The
same partial redundancy is revealed for the second case, the output neuron from the
intermediate toe of the medial lobe, MBON-j2 (Figure 2g, Figure S1) [Pauls et al., 2010;
The Ol;mpiad Consortium et al., [2017; [Eichler et al., 2017].

The MBIN-MBON-APL network across metamorphosis

The general organization of the MBIN-MBON-APL network in stage 3 larvae is also
similar to the one in adult Drosophila. There are typically 1-2 MBONSs per compartment,
and also for the OANs and for the DANs of the PPL-cluster there are typically 1-2
neurons per compartment [Tanaka et al., 2008; |Aso et al., 2014a]. However, at least
three differences in the MBIN-MBON-APL network between larvae and adult Drosophila
are notable. Firstly, the number of PAM-cluster DANs increases to up to 20 (sic)
per cell type and compartment in adult Drosophila [Aso et al., [2014a]. PAM-DANs
preferentially innervate the medial lobes and are responsible for reward-learning in
both larval and adult Drosophila [Burke et al., [2012; [Liu et al., [2012; [Yamagata et al.,
2015; Rohwedder et al., 2016|. An increase in the number of PAM-DANSs thus suggests
a better signal-to-noise ratio for reward processing in adult Drosophila. Differences
in the sensitivity to reward between PAM-DANs would broaden the dynamic range
across which reward strength can be mapped in adult Drosophila. Higher-resolution
and broad-range mapping of memory strength to reward strength is relevant when
memory formation and/ or memory-based decisions need to be quick, as e.g. during
fast walking or flight. Qualitative differences in the reward inputs the PAM-DANSs receive
would additionally allow for more nuanced processing of reward kind in adult Drosophila.
Together, this may be critical to keep track of rewards that are more variable in time and
space, or that are ‘of adult kind’ such as sexual rewards. By contrast, the representation

of punishment, for the most part mediated by PPL-DANs (Schroll et al.|[2006]; |Selcho
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et al.|[2009]; adult Drosophila: Schwaerzel et al.| [2003]; Claridge-Chang et al. [2009];
Aso et al.[[2010, 2012]; Hige et al. [2015])) does not differ in numbers between larvae
and adults. Secondly, neither our inspection of the driver lines of the Janelia collection,
nor our extensive flp-out analysis, nor the electron microscope reconstruction of the
MBIN-MBON-APL network of stage 1 larvae [Eichler et al., 2017] revealed a larval
DPM neuron [Waddell et al., 2000]. Also, none of the driver strains known to cover the
DPM neuron in adult Drosophila includes a larval DPM neuron (Thum, unpublished). In
adult Drosophila, the DPM neuron innervates the ipsilateral MB and ramifies throughout
the MB but excludes the calyx. It was reported that the DPM neuron produces the
amnesiac neuropeptide [Waddell et al., |2000], serotonin [Lee et al., 2011], and GABA
[Haynes et al., 2015]. Fitting the absence of the DPM neuron in the larva there is no
detectable immunoreactivity against serotonin in its MB (Blenau and Thamm [2011];
Huser et al.|[2012]; the serotonergic CSD neuron does not innervate the larval MBs:
Roy et al.[[2007]). Thus, either the functions of the DPM neuron and of MB-innervating
serotonergic neurons are exerted by neurons other than DPM in the larva (e.g. to support
memory consolidation: Waddell et al.|[2000]; Keene et al. [2004]; |Yu et al. [2005]; Lee
et al. [2011]), or these functions are conferred by relatively far-range serotonergic
volume transmission towards the MBs [Silva et al., 2014], or these functions are not
implemented in the larva altogether as is the case for the modulation of sexual behavior,
of legged locomotion, and of flight. Thirdly, in the larva KC-APL synapses are present in
MB calyx and lobes, but APL-KC synapses are restricted to the calyx (Figure 4a and
b). Thus, in addition to a local calyx KC-APL-KC network, the APL neuron establishes
an apparent lobe-calyx feedback connection in larvae, reminiscent of the PCT neurons
in the bee [Grinewald, [1999a]. No such polarity is apparent in adult Drosophila, as
KC-APL and APL-KC synapses are intermingled in both calyx and lobes [Liu and Davis,
2009, |Pitman et al., [2011; Wu et al., 2011; |Lin et al., [2014a]. Furthermore in the case of
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the larva, the APL neuron innervates only 7 of 11 MB compartments (Figure 1e, Figure
4a), while the APL neuron innervates all MB compartments in adult Drosophila [Liu
and Davis, 2009 |Pitman et al., 2011; Wu et al., 2011}, |Lin et al., 2014a]. Differences in
function between the larval and the adult APL neuron are to be expected also because
the DPM neuron, anatomically and functionally entangled with APL in adult Drosophila
[Pitman et al., 2011; Wu et al., 2011], is absent in the larva (previous paragraph). Of
note, despite these differences in structure and likely also in function, the larval APL

neuron does persist through metamorphosis (Figure S16).

DANs and reward-specific memory

Larvae form associative memories between odor and taste reward that can be specific
not only for the odor [Chen et al., 2011; (Chen and Gerber, 2014] but also for the
reward [Schleyer et al., 2015a]. That is, after odor-fructose reward training learned
odor attraction is abolished if the test is carried out in the presence of fructose [Gerber
and Hendel, [2006|; Schleyer et al., 2011} 2015a,b] (innate olfactory behavior is not
likewise affected). This is adaptive because tracking down the learned odor in search
for a reward is pointless if the sought-for reward is actually present. Indeed, learned
search for fructose is abolished in the presence of fructose, but not in the presence of
an equally strong aspartic acid reward, and vice versa [Schleyer et al., 2015a]. Thus,
memories from odor-fructose and from odor-aspartic acid training can be established
and retrieved independently of each other. Fittingly, we found that activity in DAN-h1 is
required for proper odor-fructose association but is dispensable for odor-aspartic acid
association (Figure 3e). As will be discussed in more detail in the following section,
this suggests that a division of labor between DANs contributes to the taste-reward
specificity of associative memory in the larva for fructose (and alike rewards) versus
aspartic acid (and alike rewards). Indeed, a similar picture may be emerging for adult

Drosophila, too (Burke et al. [2012]; Lin et al.|[2014b]; for a critical discussion Schleyer
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et al.|[2015a]). Once it becomes possible to study defined subsets of DANs in mammals
one can test for similar breaches of the reward-general, common-currency hypothesis
of DAN function [Lak et al., [2014]. Of note, behavioral analyses suggest a co-existence
of reward-general and reward-specific memories in the larva (Schleyer et al. [2015a];

regarding humans Howard et al.|[2015]).

Sparseness and specificity

We report a sparse and specific requirement of MBE activity in behavior organization.
For each of the behavioral tasks we looked at, it is only in few MBEs that silencing
activity had a measureable effect - and in turn for each of the MBEs we looked, the
requirement for their activity was task-specific (Figure 2I). For example, silencing
DAN-h1 left odor preference and fructose preference intact (Figure 2a) but selectively
impaired odor-fructose and not odor-aspartic acid association, and not the association
of odor with low-concentration salt as reward (Figure 2a, Figure 3e). This suggests that
rewards are processed by a non-redundant, labeled-line code that maintains information
about reward kind. However, in this as in all other cases of impairment by silencing
MBEs, the impairment we observed was partial. This is suggestive of a robust, partially
redundant combinatorial code. If so, this code is apparently so sparse that single MBINs
nevertheless make a behaviorally meaningful, measurable contribution to the processing
of specific rewards. Consistent with the activity of individual DANs being meaningful to
the larvae, memories established by presenting odor with optogenetic activation of DAN-
h1 or DAN-i1 show the same locomotor ‘footprint’ as odor-fructose memories (Figure
S11). The MB compartments would thus allow a larva to form and retrieve memories
of specific ‘matters of concern’ [Heisenberg, 2003} Gerber et al., 2009], according to
the activation profile of its MBINs. Interestingly, the DANs innervating the medial and
the vertical lobe compartments are primarily concerned with rewards and punishments,

respectively [Schroll et al., 2006; Rohwedder et al., 2016]. In a drastically simplified
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number game, this implies that a minimum of 4 and a maximum of 15 types of reward-
memories and 3-7 punishment-memories can be formed in the larval MB (corresponding
to a labeled-line versus a combinatorial coding across the 4 and 3 compartments of
the medial and vertical lobes, respectively). Also for the MBONSs the impairments upon
silencing them were sparse, selective, and partial (Figure 2I). Strikingly, the impairments
in odor-fructose association did not match by compartment to the ones observed for
silencing the respective MBINs. Thus, although the physiological effects of MBIN-KC
coincidence can remain local to the MBINs’ target compartment (as shown in adult
Drosophila: Hige et al.|[2015]), the organization of learned behavior apparently involves
across-compartment integration, e.g. via the mMMBONSs, KC-KC as well as MBON-MBON
synapses, and/ or via the APL neuron. A reasonable working hypothesis thus is that the
ultimate read-out of the MBON network provides a learned-valence signal integrated
across large aspects if not the complete MB and reflecting the various associative
memories evoked by a given situation. Summed with the innate valence of the stimuli
comprising that situation, approach or avoidance will result (Schleyer et al. [2015b];
Wystrach et al.| [2016]; Paisios et al.| [2017]; for adult Drosophila: Aso et al.| [2014b]).
Thus, within the MB relatively high-dimensional representations of predictive stimuli
(across the KCs), and of reinforcement (across the MBINs) are ‘reformatted’ to provide
a rather low-dimensional output to instruct behavior. In other words, it is downstream of
the MBON network, and not at the level of the MBINs, that the larval brain operates by

a common currency ‘behavioral valence’ signal.

Function(s) of the APL neuron

The APL neuron collects input from and distributes inhibitory GABA-ergic output across
the KCs (Figure 4a-d) (Masuda-Nakagawa et al.|[2014]; adult Drosophila: Liu and Davis
[2009]; |[Pitman et al.|[2011]; Wu et al. [2011]; |Lin et al. [2014a]). Thus, the level of

activity in a given KC will be scaled to the level of activity across KCs. Innate preference
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for odor and for fructose are not affected by altering APL neuron function (Figure 4e,
k-n). We will therefore discuss how such distributive inhibition may impact olfactory
learning in our paradigm. When encountering an odor, a subset of KCs will be activated.
Further KCs may be activated by tonic contextual input. Together these inputs can
drive the APL neuron (Masuda-Nakagawa et al. [2014]; adult Drosophila: |Liu and Davis
[2009]; lLin et al.|[2014a]; for corresponding findings in bees: (Grunewald [1999b]; Filla
and Menzel [2013]). Distributive GABAergic inhibition through APL will reduce activity
for strongly activated KCs, and silence weakly active KCs. In effect the strongest, most
salient input will dominate the KC activity pattern. When at the same time a reward
such as fructose is presented, it will be this most salient input that preferentially enters
into association. Thus, in our paradigm the salient, phasic olfactory ‘foreground’ rather
than tonic, non-olfactory contextual ‘background’ will be associated with fructose. If this
process is experimentally manipulated, the formation, consolidation, and/ or retrieval of
associations will be affected (Figure 4e-j). These effects may depend on the level of
APL activity in a complex way. That is, reducing APL activity may level-out processing of
foreground versus background stimuli. This will favor learning of contextual background,
such that olfactory foreground associations will be of relatively less impact. In turn, mildly
increasing APL activity may reduce contextual background learning, making olfactory
foreground associations more impactful. Strongly driving APL, however, may silence
the KCs and prevent background and foreground learning altogether. Such a scenario
can explain why both strongly reducing and strongly driving APL reduces performance
in the one-odor, non-discriminatory paradigm of the present study (Figure 4e, g, and
i). It may also help integrating otherwise disparate experimental results regarding APL
function in discrimination tasks in adults [Liu and Davis|, 2009} Pitman et al., 2011}, Ren

et al.,[2012; Wu et al., 2012, 2013].
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APL neuron and the ‘blocking’ effect

In adult Drosophila odor-electric shock training entails an odor-specific and associa-
tive weakening of odor-evoked activity in the APL neuron (Liu and Davis| [2009]; for
corresponding findings in bees: |Grinewald [1999b]). This corresponds to the synaptic
depression often observed after associative learning at the KC-MBON synapse in adult
Drosophila (Sejourne et al.| [2011]; Hige et al. [2015]; Owald et al. [2015]; |Perisse et al.
[2016]; bee: [Menzel [2014]; but also see [Placais et al., 2013; |[Bouzaiane et al., 2015|;
Cohn et al., [2015]). If this happened in larvae as well, the proximity of the KC-MBON
synapses to the KC-APL synapses (Figure S17) [Eichler et al., 2017] suggests that
local learning-induced molecular alterations at KC presynaptic sites may affect the
KC-APL synapses, too. In the simplest case, a strengthening of the memory trace may
correspond to more severe depression of both the KC-MBON and the KC-APL synapses.
Less activity in the APL neuron evoked by a trained odor A, relative to a control odor B,
will lift inhibition of the KCs. This will favor the processing of stimuli added during later
phases of the experiment. That is, it will open a window of facilitated processing of a
novel stimulus X that is trained in compound with a stimulus A that already is predictive
of reward (such a three-phase train A+, train AX+, test X experiment is called ‘blocking’:
Kamin|[1969]). Thus, in addition to predicted reinforcement often being less effectively
processed than unpredicted reinforcement and leading to reduced learning about stimu-
lus X (bees: Menzel [2001]; rabbits: Kim et al.[[1998]; monkeys: Waelti et al. [2001])
the above scenario implies that stimulus X can be more effectively processed when
presented together with the previously-trained stimulus A, leading to better learning of
stimulus X. Dependent on the relative impact of these two processes and dependent on
whether the KC-APL synapse is depressed (as in the sketched scenario) or whether it
is potentiated, learning about stimulus X thus can be blocked, facilitated, or remain at

baseline levels. Thus a distributive inhibition circuit as established by the APL neuron
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provides the system with a degree of freedom to enhance learning about additional and
redundant predictive cues such as X, or to prevent the establishment of such redundant
memories. This is of conceptual importance because it means that the system can
flexibly rely on either contiguity or contingency for associative memory formation. This
may help understanding otherwise contradictory experimental results (adult Drosophila:
Brembs and Heisenberg|[2001]; Young et al. [2011]; bees: \Smith and Cobey| [1994];
Funayama et al.|[1995]; |Gerber and Smith|[1998]; Gerber and Ullrich| [1999]; Hosler
and Smith [2000]; Guerrieri et al. [2005]; Filla and Menzel [2015]; mammals: Kamin
[1969], as well as e.g. Kim et al.| [1998]; Waelti et al. [2001]; Maes et al. [2016]). It
may also integrate intensely debated, competing theoretical approaches to learning
and memory that are based on variations in processing of predicting stimuli versus
variations in processing of reinforcement [Kamin, [1969; |[Rescorla and Wagner, 1972;
Mackintosh, 1974; Pearce and Hall, [1980; Sutton et al., (1981 Wagner, 1981}, Miller and
Matzel, 1988, |Holland, (1993, [1997; Schultz et al., 1997; Fanselow, [1998; Kim et al.|
1998} |Steinberg et al., 2013; Maes et al., 2016].

6.5 Material and Methods

All experiments used third-instar feeding-stage, 5 day-old Drosophila melanogaster
larvae, raised and treated under standard conditions (25 °C temperature, 65-70 %
humidity, 12/12 light-dark cycle, standard food), unless stated otherwise. Larvae were
chosen at random from their food vials. Behavioral experiments were performed under
adjustable temperature and humidity conditions using a custom-built set-up (blueprints
are available upon request). For the pre-screen larvae were pre-incubated in a water
bath for 5 min at 36 °C to ensure synaptic transmission is blocked when using shibire's

as the effector (see below). Training and test were then performed at restrictive, yet
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slightly lower temperature (32 °C).

Statistical analyses used two-tailed, non-parametric tests throughout (Statistica 12.0,
StatSoft software, Hamburg, Germany) (multiple-group comparison with Kruskal-Wallis
tests, in case of significance followed by pairwise comparisons with Mann-Whitney
U-tests); statistical assumptions for these tests were met. Bonferroni corrections were
used to maintain the error of multiple pairwise comparisons below 5 %. Sample sizes
were based on previous reports of chemosensory behavior and learning with moderate
to weak effect sizes (e.g. |Schroll et al. [2006]; Michels et al. [2011]; [Saumweber
et al. [2011a,b]). All behavioral experiments were run in parallel for the respective
experimental group and genetic controls. Experimenters were blind to the specific

genotypes.

Data availability

Relevant data can be obtained from the authors.

Odor-fructose reward association: Pre-screen

A standard odor-fructose reward associative learning paradigm was used (Scherer
et al. [2003]; [Neuser et al. [2005]; Saumweber et al. [2011a]; |Apostolopoulou et al.
[2013]; Gerber et al.|[2013]; Michels et al. [2017]; Figure 2k), adapted to facilitate the
pre-screen. These experiments were performed at HHMI Janelia Research Campus.
Groups of 30 larvae each were free to move in 90 mm-diameter plastic Petri dishes
filled with either plain 2.5 % agar (CAS: 9002-18-0; Fisher BioReagent, Fair Lawn, NJ,
USA) or, during rewarded trials, agar with 2 mol/l fructose as a reward (+: CAS: 57-48-7;
Fisher Scientific, Pittsburgh, PA, USA). Whenever an odor was to be presented, 10 pl
n-amylacetate (AM: CAS: 628-63-7, diluted 1:50 in mineral oil: CAS: 8012-95-1; both
Avantor Performance Materials, Center Valley, PA, USA) were pipetted on 5 x 5 mm
filter papers taped to the lid of the Petri dish. When no odor was to be presented, a

blank filter paper was used.
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In the paired group, odor and reward were presented together throughout a given 2.5
min trial (AM+), while the unpaired group received odor and reward during separate 2.5
min trials (AM/+). To equate unpaired and paired group for handling and total training
duration, sham trials were alternately performed for the paired group during which
neither odor nor reward were presented (AM+/blank). In half of the cases, the sequence
of training trials was reverse (blank/AM+ and +/AM, respectively). After three training
cycles, preference for AM was assayed by placing the larvae to the middle of a fresh
plain-agar Petri dish that featured AM on one side and a blank on the other side. After
3 min the number of larvae on either side was determined, and the preference for the

odor AM in the paired and unpaired groups calculated:

(1) Odor-Pref = (Number on AM side - Number on blank side) / Total number

From the difference in preference between the paired-trained and unpaired-trained

groups the performance index was calculated:

(2) Pl = (Odor-Pref puirea - Odor-Pref yypairea) / 2

Pl scores thus are bound between (-1; 1), with positive scores indicating appetitive and

negative scores aversive memory.

Odor-fructose reward association: Screen
For the validation of candidates from the pre-screen with more specific drivers we wanted
to be able to directly observe the effector expression and opted for UAS-Kir2.1::GFP

as the effector. These experiments, and the ones mentioned below, were performed
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at the LIN Magdeburg in the way described above except that i) training and test for
these experiments were run at 25 °C because the Kir2.15rp effector does not require
heat induction; ii) 1 % agarose (NEEO Ultra-Quality; CAS: 9012-36-6; Roth, Karlsruhe,
Germany) was used instead of agar; iii) fresh Petri dishes were used for each training
trial; iv) odors were applied using custom made Teflon containers with perforated lids to
allow evaporation of odor (AM; CAS: 628-63-7; Merck Millipore, Darmstadt, Germany,
diluted 1:20 in paraffin oil, CAS: 8042-47-5; PanReac AppliChem, Darmstadt, Germany).

Odor-°vsalt, odor-aspartic acid, odor-arabinose, and odor-sorbitol reward association
The experiments for odor-**salt, odor-aspartic acid, odor-arabinose, and odor-sorbitol
reward association were performed as detailed for odor-fructose association in the
previous section, except that 0.4 mol/l NaCl (salt; CAS: 7647-14-5; Roth, Karlsruhe,
Germany), 10 mmol/l aspartic acid (ASP; CAS: 56-84-8, Sigma-Aldrich Chemie GmbH,
Munich, Germany), 2 mol/l arabinose (ARA; CAS: 10323-20-3; Sigma-Aldrich Chemie
GmH, Munich, Germany), and 2 mol/l sorbitol (SOR; CAS: 50-70-4; Roth, Karlsruhe,

Germany) were used, respectively.

Innate odor preference

Groups of 30 experimentally naive larvae were placed to the middle of a Petri dish that
featured the odor on one side and a blank on the other side. After 3 min the number
of larvae on either side was determined, and the preference for AM was calculated

according to equation (1).

Innate fructose, aspartic acid, and low-salt preference

Split Petri dishes were prepared by filling one half with 1 % agarose (blank), and the
other half with agarose plus 2 M fructose (FRU). We collected 30 larvae, placed them in
the middle of these dishes and after 3 minutes scored their numbers on either side, or

on a 10 mm middle zone. The preference for fructose was calculated as:
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(3) FRU-Pref = (Number on FRU side - Number on blank side) / Total number

Thus, positive values indicate a preference for, and negative values an avoidance of
fructose.
Low-salt and aspartic acid preferences were determined in the same way, except that

0.4 mol/I NaCl and 10 mmol/l aspartic acid were used, respectively.

Genotypes and transgenes: Pre-screen

For the pre-screen we used the double-heterozygous offspring from crosses of Gal4
strains from the Janelia collection (Jenett et al.|[2012]; Li et al.|[2014]; available from
the Bloomington Stock Centre or the Vienna Drosophila Resources Center; Table 2
and Table 3) to drive a temperature-sensitive dynamin transgene from the UAS-shi*
effector (Kitamoto|[2001], Bloomington Stock Centre no. 44222). In the Gal4-expressing
cells, this allows to acutely disable synaptic output in a temperature-dependent way.
The used Gal4 strains feature insertions of a given enhancer fragment combined to the
Gal4 gene as driver construct; these driver constructs were inserted to an attp2 landing
site [Pfeiffer et al., 2008]. Therefore a strain carrying this attp2 landing site but no Gal4
construct ("empty”) was crossed to UAS-shi’* to obtain baseline, control memory scores
for the pre-screen (Ctrl). Note that the same Gal4 construct (respectively combined with
a different enhancer fragment) likewise inserted at the attp2 site is used in all strains to
drive the UAS-shi* construct. Thus, adverse effects of the attp2 site, the Gal4 construct,
or of a leakiness of the UAS-shi** construct would have affected all screened strains,

and thus cannot account for differences in memory scores between them.

Genotypes and transgenes: Screen

For validation of candidate cells from the pre-screen a collection of 12 split-Gal4 intersec-
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tion strains was generated (Table 4). These express either the transcription activation
domain (p65ADZp) or the DNA binding domain (ZpGAL4DBD) of GAL4, each under the
control of one of the selected enhancer fragments [Pfeiffer et al., 2010]. Landing sites for
the p65ADZp and the ZpGAL4DBD construct were attp40 and attP2, respectively. Upon
combining the p65ADZp- and ZpGAL4DBD-strains by classical genetics, a functional
Gal4 protein is thus expressed in only the intersection of both strains [Luan et al., [2006};
Pfeiffer et al., 2010]. We confirmed specificity by crossing the split-Gal4 drivers to
UAS-GFP from |Pfeiffer et al. [2010] (Bloomington Stock Centre no. 32185 and 32186)
or UAS-Kir2.1::GFP (5xUAS-DCSP-eGFPKir2.1 at VK00005 as landing site; available
upon request) and inspecting expression under a Zeiss LSM 510 and/ or a Leica DM
6000 CS confocal microscope.

Split-Gal4 strains with confirmed expression pattern were crossed to UAS-Kir2.1::GFP
as effector, an inward rectifying potassium channel that silences expressing neurons
by preventing them from spiking [Baines et al., 2001]. The advantage of this effector
relative to UAS-shi*® is that the expression pattern and therefore the manipulated cells
can be directly verified via the GFP tag. For the single-cell analyses we were aiming
for, this advantage appeared to outweigh the disadvantage of being constitutive in
effect. As driver controls the split-Gal4 strains were crossed to that wild-type strain
(CSMH, available upon request) that had been used as genetic background for the
UAS-Kir2.1::GFP strain (Driver Ctrl). As an effector control, a strain homozygous for
both the attP40 and attP2 landing sites, yet without a Gal4 domain inserted ("empty”),
was crossed to UAS-Kir2.1::GFP (Effector Ctrl).

Genotypes and methods for optophysiology
The indicated driver strains were crossed to UAS-ChR2-XXL as effector (Dawydow
et al.|[2014]; Bloomington Stock Centre no. 58374). Double heterozygous progeny

was used for activation; larvae heterozygous for either the Gal4 or the effector were
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used as genetic controls. Optogenetic experiments were performed in a dark custom-
built box equipped for illumination from a blue LED light table (wavelength: 470 nm;
intensity: 12 yW/mm2). For the learning experiments, one group of larvae received
the odor presentation during blue light illumination alternated with blank trials without
odor and without illumination (AM+/blank), whereas a reciprocally trained group of
larvae received the odor unpaired with light stimulation (AM/+). All other aspects of
the learning task were performed as described for odor-fructose learning. The same
type of experiment was also performed using UAS-Chrimson as effector (Klapoetke
et al. [2014]; Bloomington Stock Centre no. 55134); in this case 630 nm red light at an
intensity of 350 yW/mm2 was used, and the odor for training was ethyl acetate (CAS:
141-78-6; Sigma-Aldrich Chemie GmbH, Munich, Germany) diluted in distilled water at

a concentration of 10-4.

Immunohistochemistry

877 Gal4 driver strains preselected for expression in the central nervous system of
stage 3 Drosophila larvae (Li et al.| [2014], http://flweb.janelia.org/cgi-bin/flew.cgi) were
screened for coverage of MBE neurons. Anatomical screening was further refined
by systematic multi-color flp-out analysis of all 877 Gal4 driver lines (Li et al. [2014];
Nern et al. [2015], Figure 1, Figure S2, Table 1, 2 and 3). In addition, expression
patterns of split-Gal4 strains (Figure 2, Figure 3, and Figure 4; Figure S8, Figure S10,
Figure S13, Figure S14, and Figure S18) were anatomically verified. Specifically, larval
brains of the indicated genotypes were dissected in phosphate buffered saline (PBS)
and fixed for 1 h in 4 % paraformaldehyde at room temperature. After multiple rinses
in PBS with 1 % Triton X-100 (PBT) and incubation in 3 % normal donkey serum in
PBT (2 h at room temperature), samples were incubated over 2 nights at 4 °C with
the indicated primary antibodies. After multiple rinses in PBT, brains were incubated

2 days at 4 °C with the indicated secondary antibodies. For mounting brains were
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rinsed multiple times in PBT, transferred on a poly-L-lysine (PLL) coated cover glass,
dehydrated through a graded ethanol series, cleared in xylene, and embedded in
DPX (Sigma). Detailed information including step-by-step protocol and movies can be
found on the HHMI Janelia Research Campus website (https://www.janelia.org/project-
team/flylight/protocols). Immunolabeled larval nervous systems were imaged on a Zeiss
510 confocal microscope.

To verify UAS-Kir2.1::GFP effector gene expression a different protocol was applied,
modified after [Selcho et al., [2009]. Larval brains of the indicated genotypes were
dissected in Ringer solution. Brains were fixed in 4 % formaldehyde (Merck, Darmstadt)
in PBS for 25 min. After several washes with PBT (PBS with 3 % Triton-X 100, Sigma-
Aldrich, St. Louis, MO), brains were blocked with 5 % normal goat serum (Jackson
Immunoresearch Laboratories, West Grove, PA) in PBS for 2 h and then incubated for 1
day with the indicated primary antibodies at 4 °C. After several washes with PBS, the
indicated secondary antibodies were applied for 1 day at 4 °C. Finally, brains were again

washed with PBS and mounted in Vectashield (Vector Laboratories).

Antibodies

To visualize the expression patterns of split-Gal4 strains mouse anti-neuroglian (1:50;
BP-104; Developmental Studies Hybridoma Bank), rat anti-N-cadherin (1:50; DN-Ex #8;
Developmental Studies Hybridoma Bank), and rabbit anti-GFP (1:1.000; Life Technolo-
gies A11122) were used as primary antibodies. Alexa Fluor 568 Donkey anti-mouse
lgG (1:500; Life Technologies A10037), Alexa Fluor 647 Donkey anti-rat IgG (1:500;
Jackson Immuno Research 712-605-153), and FITC conjugated Donkey anti-rabbit
(1:500; Jackson Immuno Research 711-095-152) were used as secondary antibodies.
To visualize the morphology of individual neurons the multi-color flp-out [Nern et al.,
2015] technique was applied. Primary antibodies include mouse anti-neuroglian (1:50;

BP-104; Developmental Studies Hybridoma Bank), rabbit anti-HA Tag (1:500; Cell
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Signal Technologies 3724S) and rat anti-FLAG Tag (DYKDDDDK Epitope Tag) (1:500;
Novus Biologicals NBP1-06712). Secondary antibodies were Alexa Fluor 488 donkey
anti-mouse IgG (1:500; Life Technologies A10037), DyLight 549 goat anti-rabbit (1:800;
Rockland Antibodies and Assays 611-142-002) and Alexa Fluor 594 donkey anti-rat IgG
(1:500; Jackson Immuno Research 712-585-150). In addition the protocol included a
post-secondary antibody wash using PBT, blocking using normal mouse serum (1:20 in
PBT) and additional incubation with Alexa Fluor 647 mouse anti-V5 Tag (1:200; AbD
Serotec MCA1360A647) overnight at 4 °C. To verify UAS-Kir2.1::GFP effector gene
expression rabbit anti-GFP (1:1000; Invitrogen A11122) and mouse anti-FASII (1:50;
DSHB) were used as primary antibodies, and Alexa Fluor 488 goat anti-rabbit (1:200;
Invitrogen A11034) and Cy3 donkey anti-mouse (1:200; Jackson Immunoresearch

Laboratories 715-165-150) as secondary antibodies.

Electron-microscopy

We took advantage of the electron microscopy reconstruction of the MB intrinsic neurons,
the Kenyon cells, and all their pre- and postsynaptic partners of a 6 h-old stage 1 larva
from [Eichler et al. [2017]. Images were taken at a 3.8 x 3.8 x 50 nm resolution.
Reconstructions were made in a modified version of the web-based software CATMAID
[Saalfeld et al., [2009] and with an iterative reconstruction method [Schneider-Mizell

et al., 2016]. More detail is available with Eichler et al. [2017].
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MBE neuron... | ... covered in driver strain(s)
OAN-a1 R34A11
OAN-a2 R34A11

MBON-a1 R28A09, R36G04, R37D06, R47C08, R52E12, R64F07, R93G12
MBON-a2 R28A09, R36G04, R37D06, R47C08, R52E12, R64F07, R93G12
MBIN-b1 R14B11, R64E03, R78G08
MBIN-b2 R14B11, R64E03, R78G08
MBON-b1 R12C03, R20H11, R21D02, R22A08, R27F02, R86A06
MBON-b2 R12C03, R20H11, R21D02, R22A08, R27F02, R86A06
MBON-b3 R30E10%, VT17749*
DAN-c1 R30E11, R30G04, R64E03, R76C04, R95H02
MBIN-c1 R64E03, R72G06*
MBON-c1 R20F01, R74B11, R92H01, R94E06
MBON-c2 R12C11
DAN-d1 R21D02, R22A08, R22H04, R30E08, R30F04, R38E08, R64E03, R76C04, R78E04
MBIN-I1 R12C03, R20B12, R20C09, R21A06, R47C08, R47H03, R48D11, R48F09, R52H01, R58F03, R95A11
MBON-d1 R14B11, R20F01, R37G09, R49C08, R84D07
MBON-p1 R15D04, R17B02
MBON-d2 R54A09%, R87G02*, R89B06*, VT32899*
OAN-e1 R24A12, R28A12, R46F09*, R49D11*, R52G03, R64E03, R75F01*
MBIN-e2 R12C03, R14E06, R64E03, R72B05
MBON-e1 R74B11
R10B07, R21D02, R37D06, R64E03, R76F05, R95H02
R10B07, R36B06, R42F08, R64A11
R48E11*
R10D02, R14E06, R21D02, R27F02, R30E11, R64E03
R30D03
R11F03, R21D06, R21D08, R23B09, R48G01, R67E07, R94E06
R11F03, R21D06, R21D08, R23B09, R48G01, R67E07, R94E06
DAN-h1 R26G04, R30G08, R58E02, R64E03, R64H06, R76F05, R95H02
MBON-h1 R11C10, R11F03, R22B05, R28A10, R28F06, R32D04, R50A04, R67B01, R67E07, R74A06
MBON-h2 R11C10, R11F03, R22B05, R28A10, R28F06, R32D04, R50A04, R67B01, R67E07, R74A06
DAN-i1 R21D02, R30G08, R31C03, R48F09, R49C08, R56H09, R58E02, R64E03, R64H06, R76F05, R95H02
MBON-i1 R14C08, R15F05, R20C05, R20H11, R21C08, R21D02, R21D07, R28A12, R46E11, R53G11, R59C07, R64E01, R65A05, R65E10, R74A06
R49C08, R58E02, R64E03, R64H06, R76F05
R11F03, R12C11, R20H11, R21C08, R23B09, R33D07, R46E11, R74C01
R24E12, R36B06, R54H12, R89G07
DAN-k1 R20H11, R21D02, R27A11, R30G08, R48F09, R64E03, R64H06, R71D01, R76F05
MBON-k1 R20H11, R21D02, R65A05, R74A06

MBIN-m1 R76F05

APL R20H11, R21D02, R26G02, R55D08
MBON-e2 R12C11, R28A12, R43A02, R65A05
MBON-m1 R20B12, R24D12, R52H01
MBON-n1 R22B05, R29E04, R83G11
MBON-d3 R11F03, R12C11

*Not included in behavioral screen

Supplemental Table 2: Matrix of which Gal4 driver strain(s) include(s) which MBE neuron.
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Driver strain. Stock Number |... covering MBE neuron(s) Driver strain. Stock Number |... covering MBE neuron(s)
R10B07 48244 __|DAN-f1, MBON-2 RAGA02 41256 |MBON-e2
R10D02 48437 |DANgT RAGETT 50272___|MBONS1, MBON-T
RIIC10 48450 |[MBON-hin2 RAGF09” 50275 |OAN-el
RTTF03 48464___|[MBON-1, MBON-h1,h2, MBON-g1,g2, MBON-d3 RATC08 50298 |MBIN-I1, MBON-a1,a2
R12C03 45024 |MBIN-1T, MBON-b1,62, MBIN-62 RATHOS 50331 | MBIN-IT
R12CTT 48497 | MBON-j1, MBON-e2, MBON-c2, MBON-d3 RABDTT 50365 |MBIN-T
R14B11 49255 |MBIN-b1.62, MBON-d1 RABET 50372 |MBON-1l
R14C08 48606 [MBON-T RABF0D 50377 __|DANKT, DAN-T, MBINT
R14E06 48643 DAN-gT, MBIN-62 R48G0T 50381 MBON-g1,g2
RT5004 na. MBON-p1 RA9C08 50418 __|DAN-T, DANS1, MBON-d1
RI5F05 48699 [MBON-i1 RA9DTT" 38684 |OAN-el
R17B02 48754 |[MBON-p1 R50A04. 38720 |MBON-hinZ
R20B12 48880 |MBIN-11, MBON-m1 RE2E12 38837 |MBON-al,a2
R20C05 48883 |MBON-T R52603 38842 |OAN-e1
'R20C09 48886 |MBIN-IT R52H0T 47638 |MBIN-IT, MBON-m1
R20F01 48610 [MBON-c1, MBON-d1 RG3G1T 50449 |MBONA1
R20HTT 48918 ___|DAN-K1, MBON-j, MBON-1, MBON-K1, MBON-b1,b2, APL R54A00" 50460 |MBON-62
RZTA0E na. MBIN-IT RGAHT1Z 48205 |MBON-2
R21C08 48935 |MBON-1, MBONAT R55008 39115 |APL
R21002 48939 |DANK1, DAN-1, DAN-1, DAN-gT, DAN-d1, MBON-i1, MBON-K1 MBON-b1,62, APL RE6H09 39166 |DANAT
R21D06 48942 |MBON-g1,g2 RGBE02 41347 |DAN-hT, DAN-i1, DANT
R21D07 48943 |[MBON-i1 RG6F03 39187 |MBINT
R21D08 48944 |MBON-g1.g2 R59C07 48217 __|MBON-1
RZ2A08 47902 |DAN-d1, MBON-b1,62 RGAATT 30289 |MBON-2
R22805 49300 __|[MBON-h1.n2, MBON-1T R64E0T 46230 __|MBONT
R22H04 na DAN-GT R6AE03 41351 |DAN-h1, DAN-KT, DAN-11, DAN1, DAN-11, DAN-g1, DAN-G1, MBIN-c1, DAN-G1, OAN-¢1, MBIN-b1,62, MBIN-62
R23B09 49018 ___|MBON-1, MBON-g1 g2 RGAFO7 39311 ___|MBON-a1,a2
RZAATZ 49061 |OAN-61 'RGAH06 49608 |DAN-h1, DAN-KT, DAN-i1, DAN-jT
R2AD1Z 49080 |[MBON-m1 RG65A05 39320 |MBON-1, MBON-KT, MBON-e2
RZAETZ 49084 |MBON2 RESET0 39359 |MBON-
R26G0Z 48065 |APL R67801 30961 [MBON-hTh2
R26G04 na. DAN-HT RG7E07 39444 |MBON-h1,n2, MBON-g1g2
R27ATT 47908 |DANKT R71D07 39579 |DANKT
R27F02 48072 |DAN-g1, MBON-b1,62 R72805 39611 |MBIN-62
RZBA0S 49445 |MBON-a1.a2 R72G06" 30792 |MBIN-cT
RZBATO 48074 |[MBON-h1.n2 R74A06 47398 |MBON-1, MBON-K1, MBON-h1,h2
ROBATZ 47909 __|[MBON-1, OAN-1, MBON-62 R74B11 41301 __|[MBON-e1, MBON-c1
R26F06 48083 |[MBON-h1n2 R74C01 30845 |MBONA1
R29E04. 49486 |[MBON-n1 R75F01" 41304___[OAN-e1
R30003 49532 |OAN-g1 R76C04 48621 |DAN-cT, DAN-T
R30E08 48099 |DAN-d1 R76F05 41305 |DAN-h1, DANKT, DAN-i1, DAN-1, DAN-1, MBIN-m1
R0ET0- 49638 |VMBON-b3 R7T8E0 39997 |DAN-T
RG0ETT 48100 |DAN-gi, DAN-GT R78G08 na. VBIN-1 62
R30F04 48614 |DAN-d1 RB3G1T 46764 |[MBON-T
R30G04 na. DAN-cT RE4D07 40391 |[MBON-d1
R30G08 48101 |DAN-h1, DANT, DAN-i1 REGA06. na. [MBON-b1,62
R31C03 48103 |DANA1 RB7GOZ" 40500 |MBON-d2
R32004 49711 ___|MBON-hTh2 REOB06" 40543 |VMBON-G2
R33D07 49893 [MBONT REOG07 41365 |[MBON2
RAAATT 49767 |OAN-a1b RO2HOT 40631 [MBON-cT
R36806 49929 |MBON-2, MBON-2 RO3G1Z 40667 __|MBON-al.a2
R36G04 49940 |MBON-a1.a2 ROAE0D 40687___|MBON-g1,g2, MBON-cT
R37D06 47921 |DAN-1, MBON-at,a2 ROBATT 48834 |MBIN-IT
R37G09 49538 |MBON-d1 'RO5H02 40716 |DAN-h1, DAN-1, DAN-T, DAN-GT
RIBE0S 50008 |DAN-d1 VT17749" 200702 __|MBON-53
R42r08 50164 __[MBON-2 VT32809" 203529 _|MBON-62

* Notincluded in behavioral screen
Available from Vienna Drosophila Resource Center
n.a. No longer available from Bloomington Stock Centre

Supplemental Table 3: Matrix of which MBE neuron(s) are included in which Gal4 driver strain(s).

MBE Classification* ADsource strain_ DBDsource strain Strain

AA R14E06_R27G01 GMR_SS01716
R21D06_R23B09 GMR_SS02121

DAN-h1 AAA R76F05_R95H02 GMR_SS01696
MBON-h1, h2 AAA R20A02_R28A10 GMR_SS01725
[MBON-h1, h2 R20A02_R28A10 GMR_SS00928

R13D05_R36B06 GMR_SS00864
R15B01_R14C08 GMR_MB141B

VT057469_R18D09 GMR_SS01973
R89G07_R24E12 GMR_SS00860

R48F09_R27A11 GMR_SS01757
VT033301_R27G01 GMR_SS01962

R21D02_R55D08 GMR_SS01671

*A: High Expression strength, reliability, specificity

Supplemental Table 4: List of split-Gal4 intersection strains, their source strains, and the MBE neuron(s) covered.
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Supplemental movies:

Movie 1: Body and nervous system of a 3" instar Drosophila larva.

Movie 2: 3D view of the body and nervous system of a 3"¢ instar Drosophila larva, with

zoom on motor neuron terminals. Structure is visible based on autofluorescence.

Movie 3: Schematic body plan (top; from Demerec and Kaufmann, 1940) and indi-
cation of orientation using a 3D print of a larva (bottom), followed by a series of optical

sections from ventral to dorsal, and back. Structure is visible based on autofluorescence.
Movie 4: Indication of orientation using a 3D print of a larva, followed by a series
of optical sections from anterior to posterior, and back. Structure is visible based on
autofluorescence.

Movie 5: Indication of orientation using a 3D print of a larva, followed by a series
of optical sections from left to right, and back. Structure is visible based on autofluores-

cence.

Movies can be found on the accompanying DVD.
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Supplemental figures:

MBIN
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MBON

MEBIN

Tile

MBON

Stage 1 larva EM

QAN~e1

OAN-al  MBIN-b1 [MBIN-e1| OAN-g1
OAN-a2 MBIN-b2 DAN-c1 DAN-d1  MBIN-e2  DAN-f1 DAN- g1 DAN-i1 DAN-j1 DAN-k1
MBON-ai MBON-b1 MBOMN-c1 MBON-d1 MBON-e1 MBON-fi MBON-g1 MBON-h1 MBON-i1 MBON-1 MBON-k1
MBON-a2 MBON-b2 MBON-d2 MBON-e2 MBON-g2 MBON-h2

MBON-b3 MBON-d3

Multiple nnervations: APL, MBIN-11, MBON-m1, MBON-n1, [NESINES], MBON-p 1, [IEENET
Stage 3 larva fip-out

OAN-al MBIN-b1 DAN-c1 DAN-d1 OAN-el OAN-g1
0OAN-a2 MBIN-b2 MBIN-c1 N-l MBIN-e2  DAN-f1 DAN-g1 DAN-h1 DAN-i1 DAN-j1 DAN-k1
MBON-a1 MBON-b1 MBON-c1 MBON-d1 MBON-e1 MBON-f1 MBON-g1 MBON-h1 MBON-i1 MBON-j1 MBON-k1
MBON-a2 MBON-b2 MBOM-c2 MBONd MBON-f2 MBON-g2 MBON-h2 MBON-j2

MBON-b3 1

Multiple innervations: MBIN-m 1, APL, MBON-82, MBON-m1, MBON-n1, MBON-d3

WIS only found for stage 1 MBE according to criteria not classified as multiple innervation MBE in stage 1

MBE

only found for stage 3 according to criteria not classified as multiple innervation MBE in stage 3

Supplemental Figure 1: Schematic organization of MBE neurons identified in stage 1 and stage 3 larvae.

For both developmental stages (stage 1 in a; stage 3 in b) the compartmental organization of mushroom body extrinsic neurons
(MBEs) is presented. Mushroom body input neurons (MBINs) and mushroom body output neurons (MBONSs) are listed above
and under each tile. MBEs that innervate multiple tiles are shown at the bottom. For stage 1 this is based on the electron
microscopy reconstructions of [Eichler et al| [2017], for stage 3 on light microscopy brain scans of fp-out experiments. Throughout
development 11 tiles can be recognized: calyx (CA); intermediate (IP) and lower peduncle (LP); lateral appendix (LA); upper (UVL),
intermediate (IVL) and lower vertical lobe (LVL); the shaft (SHA), lower (LT), intermediate (IT) and upper toe (UT). While overall
there is a remarkable consensus in the compartmental architecture, three MBEs were specifically found for stage 1 (MBIN-e1,
MBON-o01 and MBON-q1; highlighted by red boxes) and six MBEs seem to be particular at stage 3 (MBIN-c1, DAN-h1, MBON-c2,

MBON-f2, MBON-j2 and MBIN-m1; highlighted in red).
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Supplemental Figure 2:
Morphological organi-
zation of MBE neurons
identified in stage 3
and stage 1 larvae.

For both stage 3 and
stage 1 the morpho-
logical organization of
mushroom body extrinsic
neurons  (MBEs) is
shown. For stage 3
this is based on light
microscopy brain scans
from flp-out experiments
(left panels), for stage 1
on electron microscopy
reconstructions from
[Eichler et al | [2017] (right
panels). In the case of
OAN-a1 and OAN-a2 two
cells were obtained in
the flp-out experiment;
the electron microscope
reconstructions of both
neurons are presented
in the right hand panel.
For the MBE double
pairs only one flp-out
is shown because the
ipsilateral members of
the double pair cannot be
distinguished from light
microscopy data; as they
are separately revealed
from the electron micro-
scope  reconstructions,
however, they are both
presented in the panels
to the right.
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Chapter IV

R28A10 R34E10

R34F03

-
TN
,

=P
MBON=b1, MBON-b2

R34A11 R64F07

i [}
‘- 'OAN-a1, OAN-a2 MBON-a1, MBON-a2

'd

Supplemental Figure 3: MBE neuron (double) pairs and MBE symmetry.

In all but in the bottom left case, flp-outs from MBE double pairs are presented, showing strongly overlapping innervation patterns
of the ipsilateral neurons of the double pair. In all but the two panels to the bottom left, the flp-outs of three or respectively
four members of the double pair within the same brain directly reveal that MBE neurons are ‘paired’, i.e. are present in both
hemispheres, and that the paired neurons in both hemispheres have symmetrical morphology. In all other cases, the paired
nature of the MBEs and their symmetry was ascertained through independent flp-outs across brains, as well as from electron
microscope reconstruction [Eichler et al.} [2017]. The bottom left panel shows the segmentally homologous OAN-a1 and OAN-a2
neurons. Each panel shows a z-projection of the region of larval brain including the indicated MBEs. Anti-neuroglian staining
(blue) provides a label for the brain. Individual neurons are shown as multi-color flp-outs in red, yellow and green depending on
the expressed markers. Information about the Gal4 or split-Gal4 driver strain is given at the top of each panel. The identity of the
MBEs and information about the innervated compartment is indicated within each panel. Arrows point to MBE cell bodies.

R30G08 g R11F03

ﬁ!.

R105C04

MBON-k1

Supplemental Figure 4: MBE neurons cover compartments in a non-overlapping way.

Four examples of double flp-out events of MBE neurons that innervate neighboring compartments, showing their non-overlap.
Each panel shows a z-projection of the larval brain region including the indicated MBEs. Anti-neuroglian staining (blue) provides
a label for the brain. Individual neurons are shown as multi-color flp-outs in red, yellow and green depending on the expressed
markers. Information about the Gal4 and split-Gal4 driver strain and the identity of the MBEs is given within each panel. For
DAN-i1 and DAN-k1 the insets show a sagittal view of medial lobe innervation.
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Supplemental Figure 5: Pre-screen results, combined for Gal4 strains covering the indicated MBE neuron.

(Panels 1-34) Gal4 strains including MBE neurons in their expression pattern were crossed to UAS-shit*. At restrictive temperature
and thus under block of synaptic output from the respectively covered neurons larvae were trained in an odor-fructose reward
associative learning task (panel 35; details as in Figure 2k). Appetitive odor-fructose memory is indicated by positive associative
performance indices (Pls). Throughout panels 1-34, a schematic of the respectively indicated MBE neuron is shown in addition.
The red shading indicates the 25/75 % quantile of the genetic control strain heterozygous for UAS-shi*® but not expressing Gal4
(Ctrl). Sample sizes are indicated within the figure. * and ns refer to P<0.05 and P>0.05, respectively, in Mann-Whitney U-tests
between control and the data combined across the experimental strains presented individually towards the right. The # symbol
indicates that the strain yielded the respective cell as a flp-out clone, but that the cell cannot be discerned directly from the
expression pattern of the Gal4 strain; this suggests stochastic and/ or weak transgene expression in the respective cell and strain.
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Supplemental Figure 6: Preference scores from odor-fructose association experiments upon silencing MBEs.

a-j Preference scores for the trained odor n-amylacetate (Odor-Pref) underlying the associative performance indices (PI) displayed
in Figure 2a-j. A schematic of the training paradigm is shown in (k) (details as in Figure 2k).

I Same as in (a-j), regarding the associative performance indices (Pl) displayed in Figure 4e. Sample sizes are indicated within
the figure. * refers to P<0.05/2 in Mann-Whitney U-tests; ns refers to P>0.05 in Kruskal-Wallis tests.
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Supplemental Figure 7:  Differential require-
ment of DAN-k1 but not MBON-k1 for innate

odor- and fructose preference - extended.
a, b For the split-Gal4 strain covering the MBIN
to the lower toe of the medial lobe (DAN-k1;

- SS01757), the panels show the preference scores

of experimentally naive larvae for the odor n-
amylacetate (a; AM), or for fructose (b; FRU), at
the indicated dilutions/concentrations. Larvae are
either heterozygous for the split-Gal4 drivers as
well as UAS-Kir2.1::GFP (DAN-k1 Block), or het-
erozygous for only the UAS-Kir2.1::GFP effector
(Effector Ctrl), or heterozygous for the split-Gal4
drivers only (Driver Ctrl).

¢, d Same as for (a, b), concerning the MBON of
the same compartment (MBON-k1; SS01962).

e Schematics of the preference paradigms (details
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Supplemental Figure 8: Silencing DAN-g1 makes larvae more susceptible to the non-associative effects of stimulus-
exposure.

a Expression pattern of the split-Gal4 strain covering the MBON of the lower vertical lobe (DAN-g1; SS01716). Regarding this
neuron, a closer inspection of the odor-fructose association data upon its silencing suggests an unexpected function. That is,
although innate odor preference remains intact (Figure 2i), odor preference scores are shifted towards the negative after both
paired odor-fructose reward training and after unpaired presentations of odor and fructose (Figure S6i). In analyses of associative
learning, such effects are intentionally averaged-out by calculating the difference in preference between paired versus unpaired-
trained groups for the associative performance index (Figure 2i and k). Importantly, no such general, non-associative shift in
preference towards the negative is seen for any other neuron of this study (Figure S6); in particular this is not the case for the
output neuron double pair of the compartment innervated by DAN-g1 (MBON-g1,92; Figure S6j). We thus wondered whether
silencing DAN-g1 specifically affects odor preference after non-associative stimulus exposure.

b-d In genetic controls odor exposure decreases odor preference (b; Michels2005), an effect that is boosted upon silencing
DAN-g1 (c). Fructose exposure increases odor preference in genetic controls (b; Michels2005, Saumweber2011b), an effect that
likewise is boosted by silencing DAN-g1 (d). Thus, silencing DAN-g1 makes the larvae more susceptible to the effects of odor-only
exposure and to the effects of fructose-only exposure; undisturbed activity in DAN-g1 thus appears to be required to partially
‘buffer’ olfactory behavior against non-associative effects of stimulus-exposure. Sample sizes are indicated within the figure. In
(b) * refers to P<0.05/2 in Mann-Whitney U-tests versus innate odor preference. In (c, d) * refers to P<0.05/2 in Mann-Whitney
U-tests.

e Schematic of the paradigms to measure innate odor preference in experimentally naive larvae, odor preference after odor
exposure, and odor preference after fructose exposure (details as in Figure 2k).
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Supplemental Figure 9:
Preference scores from odor-
internal-reward association
experiments using ChR2-XXL.
a-c Preference scores for the
trained odor  n-amylacetate
(Odor-Pref)  underlying  the
associative performance indices
(P1) displayed in Figure 3a-c
using ChR2-XXL for optogenetic
activation of the indicated DAN
as internal reward.

d Schematic of the training
paradigm (details as in Figure
3d).

Sample sizes are indicated within
the figure. At plain horizontal
lines * refers to P<0.05/2 and
ns to P>0.05/2 in Mann-Whitney
U-tests; at horizontal lines with
arrowheads, ns refers to P>0.05
in Kruskal-Wallis tests.
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Supplemental Figure 10: Odor-internal-reward association experiments using Chrimson.

a-f Larvae are trained with odor stimulation and optogenetic activation of the indicated DANs as internal reward signal. The
panels show the expression pattern of the indicated split-Gal4 strain and a schematic overview of the covered DAN, as well as the
associative performance indices after internal-reward training (a, c, e), and the underlying preference scores (b, d, f). Larvae are
either heterozygous for the split-Gal4 drivers as well as UAS-Chrimson (DAN-Activation), or heterozygous for the UAS-Chrimson
effector only (Effector Ctrl), or heterozygous for only the split-Gal4 drivers (Driver Ctrl). Activation of DAN-h1 (a, b) as well as
activation of DAN-k1 (c, d) is without measurable effect, while activation of DAN-i1 (e, f) is sufficient as internal reward.

g Schematic of the associative learning paradigm with odor and internal-reward (details as in Figure 3d, except that red light is
used for the activation of neurons by Chrimson).

Sample sizes are indicated within the figure. * refers to P<0.05/2 in Mann-Whitney U-tests; ns refers to P>0.05 in Kruskal-Wallis
tests.
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Supplemental Figure 11: Real-reward locomotor ‘footprint’ of memories established by optogenetic activation of either
DAN-h1 or DAN-i1.

Given that optogenetic activation of either DAN-h1 or DAN-i1 is sufficient as an internal reward signal (Figure 3), we asked whether
the established memories would have the same effects on chemotaxis as previously described for a real reward such as fructose
|Schleyer et al.| [2015b; |Paisios et al., [2017]. After odor-DAN activation training, we recorded larval behavior during the test and
analyzed it offline using custom-written software |Paisios et al., 2017].

a-f DANs, paradigm and data acquisition. Schematics of DAN-h1 and DAN-i1 (a) and of the odor-DAN activation association
paradigm (b; details as in Figure 3d). Panels (c, d) sketch the experimental setup and 4 example tracks each of individual
larvae recorded after paired (top) or unpaired (bottom) training with odor and DAN-i1 activation. After paired training with odor
and either DAN-h1 or DAN-i1 activation, larvae have a higher preference for the odor than after unpaired presentations of odor
and DAN activation (e, f). Displayed is the median preference of the full sample over time (sliding average 5 s). After the first
minute, preferences remain stable (not shown). We therefore restrict our analysis to the first minute of the test during which larval
preferences are most dynamic.

g-i Data analysis and results. (g) Analysis of larval locomotion according to under which stimulus conditions (top) and where-to
(bottom) the larvae perform lateral head casts (HC). Both these aspects of locomotion are associatively modulated after training
with a real fructose reward [Schleyer et al., 2015bj} |Paisios et al} [2017]. The associative modulation of the stimulus conditions
under which animals head cast is captured by the HC rate-modulation (g, top):

HC rate-modulation = (#HC/s (heading away) -#HC/s (heading towards)) / (#HC/s (heading away)+#HC/s (heading towards))
This measure yields positive scores for attraction, that is when larvae systematically perform more HCs while they are heading
away from the odor (odor concentration decrease) than while they are heading towards it (odor concentration increase) (#HC/s
away >#HC/s towards), whereas it yields negative scores for aversion, i.e. when larvae perform more HCs while they are heading
towards the odor than while they are heading away from it (#HC/s away <#HC/s towards). The associative modulation of where-to
animals are head casting is measured by the reorientation per HC, that is how much on average HCs are biased towards versus
away from the odor source (g, bottom):

Reorienation per HC =absheading angle before HC-absheading angle after HC
In this measure, the heading angle describes the orientation of the animal's head, with 0 “indicating that the odor is in front,
and abs(180°9) indicating that the odor is to the rear. Thus, this measure yields scores >0 for attraction, i.e. when the HCs get
the larvae more on-target that away from it (abs(heading angle before HC) >abs(heading angle after HC)), while it would yield
scores <0 for aversion. After paired training with either DAN-h1 activation or DAN-i1 activation the larvae perform more HCs while
they are heading away from the odor than while they are heading towards it, measured as a positive HC rate-modulation; after
unpaired training with either DAN-h1 activation or DAN-i1 activation the opposite effect is observed (h, i, top panels). Furthermore,
larvae direct their HCs more towards the odor after paired training than after unpaired training, both after DAN-h1 training and
DAN-i1 training (h, i, bottom panels). Thus, a memory induced by activation of either DAN-h1 or DAN-i1 as internal reward signal
modulates the same aspects of chemotaxis as memories related to a real fructose reward [Schleyer et al., 2015bj |Paisios et al.,
2017).

Sample sizes are indicated within the figure. * refers to P<0.05 in Mann-Whitney U-tests.
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Supplemental Figure 12:
Preference  scores upon
silencing DAN-h1 or DAN-it1,
compared between three
different taste rewards.
a-c Preference scores for the

trained odor n-amylacetate
(Odor-Pref)  underlying  the
associative performance

indices (Pl) displayed in Figure
3e, regarding the silencing of
DAN-h1.

d-f Preference scores for the

trained odor n-amylacetate
(Odor-Pref)  underlying  the
associative performance

indices (Pl) displayed in Figure
3f, regarding the silencing of
DAN-i1.

g Schematic of the training
paradigm (details as in Figure
39).

Sample sizes are indicated
within the figure. refers to
P<0.05/2 in Mann-Whitney
U-tests; ns refers to P>0.05 in
Kruskal-Wallis tests.

*

Supplemental Figure 13:
Silencing DAN-i1  neither
impairs odor-arabinose nor
odor-sorbitol association.

a, b For a split-Gal4 strain
covering the MBIN of the upper
toe (DAN-i1; SS00864), the
panels show the associative
performance indices measuring
odor-arabinose reward memory
(a), and the preference indices
underlying these associative
performance indices (b) upon
silencing DAN-i1 by means of
Kir2.1::GFP expression.

¢, d Same as in (a, b), for odor-
sorbitol reward association.

e Expression pattern of
the split-Gal4 strain and a
schematic overview of DAN-i1
(left), and schematic of the
training paradigm (right; details
as in Figure 2K).

Sample sizes are indicated
within the figure. In (a) * refers
to P<0.05/2 and ns to P>0.05/2
in Mann-Whitney U-tests. In all
other cases ns refers to P>0.05
in Kruskal-Wallis tests.
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Supplemental Figure 14: Si-
lencing MBON-h1,h2 does not
affect odor-fructose association -
revisited.

a-c For an additional split-Gal4
strain covering the medial lobe shaft
MBON double pair (MBON-h1,h2;
SS00928), the panels show the ex-
pression pattern of the strain and a
schematic overview of MBON-h1,h2
(a), the associative performance
indices measuring odor-fructose
reward memory (b), and the
preference indices underlying these
associative performance indices
(c) upon silencing MBON-h1,h2 by
means of Kir2.1::GFP expression.

d Schematic of the training
paradigm (details as in Figure 2k).
Sample sizes are indicated within
the figure. ns refers to P>0.05 in
Kruskal-Wallis tests.

Supplemental Figure 15:
Preference scores upon
optogenetically acti-
vating the APL neuron
during only training or
only during testing.

a Preference scores
for the trained odor
n-amylacetate (Odor-
Pref)  underlying the
associative performance
indices (PI) displayed in
Figure 4g, regarding the
optogenetic activation of
the APL neuron during
only training.

b Same as in (a), but for
optogenetic activation of
the APL neuron during
only testing; data relate
to the Pl scores in Figure
4i.

¢, d Schematics of the
behavioral paradigms
(details as in Figure 4h
and j).
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Supplemental Figure 16: The APL neuron is remodeled and
persists through metamorphosis.

a The APL neuron in the larva, revealed by anti-GFP staining
(green) in offspring of a split-GAL4 driver strain expressing only in
the APL neuron (GMR_SS01671) crossed to UAS-GFP as the ef-
fector strain. Neuropil structure is revealed using anti-N-cadherin
(blue).

b Transgene expression in the APL neuron was induced late
in larval life and then maintained into adulthood using a
technique based on [2015]. A conditional flip-
pase (hPRFIp) is expressed from the GMR_SS01671 split-Gal4
driver. The flippase is activated only late in the last lar-
val stage by feeding larvae the progesterone mimic mifepri-
stone (RU-486). The activated flippase removes a “stop”
cassette from an actin-LexA driver, resulting in the consti-
tutive expression of the tomato-RFP variant into the adult
stage. To achieve this for the APL neuron, GMR_SS01671 was
crossed to the three-transgene strain pJFRC48-13XLexAop2-
IVS-myrtdTomato; Actin5Cp4.6>dsFRT>LexAp65; pJFRC108-
20XUAS-IVS-hPRFIp-p10 respectively located to the attP8, attP5
and VK00005/ TM6 landing sites (available upon request). The
image shows staining using anti-RFP (red); neuropil structure is
revealed using anti-N-cadherin (blue).

Supplemental Figure 17: Example of a polyadic complex
with KCs, MBINs, MBONSs, and the APL neuron.

Electron micrograph of a polyadic synaptic complex of a KC with
the APL neuron, an MBIN and an MBON.

Supplemental Figure 18: MBON-j2 is glutamatergic.

Testing for the neurotransmitter properties of MBON-j2 by im-
munohistochemistry. At the top left the expression pattern of
the SS00860 split-Gal4 driver strain and a schematic of MBON-
j2 is shown. In addition, double labeling of MBON-j2 by anti-
GFP in green with staining for respectively anti-GLUT (GLUT:
vesicular glutamate transporter; top right), anti-GABA (GABA:
gamma aminobutyric acid; bottom left), and anti-ChAT (ChAT:
choline acetyltransferase; bottom right) is shown in magenta. In-
sets show the respective staining separately in black and white.
MBON-j2 only stains for anti-GLUT and is therefore regarded as
glutamatergic. Scale bars: 5 ym.

APL MBON
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SS00860 GLUT

. MBON42
b 4

gt
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Chapter V

7.1 Abstract

The Drosophila larva is an attractive model system to study fundamental questions in
the field of neuroscience. The larva offers - as the adult fly does - a seemingly unlimited
genetic toolbox, which allows to artificially visualize, silence or activate neurons up to
the single cell level. In combination with its simplicity in terms of cell number, the larva
offers an interesting system to study the neuronal correlates of complex processes
including associative odor-taste learning and memory formation. Here, we summarize
the current knowledge about odor-taste learning and memory on the behavioral level
and integrate the recent progress on the larval connectome to shed light onto the
sub-circuits that allow Drosophila |larvae to integrate present sensory input in the context

of past experience and to elicit an appropriate behavioral response.

Keywords: learning and memory; mushroom bodies; Drosophila larva; connectome

Abbreviations: MB, mushroom body; KC, Kenyon cell; CS, conditioned stimulus; US, un-

conditioned stimulus; ORN, olfactory receptor neuron; LN, local neuron; PN, projection
neuron; GRN, gustatory receptor neurons; SEZ, subesophageal zone; DA, dopamine;
OA, octopamine; Syn, Synapsin; MBIN, mushroom body input neuron; MBON, mush-
room body output neuron; cAMP, cyclic adenosine 3'5’-monophosphate; PKA, protein

kinase A; PKC, protein kinase C

7.2 Introduction

For the last 50 years Drosophila melanogaster has become a favorable model system
to study associative olfactory learning and memory (reviewed in |Heisenberg [2003];

McGuire et al.| [2005]; Keene and Waddell| [2007]; |[Busto et al.| [2010]; |Schleyer et al.
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[2011]; Owald and Waddell [2015]). Initially, Drosophila has been used as an organism
that provides facile and unbiased access to genes. However, in the last two decades,
there has been an outstanding emphasis on genetic tool development and consequential
Drosophila has evolved from a suitable model for gene discovery to one offering the
opportunity to integrate molecular genetics with systems neuroscience (Brand and
Perrimon [1993]; Lai and Lee| [2006]; Pfeiffer et al. [2010]; Yagi et al. [2010]; Potter
and Luo [2011]; Jenett et al. [2012]; reviewed in Duffy|[2002]; Elliott and Brand|[2008];
Venken et al. [2011]). Thus, the current research focus lies -among others- on the
molecular and neuronal pathways underlying the acquisition, storage and retrieval of
memory at the systems level. Diverse factors have emphasized the Drosophila larva
as a suitable model organism in neuroscientific research: First, a prerequisite is the
elementary organization of the central larval nervous system that consists of only about
10,000 neurons [Dumstrei et al., 2003]. Second, the availability and robustness of
behavioral assays [Aceves-Pina and Quinn, |1979;; |Scherer et al., 2003; Fishilevich
et al., 2005; |Luo et al., 2010]; Apostolopoulou et al., 2013; Kane et al., [2013];|Ohyama
et al., 2013; Risse et al., [2013], and third the existence of transgenic techniques, which
allow one to interfere with neuronal networks, small sets of neurons or even individually
identified neurons [Li et al., 2014}, |Pauls et al., 2015]. These advantages together with
the ongoing efforts toward the reconstruction of the complete larval connectome brings
a full-brain, single-cell, and single-synapse understanding of learning and memory for
the first time into reach [Heckscher et al., 2015; Ohyama et al., 2015; Berck et al., 2016;
Fushiki et al., 2016}, Jovanic et al., 2016; Schlegel et al., [2016; |Schneider-Mizell et al.,
2016; /Zwart et al., 2016 |[Eichler et al., [2017].

In this review, we will summarize current knowledge and recent progress on odor-taste
learning and memory in the Drosophila larva. We will describe different experimentally

accessible types of odor-taste memories, and how in this respect relevant stimuli are
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perceived and integrated. For that, we will revisit the underlying neuronal circuits
and define sub-circuits that contribute and become substrate for modulation during
conditioning. Finally, we will report on current findings obtained when genetically

dissecting odor-taste learning and memory.

7.3 Odor-taste learning: Available paradigms and behavioral re-

sults

In 1974, Quinn and coworkers showed for the first time that electric shock can be used
in adult Drosophila to reinforce the formation of aversive odor memories [Quinn et al.,
1974]. Only a few years later, Aceves-Pina and Quinn described olfactory associative
learning and memory in Drosophila larvae for the first time [Aceves-Pina and Quinn,
1979]. In this study, also larvae were trained to associate odor information with electric
shock stimulation allowing to compare associative learning in different developmental
stages. For the larva, however, these findings were somewhat forgotten [Heisenberg
et al., [1985; Tully et al., |1994]. Only about one decade ago, due to the effort of Bertram
Gerber and colleagues, research on larval learning and memory was intensified and
put back into focus [Scherer et al., 2003; Neuser et al., 2005]. Since then, classical (or
Pavlovian) appetitive olfactory learning is mainly analyzed using a two-odor, reciprocal
training regime with three repetitions and usually 2M fructose reinforcement [Scherer
et al., [2003; Saumweber et al., 2011]. More recently, different variations of the original
experimental design were introduced that e.g. utilize only one-odor or non-reciprocal
designs [Honjo and Furukubo-Tokunaga, 2005; Saumweber et al., [2011]. In addition,
other sugars like sucrose, glucose, maltodextrin, sorbitol, xylose and arabinose were
shown to fulfill a reinforcing function [Rohwedder et al., 2012].

The use of sugars is of particular interest as larvae are able to identify "sweet” and
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“energy-rich” sugar rewards, certainly, as flies do [Burke and Waddell,|2011}; | Rohwedder
et al., 2012}; Huetteroth et al., |2015; Ichinose et al., 2015; Musso et al., [2015; Yamagata
et al., 2015]. In detail, larvae show concentration-dependent odor-taste memories for
only-sweet sugars like xylose and arabinose. However, as these sugars do not offer a
nutritional benefit, larvae do not change their feeding behavior and die as fast as food-
deprived larvae. Contrary, larvae also associate only-nutritional sugars like maltodextrin
or sorbitol that trigger feeding behavior and survival like sweet and nutritional sugars like
fructose, sucrose or glucose [Rohwedder et al., [2012]. This also emphasizes the idea
that different sugar stimuli provide diverse valence for distinct types of behaviors (e.g.
learning, feeding or survival; Schipanski et al.|[2008];|Schleyer et al.|[2015a]). In addition
to the various sugars, larvae can also sense and process low salt concentrations as
well as amino acids (e.g. aspartic acid) as rewards [Niewalda et al., 2008; Schleyer
et al., 2015al.

Certainly, larvae can establish aversive odor-taste memories. Bitter substances like qui-
nine and caffeine as well as high salt (sodium chloride) concentrations were introduced
as negative reinforcer [Gerber and Hendel, [2006; [Niewalda et al., 2008;; Schleyer et al.,
2011};/Apostolopoulou et al., [2014b, 2016]. Salt, however, turned out to be dichotomous.
Low concentrations around 0.3M-0.4M can be utilized for appetitive odor-taste learning,
while high salt concentrations peaking at 2M-4M induce the formation of aversive odor-
taste associations (Niewalda et al. [2008]; Schleyer et al. [2011], but see also Russell
et al.[[2011]). In contrast, bitter substances such as quinine and caffeine are clearly
aversive regarding preference behavior, feeding and associative conditioning [Schleyer
et al., 2011} El-Keredy et al., | 2012; Konig et al., 2015; |Apostolopoulou et al., [2014b].
Noteworthy, in this sense the larva turned out to be particularly suited for aversive
odor-taste learning, as flies usually deny these substances when purely presented.

They ingest, however, salty or bitter tastants in mixtures with appetitive food compounds
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and that may complicate the interpretation of the results [Meunier et al., [2003; [Moon
et al., 2006].

In most studies regarding larval associative learning and memory appetitive and aver-
sive reinforcers are diluted in agarose, which is the main substrate larvae are exposed to
during the behavioral experiment. Notably, other experimental procedures exist, where
larvae are exposed to a reinforcer solution, rather than a reinforcer-agarose substrate
(see Honjo and Furukubo-Tokunagal [2005]). Interestingly, recent work focusing on
agarose as a potential reinforcer itself revealed that larvae are able to associate a spe-
cific agarose concentration with an odor stimulus [Apostolopoulou et al., 2014a]. Thus,
although agarose is a non-metabolizable sugar, it offers a reinforcing function under
certain conditions, which therefore, must be considered when comparing differences in
larval behavior.

Additionally, not only taste provides a reinforcing function, as also light, temperature,
vibration (buzz) and electric shock are used for olfactory conditioning in the larva. Ac-
cordingly, learning paradigms for each odor-sensory stimulus combination are available
[Gerber et al., 2004; Pauls et al., [2010a; Eschbach et al., 2011} von Essen et al.,
2011; Khurana et al., [2012]. Thus, on the behavioral level a comprehensive set of
paradigms exists to study various aspects of appetitive and aversive odor-taste learning

and memory (as well as for odor-non taste learning and memory) (Table 1).
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appetitive learning:

odor-sucrose

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-fructose

en masse; 2-odor reciprocal paradigm

Neuser et al. 2005

odor-maltodextrin

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-sorbitol

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-arabinose

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-glucose

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-xylose

en masse; 2-odor reciprocal paradigm

Rohwedder et al. 2012

odor-low salt

en masse; 2-odor reciprocal paradigm

Gerber and Hendel 2006

odor-fructose

individually; 2-odor reciprocal paradigm

Scherer et al. 2003

odor-fructose

en masse; 1-odor non-reciprocal paradigm

Honjo and Furukubo-Tokunaga

2005

aversive learning:

odor-high salt

en masse; 2-odor reciprocal paradigm

Gerber and Hendel 2006

light-high salt

en masse; 2-odor reciprocal paradigm

von Essen et al. 2011

odor-medium salt

en masse; 2-odor reciprocal paradigm

Gerber and Hendel 2006

odor-quinine

en masse; 2-odor reciprocal paradigm

Gerber and Hendel 2006

odor-caffeine

en masse; 2-odor reciprocal paradigm

Apostolopoulou et al. 2016

odor-aspartic acid

en masse; 2-odor reciprocal paradigm

Schleyer et al. 2015

odor-agarose

en masse; 2-odor reciprocal paradigm

Apostolopoulou et al. 2014

odor-quinine

en masse; 1-odor non-reciprocal paradigm

Honjo and Furukubo-Tokunaga

2009

non-taste learning:

odor-electric shock

en masse; 2-odor reciprocal paradigm

Aceves-Pina et al. 1979

odor-light

en masse; 2-odor reciprocal paradigm

von Essen et al. 2011

odor-buzz

en masse; 2-odor reciprocal paradigm

Eschbach et al. 2011

odor-heat learning

en masse; 2-odor reciprocal paradigm

Khurana et al. 2012

odor-electric shock

en masse; 1-odor reciprocal paradigm

Pauls et al. 2010a

odor-heat learning

en masse; 1-odor reciprocal paradigm

Khurana et al. 2012

Table 1: Behavioral paradigms to analyze learning and memory in Drosophila larvae.
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7.4 Odor-taste learning: The neuronal circuits

Drosophila larvae can form odor-taste associations and store them in the central nervous
system based on defined physio-chemical changes. Where do these learning dependent
changes take place? Are these changes distributed over the entire central nervous
system or are they localized at a specialized central brain area? Recent studies in larval
and adult Drosophila clearly support the second case. There is strong evidence that
the larval mushroom bodies (MBs) - similar to its adult counterpart - forms a specified
brain region where olfactory and taste information merge (for the larva: |Honjo and
Furukubo-Tokunaga [2005]; Kaun et al.|[2007]; [Pauls et al. [2010b]; Michels et al.|[2011];
Widmann et al. [2016]; for the fly reviewed in Heisenberg [2003]; [McGuire et al. [2005];
Keene and Waddell [2007]; Owald and Waddell [2015]). The current assumption is
that in this brain region learning and memory dependent plasticity occurs and is further

relayed onto downstream premotor circuits.

7.4.1 Sub-circuit 1: Perception of odors

In the last decades, light microscopy studies combined with behavioral neurogenetics
revealed that larvae receive olfactory stimuli by only 21 olfactory receptor neurons
(ORN) housed in a single sensillum at its head, the dorsal organ [Oppliger et al., 2000;
Python and Stocker, [2002}; Fishilevich et al., 2005|; Kreher et al., 2005]. The olfactory
information from a given ORN is further conveyed at the larval antennal lobe in a direct
one-to-one fashion to 21 projection neurons (PNs) that project to two second order
olfactory brain centers: a) the lateral horn, a brain region that is thought to organize naive
olfactory behavior and b) the calyx region of the MB, comprised of MB intrinsic Kenyon
Cells (KCs), neurons that are required for odor-taste learning [Ramaekers et al., 2005

Masuda-Nakagawa et al., 2009, 2010; [Thum et al., 2011]. Recently these findings were
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verified and completed by Berck and coworkers, who reconstructed the larval antennal
lobe at synaptic resolution (connectome) using volume electron microscopy [Berck et al.,
2016]. In total they identified 81 antennal lobe innervating neurons per hemisphere. In
addition to the known canonical circuit consisting of 21 ORNs/ 21 uniglomerual PNs
gain controlled via 5 GABAergic interneurons, they identified a second parallel circuit
consisting of 14 multiglomerular PNs (mPNs) and hierarchically connected local neurons
(LNs) that were only rudimentary described on light microscopy level [Thum et al., | 2011].
Whether and how this second, parallel pathway participates in olfaction and odor-taste

learning has to be analyzed.

7.4.2 Sub-circuit 2: Perception of taste

Sensory taste system

Drosophila larvae perceive taste stimuli via three external chemosensory organs po-
sitioned on the head and four internal organs located along the pharynx [Singh and
Singh|, [1984; Python and Stocker, 2002]. The seven sensory organs house about 81
gustatory receptor neurons (GRNs) and transfer taste information from the periphery to
the subesophageal zone (SEZ) - the first-order taste center of the larval brain (Python
and Stocker [2002]; (Colomb et al.|[2007]; Kwon et al.| [2011]; Mishra et al.|[2013]; |Choi
et al. [2016], reviewed in Apostolopoulou et al. [2015]). Whether these GRNs do signal
“taste-rewards” or "taste-punishments” from the environment of the larvae is not entirely
unraveled so far. For example, GRNs expressing bitter receptors Gr33a and Gr66a are
necessary for the naive avoidance of bitter substances like quinine, but they are not
necessary for aversive odor-quinine learning [Apostolopoulou et al., 2014b]. On the
contrary, this is not true for sensing bitter taste in general, as the same set of GRNs
are necessary for aversive odor-taste learning reinforced by caffeine [Apostolopoulou

et al., 2016]. The reception of caffeine triggering aversive reinforcement can even
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be pinpointed to a single GRN of the dorsal pharyngeal organ [Apostolopoulou et al.,
2016]. Nevertheless, additional mechanisms that are essential for the reception of taste
dependent reinforcement must be considered especially as alternatives were recently
proposed for adult Drosophila and honeybees [Ayestaran et al., [2010; Wright et al.,
2010; Miyamoto et al., 2012; Dus et al., 2013; Gruber et al., 2013]. Furthermore, only
little information is available about potential target neurons of larval taste afferents.
Recent data suggests that neurons expressing the neuropeptide gene hugin signal bitter
taste information to the protocerebrum and thereby regulate avoidance and feeding
[Huckesfeld et al., 2016]. Also, octopaminergic (OA) interneurons receiving their input in
the SEZ are suspects for distributing appetitive gustatory input as an internal reward

signal [Honjo and Furukubo-Tokunaga, |2009; Selcho et al., 2014].

Taste reinforcement processing

In 1993, Hammer introduced a single OA VUM neuron as being essential in mediating
sugar reward information within the honeybee brain [Hammer, [1993]. Ten years later
Schwaerzel and coworkers showed in adult Drosophila that dopaminergic (DA) neu-
rons mediate punishment information, while OA neurons mediate reward information
[Schwaerzel et al., 2003]. More recently, it turned out that the suggested separation for
OA (mediating reward) and DA (mediating punishment) does not pass intensive testing
(reviewed in (Waddell [2013])). For example, in larvae silencing a specific set of DA
neurons conditionally during training abolished both aversive and appetitive odor-taste
learning. This suggests that DA neurons mediate both, positive and negative reinforcer
information [Selcho et al., [2009]. Interestingly, different DA receptors appear to allow
reinforcer specificity, as a mutation in the dDA1 receptor affected both larval aversive and
appetitive odor-taste learning, while a mutation in the DAMB receptor was specific for
aversive odor-taste learning [Selcho et al., 2009]. In addition, recent work by Rohwedder

and coworkers suggests that four neurons of the DA primary protocerebral anterior
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medial (pPAM) cluster specifically mediate sugar reward information to the medial lobe
of the MB [Rohwedder et al., 2016]. Consequently, DA mediates the relevant information
for positive and negative reinforcers within the larval brain onto the MB. This mode of
operations is conserved throughout development as it applies for adult Drosophila as
well [Burke and Waddell, 2011].

So, what is the role of OA in Drosophila larval learning? With respect to odor-taste
learning, the OA/TA circuitry turned out to be necessary mediating the sweetness of a
sugar rather than the nutritional value, which is mediated by DA neurons [Selcho et al.,
2014; Rohwedder et al., 2016]. Ablation of OA/TA neurons did not change odor-taste
learning in larvae using fructose (both sweet and nutritious) or sorbitol (only nutritious)
as rewarding stimuli. However, learning performance was impaired due to the ablation
of OA/TA neurons using arabinose (only sweet) as a reinforcer [Selcho et al., 2014]. In
line with recent results on adult Drosophila [Burke and Waddell, 2011} |lchinose et al.,
2015; Musso et al., 2015; [Huetteroth et al., 2015|;[Yamagata et al., [2015] it can therefore
be concluded that only "sweet” sugar information is processed by OA neurons upstream
of the four DA pPAM neurons that in addition integrate the nutritional information of a
sugar reward. The identity and detailed connectivity pattern of the potential signaling

onto the pPAM cluster of these OA neurons remains elusive.

Modulation of taste dependent reinforcer information

Memory formation and retrieval is not only dependent on environmental stimuli, but also
relies on the internal state of the animal. Conditional activation of neurons expressing
dNPF (neuropeptide F, an ortholog of mammalian NPY) specifically during training
reduced odor-fructose learning [Rohwedder et al., 2015]. In more detail, Rohwedder
and colleagues suggest that artificial activation of ANPF neurons impairs sugar reward

processing and by that the acquisition of memories. Interestingly, ANPF neurons seem
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to be exclusively modulating appetitive memories as artificial activation of the same
neurons did not alter aversive odor-taste memories, which appears reasonable as dNPF
has a strong impact on feeding behavior in the larva [Wu et al.,[2003, 2005]. Thus, it was
hypothesized that dNPF neurons modulate odor-taste learning by targeting the sugar
reward-signaling pathway, probably depending on the physiological state of the animal
[Rohwedder et al., 2015]. In the end, the modulation of odor-taste learning appears
important to match environmental information about food quality and quantity in relation
to the current internal state of the animal. Under certain conditions this would allow
the larva to ignore an actually irrelevant information of a tastant (good or bad), which

typically comes along with stimuli such as sugar, salt or quinine.

7.4.3 Sub-circuit 3: Mushroom bodies

Mushroom bodies harbor a memory trace

Several findings suggest that the MBs harbor a memory trace for odor-taste learning in
Drosophila larvae. Classical learning mutants like dunce and rutabaga are impaired in
larval odor-taste learning [Honjo and Furukubo-Tokunaga, 2005; Widmann et al., [2016].
Gene products of both genes are enriched in MB KCs and serve as molecular substrates
of cAMP signaling and by that for cellular plasticity in response to the coincidence
detection of odor and taste stimuli [Crittenden et al., |[1998]. Accordingly, blockage of
synaptic output of MB KCs during odor-taste training and testing impaired learning and
memory [Honjo and Furukubo-Tokunaga, 2005; Pauls et al., 2010b]. Even more, output
of MB KCs was reported to be necessary only during test, but not during training [Honjo
and Furukubo-Tokunaga, 2005]. In addition, MB function is also sufficient for appetitive
odor-taste learning. Larvae of the rover allele of the foraging gene (encoding for a protein
kinase G) showed lower initial scores for odor-taste learning than sitter larvae [Kaun

et al., 2007]. The behavioral phenotype is based on a lower activity of the foraging gene
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in sitter than in rover larvae and can be rescued from sitter to rover learning levels by
boosting expression of the protein kinase G in the MB KCs [Kaun et al., 2007]. Although
it is not clear if protein kinase G is directly related to synaptic plasticity, this is clearly
the case for the synapsin (syn) gene product, a presynaptic vesicular phosphoprotein.
syn mutants are impaired in odor-taste learning [Michels et al., 2011} Widmann et al.,
2016]. Rescuing syn exclusively in MB KCs fully restored appetitive odor-taste learning
[Michels et al., [2011]. Consequently: i) the larval MB provides a substrate for neuronal
and cellular plasticity, ii) plasticity in the MB is necessary for odor-taste learning, iii)
plasticity in the MB is sufficient for odor-taste learning, iv) acquisition of odor-taste
memories is abolished if US signaling onto the MB KCs is impaired during training and
v) odor-taste memories are abolished if the MB KCs cannot provide output during test.
We therefore conclude that the MBs form a center for odor-taste learning and memory

in the larval brain of Drosophila.

The mushroom body connectome

In 2003, Heisenberg introduced a minimal circuit model for odor memories in adult
Drosophila [Heisenberg, 2003]. In the following, we will briefly introduce its concept and
contrast the model with the results of the recently established larval MB connectome
[Eichler et al.,[2017]. The Heisenberg model assumes that odors are represented by the
activation of a pattern of KCs. During training this representation occurs simultaneously
with a modulatory reinforcement signal encoded by a DA (good or bad) or an OA (good)
input neuron (MBIN), both MBINs connect to all KCs. Coincident activation of KCs in
turn will strengthen the synaptic connectivity of KCs onto extrinsic MB output neurons
(MBON). Thus, during conditioning, MBONSs (that are initially latent) would come to act
as odor-specific neurons that report the presence of a particular odor as an alerting
signal for the conditioned behavior (Figure 1a).

The synaptic reconstruction of the larval MB ultrastructure confirms the minimal MBIN -

261



Chapter V

KC - MBON circuit model. First instar larvae have about 110 KCs per hemisphere that
nearly all receive input from 7 DA neurons, 4 OA neurons, and 5 neurons of unknown
neurotransmitter identity. At the same time, nearly all individual mature KCs synapse
onto each of the 24 MBONSs. Thus, the proposed MBIN - KC - MBON connectivity
is confirmed by the larval MB connectome, it even includes distinct specifications for
reward modulation at the medial lobe and punishment modulation at the vertical lobe
[Schroll et al., 2006; Selcho et al., 2009; |Rohwedder et al., [2016]. Yet, Eichler and
coworkers also identified several remarkable additions to the proposed minimal circuit
model (Figure 1b): i) there is not only a single bad and good MBIN - KC - MBON motif,
rather several ones exist in parallel. The connectome reconstruction describes in total
16 motifs organized in 11 functional subunits. ii) KCs do not only connect to MBONSs
but also at the same time reconnect to MBINSs. iii) MBINs do not only connect to KCs
but also connect directly onto MBON:Ss. iv) KCs can be divided in two subgroups: the
first subgroup gets only input from a single PN, while the second subgroup collects
information from multiple PNs. v) KCs are not isolated among each other as they
synapse intensely onto each other. vi) Similarly, the 24 MBONs are neither separated,
nor connect directly onto motor-circuits, they rather massively integrate the information
of the parallel organized motifs by feed-forward excitation and inhibition [Eichler et al.,
2017]. The function of these additional synaptic connections within the larval MB circuits
is so far elusive. However, based on the complete anatomical description, one can now
perform experiments in a targeted manner to inspect their potential function in the future.

These functions may well expand beyond classical odor-taste learning.

7.4.4 Sub-circuit 4: Premotor circuits

The simple nervous system of the Drosophila larva is able to form associations between

distinct stimuli. Moreover, it can generate many distinct motor patterns [Vogelstein

262



Chapter V
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Figure 1: Comparison of the Heisenberg
model and the connectome.

a In 2003, Heisenberg described that modu-
latory dopaminergic (DAN) and octopaminergic
neurons (OAN) connect to the mushroom body
(MB) Kenyon Cells (KCs) in order to signal re-
inforcer information, while KCs are activated by
projection neurons (PNs) mediating odor informa-
tion. In addition, MB KCs are connected to MB
output neurons (MBONSs) to elicit conditioned be-
havioral output in a kind of forward directed man-
ner [Heisenberg, 2003].

b However, recent connectome data revealed two
additional connections: KCs also synapse back
onto DANs and OANSs, while they directly connect
to MBONSs as well. Furthermore, KCs can be di-
vided into two types: KCs that receive from multi-
ple PNs (KC1 and KC2) and those that receive
from only one PN (KC3). Strikingly, the study
found that KCs synapse intensely onto each other
|Eichler et al.,2017].

et al., 2014}, Ohyama et al., 2015]. However, our current knowledge of the neuronal

circuits downstream of the larval MB that activate appropriate motor patterns to drive

conditional behavioral output is very limited. More work must be done to understand how

the MBs connect with the motor circuits. Such approaches are now feasible given the

considerable progress recently achieved for the larval motor systems. These findings

include: i) the identification of muscles, motoneurons and sensory neurons, ii) the

synaptic reconstruction (connectome), iii) the identification of command neurons and

interneurons that coordinate and generate sequential motor patterns, iv) the description

of multisensory circuits directly upstream of the motor circuit, and v) the identification
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ltakura et al., 2015|;|Ohyama et al., [2015; Jovanic et al., 2016}, |Zwart et al., [2016].

7.5 Odor-taste learning: The molecular network

Throughout the animal kingdom synaptic plasticity is essential for learning and memory
and it is based on highly conserved molecular signaling pathways [Kandel, 2001} Dudal,
2004, Davis|, [2005; Kandel et al., 2014]. Among many other important proteins and
enzymes, odor-taste learning and memory in Drosophila larvae depends on the function
of protein kinase A (PKA) and protein kinase C (PKC), which are involved in two highly
conserved but different signaling pathways [Abel et al., [1997]; Sacktor et al., |[1987;
Sossin et al., [1994; Atkins et al., 1998; [Nguyen and Woo, [2003;; Davis, 2005}, Sacktor,
2008; Kandel et al., 2014; Widmann et al., [2016].

During odor-taste training larval MB KCs simultaneously receive an odor stimulus (CS:
conditioned stimulus) via cholinergic PNs and reinforcer information (US: unconditioned
stimulus) from DA neurons (and/or OA neurons; Gerber et al. [2009]; Selcho et al.
[2009]; Honjo and Furukubo-Tokunaga [2009]; Selcho et al. [2014]). At the cellular level,
binding of DA to its G-protein coupled receptor leads to a dissociation of the G-protein
subunit from the corresponding G-protein coupled receptors (reviewed in Neve et al.
[2004]). At the same time, the odor stimulus is perceived via acetylcholine receptors.
Its activation leads to an opening of a voltage-dependent calcium channel and influx of
Ca?* (Figure 2). This mechanism is thought to be common in both the PKA and PKC
signaling pathways [Widmann et al., 2016].

For the PKA pathway it is assumed that coincident KC stimulation by the CS and US
pathways leads to an activation of type | adenylyl cyclase (AC; encoded by rutabaga) via
Ca?*/Calmodulin and DA dependent G-protein (G,s) signaling, respectively [Livingstone

et al., 1984 Levin et al., 1992]. Active ACs increase intracellular cyclic adenosine
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3’5’-monophosphate (CAMP) levels, which are negatively regulated through phospho-
diesterases (encoded by dunce; Dudai et al.|[1976]; Byers et al.|[1981]; |(Chen et al.
[1986]). cAMP serves as a regulatory signal for PKA [Taylor et al., [1990; Gervasi
et al., |2010], which phosphorylates different substrates like potassium channels, the
presynaptic vesicular phosphoprotein Syn or cAMP response element binding proteins
(CREB) to induce cellular or synaptic plasticity [Yin et al., |1994};|Godenschwege et al.,
2004; |Perazzona et al., 2004; Akbergenova and Bykhovskaia, 2007, 2010}; [Michels et al.,
2011].

In contrast, only limited knowledge is available to what extent PKC signaling is involved
in learning and memory dependent synaptic plasticity. Widmann and coworkers hy-
pothesized that DA receptors coupled to G,q regulate phospholipase C (PLC; Reale
et al. [1997]; Beggs et al. [2011]; Widmann et al. [2016]). Activation of PLC increases
intracellular inositol triphosphate (IP3) and diacylglycerol (DAG) levels. Whereas |IP3
stimulates the release of Ca?* from the endoplasmic reticulum, DAG is a physiological
activator of PKC [Reale et al., |[1997]; Beggs et al., 2011]. Further, PKC is linked with
Radish (Rsh) and potentially Bruchpilot (Brp) as direct or indirect downstream partners
[Folkers et al., [2006]. This is so far hypothetical. Yet, a structural analysis on Rsh
reported that it has several PKC phosphorylation sites [Folkers et al., |2006]. Ultimately,
regulation of Brp via PKC signaling would change the organization of the active zone to
provide a molecular substrate for presynaptic plasticity.

There is convincing data from different labs that both pathways are established for larval
associative olfactory learning and memory, even when varying different parameters of
the learning paradigms [Honjo and Furukubo-Tokunaga, 2005, 2009; [Khurana et al.,
2009; Widmann et al., 2016]. It seems that in most cases the PKA signaling pathway en-
codes for a short-lasting memory component (that may lead under certain circumstance

to long term memory), whereas PKC signaling is essential to establish an anesthesia
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Figure 2: Proposed molecular network of learning and
memory in Drosophila larvae.

Odor-taste learning and memory in Drosophila larvae involves
at least the activity of two different protein kinases. Both pro-
tein kinases are parts of two different but conserved signal-
ing pathways (A,B). After classical olfactory conditioning MB
KCs receive an olfactory stimulus (CS: conditioned stimulus)
via cholinergic projection neurons, which is perceived through
acetylcholine receptors (AChR). The activation of these recep-
tors leads to an opening of voltage-dependent calcium chan-
nels (VDCC) and a subsequent influx of Ca®*. The informa-
tion of the reinforcer is mediated via dopaminergic neurons
and the binding of dopamine (DA) to G-protein coupled recep-
tors (GPCR) leads to the dissociation of G-protein subunits
from their corresponding GPCRs. This mechanism seems to
be shared between both pathways. In the classical pathway (1-
6) coincidence stimulation of GPCRs and AChRs leads to an
activation of type | adenylyl cyclase (AC) via Ca2*/Calmodulin
(CaM) and the G-protein subunit G,s, respectively (1). As
a consequence an increase in intracellular cyclic adenosine
3’5’-monophosphate (cCAMP) is ascertainable, which is nega-
tively regulated through a phosphodiesterase (PDE) (2). cAMP
serves as a regulatory signal for protein kinase A (PKA) (3),
which phosphorylates different downstream targets (4-6) like
potassium channels (4), the presynaptic vesicular phosphopro-
tein Synapsin (Syn) (5) or cAMP response element binding pro-
tein (6). In the alternative pathway (7-10) GPCR are coupled
to another G-protein, G,s. The dissociation of this subunit
leads to the activation of phospholipase C (PLC) (7), which in-
creases the intracellular concentration of inositol triphosphate
(IP3) (10) and diacylglycerol (DAG) (8). Simultaneous activa-
tion of VDCC leads to an increase in intracellular Ca%*, which
is strengthen through the release of Ca%* from the endoplas-
matic reticulum via IP3. Both, Ca?t and DAG are physiologi-
cal activator of protein kinase C (9). However, identifications of
further downstream targets of PKC are far from resolved. ACh:
Acetylcholin, RP: reserve pool, RPP: readily releasable pool.

resistant memory component [Honjo and Furukubo-Tokunaga, 2005, [2009; [Khurana

et al.,[2009; Widmann et al., 2016]. Whether this dichotomy is indeed a general principle

of associative olfactory learning requires further research.

7.6 Outlook

In the last decade, research on odor-taste learning and memory in Drosophila larvae

was intensified on the behavioral, neuronal and molecular level. Based on the various

examples discussed in this review, it is obvious that the larva is a useful and powerful

system to address diverse questions in neuroscience quickly and precisely. Therefore,
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the development of the "model organism Drosophila larva” to unravel fundamental
guestions in neuroscience, such as the ones focusing on learning and memory, but
also on brain science in more general terms, appears to be accelerating. The efforts
made to reconstruct the entire connectome [Heckscher et al., 2015]; (Ohyama et al.,
2015; Berck et al., 2016; Fushiki et al., 2016} Jovanic et al., [2016}; Schlegel et al., 2016;
Schneider-Mizell et al., 2016}, Zwart et al., 2016], to analyze the function of identified
cells due to specific Gal4 lines [Li et al., 2014], new molecular techniques such as single
cell RNA sequencing [Nagoshi et al., 2010], CRISPR/Cas9 genome editing [Bassett
et al.,[2013; Gratz et al., 2013] or microfluidics based calcium imaging [van Giesen et al.,
2016], and to improve behavioral approaches by automated, high resolution tracking
systems [Ohyama et al., 2013}, Risse et al., 2013; Schleyer et al., [2015b], will further
improve our understanding on how the larval brain organizes behavior in general and

learning and memory in particular.
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Drosophila larvae have a small nervous system containing of about 10,000 neurons, yet
display a large variety of behaviors (Vogelstein et al. [2014]; reviewed in |Cobb| [1999];
Diegelmann et al. [2013]; Gerber and Stocker [2007]; Schleyer et al.|[2013]). The larval
stage has all the same advantages as the adult stage: i) the genetic toolset [Brand and
Perrimon, (1993], ii) a short generation time (reviewed in Markow, [2015]), iii) inexpensive
rearing in the laboratory and maintenance of stocks (reviewed in |Stocker and Gallant
[2008]) and iv) a high degree of homology to the human genome (reviewed in Bier
[2005]). The reduced cellular complexity and redundancy makes Drosophila larvae an
excellent model organism for investigating entire neuronal networks on an ultrastructure
level. During my thesis work | mainly focused on reconstructing and analyzing the
complete MB connectome consisting of the intrinsic KCs and extrinsic PNs, MBINs
and MBON:Ss. In the other part of my thesis | performed associative olfactory learning

experiments with Drosophila larvae.

8.1 The mushroom body connectome

Chapter | describes the first complete reconstruction of a learning circuit. Here | show
that the MB is formed by two distinct groups of intrinsic cells: single-claw and multi-claw
KCs. The former are relays of olfactory signals from PNs and thus are stereotypic
labeled-line connections. | show that the wiring of olfactory PNs and multi-claw KCs
is random and bilaterally asymmetric. The model proposed in Chapter | shows that
combining a random and a structured connectivity increases dimensionality and reduces
the error rate in odor discrimination tasks. However, this is only true for systems with a
small ratio of parallel fibers to inputs. For large ratios random connectivity was found to
increase the dimension of the sensory representation [Litwin-Kumar et al., [2017].

Moreover in this chapter, | reveal a canonical circuit motif found in each MB compartment
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with two unexpected connections. It was previously unknown that KCs synapse back
onto MBINs and that MBINs have a direct connection to MBONSs.

DANs were reported to be active in response to the US during training. Surpris-
ingly, they also increase their activity as a response to the CS after training in insects
(Riemensperger et al.| [2005]; reviewed in Menzel [2012]) and monkeys (reviewed in
Schultz [2015])). The KC-to-MBIN synapses could potentially explain their activity after
learning.

The direct MBIN-to-MBON connections could encode for the outcome expectations
described in Schleyer et al.[[2011]. Larvae only display the full conditioned response
after aversive olfactory training when an equally strong aversive reinforcer is also present
in the test situation. Similarly larvae will not express the memory after appetitive training
if the same and equally strong appetitive reinforcer is present in the test. Thus larvae
only behaviorally express olfactory memory traces when they expect a gain from their
actions (reviewed in Schleyer et al.| [2011]).

Additionally | found MBON-to-MBIN feedback and feed-across motifs in the larval MB
connectome similar to previously reported motifs in adult Drosophila [Ichinose et al.,
2015; |Das et al., 2014};|Aso and Rubin, 2016]. These connections are implicated in the
formation of long-term and conflicting memories in the adult. Such behaviors have not
yet been described in larvae. Based on the available connectomics data one can now

set out to investigate long-term memory in Drosophila larvae in a targeted way.

8.2 First instar larvae as a study case for anatomical and func-

tional completeness

Testing the reconstructed neurons behaviorally is an important addition to the insight

gained by the connectomics approach. A new tool that is being developed in Dr. An-
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dreas S. Thum’s laboratory will help with designing such experiments. The aim of his
project is to establish a neuronal atlas describing the whole CNS on the light microscopy
level. The first step was to create a larval standard brain on light microscopy level,
called brainbase, by registering multiple brains into a common coordinate system. Then
all known brain areas and neuroblast lineages were annotated by hand (by Dr. Volker
Hartenstein, UCLA, USA). Subsequently, hundreds of GAL4 driver expression patterns
are registered onto the standard brain. This allows for brain area or expression pattern
based browsing of the standard brain. An important next step would also be the im-
plementation of the EM connectome. Such a merged dataset will allow searching for
GAL4 lines that express in neurons of interest based on the morphology of neurons
reconstructed in the EM volume. Fast reconstruction together with a sophisticated
search tool for GAL4 driver lines will enable complete description of neuronal networks
on the single-synapse level and combined functional analysis of the neurons involved.
It is expected that the motifs identified in the first instar larva connectome represent
general features of the Drosophila MB, as the architecture of the larval and adult MB
appear to be very similar. However, the reduced number of neurons in the larval brain
enables a relatively rapid investigation of learning behaviors. Together with reconstruc-
tion efforts of the larval research community, the structure of other brain areas is being
revealed one by one [Heckscher et al., 2015; Ohyama et al., 2015|;, Berck et al., [2016;
Fushiki et al., 2016|;, Jovanic et al., 2016; Schlegel et al., [2016; |Schneider-Mizell et al.,
2016; Zwart et al., [2016].

Due to the relatively fast reconstruction of the small larval neurons a complete con-
nectome of an entire brain is within reach. The brain circuitry of many of the sensory
pathways described in the sections 2.4 - 2.6 remain largely unknown. The whole brain
connectome will help to reveal these pathways and uncover how sensory information is

signaled to the MB. Also it will further enhance our understanding of how different parts
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of the brain communicate with another and how neurons are wired to express a variety
of behaviors on the system level. The small yet complex brain of larval Drosophila
enables achieving anatomical and functional completeness with the first whole brain
connectome and the ability of testing all neurons behaviorally using the collection of

GAL4 and Split GAL4 fly strains available.

8.3 Drosophila as a study case for the development of neuronal

networks

Reconstruction of whole networks is relatively fast in first instar larvae. The size of
neurons and their number of synapses grow by a factor of about 5 from the first to the
third larval stage. This increases the reconstruction time for the same neuron in different
larval stages by a factor of about 4 (Dr. Casey Schneider-Mizell, personal communica-
tion). Therefore the development of suitable tools for automated reconstruction is an
important next step. The laboratories of Dr. Albert Cardona and Dr. Stephan Saalfeld at
Janelia Research Campus recently started to develop automated reconstruction and
synapse-detection tools. Furthermore, there have been efforts of semi-automated re-
construction in adult Drosophila, this method remains laborious (seven column medulla
dataset [Takemura et al. [2015]; vertical lobe of the MB is in preparation, Dr. Gerald
Rubin, personal communication). The further advancement of such tools will foster
rapid reconstruction of neuronal networks in multiple life stages of Drosophila. This will
make the fruit fly an excellent study case for the changes neuronal networks undergo
during development and how neurons maintain or change their function and wiring in a

developing brain.
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8.4 Behavioral concordance of different larval stages

As mentioned before, | reconstructed the MB in an EM volume of a whole first instar
larval brain (Chapter I). However most behavioral studies are performed with third instar
larvae. Thus it is important to investigate if these two larval stages express similar
behaviors and are comparable. Chapter Il describes innate and learned behavior
expression in first and third instar larvae. Interestingly, there are only small differences in
behavior between these two stages and the results suggest concordance of the tested
behaviors. The differences found are mostly due to the slower locomotion in the much
smaller first instar larvae.

Importantly, when comparing performance indices for olfactory learning in first to third
instar larvae no differences were found. As described in Chapter | a subset of KCs only
forms a single dendritic claw each and receives from only one olfactory PN. Evidently
these KCs are born first in the developing MB ensuring that all olfactory stimuli are
represented in the KCs. During the development of the MB more and more multi-claw
KCs are added encoding for combinations of stimuli and decreasing the error rate in
odor discrimination tasks. It is expected that very young first instar larvae would perform
badly when trained with two very similar odors, while older larvae have the ability to
discriminate these odors well in such a task. Testing very young larvae (for example 6
hours after hatching, the age of the EM dataset larva) is experimentally very challenging,
thus how well such young larvae with only few multi-claw KCs perform in learning and
odor discrimination tasks remains unclear. However as shown by modeling experiments
in Chapter | the composition of single- and multi-claw KCs already decreases error rate
and increases dimensionality in a 6 hour old larva. This suggest that the performance
of very young larvae in learning tasks might not differ from the performance shown in

Chapter II.
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Moreover, Chapter IV characterizes all MBINs and MBONs morphologically in third
instar larvae with light microscopy. Comparing this light-microscopical neuronal atlas
with the neurons reconstructed in the first instar larva (Chapter I) yields a high degree
of similarity. Even though first instar larvae are missing one pair of MBINs and MBONs
they can perform odor-fructose associations [Pauls et al., [2010], implicating a level of

redundancy in the MB system.

8.5 Organization of reward and punishment signaling by MBINs

Chapter IV also describes the reward system of the MB in more detail. MBINs were
found to be task specific, meaning that a different set of MBINs encodes for every
type of reinforcer maintaining information about the reward identity in a labeled-line
fashion. However, silencing these neurons only partially impairs memory in many cases,
suggesting a partially redundant combinatorial code in the reward system. This has
been found to be the case in adult Drosophila as well [Burke et al., 2012; Lin et al.,
2014].

Chapter Il describes the punitive effects of mechanosensory cues in third instar larvae.
This work together with the MB reconstruction (Chapter ) and recent reconstruction
efforts of the mechanosensory system [Jovanic et al., 2016;|Ohyama et al., [2015] is
guiding further investigation of the neuronal networks underlying odor-‘buzz’ learning in
larvae. To date, the MBINs conveying punishment information onto the KCs are unknown.
Recent studies in the laboratory of Dr. Marta Zlatic at Janelia Research Campus are
investigating the role MB vertical lobe DANs and OANSs play in the combinatorial code
of aversive stimuli (it appears to be a similar case as in the appetitive system described

in Chapter IV, Dr. Claire Eschbach, personal communication).
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8.6 Review and concluding thoughts

Chapter V reviews the recent findings in the field of learning and memory of Drosophila
larvae. This chapter points out that studying learning and memory in larvae as opposed
to adult Drosophila has some clear advantages. One important difference between
these life stages for aversive associative learning is that adult flies only ingest aversive
food compounds (for example high-salt concentrations or quinine) when they are mixed
with appetitive food compounds (sugar). That renders the conditioned response hard to
interpret. Larvae will ingest aversive compounds when presented purely while crawling
over the substrate. Moreover the reconstruction efforts in the whole brain of the larva
in general and the MB connectome in particular for studying learning and memory are

obvious advantages of the larva over the adult fly.

In summary, the studies included in my thesis are efforts made by many labs investigat-
ing behavior and reconstructing neuronal networks and strengthen Drosophila larvae
in its role as a favorable model organism to study how information is processed in the
brain. Accessibility to wiring diagrams of all brain areas will guide behavioral studies
in the future. This will enable deciphering of how a whole brain functions and how all
neurons of a brain work together to perform the entire behavioral repertoire of an animal
in every day life.

Taken together, my thesis work provides a road map for future investigations of the learn-
ing and memory center in insects and will help understanding how a brain integrates

sensory information to predict future events.
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Abbreviations

AD: activation domain

AL: antennal lobe

AM: n-amylacetate

APL: anterior paired lateral
BO: bolwig’s organ

CA: calyx

Ca2t: calcium?+

cAMP: cyclic adenosine 3'5’-monophosphate
CNS: central nervous system
CS: conditioned stimulus

DA: dopamine

DAN: dopaminergic neuron
DBD: DNA binding domain
DNA: deoxyribonucleic acid
EA: ethyl acetate

EM: electron microscopy
FRU: fructose

GFP: green fluorescent protein
GR: gustatory receptor

GRN: gustatory receptor neuron
Hz: Hertz

IAV: inactive

IP: intermediate peduncle
IT: intermediate toe

IVL: intermediate vertical lobe
KC: Kenyon cell

L1: first instar

L3: third instar

LA: lateral appendix

LH: lateral horn

LN: lateral neuron

LP: lower peduncle
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LT:
LVL:
MB:

MBIN:
MBON:
md:
ML:
NaCl:
NAN:
NOMPC:
OA:
OAN:
OCT:
OR:
ORN:
PI:
PKA:
PKC:
PN:
ppk:
PR:
SEZ:
SHA:
shits:
Syn:
TRP:
UAS:

us:
UT:

UVL:

VL:
VUM:

lower toe
lower vertical lobe

mushroom body

mushroom body input neuron
mushroom body output neuron
class IV multidendritic

medial lobe

sodium chloride

nanchung

No mechanoreceptor potential C
octopamine

octopaminergic neuron
1-octanol

olfactory receptor

olfactory receptor neuron
performance index

protein kinase A

protein kinase C

projection neuron

pickpocket

photoreceptor
subesophageal zone

shaft

temperature sensitive shibire
synapsin

transient receptor potential
upstream activation sequence
unconditioned stimulus

upper toe

upper vertical lobe

vertical lobe

ventral unpaired median
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