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Abstract

In Drosophila melanogaster, the mushroom body (MB) is essential for the formation and
retrieval of olfactory associative memories. Within its input region, the MB calyx, olfactory
information is delivered from second order projection neurons (PN) to MB intrinsic
neurons. These cells form characteristic synaptic complexes called Microglomeruli (MGi).
Previous studies suggest that MGi include modulatory neurons, which connect the calyx
with other brain regions. However, these studies were unable to identify the cell types and
to which extent they contribute to the MG complex. Furthermore, studies in other insect
models suggest that the organization of the MB calyx underlies plastic changes induced by
experience and changes in the sensory environment.

This thesis consists of three projects with the aim to help understand the function and the
structure of the MB calyx in Drosophila. First, a complete reconstruction of a
Microglomerulus (MG) synaptic complex identified all neurons and their local pre- and
postsynaptic connections. This local connectome suggests that MGi are complex local
microcircuits that include modulatory GABAergic neurons. Second, the possibility of
learning induced plastic changes in the organization of the MB calyx was investigated. By
visualizing the pre- and postsynaptic partners within MGi, we could reveal a structural
reorganization of the calyx accompanied by the formation of new MGi following olfactory
conditioning. In a second approach, the odors were substituted by manipulating neuronal
activity with light-sensitive cation channels. This approach however, could not induce
memory. The third project gives a first description of a neuron found in the MG
reconstruction, called mushroom body neuron 1 (MB-C1). The neuron was identified as
GABAergic and to connect the MB calyx with the center for innate behavior, the Lateral horn
(LH). Silencing the neuron during odor application and conditioning experiments however
did not allow an unambiguous conclusion about the function of MB-C1.

Overall, the data represented here suggest that the MG is a complex local microcircuit that
undergoes structural changes upon the formation of associative memory. These findings
provide the basis for further studies to investigate the olfactory processing in the calyx and

the cellular mechanisms involved in plasticity.



1 Introduction

A prominent and striking ability of the brain is to gain knowledge, which underlies
“learning” and “forming memory”. Learning is defined as an adaptive change in behavior
based on experience. When an animal is able to store gained information and reproduce the
learned behavior at a later time, we speak of memory. These two functions are highly
conserved across many different animal species and help them to cope with drastic changes

in their environment.

1.1 Drosophila in neurobiology

One key element in the understanding of how brains learn and retain information is the
thorough mapping of the underlying neuronal circuitries. The human brain consists of
approximately 86 to 100 billion neurons forming connections via estimated 100 trillion
synapses for extensive review see (Herculano-Houzel 2009). Therefore it is no surprise that still in
today’s era of modern science our brain remains to be a great mystery to us. Recently,
science has made great progress in developing imaging techniques to visualize the anatomy
and some physiological processes in healthy and diseased brains. But still, for the
fundamental understanding of how neuronal networks operate, we rely to a large extent on
research made in simpler organisms.

A powerful and widely used model organism is the fruit fly Drosophila melanogaster.
Unmatched by any other model organism, Drosophila offers a great neurogenetic tool kit

with highly specific driver lines for specific neurons. The brain of the fruit fly has

9



approximately 100000 neurons, many of which are reproducibly identifiable across
individuals. Overall, the genetic access to specific neurons in combination with modern
neuroscience techniques helped greatly in defining mechanisms underlying many brain
functions on the level of cellular resolution (Amin and Lin 2019). Among these techniques
are optogenetic and thermogenetic manipulations of neural activity, functional imaging with
genetically encoded calcium indicators, targeted patch-clamp recordings and connectome

reconstruction from electron microscopy volumes.

1.1.1 How to target neurons: The UAS/GAL4 system and others

The GAL4/UAS system is particularly useful for the manipulation of defined populations of
neurons. In fact, this binary system allows targeting subsets of neurons by simply crossing a
GAL4 driver fly with an upstream activating sequence (UAS) reporter fly (Brand and
Perrimon 1993; Phelps and Brand 1998). The GAL4 protein, which originated from yeast
Saccharomyces cerevisiae, binds to the UAS and induces the transcription of neighboring
genes. The artificial expression of GAL4 itself is put under the control of a defined native
gene promoter. Consequently, GAL4 is only expressed in cells in which the native gene is
active, assuring a cell-specific driver line. In turn, UAS-driven transgenes remain silent
unless activated by the binding of the GAL4 protein in a given cell. This induces a UAS-
driven transgene expression in GAL4 expressing cells only.

Additionally, other systems have been introduced to the field over the last years and are
commonly used today. For example, as most GAL4 driver lines target a large variety of cells,
a more specific yet genetically more complex alternative is offered by the splitGAL4 system.
In this system two separate GAL4 driver lines are combined. However, each driver line only
expresses one portion of the GAL4 protein, which is inactive by itself, yielding a full GAL4
protein only if both elements are co-expressed. Thus, only if the pattern of expression of the
driver lines overlap and both portions of the GAL4 protein are translated in the same cell, a
functional GAL4 protein can be reconstituted and can bind to the UAS site (Pfeiffer et al.
2010). Another alternative to the GAL4 is the LexA/lexAop system. It works similarly to but
independently from the GAL4/UAS system, and can thus be used simultaneously without

any interference in the same fly (Lai and Lee 2006).

1.2 Classical conditioning in Drosophila

First described by Ivan Pavlov, animals have the ability to form associative memories

(Pavlov 1927). In a process called classical conditioning, an animal learns to associate a
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neutral stimulus, the conditioned stimulus (CS), with a biological significant stimulus which
elicits an innate response, the unconditioned stimulus (US). The US can be either rewarding
or aversive. The association between the two stimuli leads in the future to a changed
responsive behavior towards the formally neutral CS, according to the either attractive or
aversive value of the US. Likewise, fruit flies are able to form such associative memories
(Quinn, Harris, and Benzer 1974; Tully and Quinn 1985). For example, flies are able to form
an association between a neutral odor and a US in a designed olfactory conditioning
experiment (Tully and Quinn 1985). Here, flies are at first exposed to an odor alone and
later exposed to a second odor paired with either a sugar reward or an electric shock.
Afterwards flies are tested in a T-maze, in which they have to choose between the two odors
(Tully and Quinn 1985). Standardized over the years, this paradigm has become a widely
used setup in studying fruit flies’ ability to form memories (Krashes and Waddell 2011).

1.3 The olfactory system of Drosophila

The olfactory system in insects, in particular in Drosophila (Fig. 1), is widely used for
studying how sensory information is processed within neuronal circuits. Although the
circuitry is similar to that of more complex organisms (Su, Menuz, and Carlson 2009), it is
numerically smaller. The perception of extrinsic odor cues begins at the antennae, where
odor molecules are detected via olfactory receptors from a large set of olfactory sensory
neurons (OSNs), each of which has a particular chemical sensitivity (de Bruyne, Clyne, and
Carlson 1999; de Bruyne, Foster, and Carlson 2001; Yao, Ignell, and Carlson 2005; Hallem
and Carlson 2006; Benton et al. 2009). Odor molecules binding to a receptor initiate action
potentials, which are transmitted into the central brain. OSNs expressing the same odor
receptor project to the same functional processing units, called glomeruli, of the antennal
lobe (AL) (Fig. 1A), which shares functional similarities with the vertebrate olfactory bulb.
There are between 51 and 54 different glomeruli in the AL of Drosophila that have been
identified (Couto, Alenius, and Dickson 2005; Fishilevich and Vosshall 2005). In the AL,
OSNs form synapses with projection neurons (PNs) and local interneurons. The PNs project
then to two higher brain centers, called mushroom body (MB) and lateral horn (LH), the
insect analogues of the mammalian piriform cortex and cortical amygdala, respectively (Fig.
1B). Furthermore, in the AL, local interneurons control release from OSN presynaptic
terminals onto PNs by lateral inhibition, which is suggested to improve odor discrimination
(Olsen and Wilson 2008; Olsen, Bhandawat, and Wilson 2010; Root et al. 2008; Luo, Axel,
and Abbott 2010).
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Figure 1: The olfactory system in D. melanogaster. A) Illustration of an adult fruit fly brain from an
anterior view. The AL is highlighted in red, the MB in green. Created with BioRender. B) Simplified
schematic representation of the olfactory system. OSN (black) project AL glomeruli (red circles) and
form synaptic connections with PNs (red). Olfactory information is transmitted to the MB (green),
where PN connect with Mushroom body intrinsic neurons (green), and the LH. Local interneurons
(blue) in the AL connect different glomeruli and modulate odor processing by lateral inhibition.

1.4 The Mushroom Body

The insect MB is essential for the formation and retrieval of multiple types of memory,
including olfactory associative memories (Heisenberg et al. 1985; McGuire, Le, and Davis
2001; Zars et al. 2000; de Belle and Heisenberg 1994). It does not receive direct sensory
input (e.g. olfaction) and is not directly connected to motor neurons. Instead, olfactory
information is first processed in the AL from which neurons directly project to the premotor
output region. Therefore, the MB is a second order neuropil and lies in a parallel sensory-
motor pathway, which resembles conditions of cortical structures like the hippocampus and
the prefrontal cortex in mammalian brains (Menzel 2014). Yet, its discrete structure
provides a relatively simple model to study the neuronal basis of learning and memory. First
described by Félix Dujardin in 1850 (Dujardin 1850), it consists primarily of intrinsic
neurons called Kenyon cells (KCs), named after Frederick C. Kenyon (Strausfeld et al. 1998).
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First evidence that the MB mediates learning came from studies in honey bees, Apis
mellifera. Locally cooling the MB after the honey bees had learned to associate an odor with
sugar resulted in significant impairment of memory formation, whereas cooling other areas
of the brain did not (J. Erber 1980). Later, this finding could be reproduced in experiments
with flies following a similar approach. Chemical ablation of the MB in flies led to the loss of
associative olfactory learning while at the same time, and most importantly, this deficit
could not be attributed to a reduction in olfactory sensitivity or locomotor behavior (de
Belle and Heisenberg 1994). Further experiments involving the blockage of synaptic
transmission to the MB (Dubnau et al. 2001) and from the MB (McGuire, Le, and Davis 2001)

confirmed these findings.

1.4.1 Neuronal structure of the MB

In D. melanogaster, the MB calyx, its input region, is comprised of three types of neurons:
PNs delivering stimuli information, intrinsic KCs, and extrinsic neurons (EN), which connect
the calyx with other brain regions. PN axons display large spherical boutons rich in
presynaptic active zone (AZ) proteins and form synaptic complexes with KC claw-like
dendrites, called Microglomeruli (MGi, plural of MG for Microglomerulus) (Fig. 24, B). The
name is in analogy to similar structures in the vertebrate central nervous system, including
the mossy fiber/ granule cell synapse in the mammalian cerebellum (Yasuyama,
Meinertzhagen, and Schurmann 2002). The overall shape of MGi is spheroidal, but they can
also have more complicated, irregular shapes (Leiss et al. 2009; Butcher et al. 2012). KCs
can be distinguished based on their axonal projections in the MB lobes and distinct gene
expressions into three main subtypes: of3, o'’ and y (Crittenden et al. 1998; Strausfeld et al.
1998) (Fig. 2C). Each type has been demonstrated to play a different role in olfactory
learning and memory (Zars et al. 2000; McGuire, Le, and Davis 2001; McGuire et al. 2003;
Pascual and Preat 2001; Krashes et al. 2007). A split-GAL4 screen with in-depth analysis of
their axonal projection patterns revealed that they can be further divided into seven cell
types. Five types (af core, aoff surface, o'’ middle, o’f’ anterior-posterior and y main)
extend their dendrites in the main calyx, whereas two have dendrites only innervating
either the ventral (y dorsal) or dorsal (aff posterior) accessory calyx (Aso, Hattori, et al.
2014). The connections between PN axons and different subtypes of KCs appear to be
random (Caron et al. 2013; Eichler et al. 2017; Gruntman and Turner 2013). This results in
sparse olfactory representations, which are additionally maintained by inhibition

(Papadopoulou et al. 2011).
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Figure 2: Structure of the MB A) Illustration of a MG typically found in the MB calyx. A PN bouton
(red circle) is rich in presynaptic AZ (dark red T-shape). The bouton is surrounded by multiple KC
claws (green) and by a few EN (blue). KCs and ENs form multiple synaptic connections with a single
bouton. B) 3D-reconstruction of a PN bouton (red) and a single KC claw (green) from electron
microscopy (EM). C) Illustration of the MB lobes. KCs are categorized into three types which make up
the lobes. Single lobes are outlined with individual representative KCs shown in black. Created with
BioRender.

1.4.2 The MB lobe compartments

The adult MB lobes can be separated into 15 different non-overlapping compartments. Each
lobe (af, o’f’ and y) has five compartments (Tanaka, Tanimoto, and Ito 2008; Aso, Hattori,
et al. 2014; Aso, Sitaraman, et al. 2014). Each one is innervated by different dopaminergic
neurons (DANs) conveying either reward or punishment information. Reward coding DANs
form a cluster called PAM, and punishment coding DANs form the PPL1 cluster (Aso et al.
2010; Aso and Rubin 2016; Burke et al. 2012; Claridge-Chang et al. 2009; Waddell 2010; Liu
et al. 2012). Moreover, these compartments are precisely matched by the dendritic fields of
different MB output neurons (MBONSs), which project to other neuropils in the brain.
Optogenetic activation of different MBONs is sufficient to induce approach or avoidance
behaviors, suggesting MBONs are responsible for driving memory retrieval (Aso, Sitaraman,
et al. 2014; Bouzaiane et al. 2015; Cohn, Morantte, and Ruta 2015; Hige et al. 2015; Owald
and Waddell 2015; Perisse et al. 2016).
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1.5 Associative learning in the MB

During classical olfactory conditioning, odor information is represented by an odor-specific
subset of KCs. In the lobes, KC axons form synaptic connections with MBON, which either
code for approach or avoidance behavior depending on the compartment. Simultaneously,
information about reward or punishment is delivered by the respective DANs to the MB
lobes. Dopamine release alters the strength of the synaptic connections between KCs and
MBONs (Owald and Waddell 2015; Hige et al. 2015). If the DANs code for reward, the
synaptic connections between KCs and avoidance driving MBONs will be effected. As the
synaptic connections between KCs and approach driving MBONs stay unaffected, the
balance in the network has shifted. When the fly is exposed to the odor a second time, it will
approach the odor. If the DANS code for a punishment, the synaptic connections between
KCs and approach driving MBONs will be weakened, thus the fly will avoid the odor (Owald
and Waddell 2015; Perisse et al. 2016) (Fig. 3). Consequently, this suggests that the
coincidental stimulation of KCs and DANs leads to memory formation via the dopamine
induced synaptic plasticity between KCs and MBONs (Aso, Sitaraman, et al. 2014; Bouzaiane
et al. 2015; Cohn, Morantte, and Ruta 2015; Hige et al. 2015; Owald and Waddell 2015;
Perisse et al. 2016; Cognigni, Felsenberg, and Waddell 2018).
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Figure 3: Model for associative learning in the MB. During classical conditioning (top), a specific set
of KCs (black) is activated by the odor and simultaneously the DANs are activated by either a reward
(green) or punishment (red). The release of Dopamine induces synaptic plasticity at the KC to MBON
(orange and blue) synapses (semicircles). When the odor is presented a second time (below), the
balance of the network has shifted (smaller semicircles) due to the Dopamine induced plasticity. In
the case of appetitive conditioning, the connection between KCs and the avoidance promoting MBONs
is weakened and approached behavior is induced. During aversive conditioning, the connections
between KCs and the approach promoting MBONSs is weakened, thus the network drives avoidance
behavior. Illustration adapted from (Cognigni, Felsenberg, and Waddell 2018).

1.6 Comparing the centers for innate and learned behavior

The role of the lateral horn (LH) in innate behavior was first indicated by experiments
silencing the MB or the PNs, and testing naive odor responses. In an early study, the MB in
flies was silenced by chemical ablation. When tested in an odor conditioning experiment,
such flies showed greatly impaired experience-dependent olfactory responses. However, the
same flies showed normal innate experience-independent olfactory responses (de Belle and
Heisenberg 1994). In a subsequent study, experimenters severely reduced not only the MB

through ablation, but also partially the AL. This resulted in flies missing the PNs connecting
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the AL with the MB calyx, but with a cluster of PNs directly projecting to the LH remaining
intact. Unable to learn, these flies still showed normal innate responses to olfactory cues
(Stocker et al. 1997). On the contrary, by precisely blocking the synaptic output of all PNs,
projecting to the MB and the LH, the innate responses to different odor stimulations were
impaired as well (Heimbeck et al. 2001). In comparison, blocking neurotransmission of KCs
by silencing their synaptic output led to suppression of memory and a reset to innate
olfactory responses (Heimbeck et al. 2001; Parnas et al. 2013). Finally, more direct evidence
for the LH’s role in innate behavior derived from a study manipulating single and small
subsets of defined LH neuron types, demonstrating that optogenetic activation of different
LH neurons can drive valence or motor behaviors (Dolan et al. 2019). Taken together these
results suggest that the direct PN connection from the AL to the LH is sufficient enough and
necessary for initiating innate odor responses, whereas learned odor responses require the

MB.

1.6.1 Stereotypic and random circuitries

The projections of PNs into the LH are stereotyped (Jefferis et al. 2007; Marin et al. 2002).
This is interesting, because some PNs respond primarily to aversive or attractive odors. As
PNs project to particular zones, specific LH regions can be associated with either negative or
positive valence. Attractive PNs innervate medially and aversive PNs laterally in the LH, thus
forming two rough valence compartments (Seki et al. 2017). Moreover, the connectivity
between the PNs and the LH neurons is stereotyped as well, meaning the same PNs connect
to the same LH neurons, when compared across animals (Jefferis et al. 2007; Fisek and
Wilson 2014; Jeanne, Fisek, and Wilson 2018; Frechter et al. 2019). Furthermore, the LH
includes a great number of genetically defined cell types, which themselves show highly
stereotyped arborization (Dolan et al. 2019). Anatomical analysis of single neurons either
labeled genetically or with dye fills identified 165 different cell types that seem to have a
majority of their dendrites within the LH (Chiang et al. 2011; Frechter et al. 2019). In
addition, another screen with cell type specific labeled neurons identified a further set of 14
non-PN cell types to provide input to the lateral horn (Dolan et al. 2019).

The PN projections into the MB calyx seem to be partly separated as well, but less distinct as
in the LH. Aversive coding PNs tend to project into the center of the calyx, whereas PNs of
attractive valence innervate the periphery (Seki et al. 2017). Yet unlike in the LH, the
connectivity between KCs and PNs is not structured, leading to the assumption that the

olfactory input into the MB calyx is random (Caron et al. 2013; Gruntman and Turner 2013).
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1.6.2 Connections between MB and LH

The MB and the LH are responsible for learned and innate behavior respectively. However,
this division has become more complex by recent findings that the MB also contributes to
innate behaviors (Lewis et al. 2015; Tsao et al. 2018) and that olfactory aversive memory
retrieval requires MB output to the LH (Dolan et al. 2018). Moreover, EM reconstruction
revealed several neurons that directly connect the two neuropils (Dolan et al. 2018; Dolan et
al. 2019; Bates 2020). However, these findings might only scratch the surface of how the MB

and the LH really communicate with each other.

1.7 Focus on the MB calyx

In the fly, great progress has been made in understanding how odor information is
integrated into higher brain centers and how the MB consolidates it into memories. Yet,
most studies have focused on the MB output site, the lobes, and few on the input site, the

calyx.

1.7.1 Extrinsic neuron innervation of the MB calyx

To start with, the neuronal circuitry in the calyx in the fly MB is not fully investigated. Past
work using light microscopy (LM) has described various types of ENs, including modulatory
and inhibitory neurons, extending projections into the calyx (Tanaka, Tanimoto, and Ito
2008; Aso, Hattori, et al. 2014). Nonetheless, these methods did not provide enough
resolution to elucidate functional contacts. More recent electron microscopy studies focused
locally on individual MGi. While it was revealed that they contain complex synaptic
networks potentially including ENs, the neuronal types involved could not unequivocally be
identified (Leiss et al. 2009; Yasuyama, Meinertzhagen, and Schurmann 2002; Butcher et al.
2012).

However, which cell types are contributing to the microglomerular circuit, where
modulation and inhibition is happening, and the extent of synaptic connections is of great
interest. While PNs respond strongly and broadly to odor input, only a restricted number of
postsynaptic KCs will be activated. Furthermore, the responding KCs only produce few
action potentials, primarily at the onset of the stimulus (Perez-Orive et al. 2002; Honegger,
Campbell, and Turner 2011). This sparse coding appears to be generated by a combination
of general inhibition in the calyx and intrinsic properties of KCs (Gruntman and Turner
2013; Turner, Bazhenov, and Laurent 2008). Information about individual odors is thought

to be encoded in the MBs through the activation of distinct sparse subsets of KCs (Turner,

18



Bazhenov, and Laurent 2008). In the honey bee calyx, inhibitory neurons extend their
processes within the MG, delivering inhibitory stimulus directly at the PN/ KC synapse, as

shown by immuno-EM (Ganeshina and Menzel 2001)

1.7.2 MB calyx as a model for learning dependent plasticity

Another point to consider is that studies using other insect model organisms suggest that
the MB calyx undergoes structural changes upon experience. Honey bees undertake a series
of different tasks during their lifetime, starting with duties inside the hive, guard duties and
finally foraging for pollen outside the hive. Structural analysis of the PN to KC microcircuits,
the MG, revealed that during this transition from inside duties to outside foraging the
number of MGi and the volume of the PN boutons increases, whereas bees prohibited from
becoming a forager showed a decrease in number of MGi (Krofczik et al. 2008). Learning
experiments with honey bees in an appetitive conditioning paradigm showed similar
results, as the density of MGi increased in the calyx after 24 hours of training (Hourcade et
al. 2010). Furthermore, desert ants, Cataglyphis bicolor, undergo transitions from inside to
outside the hive comparable to honey bees. The transition is also accompanied by structural
changes in the MB calyx, which could be linked to the animals’ visual experience rather than
to their age (Stieb et al. 2010).

Indirect evidence supporting these results has been found in fruit flies. Silencing the
olfactory input into the calyx by inhibiting the PN output, led to an increase in MG number

and size (Kremer et al. 2010).

1.8 Aims of the thesis

In the context of my research, I thus aimed to investigate three main points.

1.8.1 A detailed reconstruction of the MG circuitry

A detailed description of a MG wiring diagram at synaptic resolution with all its participants
provides an anatomical guide in the understanding of sparse KC responses and the
associative memory dependent plastic changes. It further allows determining whether MGi
are autonomous computational relays. Therefore, with the availability of a whole brain
electron microscopy (EM) volume of an adult female fly (Zheng et al. 2018), I reconstructed
the complete circuitry of a MG and identified all the neurons that compose it and their local

connections. Starting off from a PN bouton, I identified all cell types pre- and postsynaptic
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within the MG synaptic complex by tracing to identification and annotating each synaptic

connection. This allowed me to describe the local connectome of a single MG.

1.8.2 Learning dependent plastic changes in the MB calyx

Studies in honey bees and ants suggest that MGi undergo experience and memory
dependent structural plasticity, which cannot be explained by development (Hourcade et al.
2010; Krofczik et al. 2008; Stieb et al. 2010). It is of great interest to investigate the
possibility of learning induced plasticity in the calyx of flies as well. The calyx is located at
the most posterior end of the fly brain and thus easily to access for imaging. The fruit fly
offers a great genetic tool kit unmatched by any other model organisms so far, and the
detailed description of the olfactory circuit makes is accessible to genetic manipulation.
Thus, this project could lead the way for further investigations of the cellular mechanisms

involving plasticity, as well as their genetic basis.

1.8.3 Afirst description of MB-C1

The description of a connectomic wiring diagram is not sufficient enough to draw functional
predictions, which therefore need to be tested. Further, to interpret connectoms one has to
be able to link behavioral outputs to the activity of specific neuron types. In my investigation
of the MG wiring diagram, I found direct connections between PN boutons and the extrinsic
MB calyx neuron 1 (MB-C1). The neuron has not been described before. In order to
investigate the function of MB-C1, I performed immunohistochemical, genetic and

behavioral experiments.
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2 Materials and Methods

2.1 Materials

2.1.1 Caretaking

Flies were kept on standard cornmeal-based fly food. Unless otherwise stated, they were
stored at either 18°C or 25°C with relative air humidity between 50% and 60% in a 12h/12h
light-dark cycle. Transgenic fly lines with optogenetic insertions were kept in constant

darkness.

2.1.2 Fly strains

Table 1: The following flies with their different genotypes were used.

Genotype Source

CantonS Bloomington #64349
yw; UASmCD8::GFP/ Cyo Bloomington #30125
w; P(y[+t7.7]w[+mC]=13XLexAop2-mCD8::GFP)attP2 Bloomington #32203
w;UASbrp-D3::mCherry; Gift S. Sigrist

w; 8x lexAop2-brp-short-mCherry 28E7/Cy0O; Gift A. Sugie
w;;P(w[+mC]=UAS-DenMark)3 Bloomington #33061
w; UASnSyb-spGFP1-10,lexAopCD4-spGFP11/Cy0O Bloomington #64314
w; lexAOP-nSyb-spGFP1-10,UASCD4-spGFP11; MRKS/TM6b Bloomington #64315
w;;(VT043924.Gal4)attP2 (APL-GAL4) VDRC VT043924
w; (GMR68D02-1exA)attP40; Bloomington #54923
w;;(GMR37H08-GAL4)attP2 Bloomington #49970
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w;;MB247-Da7::GFP,UAS-brp-short-mCherry Gift F. Leiss

$501867 Gift Y. Aso
;UAS-CS-Chrimson_tdTomato in VK attpP40; Gift V. Jayaraman
yw; P(w[+mW.hs]=GawB)GH146 Bloomington #30026
;R17A04-17A04_p65ADZp in attP40; R65D07-ZpGAL4DBD in Gift Y. Aso
attP2 (MB-C1-GAL4, GMR_MB380B)

;UAS-D3 UASmCD8-GFP/CyO; MKRS or TM6/+ Gift G. Marchetti

;s P(GD8508)RNAIGAD1 VDRC 32344 /GD stock
yw;PBac(Disc\RFP[DsRed2.3xP3]=GH146-QF.P)53 Bloomington #30038
P(w[+mC]=QUAS-mCD8-GFP.P)5B/TM6B, Th
Df(1)19,([1]/C(1)RMy[1]shi[1]f[1];;Dp(1;Y)shi[+]3,y[+] (UAS- Bloomington #5270
Shibirets)

;;UASLuciferase.RNAi Bloomington #31603
w; UASamon.RNAi69h; Bloomington #29010
Y[1]v[1];P(y[+t7.7]v[+t1.8]=TRiP.HM05071)attP2 (amonTRIP Bloomington #28583
RNAI)

w; UASrpr.C Bloomington #5824
w; UAShid.Z/CyO Bloomington #65403
w; P(w[+mC]=UAS-Dcr-2.D)2 Bloomington #24650

2.1.3 Buffers and Media

Table 2: Buffers and media with their ingredients used in this thesis are listed here.

Name Composition

Fly food 462,5 gyeast; 292,5 g agar; 1000 g molasses; 2500 g
corn flour; 250 g soja flour; 1000 g baking malt; 62,5 g
methylparaben; 250 ml H3PO4 10%; fill up to 25 L with

water
Phosphate-buffered saline (PBS) 100 mM Na;HPO4; 200 mM KH2PO4; 1.37 M NaCl; 27
10x mM KCI; pH 7.4
PBT 0.01%, 0.1% or 0.3% Triton X-100 in 1x PBS
Drosophila Ringer solution 130 mM NacCl; 5 mM KCI; 2 mM MgClz;2 mM CaCLg; 36
mM sucrose, 5 mM Hepes-NaOH; pH 7,3
Ringer solution in Agar Drosophila Ringer solution with 1.1% low melting Agar
Zamboni fixation buffer 4% formaldehyde, 1.6% glutaraldehyde, 0.2%

saturated Piric acid in 1x PBS

2.1.4 Antibodies

Table 3: Primary antibodies used in the experiments.

Antiserum Antigen Fixation Dilution Source
AB152 rabbit anti-tyrosine  Tyrosine 4% FA 1:200 Chemicon
hydroxylase Hydroxylase

(Dopamine)
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Anti-Glutamate monoclonal
mouse G9282 SIGMA

Anti-Octopamine rabbit
polyclonal

Anti-Synapsin mouse
monoclonal 3C11

ChAT4B1 mouse
monoclonal

DN -Ex #8 rat

GABA polyclonal rabbit
NC-82s monoclonal mouse

PAN19C polyclonal rabbit
Serotonin (5HT-H209)
mouse monoclonal

L-gltamic Zamboni  1:5000 Sigma Aldrich

conjugated to KLH

with

glutaraldehyde

Octopamine 4% FA 1:1000 GeneTex

coupled to

thyroglobulin

Synapsin 4% FA 1:100 Developmental
Studies Hybridoma
Bank

Choline 4% FA 1:1000 Developmental

acetyltransferase Studies Hybridoma
Bank

N-cadherin 4% FA/ 1:20 Developmental

EDAC Studies Hybridoma

Bank

y-aminobutyric 4% FA 1:50 Sigma Aldrich

Bruchpilot 4% FA 1:50 Developmental
Studies Hybridoma
Bank

Histamine 4% EDAC  1:500 ImmunoStar

5- 4% FA 1:1000 Thermo Scientific

Hydroxytryptamin Pierce Antibodies

e hydrochloride

(3-(2-

aminoethyl)-5-

hydroxyindole)

Table 4: Secondary antibodies used in the experiments.

Name Host Dilution Source

Anti-mouse 568 Goat 1:200 Alexa Fluor
Anti-mouse 633 Goat 1:200 Alexa Fluor
Anti-rabbit 568 Goat 1:200 Alexa Fluor
Anti-rat 633 Goat 1:200 Alexa Fluor

2.1.5 Software

Table 5: The following software programs and algorithms were used to quantify data, image analysis

and to prepare images.

Name Version Source
Fiji/Image] 1.52p Wayne Rasband, National Institute of Health,
USA
Excel Microsoft Office Microsoft Cooperation, USA
2010
Photoshop CS5.1 Adobe Inc., USA
BioRender www.biorender.com
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Blender3D v2.80.75
GraphPad Prism 8 8.0.1 (244)
Definiens Developer 2.3

XDTM

[llustrator CS5.1
Imaris 9.1.2
CATMAID

NBLAST online

TrakEM2

CATMAID-to-Blender

Blender Foundation
GraphPad Software, USA
Definiens Inc., USA

Adobe Inc., USA

Andor Technology, Switzerland

Saalfeld et al. 2009 (Saalfeld et al. 2009)
http://flybrain.mrc-
Imb.cam.ac.uk/si/nblast/www/

Cardona et al. 2012 (Cardona et al. 2012),
https://imagej.net/TrakEM2

Schlegel et al 2016 (Schlegel et al. 2016),
https://github.com/schlegelp/CATMAID-to-
Blender

2.1.6 Hardware

Table 6: Hardware and their sources are listed here.

Name Model Source
T-Maze revolver Custom made Universitat Wiirzburg, Germany
Mounted 625 nm M625L3 Thorlabs, USA
LED
LED driver LEDD1B Thorlabs, USA
ELV Puls generator ELV UPG 100 Thorlabs, USA
Binocular Stemi-2000C Zeiss, Germany
Cold light source CL 6000 LED Zeiss, Germany
Forceps Dumont 5, 55 Fine Science Tools, Germany
pH-meter HI 221 Hanna Instruments, USA
acrylic glass plate Acrylglas XT Frost LED Vink Kuststoffe, Germany
opal weifs 6mm
infrared LED M120 Kemo Electronic GmbH, Germany
HQ camera DCC1645C-USB CMOS Thorlabs, Germany
Long pass filter LP 820 HT Schneider Kreuznach, Germany
Power and Energy PM100USB Thorlabs, USA
meter
Standard photodiode S121C Thorlabs, USA
power sensor
Stimulus Controller CS-55 SYNTECH, Germany
Soldering station digital 90 W Weller Weller Tools GmbH, Germany

Micro pipettes

Hot plate stirrer

Professional WT 1012
Pipetman Neo
2/20/100/200/1000pl
RH Basic2

Gilson Inc, USA

IKA, Germany
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2.1.7 Microscopes

Table 7: The following microscopes and objectives were used for image acquisition.

Name Model Source

Confocal microscopes LSM 700, LSM 780 Zeiss, Germany
2-Photon-laser-scanning TRIM Scope I1 LaVision Bio Tec, Germany
microscope

LCI Plan-Apochromat
25x/ 0.8 oil immersion
objective
C-Plan-Apochromat
63x/1.4 oil immersion
objective

LCI Plan-Apochromat
25x/1.1 water immersion
objective

Zeiss, Germany

Zeiss, Germany

Zeiss, Germany

2.1.8 Reagents and consumables

Table 8: Critical reagents and consumables, which are of great significance for establishing or the

analysis of experiments, are here.

Name Abbreviation Source

3-octanol Oct Sigma Aldrich, Germany
4-methylcyclohexanol MCH Sigma Aldrich, Germany
Ethanol EtOH Sigma Aldrich, Germany

11-cis vaccenyl acetate cVA Cayman Chemicals, USA
Geranyl acetate Ga Sigma Aldrich, Germany
All-trans-Retinal Santa Cruz Biotechnology, USA
Sucrose VWR International, Germany

Low melting agarose
Triton X-100
Vectashield

Mineral oil, light
Myristic acid

Thermo Scientific, Germany
Carl Roth, Germany

Vector Laboratories, USA
Sigma Aldrich, Germany
Sigma Aldrich, Germany
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2.2 Methods

2.2.1 Neuron reconstructions and identification

Neuron skeletons were reconstructed in a serial section transmission electron microscope
(ssTEM) volume of a complete female adult fly brain (Female Adult Fly Brain, FAFB),
described and published by (Zheng et al. 2018) (x, y, z resolution 4 nm x 4 nm x 40 nm).
Neurons were manually traced using CATMAID, a Web-based environment for working on
large image data sets (Saalfeld et al. 2009). Chemical synapses were also manually
annotated and identified based on the following criteria: 1) an active zone (AZ) surrounded
by vesicles, 2) a thick dark presynaptic specialization (e.g. T-bar), 3) a synaptic cleft and 4) a
postsynaptic density zone (PSD), which however can be absent. If the PSD is absent, we
annotated all cells along the synaptic cleft (Prokop and Meinertzhagen 2006; Zheng et al.
2018). Neuron identity is based on previously described morphologies with LM (KC
subtypes (Aso, Hattori, et al. 2014), APL (Liu and Davis 2009), MB-C1 (Tanaka, Tanimoto,
and Ito 2008), PN (Jefferis et al. 2007; Grabe et al. 2015)), such as dendritic branching,
axonal projection and location in the neuropil, and additionally for PN subtype identification
a neuron search against a LM dataset in NBLAST (Costa et al. 2016), as described in (Zheng
etal. 2018).

3D reconstructions of the PN bouton and KC claws from ssTEM sections were created

manually with the Image] plugin TrakEM2 (Cardona et al. 2012).

2.2.2 Odor conditioning

For fly conditioning, the appetitive olfactory conditioning paradigm, first established by
(Tully and Quinn 1985) and standardized by (Krashes and Waddell 2011), was conducted.
Groups of 2-6 day old flies were starved on wet KIMTECH wipes (Kimberly-Clark
Worldwide Inc., UK) at 25°C and 60% humidity until about 10-20% died - approximately
after 24 to 48 hours. For short-term memory conditioning, approximately 50 flies were
exposed to a first odor (CS-) for 2 min. Following 1 min of clean air, a second odor was
presented for 2 min paired with a dried filter paper previously soaked in 2M sucrose (CS+).
After 1 min of clean air, memory was subsequently assessed by testing flies for their odor
preference between the CS- and the CS+ odors in a T-maze for 2 min. A preference index (PI)
was calculated as the number of flies in the CS+ arm of the T-maze minus the number in the
CS- arm, divided by the total number of tested flies: PI= (CS+ - CS-) / (CS+ + CS-). For long-
term memory conditioning, flies were trained in the same way, but were exposed to the CS-

and the sugar-paired CS+ for 5 min, and tested after 24 hours retention time. The longer

26



feeding time assured a higher survival rate during the experiment. During the retention time
flies were kept on wet KIMTECH wipes at 25°C and 60% humidity.

Transgenic flies expressing temperature-sensitive Shibire (Shits) were raised at 18°C with
50-60% relative humidity. Experiments were performed at either 31°C to activate Shits or at
18°C for control groups with inactive Shits. Before behavioral testing or conditioning with
active Shits transgenic flies were incubated for 2 hours at 31°C to guarantee complete vesicle

reuptake inhibition.

Table 9: The following odors and their concentrations used for appetitive odor conditioning are
listed here.

Name Source Dilution

cVA Cayman Chemicals, USA 1:400 in PBS with 5% EtOH (EtOH in raw
product)

Ga Sigma Aldrich, Germany 1:200 in PBS with 5% EtOH

MCH Sigma Aldrich, Germany 1:100 in mineral oil

Oct Sigma Aldrich, Germany 1:80 in mineral oil

2.2.3 Optogenetic conditioning

For conditioning flies with optogenetic stimulation of PNs, driver line and reporter line flies
were crossed on normal fly food. Adult offspring flies were collected at 2 to 3 days of age
and tipped into vials containing fly food supplemented with 100uM all-trans-retinal (SC-
210778A, Santa Cruz Biotechnology, U.S.A.). After 3 days, flies were starved for 24 or, when
otherwise stated, 48 hours in vials with wet KIMTECH wipes (Kimberly-Clark Worldwide
Inc., UK). For training, mixed groups of 40-60 flies were gently put into a transparent vial
with the upper half coated with cellulose paper (Chromatography paper 3mm, WhatmanTM,
UK), soaked in 2M sucrose and dried beforehand, and illuminated for 5 minutes from below
with 625 nm LED light (M625L3, Thorlabs, U.S.A.) with 1,45 mW/cm2 light intensity.
Unpaired control flies were treated in the same way, but given sugar and exposed to red
light separately with a 2 minute break in between. Flies were either 1) again stored for 24
hours in vials with wet KIMTECH wipes for starvation, or 2) refed with 100uM all-trans-
retinal food for 3 hours and subsequently starved 21 hours - use of either protocol is stated
for each respective experiment in the result section. For testing, a choice assay was
performed in a circular arena. The dimensions were 9 cm in diameter and 3 mm high. The
arena was placed on an acrylic glass plate (Acrylglas XT Frost LED opal weify 6mm, Vink
Kunststoffe, Germany), which was illuminated from below by infrared LEDs (M120, Kemo

Electronic GmbH, Germany) and one half additionally by the 625 nm LED with the same
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light intensity as before. Flies were given 30 seconds to adjust to the arena. The red light
LED was turned on 10 seconds into the video recording. Videography was performed at 1
frame per second with a DCC1645C-USB CMOS HQ camera (Thorlabs) with a long-pass filter
(LP 820 HT, Schneider Kreuznach, Germany).

Flies were raised and experiments were performed in the dark at 25°C with 50-60% relative
humidity.

Light intensity was measured with a Power and Energy meter (PM100USB, Thorlabs, U.S.A.)
connected with a Standard photodiode power sensor (S121C, Thorlabs, U.S.A.).

To locate and count flies in time lapse movies we implemented an Image] macro executing
following processing steps: First, images were inverted in order to transform dark fly
objects into bright spots. Second, a background image was obtained by a median projection
over the whole time series and removed from each frame of the time series. Next, each
frame was smoothed with a gaussian filter (sigma=2). As a result, we obtained a dark time
series with moving bright spots, where each spot corresponded to a fly. Spot locations were
identified by the local maxima detection (“Find Maxima”) of Image]. Red light illuminated
and not illuminated regions were defined by halves of a static, user-defined circular area.
Spot locations were classified into “illuminated” or "not illuminated" according to their
location in the image.

The preference index for the “illuminated” half of the arena was calculated in every frame as

described above (chapter 2.2.2).

2.2.4 Immunohistochemistry

Throughout this study different immunohistochemistry (IHC) protocols were used. Figure
74, 7B, 8, 11, 14 and 15 used protocol 1, Figure 7C-C”, 7D-D” and 16 used protocol 2,
antibody staining against Glutamate and Histamine (see table 13) used protocol 3.

Protocol 1: Fly brains were dissected in cold sodium phosphate buffered saline (PBS) with
0.01% Triton X-100 and fixed in 4% formaldehyde in PBS for 50 min. They were washed in
PBS with 0.1% Triton X-100 and then incubated over night at 4°C in PBS with 0.3% Triton X-
100 with the primary antibodies. Afterwards brains were washed three times in PBS with
0.3% Triton X-100 and then incubated for four hours with the secondary antibody diluted in
PBS with 0.3% Triton X-100. Finally, they were washed three times in PBS with 0.3% Triton
X-100 and mounted onto an objective slide in Vectashield (Vector Laboratories, Burlingame,
California, U.S.A.) mounting medium.

Protocol 2: Fly brains were dissected in cold PBS with 0.01% Triton X-100 and fixed in PBS
with 4% formaldehyde for 30 min. Afterwards, they were washed three times in PBS with
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0.3% Triton X-100. Blocking was performed with 5% normal goat serum in PBS with 0.3%
Triton X-100 overnight at 4°C. After three times of washing, primary antibodies were
incubated at 4°C for 48 hours. Brains were washed three times again and incubated with the
secondary antibodies at 4°C for 48 hours. After incubation, the brains were washed three
times more in PBS with 0.3% Triton X-100 at room temperature. Finally, brains were
mounted onto an objective slide in Vectashield mounting medium.

Protocol 3: Fly brains were dissected in cold PBS with 0.01% Triton X-100, fixed for 60 min
in either Zamboni fixation buffer (4% formaldehyde, 1.6% glutaraldehyde, 0.2% saturated
Piric acid in PBS) or in N-(3Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDAC; Sigma Aldrich, St. Louis, Missouri, U.S.A.) and were washed in PBS with 0.1% Triton
X-100. Primary antibodies were incubated over night at 4°C diluted in PBS with 0.3% Triton
X-100. Afterwards brains were washed three times in PBS with 0.3% Triton X-100 and then
incubated for four hours with the secondary antibody diluted in PBS with 0.3% Triton X-
100. They were washed three times again and finally mounted onto an objective slide in

Vectashield mounting medium.

2.2.5 IHCImage Acquisition

All images for IHC were acquired using a Zeiss 780 Confocal Microscope (Zeiss, Jena,
Germany). Overview images of whole mount brains were imaged using a LCI Plan-
Apochromat 25x/NA 0.8 oil immersion objective (voxel size: 0.55um x 0.55pm x 1um). For
higher resolution of individual cells or specific neuropils, whole mount brains were imaged
using a C-Plan-Apochromat 63x/NA 1.4 oil immersion objective (voxel size: 0.09pum x

0.09um x 0.25um).

2.2.6 Statistics

All statistical analysis was performed in GraphPad Prism8.0.1. Data were tested for
normality with a D’Agostino-Person omnibus K2 test. To compare differences between
groups a two-sample t-test or a one-way analysis of variance (ANOVA) followed by pairwise
multiple-comparison Bonferroni posthoc test. To compare the mean response of a group to
a hypothetical value a one-sample t-test was performed. Statistical significance was defined

as p<0.05 = *, p<0.005 = **, p<0.0005 = ***, p<0.0001 = ****,
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3 Results

This study focuses on the MB calyx and aims to investigate its involvement in
learning, memory formation and odor processing. The MB calyx is the main input site of the
MB. It is located at the very posterior end of the brain and therefore provides easy access for
imaging. Previous studies in honey bees (Hourcade et al. 2010) and ants (Krofczik et al.
2008) could show that upon processing new experience the calyx undergoes morphological
changes, such as increased density of MGi and changes in the volume of MGi. In fruit flies,
suppressing the synaptic input of the PNs induces increased volume of KC claws, the main

postsynaptic sites in MGi (Kremer et al. 2010).

3.1 Microglomerulus reconstruction

To gain insight into the complexity of the microcircuit of a MG formed by a single PN and its
synaptic partners in the calyx, we took advantage of the availability of a whole brain
electron microscopy (EM) volume of an adult female fly (FAFB) (Zheng et al. 2018). EM
constitutes the only means by which a sufficient resolution is reached to visualize fine
neurites, synaptic vesicles and synaptic clefts (Fig. 4B) and so to identify all synaptic
connections between definable neurons. Therefore, the reconstruction of neuronal

connections is unbiased and the connectivity is certain.
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3.1.1 Identification of PN

We were particularly interested in reconstructing a MG of a PN deriving from the DA1
subset, which extends its dendrites in the DA1 glomerulus of the AL. Therefore, we started
tracing PNs within the medial antennal lobe tract (mALT) into the AL. Potential DA1 PN
candidates were chosen based on the following three criteria: First, innervation of the AL;
second, within AL only one glomerulus innervated; third, the DA1 glomerulus location in the
AL, which had been previously described by (Couto, Alenius, and Dickson 2005). PNs fitting
these criteria were further traced into the LH for validation of tracing identity in NBLAST
(Costa et al. 2016; Zheng et al. 2018), a software that compares tracings against a LM data
set. Finally, we traced into the calyx and for simplicity chose a round unilobed DA1 PN

bouton rather than an elongated shape (Fig. 4C, E).

3.1.2 Projection neuron bouton and Kenyon Cells

The PN bouton has a maximum diameter of 2,66um and a volume of 5.77ums3, measured
with TrakEM2 (Cardona et al. 2012). Within the bouton we find 33 pre synaptic active zones
(AZ), each easily identifiable by a T-bar and a synaptic cleft (Fig. 4A, B). Along the cleft of the
presynaptic sites we find in total 277 postsynaptic profiles, on average 8.42 with a range of
2 to 17 postsynaptic profiles per presynaptic site. KCs are the most prominent cell types
comprising 248 postsynaptic profiles. In many cases, a KC claw can have more than one
postsynaptic profile to the same AZ; in one case we counted four. This was not restricted to
a specific subtype of KCs. Additionally we found the bouton to be post synaptic six times.
Including these six postsynaptic sites, all synaptic sites are polyadic (a single presynapse
connects to multiple postsynaptic sites). Only 23 (8.3%) fine dendritic postsynaptic profiles
could not be traced to identification and thus are described as orphans. We also found 11
profiles along the PN bouton that do not make synaptic connections. Five are identified as
KCs; six remain orphans.

We identified 14 KCs, representing all the 5 different subtypes included in the main calyx:
afic, afs, a’f’ap, o’f’'m and ymain (Fig. 4A, D, F), demonstrating for the first time that a
bouton can have divergent KC downstream partners. The KCs receive between 8 to 25
presynaptic inputs from the PN bouton, which fits well with an estimated number of roughly
20 postsynaptic sites per KC claw from a previous study (Butcher et al. 2012). Each KC
contacts the bouton with a single claw (Fig. 4F). Interestingly, DA1 PN boutons are reported
to be located within a region of the MB calyx to be predominantly occupied by early of3 KCs
(Lin et al. 2007), in this study referred to as of3s in reference to Aso et al. 2014 (Aso, Hattori,
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et al. 2014). We find our DA1 PN bouton however to be presynaptic to eight ymain KCs and
only three afls, one afic, one o’f’ap and one o'f'm. Further, we find two ymain KCs
presynaptic to the bouton (Fig. 4A). In both cases, the presynaptic specialization is along the
length of a dendrite and not within a claw. The synapses these two KCs form within the MG
are divergent triads, including a KC, the PN bouton and a third neuron type the anterior
paired lateral neuron (APL) (Fig. 4B). To our surprise, we also found two ymain KC claws
with presynaptic connections to the APL.

We also found 3 KCs (ymain, o’’ap and o’f’'m one time each) extending branches through
the MG complex, each forming synapses once giving input to KC claws and the APL, but

otherwise have no connection to the PN bouton.

G
L] (- ] [

PN y main aBs aBc a'B'ap af'm

Figure 4: 3D EM reconstruction of a MG. A) Single EM section through the MG from the EM FAFB
dataset, scale bar = 1 pm. White square is magnified in B. B) A synapse visible in EM. White arrow is
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pointing to the T-bar structure of the AZ and white * labeling fine dendritic postsynaptic profiles of
KCs. C) Reconstruction from FAFB EM dataset of the DA1 identified PN (red) and its location in the
brain. D) Higher magnification of the DA1-PN (red) and the KCs (green) postsynaptic to the bouton.
Different green shades represent different KC subtypes as in G. E) 3D reconstruction of the PN bouton
and F) 3D reconstruction of PN bouton (red) and postsynaptic KC claws (green) from EM serial
sections in TrakEM2. G) Legend of color code in A, D, E and F.

3.1.3 APL and MB-C1

It is known that besides PNs and KCs a number of other neurons innervate the MB calyx
(Aso, Hattori, et al. 2014; Tanaka, Tanimoto, and Ito 2008). Within our MG we find two
additional cell types forming synaptic connections with the bouton. These are: APL, a large
GABAergic inhibitory neuron that innervates the entire MB and promotes sparse coding of
olfactory stimuli (Liu and Davis 2009; Lin et al. 2014), and Mushroom Body Calyx 1 neuron
(MB-C1) with two cells per hemisphere innervating the calyx and the lateral horn (Tanaka,
Tanimoto, and Ito 2008).

In detail, we find APL (Fig. 5C) to be three times pre- and two times postsynaptic to the PN
bouton. The APL presynaptic sites are also polyads and target 3, 6 and 10 neurons in
addition to the PN bouton (Fig. 5D). Among these cells we find KC claws, MB-C1 and
additional KCs not connected to the PN bouton of the ymain and afic KC subtypes.
Additionally, APL forms three synaptic connections in the periphery of the MG space, the
volume of the MG defined by the postsynaptic KC claws. Here, APL is presynaptic to KC
claws, additional KCs, and in one case also including MB-C1. Again the majority of KC targets
were ymain with 13 cells, complemented by one ofis and one o’f'm.

We find both MB-C1 (Fig. 5E) neurons connected to our PN bouton of which one is
simultaneously pre- and postsynaptic one time each, and the other cell exclusively
postsynaptic but three times. Along the synaptic cleft of MB-C1’s input site we find four
ymain and one afic KC, which themselves have no synaptic connection to the PN bouton or
any other cell of our MG complex. The presynaptic MB-C1 also has one presynaptic
connection within the periphery of the MG space, giving input to two KC claws and two
additional ymain KCs.

We noticed that the presynaptic profiles of APL and MB-C1 are visibly larger than KC
profiles (Fig. 5D, F), which is consistent with other studies (Butcher et al. 2012; Leiss et al.
2009). This is however not true for the postsynaptic profiles of APL and MB-C1, which can
only be distinguished from postsynaptic KC profiles by tracing them back.
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Figure 5: Presynaptic KCs and ENs in the MG complex. A) Tracing of the PN (red) and the two
presynaptic KCs (green). B) Single EM section showing an example of a synaptic connection between
presynaptic KC (dark green) and its postsynaptic partners, PN bouton (red), APL (blue) and a KC claw
(lighter green). Scale bar is 250 nm. C) Tracing of APL (blue) and PN (red). D) Example of a synaptic
connection between presynaptic APL (blue) and its postsynaptic partners, PN bouton (red), and KC
claws (green). Scale bar is 500 nm. E) Tracing of MB-C1 neurons (orange) and PN (red). F) Example
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of a synaptic connection between presynaptic MB-C1 (orange) and postsynaptic PN bouton (red) and
KC claw (green). Scale bar is 250 nm. G) 3D reconstruction PN bouton (red), APL (blue), MB-C1
(orange) and presynaptic KCs (green). H) Complete Microglomerulus.

Taken together, the picture of a complex local circuit with large inhibitory components
emerges (Fig. 6, table 10). To date, no further modulatory neurons appear to contribute to

the local circuit.

@
o
@
@
@
I PN bouton B APL [ mB-C1 B KCs [l pre synaptic KCs

Figure 6: Complete schematic connectome of the reconstructed MG network. Numbers along the
arrows indicate the quantity of synaptic connections between the indicated cells; if the arrow is not
labelled with a number the quantity of synaptic connections between the cells is one. The network
consists of a DA1 PN bouton (red), surrounded by the APL neuron (blue), two MB-C1 neurons
(orange), 14 postsynaptic KC claws and two additional KCs (dark green), which are presynaptic to the
PN bouton and the APL. APL and MB-C1 form polyadic synapsis with the PN bouton and further
including KCs. Some of these are not postsynaptic to the PN bouton and therefore placed in the
scheme around the respective APL or MB-C1 neuron.
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Table 10: Cells and their number of synaptic connections in the MG.

Connection to PN Cell type Number of cells Number of synaptic
bouton connections
KC aBp 0 0
KC aBc 1 11
KC aps 3 11-25
KC a’B’ap 1 25
downstream KCa'f'm 1 8
KC ymain 8 10-24
KC yd 0 0
APL 1 2
MB-C1 2 1-3
KC ymain 2 1
upstream APL 1 3
MB-C1 1 1

3.1.4 APL forms connections with multiple PN types

Here we show for the first time that the APL forms connections with a PN bouton. Besides, it
also innervates the MB lobes, where its connections with KCs have caught great interests.
APL has been suggested to be important for the maintenance of KCs sparse activity and
thereby to promote odor discrimination (Lin et al. 2014). This is facilitated by a negative
feedback circuit between the APL and the KCs, in which KCs activate APL and APL inhibits
KCs (Lin et al. 2014). Therefore, we were interested, if APL forms connections with different
types of PNs.

At this stage the reconstruction of the MB in the FAFB data set is not completed. However,
we were still able to investigate the APL tracing further. In an anecdotal approach, we could
identify additional MGi which form connections with APL in the same manner, with pre- and
postsynaptic connections with the PN bouton and KC claws. We found 8 MGi with these
types of connections (table 11) and 10 further PN boutons with direct pre- and postsynaptic
connections (table 12). Yet, these tracings do not represent a complete reconstruction of the
MB calyx, but prove that the APL innervation of the MG is not an individual case.

Our findings could be further strengthened by the hemibrain:v1.0.1 (Xu et al. 2020) data set,
which consist of a large portion of the central fly brain that includes the AL and the MB. Its
connectome was reconstructed by automated segmentation, synapse prediction and proof
reading. This data set is publicly available for circuit analysis. Here, we found 105 PNs from
51 AL glomeruli and 31 multi glomerular PNs presynaptic to APL in the calyx. Since AZs in

the PN collaterals in the calyx are present exclusively in boutons, these connections are part
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of MGi. Presynaptic connections of APL were found onto 130 PNs of 48 AL glomeruli and 37

multi glomerular PNs.

Table 11: Additionally identified MGi in the FAFB data set showing direct pre- and postsynaptic
connections with APL and indirectly via KC claws.

PN bouton Presynapticto Postsynapticto KCs pre to APL KCs post to
APL APL APL
VA6 4 2 1 4
DM2 5 5 2 5
VA3 3 3 1 1
VC3m 3 1 1 2
DA1 3 3 2 2
VC1 2 2 1 2
VA1ld 2 1 1 2
DM6 1 2 2 1

Table 12: MGi in the FAFB data set showing direct pre- and postsynaptic connections with APL but
KC claws had not been traced until that point are listed here.

PN bouton Presynaptic to APL Postsynaptic to APL

DM2 1

VA2 2 1
DL1 3 1
DM1 1 2
DA1 4 1
VM1 2 1
DL2v 2 1
VC1 1 1
VM3 1 1
VM3 1 1

We additionally used activity-dependent GFP reconstitution across synaptic partners
(syb::GRASP) to identify connections between APL and PNs across multiple animals
(Macpherson et al. 2015). Syb::GRASP consists of two complementary split-GFP fragments,
one half expressed on the extracellular membranes of a neuron and the second half in the
lumen of synaptic vesicles in another neuron. If the two neurons form synaptic connections,
the two split-GFP fragments are combined to a functional fluorescent GFP protein within the
synaptic cleft (Macpherson et al. 2015). To drive split-GFP fragments in PNs we used the
lexA driver line R68D02-lexA, which labels a sparse subset of PNs (Fig. 7B, C), and the GAL4
driver VT043924 for expression in APL (Fig. 7A). The experimental genotypes, either APL

pre- or postsynaptic to PNs, displayed clear GFP reconstitution in the calyx, indicating that
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processes are close enough to form functional synapses. No signal was detected in control

brains (Fig. 7C, D).

APL==> PN

PN == APL

Figure 7: Activity dependent syb::GRASP to identify connections between APL and PNs across
multiple animals. A) VT043924 expressing UAS-mCD8::GFP. The only labeled neuron accessing the MB
is APL. White arrow points to APL cell body. From the cell body a thick neurite projects to the MB
calyx and branches extensively throughout the MB, including the lobes. Scale bar is 100um B) lexA
driver line R68D02 expressing UAS-mCD8::GFP. White arrow points to the AL with three labeled
glomeruli that extent PNs into the MB calyx (B’). Scale bar is 100 pm in B and 10pm in B’. C)
syb::GRASP signal in the calyx (green puncta) with APL presynaptic to PNs (C) and the two genetic
controls (C’ and C”) in which only either half of the two split-GFP fragments is expressed. White
arrows point out single GFP puncta. Genotype and controls are represented in the schematic above
the images. Images are representative of n=6. Scale bar is 10um. D) syb::GRASP signal in the calyx
with PNs presynaptic to APL (D) and the genetic controls (D’, D”). White arrow points to GFP signal.
Images are representative of n=6. Scale bar is 10um. [llustration of synapses created in BioRender.
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3.2 Pre- and postsynaptic structural plasticity in the MB calyx

To study whether the MB calyx undergoes plastic changes upon memory formation, we
focused on the PN-KC connectivity within the MG. As shown here in our EM reconstruction
of a MG, the innervation by the GABAergic neurons, APL and MB-C1, is rather sparse,
compared to the dense synaptic connections between PNs and KCs.

The following data in this chapter were generated in a combined effort by Lothar
Baltruschat and me. The initial concept of the study was designed by Gaia Tavosanis and
Lothar Baltruschat, and a detailed description of the screen of driver lines and odors used in
this chapter will be described elsewhere (Baltruschat, Ranft et al., in revision). This will also

include testing the functional and structural convergence described here.

3.2.1 Visualizing olfactory information flow

For tracking potential plastic changes in the MB calyx, we needed to design a setup in which
we could identify the odor responsive MGi after olfactory conditioning. The design had to
ensure a high degree of cell specificity, as changes might be subtle and faint. Therefore, it
was of great importance to screen on the one hand for a GAL4 driver line that is PN specific,
and on the other hand for an odor that is specifically activating this particular set of PNs
only. Our choice here was the R37H08-GAL4 driver line. This driver labels PNs extending
their dendrites in the DA1 and DL3 glomerulus of the AL, for simplicity from here on
referred to as DA1 PNs (Fig. 8A, B). Our odor of choice was 11-cis-vaccenyl acetate (cVA), as
it specifically stimulates olfactory sensory neurons (OSNs) innervating the DA1 and DL3
glomerulus and its corresponding PNs (Lebreton et al. 2014). This way, we were able to
retrace the whole olfactory information flow from the AL to the MB calyx.

For investigating specifically the MGi active during odor stimulation, flies expressed under
the control of R37H08-GAL4 the presynaptic active zone (AZ) marker Brp-shortmCherry in DA1
PNs (Kittel et al. 2006; Wagh et al. 2006; Kremer et al. 2010). R37H08-GAL4 labels 9 cells per
hemisphere, which project from the DA1 glomerulus to the MB calyx. Here they form
boutons, which are highly enriched with AZs. Thus, the boutons are unambiguously
identifiable in the calyx. To study the postsynaptic KCs, we labeled the postsynaptic density
zones (PSD) with MB247-Da7-GFP; a fusion construct consisting of the MB247 promoter,
active in the majority of KCs, and the Da7 subunit of the acetylcholine receptor tagged with
eGFP (Kremer et al. 2010). The expression enabled to visualize the postsynaptic claw-like

dendritic endings of multiple KCs, which appear as a rim around PN boutons (Fig. 8C).
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Figure 8: Genotype to visualize information flow. A) R37H08-GAL4 expressing UAS-
mCD8::GFP. Arrow points to PN cell bodies. Anti-NC82 staining is used to visualize the brain.
Scale bar represents 100um. B) Higher magnification on the AL, highlighted with dashed
circle. Arrow points to DA1 and DL3 glomeruli. Scale bar represents 25um. C) Posterior
view on the MB calyx. MB247-Da7-GFP labels PSD in KC claws in green. AZ marker Brp-
shortmcherry in DA1 driven by R37H08-GAL4 is shown in red. Box is magnified on the right and
shows a single MG (below: MB247-Da7-GFP, middle: Brp-shortnChery, above: merge). Scale
bar represents 10um.

3.2.2 Conditioning flies with cVA

To induce learning and memory formation we trained flies in an appetitive memory assay.
We applied a two-odor paradigm with cVA, the DA1 PN specific odor, and geranyl acetate
(Ga), which stimulates a separate set of PNs (Bhandawat et al. 2007) that is not labeled by
R37H08-GAL4. As the unconditioned stimulus (US) we used sucrose. Flies were
simultaneously exposed to cVA and sucrose, thus forming the positive conditioned stimulus

(CS+). Ga was presented to the flies without sucrose, forming the negative conditioned
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stimulus (CS-). This way, a population of flies is trained to associate the CS+ odor with the
sucrose reward. When tested, these flies approach the CS+ odor in the absence of the US
sugar reward, rather than the CS- (Fig. 94, B). We used two control conditions to determine
memory formation. On the one hand the reciprocal control with Ga as the CS+, in which flies
were trained to associate Ga with sucrose. On the other hand the unpaired control, in which
neither odor was simultaneously delivered with sucrose, but separately after one another,
to avoid appetitive association.

Prior to the actual experiment, we tested if female and male flies perform differently when
trained with cVA. As cVA is a sex-pheromone (Datta et al. 2008), it might induce different
behaviors in females and males, thus negatively influence the outcome of the conditioning
paradigm. We trained mixed groups of wildtype CantonS flies in a short-term memory
(STM) (Fig. 9B) paradigm and counted males and females independently. Both males and
females successfully associated cVA with sucrose and showed no significant difference
between each other or the combined total (Fig. 9C). Same was true for training with Ga (Fig.
9D).

Now we could train flies with the before mentioned reporter and driver units (;;R37H08-
GAL4/ MB247Da7::GFP, UAS-Brp-shortmtherry) in the STM paradigm. Here, testing odor
preference was performed one minute after training. Flies successfully learned to associate
cVA with the US, as the majority approached the CS+. Similarly in the reciprocal control with
Ga as CS+, flies also approached more strongly the CS+. Both paradigms were significantly
different from the unpaired control, which resulted in an odor neutral preference (Fig. 9E).
We also trained flies in the LTM paradigm (Fig. 9B), in which memory formation is tested 24
hours after training. Here as well, flies successfully formed a positive association with either

cVA or Ga, which again were significantly different from the unpaired control (Fig. 9F).
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Figure 9: Flies learn in a STM and LTM to associate cVA with a sugar reward. A) Illustration of
appetitive olfactory conditioning created in BioRender. B) Schematic protocol of appetitive olfactory
conditioning for either STM or LTM. C) Female and male flies do not perform differently to each other
or compared to total sum of flies, when conditioned with cVA in the STM paradigm. Each group
consists of n=8. D) Female and male flies do not perform differently after appetitive conditioning
with Ga in the STM paradigm. Each group consists of n=8. E) Performance index of R37H08-GAL4/
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MB247Da7::GFP, UAS-Brp-shortntherry flies in STM. Flies conditioned with Ga or cVA scored
significantly differently compared to an unpaired control group; n= 19-25. F) Performance index of
R37H08-Gal4/ MB247Da7::GFP, UAS-Brp-shortmcherry flies in LTM. Flies conditioned with Ga or cVA
scored significantly differently compared to an unpaired control group; n= 14-19. Data are
represented as the mean * SD. Behavioral data were tested in a one-way ANOVA followed by a
posthoc Bonferroni multiple comparisons test. Significance is set to p<0.05 = *, p<0.005 = **
p<0.0005 = *** p<0.0001 = ****,

3.2.3 Plastic changes upon LTM

After we had established a system to visualize the DA1-PN pre- and postsynaptic
connections specific to the odor activation in our conditioning assay with cVA, we could
start investigating potential plastic changes in the MB calyx at the site of MGi.

For that matter, we prepared brains of flies (;;R37H08-Gal4/ MB247Da7::GFP, UAS-Brp-
shortmcherry) randomly picked from groups that had been successfully tested in the appetitive
memory assay with cVA or from the control groups, unpaired and Ga conditioned. Unpaired
conditioned flies control for the olfactory conditioning paradigm. Ga stimulates a separate
set of PNs that does not overlap with R37H08-Gal4. Therefore these flies enable testing if
potential changes are specific to activated synapses or training causes global changes in the
calyx.

Per brain, the entire volume of one MB calyx was imaged. Image stacks were analyzed with a
customized script in Definiens Developer XD™, an image analysis software which allowed
an automated 3D- reconstruction of the calyx and precise 3D volumetric measurements of
MGi. The 3D-reconstruction was based on the MB247Da7::GFP signal, labeling the
postsynaptic KC claws around the presynaptic PN bouton. The classification of DA1-PN MGi
was based on the Brp-shortmcherry expression under the control of the DA1-PN specific driver
line R37H08-Gal4. This way, we could analyze the volume of MGi, defined by the volume of
the KC claws and the PN bouton, and the lumen of MGi, defined by the PN bouton size.
Additionally, the number of DA1-PN MGi was determined and controlled by blindfolded
manual counting of two experimenters.

After the STM paradigm, neither of the morphological parameters showed a measurable
change between the differently trained groups, either trained with cVA or Ga, and the
unpaired control (Fig. 10A-C). However, after the LTM paradigm, flies trained with cVA did
show changes compared to Ga trained flies and the unpaired control group. The MG volume
and the lumen were decreased, as was the number of DA1-PN MGi increased (Fig. 10D-F).

These changes were only specific to the cVA trained group. Ga trained flies and unpaired
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control flies showed similar scores compared to each other. Thus, LTM induces input-

specific structural plasticity in the MB calyx, manifested in more but smaller MGi.
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Figure 10: MGi undergo plastic changes in an appetitive LTM paradigm. A-C) MB calyxes analyzed
after STM with unpaired n= 14, GA n = 15, cVA n = 18. A) The MG volume is defined by the GFP
labeled PSDs in KC claws around the PN bouton. Between groups the relative MG volume of DA1 PN
MGi does not change upon STM. B) The MG lumen is defined by the red Brpm¢herty ]abel expressed in
the DA1 PN boutons. No changes in the size of the lumen between groups could be detected after
STM. C) Number of positive DA1 MG did not show any difference between groups. D-F) MB calyxes
analyzed after LTM with unpaired n= 25, GAn =17, cVA n = 19. D) MG volume of DA1 PN MGi in flies
trained with cVA is smaller compared to flies trained with Ga and unpaired control flies, E) as well is
the MG lumen. F) The number of DA1 PN MGi is increased in flies trained with cVA after LTM. Data
are represented in box plots representing with a thick line the median, a box the first and third
quartiles and whiskers the minimum and maximum. Data were tested in a one-way ANOVA followed
by a posthoc Bonferroni multiple comparisons test. Significance is set to p<0.05 = *, p<0.005 = **,
Figure adapted from Baltruschat, Ranft et al., in revision.
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3.3 Appetitive conditioning with optogenetic stimulation

As an alternative to the odor conditioning paradigm, we tried to make use of the
neurogenetic tool kit of D. melanogaster. Instead of using an odor, we drove the optogenetic
effector Cs-ChrimsonR (Klapoetke et al. 2014) in a subset of PNs. In temporal coincidence
with a sugar reward and artificially induced neuronal activity, we tried to create a light-

induced memory.

3.3.1 Fly genotype for optogenetic conditioning

For this purpose we designed a setup in which we could test whether flies had learned to
associate the optogenetic stimulation with the sugar reward. Cs-ChrimsonR is an artificial
light-gated cation channel of the channelrhodopsin channel family. It is optimally excited at
a red wavelength of 617nm (Klapoetke et al. 2014). In brief, channelrhodopsin consists of
seven transmembrane proteins called rhodopsin, which contain an all-trans-retinal
molecule. Light exposure induces a conformational change of all-trans-retinal to 13-cis-
retinal followed by a conformational change of the rhodopsin proteins. This leads to an
influx of cations into the cell and its depolarization (Nagel et al. 2003) (Fig. 11A). We chose
Cs-ChrimsonR for two reasons. First, the Drosophila visual system contains six forms of the
visual pigment rhodopsin in eight photoreceptor cells. Their spectral sensitivity has been
well described, with the longest wavelength maxima at 560 nm (Salcedo et al. 1999).
Therefore, it has been suggested that flies have limited vision in the red shifted spectrum
and it has limited innate behavioral meaning to them (Klapoetke et al. 2014). Second, with a
red-shifted activation spectrum, Cs-ChrimsonR allows direct brain stimulation through the
intact cuticle in freely moving flies (Klapoetke et al. 2014).

To ensure that only desired PNs would be activated by the red light stimulation, a highly
specific driver line is required. Ruling out unwanted Cs-ChrimsonR expression was only
possible with the splitGAL4 system, which, as mentioned before, only drives functional
GAL4 expression in two overlapping driver lines (Pfeiffer et al. 2010). Therefore, we chose
flies of the §S01867-splitGAl4 line, which labels 10 PNs deriving from three AL glomeruli
(DL1, DA1, DM2), (Fig. 11B). To investigate potential structural changes in the calyx, we
simultaneously drove the expression of MB247Da7::GFP and UAS-Brp-shortmCherry,

Flies of this genotype (5501867 x UAS-Cs-Chrimson-tdTomato; MB247Da7::GFP, UAS-Brp-
shortmcherry) (Fig. 11D) were tested first in a regular appetitive olfactory LTM paradigm (for

protocol see Fig. 9B), to ensure that they are capable of learning. Using 4-
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methylcyclohexanol (MCH) and 3-octanol (Oct), flies scored significant positive performance

indexes with both odors (Fig. 11C).

LT™M
FXK¥ HXNX
% I
+
+ t +
¥ +
T
cell inside

Figure 11: Genotype for optogenetic conditioning. A) Schematic drawing of the optogenetic tool Cs-
ChrimsonR. Opening of the channelrhodopsin is induced by red light. This allows ions to flow through
the channelrhodpsin into the neuron, resulting in a depolarization of the membrane potential and
neuronal activation. Image created with BioRender. B) SS01867 driving UAS-mCD8::GFP in PNs. Scale
bar 100um. C) Flies of the genotype SS01867/UAS-Cs-Chrimson-tdTomato; MB247Da?7::GFP, UAS-Brp-
shortmcherry form appetitive LTM when trained with the odors MCH and Oct. Data are represented as
the mean * SD (One sample t test, p<0.05). Each group consists of n=8. D) Posterior view of the MB
calyx in flies of the same genotype as in C. MB247-Da7::GFP labels PSD in KC claws in green. §501867
drives Cs-ChrimsonR tagged with tdTomato in PNs visible in red. Scale bar is 10pm.

3.3.2 Place choice test arena

For evaluating flies’ performance, we designed a place choice arena, in which freely moving
flies could choose between two halves (Fig. 12A). One half was illuminated with IR light, the
other additionally with a 625 nm A far red light LED. Red light intensity was determined
with flies expressing Cs-ChrimsonR under the control of the GH146-GAL4 driver, which
drives expression in approximately 65% of AL PNs, APL and also moonwalk descending
neurons (MDN). Activation of MDNs triggers backward walking and spinning (Bidaye et al.

2014). Thus, increasing red light intensity until flies started walking backwards or spinning,
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set the threshold for sufficient red light intensity to penetrate the intact cuticle and resulted
in 1.45 mW/cm2 We simultaneously tested, if starving after retinal feeding impacts Cs-
ChrimsonR activity negatively. For this, flies were starved for 24 and 48 hours after 3 days
of all-trans retinal feeding. Both groups still performed backward walking and spinning at
1.45 mW/cm? light intensity.

To ensure that flies do not have a bias for or against one of the two halves, we set wildtype
CantonS flies into the arena for 5 minutes with only one half illuminated red. Flies

distributed evenly in the arena throughout the complete recording time (Fig. 12B).
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Figure 12: Design to test optogenetic conditioning. A) Illustration of a place choice test arena which
enables optogenetic stimulation of neurons in one half. Image created in BioRender. B) Example of an
image with flies in the arena recorded with a video camera from above. C) Flies do not show a bias for
the red light illuminated half of the arena. Preference indexes were calculated for every second and
plotted over time.
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3.3.3 Optogenetic conditioning

Eventually, flies of the desired genotype (5501867 x UAS-Cs-Chrimson-tdTomato;
MB247Da7::GFP, UAS-Brp-shortmthery) were trained with optogenetic stimulation in a LTM
appetitive memory assay. The place choice was recorded for 5 minutes, including 10
seconds of adjustment time to the arena in complete darkness at the start.

Initially with red light on, flies increased locomotion which returned to normal baseline
behavior within 10 - 20 seconds. From then on trained flies (CS) spent slightly more time on
the red illuminated half (PI range: -002 to 0.19, single PI: 0.04). Unpaired control flies
showed to a small extent a preference for the dark half (PI range: 0.02 to -0.2, single PI: -0.1)
(Fig. 13A, A’). The single PI was calculated by first averaging the PIs from 30 to 300 seconds,
and afterwards averaging across groups. Data are normally distributed (D’Agostino and
Pearson test). The two groups scored significantly different (Unpaired t-test: p-value 0.046)
(Fig. 13A’). However, averaging within smaller time windows of 10 frames to calculate
single PIs did not reveal significant differences.

To test whether new MGi were formed, brains were dissected right after testing of CS and
unpaired control flies. As before (see chapter 3.2.3), the entire volume of one MB calyx per
brain was imaged. The number of Cs-ChrimsonR positive MGi was determined and
controlled by blindfolded manual counting of two experimenters. Here, no significant
difference between the two groups could be detected with a mean of 58.13 and 58.45 Cs-
ChrimsonR positive MGi for CS and unpaired control flies respectively (Fig. 13A”).

As successful learning could not be conclusively detected, either in the optogeneitc
conditioning paradigm or in the morphological evaluation of the calyx, the conditioning
assay was altered to achieve unambiguous learning scores. In a first approach starvation
time was doubled to ensure flies’ motivation of coincidence detection of sugar and red light
stimulus. Flies, however, did not score significantly better and no significant difference
between CS and unpaired control groups could be detected (Fig. 13B).

One defining characteristic of LTM formation is its dependence on de-novo protein synthesis
(Tully et al. 1994; Bailey, Bartsch, and Kandel 1996; Davis 2011). Hence, LTM is energy
costly. To ensure enough nutrition supply, flies were given for 3 hours standard fly food
supplemented with 100pl all-trans retinal 15 minutes after training (adopted protocol from
(Gill et al. 2017)). They were transferred to plastic vials containing tissue paper soaked with
water and re-starved for 21 hours before testing. Both training protocol with either 24
hours or 48 hours of food deprivation before conditioning were applied, but did not show
unambiguous learning scores or differences between unpaired control and trained CS flies.

(Fig. 13C, C')
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Another explanation for the inconclusive results of the prior experiments could be the
testing of flies. During testing, flies might simply stay in one place or groom themselves
instead of exploring the arena and, therefore, do not find the illuminated half. To eliminate
this possibility, the two halves of the arena were illuminated with red light alternating every
30 or 60 seconds. Trained flies were expected to migrate between the two halves with the
back and forth switching of the red light. On the other hand, control flies should display an
even distribution across the arena and stay unaffected from the red light alternations. This
was, however, not the case. With an alternation rate of 30 seconds, a minor migration
pattern in a similar fashion with the red light illumination was visible for both groups and
additionally a PI above 0.19 could not be exceeded (Fig. 13D). Alternation of red light at 60
seconds interval did also not prove unambiguously learning. Trained flies spent more time
on one half of the arena independently of the red light illumination, whereas control flies
slightly preferred the other half. Flies seem to settle again in one position and do not follow
red light illumination (Fig. 13D’).

In a final approach, flies were trained in a space training paradigm. Instead of a single
session of simultaneous sugar and red light exposure during training, flies were trained five
times for 1 minute with a 15 minute interval and afterwards re-fed for 3 hours. Control flies
were exposed to red light and sugar separately with 2 minutes apart. Again, flies did not
score significantly better and no significant difference between CS and unpaired control

groups could be detected. (Fig. 13E)
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Figure 13: LTM conditioning by optogenetic activation of PNs. A) A graph of PI across time, where
trained flies (CS, in red) are plotted against the unpaired control (gray). Upper half represents red
light illuminated half of the arena, lower half of graph represents the control area. Flies were starved
24 hours before training. A’) Bar graph showing the single value PIs of unpaired control and CS flies.
Single value Pls were calculated by averaging the Pls from 30 seconds to 300 seconds per group and
averaged per condition. A positive score represents red light attraction, a negative score avoidance.
CS flies show a greater preference for the red light illuminated half of the arena compared to the
unpaired control (Unpaired t-test: p-value= 0.046). A”) Number of MGi with PN boutons expressing
Cs-ChrimsonR tagged with tdTomato compared between unpaired control and CS flies. No difference
was found between conditions. Data are represented in box plots representing with a thick line the
median, a box the first and third quartiles and whiskers the minimum and maximum. Data were
tested in a t-test with significance set to p<0.05; n= 20-28. B) Graph of PI across time with CS (red)
plotted against unpaired control (gray). Flies were starved 48 hours before training. C, C’) Pls are
shown of CS (red) and unpaired control (gray) across time. Flies were fed with trans-Retinal food
after training. In C) flies were starved 24 hours, in C’) for 48 hours. D, D’) PIs plotted as in A. Red
rectangles indicate red light illumination alternating between halves of arena every D) 30 seconds or
D’) 60 seconds. E) Graph shown as in A. Flies were trained in a space training paradigm. No
difference between CS and unpaired control is found.
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3.4 Characterizing the MB calyx innervating neuron MB-C1

The MB calyx is the input site of the olfactory information delivered by PNs ascending from
the AL. PNs and MB intrinsic KCs form here microglomerular synaptic complexes, which
also include other neurons. In our previously discussed EM reconstruction of a MG, we could
identify these neurons. One identified neuron type is Mushroom body calyx neuron 1 (MB-
C1). Two neurons exist in each hemisphere. The somas are located laterally and ventrally of
the LH. From here, they extend ventrally a single branch, turn dorsally to enter the LH. Here
they send collaterals into the LH. The main branches project further into the MB calyx,
where they branch extensively throughout the main calyx. The EM reconstruction shows
that the MB-C1 neurons form pre- and postsynaptic connections with PN boutons and give
input to KCs as well.

The role of MB-C1 in olfactory processing and learning is unknown. This chapter gives a first

description of this neuron type

3.4.1 MB-C1 is GABAergic

To investigate MB-C1 (Fig. 14A), we first started examining the neurotransmitter type.
Under the control of the splitGAL4 driver GMR_MB380B we expressed the membrane
marker UAS-mCD8::GFP in MB-C1 (Fig. 14B) and performed immunohistochemical
experiments with antibodies against different types of neurotransmitter or their precursor
proteins. An anti-GABA antibody staining confirmed that the cell body of both MB-C1
neurons exhibited strong GABA immunoreactivity (Fig. 14C). To verify the specificity of the
antibody and to exclude false labelling, we chose to knock down the expression of GABA in
MB-C1 using RNA interference (RNAi). Driving the expression of a construct that can induce
RNAi mediated glutamic acid decarboxylase 1 (GAD1) knock-down specifically in MB-C1
suppressed GABA expression (Fig. 14D). This confirmed the GABAergic identity of MB-C1.
Other immunohistochemical experiments testing neurotransmitter expressions of Acetyl
choline, Dopamine, Histamine, Glutamate, Serotonin and Octopamine were negative (Table

13).
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Figure 14: MB-C1 is GABAergic. A) Skeletonized tracing of MB-C1 neurons (orange) and a PN (red) in
the FAFB data set. B) GMR_MB380B driving GFP in MB-C1 Anti-synapsin staining to visualize the
brain. Scale bar = 100um. C-C”) High magnification image of one MB-C1 cell body expressing
endogenous GFP labeled with anti-GABA staining. Scale bar 1um. D-D”) Cell specific knock-down of
GABA synthesis by driving RNAiGAD1 transgene in MB-C1 shows no anti-GABA labeling in MB-C1 cell
body.

Table 13: Neurotransmitter expression in MB-C1.

Antigen Antiserum MB-C1
Choline acetyltransferase CHAT4B1 mouse monoclonal negative
Tyrosine Hydroxylase AB152 mouse anti-tyrosine hydroxylase negative
Histamine PAN19c polyclonal rabbit negative
Glutamate Anti-Glutamate monoclonal mouse negative
Serotonine S5HT-H209 mouse monoclonal negative
Octopamine Tyrosine decarboxylase rabbit polyclonal negative

GABA GABA polyclonal rabbit positive
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3.4.2 Pre- and postsynaptic connections in MB calyx and LH

The EM reconstruction of a MG showed pre- and postsynaptic connections of MB-C1 in the
calyx. MB-C1 also extends branches into the LH. To confirm the finding in the calyx and
further investigate the polarity in the LH we used genetic markers for dendritic and axonal
compartments.

First we applied the genetically encoded somato-dendritic marker DenMark, which labels
dendritic compartments without interfering with the neuronal function or development
independently of neuronal subtype (Nicolai et al. 2010). Under the control of the splitGAL4
driver GMR_MB380B we expressed UAS-DenMark in combination with the membrane
marker UAS-mCD8::GFP and examined the subcellular localization of DenMark expression.
High levels of DenMark expression were detected in the somata and in neurites of MB-C1.
These neurites were found in the MB calyx and in the LH, indicating that MB-C1 is not
clearly polarized between LH and MB calyx. Whereas mCD8::GFP labels the entire
membrane of the neuron, DenMark specifically marks dendritic compartments and
postsynaptic sites; therefore a complete overlap was not expected (Fig. 15A-A”). To identify
presynaptic sites, we expressed the presynaptic AZ marker UAS-Brp-shortmcherry and UAS-
mCD8::GFP under the control of GMR_MB380B. MB-C1 expressed strong punctuated red
fluorescent signal in the calyx and the LH, indicating that its collaterals are presynaptic in
both neuropils (Fig. 15B-B”).Taken together, MB-C1 is pre- and postsynaptic in the MB calyx
and the LH.
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DenMark

MB calyx

Postsynaptic Marker

Presynaptic Marker

Figure 15: MB-C1 is pre- and postsynaptic in MB calyx and LH. A-A") Driving the postsynaptic
marker DenMark in GMR_MB380B shows expression in the MB calyx and the LH. Arrow in A” points
to the cell bodies. Dashed squares in A” indicate the positions of LH and MB calyx. B-B”) The
presynaptic marker Brp-shortmCherry s expressed in the MB calyx and the LH. B”) The LH is marked
with a square and magnified in the low left corner of the image. Scale bar in A) is 50um and
representative for all images.

3.4.3 MB-C1 innervating aversive LH region

Odors of attractive and aversive valence are separately represented in different clusters in
the AL. This segregation is further reflected in two different regions in the LH. The dorsal
region of the LH represents attractive odors, whereas the ventral region represents aversive
odors (Seki et al. 2017). As MB-C1 innervates the LH, we examined the location of its
collaterals in the LH.

The boundaries of the LH are determined by the PN innervation in the lateral
protocerebrum (Schultzhaus et al. 2017). For this reason we used GH146-QF driving QUAS-
mCD8::GFP expression in approximately 65% of AL PNs (Schwaerzel, Heisenberg, and Zars
2002) to define the LH and simultaneously expressed UAS-tdTomato under the control of
GMR_MB380B in the MB-C1 neurons. This way, we were able to visualize the lateral
innervation by MB-C1 in the LH. Interestingly, MB-C1 does not extend branches throughout
the entire LH, but is limited to the ventral region (Fig. 16). Here, MB-C1 extends thin
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branches that form bouton-like swellings (Fig. 16A). Thus, MB-C1 innervation is limited to

the aversive coding LH region.

_{ m'” Lateral horn
! “{-t C

modulation

| Aversion ” Atraction I

Antennal lobe

Figure 16: MB-C1 innervates the ventral LH. A) GMR_MB380B driving dtTomato (red) labeling MB-
C1. Arrow points to bouton like swelling. Area innervated in the LH is outlined by dashed line. B)
GH146 driving GFP in PNs. Dashed line represents the boundaries of the LH. C) The merge shows the
innervation of MB-C1 is limited to the ventral region of the LH. D) Illustration showing the regions for
aversion and attraction in the MB and the LH. [llustration adopted from (Seki et al. 2017). Scale bar in
A) represents 50um and applies to all images. Images represent n=10.

3.4.4 Silencing MB-C1 synaptic output

Since MB-C1 enters the LH and the MB calyx, we wondered whether this neuron might
influence innate olfactory behavior and olfactory learning. We chose to express UAS-Shibirets
under the control of MB-C1-splitGAL4 driver GMR_MB380B. Shibirets is a temperature-
sensitive mutation, which allows normal endocytosis to occur at temperatures below 22°C,
but prevents membrane retrieval at temperatures exceeding 30°C, leading to reduced
neurotransmitter release, thus blocking specifically synaptic output in the otherwise intact

nervous system (Kitamoto 2001, 2002b, 2002a).
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Flies expressing UAS-Shibirets in MB-C1 at a high temperature exhibited significant
differences in their naive responses to odors of aversive valence (Oct and MCH) compared
to flies of the same genotype at low temperature, as well to genetic control flies with either
the GMR_MB380B or UAS-Shibirets alone (Fig. 17A, B). Interestingly, no differences between
temperatures or genotypes was found when flies were exposed to an attractive odor, here
apple vinegar (Fig. 17 C).

We also tested whether olfactory learning is affected when MB-C1 output is blocked by
Shibirets. We used an appetitive STM paradigm, in which we conditioned flies to associate
sugar with either Oct or MCH. Flies expressing UAS-Shibirets in MB-C1 at a high temperature
exhibited a significant impairment of performance after olfactory classical conditioning with
both odors (Fig. 17D, E). To investigate how blocking synaptic output of MB-C1 interferes
with learning, we tested whether memory acquisition or memory recall is affected. To block
synaptic output via Shibirets, flies have to be incubated at high temperature for at least 2
hours. Therefore, we used an appetitive mid-term memory (MTM) paradigm, in which flies
are tested 3 hours after regular training. First, we tested if flies, wildtype CantonS and
expressing UAS-Shibirets in MB-C1, are able to perform in this paradigm. Again we used Oct
and MCH as odors. Both groups, wildtype CantonS (Fig. 17 F) and mutant flies (Fig. 17G)
showed significant positive preference scores. Second, we tested if blocking synaptic output
during memory recall is affected. Flies expressing UAS-Shibirets in MB-C1 were transferred
directly after training to high temperature and kept on during testing. Flies scored
significantly lower when transferred to high temperature compared to flies kept constantly
at low temperature and to genetic control flies (Fig. 17H, I). Next, we tested if learning is
affected by blocking MB-C1 synaptic output. MTM was performed similarly, yet flies were
exposed to high temperature 3 hours prior and during training. Afterwards flies were kept
for 3 hours and tested on low temperature. This time, all groups exhibited similar
performance and showed no significant differences in comparison to temperature control
flies (Fig. 17], K). Together, these findings suggest that MB-C1 function is important for the

retrieval of memory, rather than during acquisition.
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Figure 17: Blocking synaptic output in MB-C1. A-C) Naive response to Oct A) and MCH B) is
significantly reduced when synaptic output is blocked on 31°C by Shibire in MB-C1, but not when flies
are exposed to vinegar C). D-E) STM performance is significantly reduced when expression of Shibire
in MB-C1 is induced on 31°C. Flies were trained with Oct D) and MCH E) and compared to the
temperature and genotype controls. F) Wildtype CantonsS flies form MTM on 21°C when trained with
Oct and MCH. G) Flies of the genotype GMR_MB380B/UAS-Shibirets are able to form MTM when
trained with Oct and MCH. H-I) Shibire expression in MB-C1 induced by 31°C during testing reduces
performance scores when trained with Oct H) and MCH I). ]J-K) When Shibire is expressed during
training, flies do not show performance differences to control groups. Data are represented as the
mean * SD. Behavioral data were tested in a one-way ANOVA followed by a posthoc Bonferroni
multiple comparisons testin a, b, ¢, d, e, h, i, j, and k; data in f and g were tested with a one-sample t-
test. Significance is set to p<0.05. Each group in A, B and C consists of n=12; and in D, E, F, G, H, [, ], K
of n=8.

Next, we decided to disrupt neurotransmitter synthesis in MB-C1 via GABA RNAi and test
innate and learned olfactory responses. Although RNAi of GABA was successful (see chapter
3.4.1), innate responses were not different from control flies (Fig. 184, B). When testing
STM, performance was only impaired when flies were trained with MCH, but not with Oct
(Fig. 18C, D). Neurons can express multiple neurotransmitter simultaneously, among them
different neuropeptides (Pauls et al. 2014). Immunohistochemical analysis were negative
for Acetylcholine, Dopamine, Histamine, Glutamate, Serotonin and Octopamine (see chapter
3.4.1). Therefore we used RNAi of prohormone convertase 2 (AMON), a single enzyme
essential for peptide processing in the fruit fly (Pauls et al. 2014). Knocking down the
expression of AMON inhibits neuropeptide expression. We tested the innate olfactory
responses with the aversive odors, Oct and MCH, using two different UAS-RNAI constructs to
knock down AMON. However, neither group exhibited significantly different behavior than
the control group (Fig. 18E, F). Finally, we induced MB-C1 cell specific apoptosis by
overexpressing the pro-apoptotic genes reaper (rpr) (White et al. 1994; White, Tahaoglu,
and Steller 1996) or head involution defective (hid) (Grether et al. 1995) in GMR_MB380B
and tested innate responses to Oct and MCH. Nevertheless, innate odor avoidance could not

be suppressed (Fig. 18G, H).
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Figure 18: Neurotransmitter knock-down in MB-C1. A-B) Knocking down GABA in MB-C1 does not
affect naive responses to A) Oct and B) MCH. C-D) STM is not affected by GABA knock-down when
trained with C) Oct but when trained with D) MCH. E-F) Knocking down AMON in MB-C1 does not
influence flies naive responses to E) Oct and F) MCH. G-H) Cell specific apoptosis of MB-C1 induced
by rpr or hid does not affect naive responses to either G) Oct or H) MCH.

Overall, silencing MB-C1 by blocking synaptic output with UAS-Shibirets showed a significant

impact on flies innate and learned olfactory behavior. Nonetheless, these results could not
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be replicated by neurotransmitter and neuropeptide RNAi and cell specific apoptosis.
Although exciting, these results cannot be interpreted undoubtedly and the function of MB-

C1 has yet to be investigated further.
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4 Discussion

The drosophila mushroom body is a cerebellum-like structure that is essential for
associative olfactory learning. In recent years, it has been extensively studied for
understanding the neuronal mechanisms that enable the fly to form such associations. Great
attention has been especially given to the MB lobes. This work sets its focus on the olfactory
integration site of the MB, the calyx, with an emphasis on the connectome of the
microglomerular synaptic complex, structural plasticity during memory consolidation and

the MB-C1 neuron.

4.1 A complete reconstruction of a microglomerular synaptic

complex

Here, we provide for the first time the complete wiring diagram of a single MG within the
MB calyx with all its neuronal types and their synaptic contributions. In contrast to other
studies that were primarily suggesting neuronal identities based on local morphological
criteria, we traced the neurons and located their cell bodies to reveal their morphology. This
enabled us to compare these tracings to existing LM data and to screen existing databases
containing LM information of adult fly brain neurons. Except for a small number of synaptic
profiles, we could unambiguously classify each cell type.

The PN bouton has a maximum diameter of 2.66um and a volume of 5.77um3,
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Our reconstructed MG consists of a DA1 PN bouton surrounded by 14 KCs claws of 5
different subtypes, two presynaptic KCs, APL and both MB-C1. A similar number of
postsynaptic KC claws with an average of 11 have been reported before (Butcher et al.
2012). The PN bouton falls with 2.66pum in diameter into the previous reported range of 1-
4pm (Butcher et al. 2012). We found 27 additional KCs making synaptic connections within
the MG space, either with KC claws, APL or MB-C1. Altogether, the microcircuit consists of
47 neurons of 4 different cell types. The MG space is further passed through by three KCs

not forming any synaptic connections.

4.1.1 Projection neuron bouton form pre- and postsynaptic connections with

various KC subtypes

The postsynaptic KCs receive input at 8-25 postsynaptic sites, which is in accordance with a
previous estimation of 18-24 postsynaptic sites (Butcher et al. 2012). DA1 PN boutons are
reported to be located within a region of the MB calyx to be predominantly occupied by of3s
KCs (Lin et al. 2007). However, the great majority of KCs in our reconstruction are of the
ymain subtype, which is with approximately 600 cells the most frequent KC subtype in the
MB (Aso, Hattori, et al. 2014). Together with the fact that we find 4 additional KC subtypes
downstream of the PN bouton suggests that the output of individual PNs is more diverse
than previously expected. Indeed, recent EM reconstruction from the Drosophila larva
(Eichler et al. 2017) and data generated with LM in the adult (Caron et al. 2013) suggest
random PN-to-KC connectivity. Another point to consider is the finding that different
subsets of KCs serve different functions. For instance, o'’ KCs are necessary to acquire and
stabilize aversive and appetitive memory, but dispensable during memory retrieval, which
depends on aff KCs (Krashes et al. 2007). Also, LTM depends on of3 KCs, but does not require
o'’ KCs, which on the contrary are forming MTM (Pitman et al. 2011). Therefore, a PN
output onto a mixed group of KC subtypes ensures that the sensory information is
distributed over the whole MB and can be evaluated accordingly to a context, eg.
punishment or reward, but also novel or already learned stimulus.

Previous studies showed that KCs contain a mixture of pre- and postsynaptic connections in
the MB calyx, with postsynaptic sites in the claws and presynaptic connections along the
main branches. The presynapses were localized outside MGi and distant from PN boutons
(Butcher et al. 2012; Christiansen et al. 2011). Yet, we show here for the first time that KCs
also give input into PN boutons. These synapses were indeed along the main branches,

which KCs extend from the soma through the calyx into the pedunculus. A feedback pathway
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from the KCs to the AL has been described before (Hu, Zhang, and Wang 2010). Activation of
KCs induced depolarization in PNs and local interneurons in the AL, indicating top-down
modulation of olfactory processing. The authors suggest that the feedback is mediated by
MB lobes, because activation of KC axons induced a greater response in the AL than
activation of KC cell bodies. The difference might be caused by neurons projecting from the
MB lobes to the AL (Hu, Zhang, and Wang 2010). Nevertheless, the KC synapses onto PN
boutons could to some extent contribute to this feedback loop. Likewise, these synaptic
connections could perhaps promote odor processing in the calyx, either globally or locally in
individual MGi. The latter assumption is further supported by our reconstruction with two

presynapses in two KC claws connecting with the APL.

4.1.2 Integration of GABAergic neurons in the MG

Past studies describing the neuronal network within the MB calyx reported a great number
of ENs, among them octopaminergic (Aso, Hattori, et al. 2014; Busch et al. 2009; Burke et al.
2012; Wu et al. 2013), GABAergic (Tanaka, Tanimoto, and Ito 2008; Liu and Davis 2009),
serotonergic (Roy et al. 2007), dopaminergic (Aso, Hattori, et al. 2014; Mao and Davis 2009;
Chen et al. 2012) neurons and yet to be determined neurons (Tanaka, Tanimoto, and Ito
2008; Zheng et al. 2018). Therefore, we were surprised to find only APL and MB-C1 in the
MG complex. APL is a large GABAergic (Liu and Davis 2009) and octopaminergic (Wu et al.
2013) neuron broadly innervating the MB. Each hemisphere contains one APL neuron with
the cell body located lateral to the MB calyx and near the LH (Tanaka, Tanimoto, and Ito
2008). From the cell body it extends a single neurite dorso-medially that splits into two
branches. One branch projects to the mushroom body at the vertical lobe (Liu and Davis
2009), while the second enters the calyx and the pedunculus (Tanaka, Tanimoto, and Ito
2008). Although the neuron innervates the calyx, pedunculus and the MB lobes entirely,
developmental data suggest that the MB is solely innervated through the MB calyx
(Mayseless et al. 2018). It is part of a functional loop with KCs, as it is activated by KCs and
itself simultaneously inhibits KCs (Lin et al. 2014). This is facilitated by a negative feedback
circuit between the APL and the KCs, suggested to be important for the maintenance of KCs’
sparse activity and thereby promotes odor discrimination (Lin et al. 2014) Reducing GABA
synthesis in APL enhances short term memory olfactory learning. On the other hand, odor
discrimination is reduced, yet not abolished (Liu and Davis 2009). Further, Octopamine
release of APL onto KCs promotes anesthesia-resistant memory consolidation of an odor
conditioned stimulus (Wu et al. 2013). Although, MB-C1 had not been sufficiently studied in

Drosophila, it is suggested to be GABAergic based on morphological comparison with the
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Calycal giants (CGs) neurons in Periplaneta Americana (Tanaka, Tanimoto, and Ito 2008;
Nishino and Mizunami 1998). Four CGs per hemisphere exist in P. americana connecting the
LH with the MB calyx. Their activity is suppressed by olfactory, visual, tactile or air current
stimulation, but CGs themselves suppress the activity of KCs, leading to the suggestion that
disinhibition of CGs may facilitate the transmission of sensory signals to KCs (Nishino and
Mizunami 1998).

The role of these neurons in the MB calyx specifically and in particular in the MG has not
been investigated, yet. The finding that APL and MB-C1 make synapses onto both PN
boutons and KCs, and that PN bouton synapses onto APL and MB-C1 resembles the circuitry
of inhibitory GABAergic neurons in the lib region of the MB calyx in honey bees (Ganeshina
and Menzel 2001). Here, the presynapses of GABAergic neurons on PN boutons and KCs
suggest that the transmission of the odor stimulus is inhibited by both pre- and postsynaptic
inhibition. Simultaneously, the cholinergic PN boutons are excitatory and synapse onto the
GABAergic neurons, which may represent a short negative feedback loop (Ganeshina and
Menzel 2001). The here demonstrated connections in the MG indicate a microcircuit with
local inhibition by GABAergic neurons. These microcircuits are also found in the brains of
vertebrates, such as rats (Zipp et al. 1989), and mouse (Porter, Johnson, and Agmon 2001),
and potentially stabilize and regulate the excitation level of neuronal networks (Ganeshina
and Menzel 2001; Menzel 2014). Whether this is also the case for the MB calyx in the fruit
fly needs to be further tested. In particular, further research has to investigate, firstly, if the
connections of APL and MB-C1 in the MB calyx act independently of their connections in
other regions; that is for APL in the MB lobes, and for MB-C1 in the LH. This could imply that
these neurons have spatially distinct functions. Secondly, it is necessary to investigate, if the
neurons act locally within individual MGi or globally throughout the whole MB calyx. Local

inhibition of individual MGi could potentially explain the sparse coding mechanism of KCs.

4.1.3 Comparison with previous EM studies of the MG complex

Previous EM studies mentioned that within the MG complex small profiles with clear free of
vesicle cytoplasm are exclusively KCs (Butcher et al. 2012). In our data set we find that such
small profiles can also belong to postsynaptic sites of APL and MB-C1. Bigger profiles are
only presynaptic to the bouton and belong to APL, MB-C1 and the two ymain KCs, which do
not form postsynaptic claws around the bouton. Another criterion for identifying ENs was
based on a sparsely filled cytoplasm not seen in PN profiles (Yasuyama, Meinertzhagen, and

Schurmann 2002), which in our EM data set does not become obvious.
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In our reconstruction we were able to associate every synaptic cleft with a T-bar. This is in
contrast to previous EM studies, which reported two types of AZ, with ribbon and without T-
bar ribbons (Leiss et al. 2009; Butcher et al. 2012). However, these studies utilized EM data
sets of thicker sections with 50 nm (Leiss et al. 2009) or 1-2 pm (Butcher et al. 2012)
thickness, whereas the data set generated in the Bock laboratory consists of 35-40 nm thick
sections (Zheng et al. 2018). Studies describing the AZ in Drosophila report that the mean
Bruchpilot (Brp) ring diameter of the T-bar in the in the MB calyx is between 160 nm to 190
nm (Gupta et al. 2016), and has a height of 98 + 26 nm in the neuromuscular junctions
(NM]), measured between the BRP C terminus and DRBP C terminus (Liu et al. 2011). Thus,
it might be possible that previous studies missed T-bar specializations due to section

thickness.

Overall, our reconstruction of a MG suggests a complex microcircuit within the calyx that
includes feedforward and feedback pathways between multiple neuron types. The circuitry
includes cholinergic excitatory neurons and GABAergic inhibitory neurons. These
microcircuits could potentially modulate and compute olfactory processing and memory

formation in the MB calyx.
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4.2 Rewiring upon LTM in the MB calyx

Much evidence indicates that the formation of LTM involves enduring alteration of synaptic
responses to the learned stimulus. These changes serve memory storage and ensure its
retrieval. A central question derived from these observations is, what are the cellular and
molecular events that lead to such plastic changes? Here we established an appetitive LTM
paradigm in which for the first time pre- and postsynaptic connection are visible and

detectible, thus in the future will serve as a model to help answer this question.

4.2.1 Input specific reorganization

In particular, we report that the MB calyx in the adult fly undergoes input-specific pre- and
postsynaptic plastic changes during memory consolidation. We successfully trained flies to
associate cVA with a sugar reward in a STM and LTM training paradigm. Although, cVA is a
sex-pheromone (Datta et al. 2008), we could show that both male and female flies
successfully associated cVA with sucrose and showed no significant difference between each
other in their learning behavior (Fig. 9). Upon LTM formation, the MGi specifically activated
by cVA decreased in volume, but increased in number. When flies were trained with Ga or in
an unpaired control, the cVA specific MGi did not undergo these changes. Similarly, we did
not find these changes when flies were trained in a STM paradigm with cVA, Ga or in an
unpaired control (Fig. 10).

The current model for associative learning in the fruit fly is based on the
compartmentalization of the MB and the finding that the synaptic connections between KC
axons and MBONs in MB lobes are weakened by presynaptic depression upon the release of
Dopamine by DANs. An odor activates a specific subset of KCs and an US activates either
reward or punishment coding DANs. The reward coding DANs alter the synaptic
connections between KCs and avoidance driving MBONs, whereas the punishment coding
DANs act on the connections between KCs and approach promoting MBONSs. Thus, the
balance of the network is shifted in favor of either avoidance or approach behavior (Aso,
Sitaraman, et al. 2014; Bouzaiane et al. 2015; Cohn, Morantte, and Ruta 2015; Hige et al.
2015; Owald and Waddell 2015; Perisse et al. 2016; Cognigni, Felsenberg, and Waddell
2018) (see also chapter 1.5 and Fig. 3). Furthermore, the activation of KCs by odor is
regulated through sparse coding, as only a restricted number of approximately 5% of KCs
respond to odor stimulation independently of the number of activated PNs (Perez-Orive et
al. 2002; Honegger, Campbell, and Turner 2011; Turner, Bazhenov, and Laurent 2008). In
addition, the spatial organization of the MB calyx suggests that different KC subtypes
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predominantly, yet not exclusively, occupy specific zones (Lin et al. 2007), as do PNs (Lin et
al. 2007; Seki et al. 2017; Zheng et al. 2018).

By considering these three hypotheses, our findings in the study presented here can be
interpreted as follows. LTM formation leads to rewiring of the MB calyx circuitry. As the
number of boutons increases, the size of MGi decreases. This presumably suggests that each
bouton would have less KC claws on average and, thus, leading to the reduction in MGi size.
If the number of odor activated KCs remains the same, sparse coding should thus not be
affected. Yet, the smaller number of KC claws could indicate a refinement of the odor specific
KC code with more odor specific PN boutons projecting onto a specific subtype of KCs. In
other words, new specific KCs could be recruited. This would lead to a more distinct
representation of the memory in the MB lobes and in the different output behavior
compartments. This drastic rearrangement of odor representation in the MB input site is
further supported by findings in the lip region of the MB calyx in honey bee, Apis mellifera.
Here, new experience and learning leads to an increase in the number of MGi (Krofczik et al.
2008; Hourcade et al. 2010) (see also chapter 1.7.2). In addition, functional imaging of KCs
in the lip region of the honey bee calyx suggests that KCs are either specifically recruited or

eliminated from responding during odor learning (Szyszka, Galkin, and Menzel 2008).

Altogether, the here presented data suggest structural reorganization of pre- and
postsynaptic partners upon LTM formation in the MB calyx. The changes are specific to the
odor stimulated MGi, hence activity dependent. The data are consistent with findings in
honey bees and ants (Krofczik et al. 2008; Hourcade et al. 2010; Stieb et al. 2010; Szyszka,
Galkin, and Menzel 2008; Szyszka et al. 2011).
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4.3 Optogenetic PN stimulation in a LTM paradigm

To investigate whether the structural plastic changes with LTM formation in the PNs is
specific to the cVA conditioning paradigm or can be universally applied to PN-KC
connections, we tried to establish an alternative conditioning paradigm. Moreover, in order
to deliver cVA to the fly, it has to be diluted in a carrier, here ethanol (EtOH), which itself
activates KCs. Also, cVA is a sex pheromone that activates a sexually dimorphic circuit (Datta
et al. 2008) and has a strong biological significance to flies (Bartelt, Schaner, and Jackson
1985). However, we did not find difference between males and females in our appetitive
conditioning paradigm with cVA (Fig. 9C).

Due to a missing additional PN-driver line that could be specifically activated by odor
stimulation and that assures a convergence in function and structure, we explored the
possibility of artificially substituting the odor stimulation. Similar approaches to manipulate
the neurons of the olfactory perception system and influence the behavior of flies have been
reported before, e.g. by using thermogenetic activation with the transient receptor potential
cation channel A 1 (TRPA1) in KCs (Vasmer et al. 2014) and the dopaminergic PAM cluster
(Aso et al. 2010), or optogenetic activity in dopaminergic PPL1 neurons (Riemensperger,
Kittel, and Fiala 2016), in KCs (Lyutova et al. 2019), and in a MBON (Konig et al. 2019). Yet
to date, nobody has reported a light-induced memory by simulating artificially the olfactory
input into the MB, the PNs.

Our tool of choice was Cs-ChrimsonR, because it is a red-shifted version of the
channelrhodopsin family, with an excitation peak at 617nm (Klapoetke et al. 2014). The
shift to the red spectrum is of great importance, as flies cannot see red light (Klapoetke et al.
2014; Salcedo et al. 1999). Moreover, red light is able to pass through the cuticula (also
known as exoskeleton) around the head. Cs-ChrimsonR has sufficient light sensitivity and
stability to be activated by the red light passing through the cuticula and depolarize central

brain neurons (Klapoetke et al. 2014).

4.3.1 Induction of memory formation by optogenetic activation of PNs could

not be demonstrated

For this purpose, groups of flies were trained by pairing a sugar reward with the
optogenetic stimulation of PNs. To test memory formation, a set-up in which flies can choose
between two halves of a place choice arena was designed. Trained flies were expected to
show greater preference over time for the red illuminated half over the other not

illuminated half. Unpaired control flies were expected to distribute randomly. We tested
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several different training protocols, which included different levels of starvation to motivate
the flies to learn, refeeding, and space training. We also tested different test situations, in
which either one half was permanently illuminated for the duration of testing, or the arena
was illuminated with red light alternating between the two halves. However, the different
protocols could not unquestionably proof memory formation. Neither did the flies show
significant preference scores, nor did the evaluation of MB calyces show an increase in MGi.
One reason why the optogenetic conditioning paradigm was not successful could be the lack
of day light. Fruit flies are diurnal (active during daytime) animals and rhythmic light-dark
cycles have been proven to significantly impact animal behavior and physiology. Light acts
as a powerful modulator of different brain functions, such as circadian rhythm, hormone
secretion, and various cognitive functions. Just recently, a study could show elegantly that
LTM was severely impaired in flies kept in constant darkness. The impairment was
independent of stress reactions and sleep deprivation, thus the experimenters suggest that
LTM is light-dependent (Inami et al. 2020). Furthermore, in fruit flies, environmental light
activates photoreceptors in a set of brain neurons expressing a neuropeptide called
Pigment-dispersing factor (Pdf) and increases their spontaneous firing rate (Sheeba et al.
2008; Fogle et al. 2011; Ni et al. 2017). Pdf neurons play a critical role in LTM maintenance,
as Pdf reactivates the memory modulator CREB (cAMP response element-binding protein),
which is essential for LTM maintenance (Inami et al. 2020). Taken together, Drosophila has
a light-dependent memory maintenance system regulated by Pdf signaling (Inami et al.
2020). In our optogenetic conditioning experiment, flies were kept in constant darkness to
avoid unnecessary light stimulated activation of PNs. This is essential for two reasons. First,
uncontrolled light exposure stimulates the PNs and could lead to forming unwanted
associations that could compete with the wanted trained stimulus. Second, flies have to be
kept in darkness to avoid the extinction of the trained associative memory. Repeated
exposure of the trained CS without the expected biological significant US, reduces the
behavioral response of the animal through a process called extinction learning (Bouton
2004; Felsenberg et al. 2018). However, in a control experiment, we tested flies expressing
UAS-Cs-ChrimsonR in the PN subset SS01867 kept in constant darkness in the well-
established odor paradigm. Although, never been exposed to light, these flies showed strong
learning scores (Fig. 11C).

Another point to consider is that we used a defined set of PNs, namely 12 cells of the DA1,
DL1 and DM2 AL glomeruli. The number of cells might not have been sufficient enough. A
previous study investigated, if flies can learn any input pattern into the MB, irrespective of
the exact identity of the activated PNs, exact odor representation, or of symmetry between

the hemispheres. Here, the experimenters expressed the thermogenetic tool TRPA1 in
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random sets of PNs. Afterwards flies were trained in an aversive STM paradigm, in which
heat activation of TRPA1 was paired with an electric shock. Flies were only successfully
performing, if the number of TRAP1 expressing PNs was greater than 31 cells. Lower
numbers were not sufficient enough (Warth Perez Arias et al. 2020). This is almost three
times more cells artificially activated than we could activate in our flies. Thus, creating new
splitGAL4 lines that label a number of greater than 31 cells, but still only drive expression in

PNs could potentially evoke memory formation upon optogenetic activation.
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4.4 The GABAergic Mushroom body neuron 1

In our MG reconstruction, we identified next to KCs, PN and APL also MB-C1 as a component
of the circuitry. Two MB-C1 neurons per hemisphere exist. They extend branches out into
the LH and project onwards to the MB calyx, where they arborize excessively. To our
surprise, up to now MB-C1 has been overlooked and no studies have been performed.
Meanwhile, the connections between LH and the MB have caught more interest eventually.
Some findings suggest that the MB also contributes to innate behavior and, vice versa, LH
odor processing contributes to olfactory learning in the MB (Dolan et al. 2018; Dolan et al.
2019; Lewis et al. 2015; Tsao et al. 2018; Bates 2020). Consequently, investigating MB-C1

could add new information to the understanding of odor processing in the MB calyx.

4.4.1 Morphology of MB-C1

We identified MB-C1 as a GABAergic neuron and demonstrated by means of our EM
reconstruction and with genetic markers to be pre- and postsynaptic in its target areas, LH
and MB calyx. Whereas MB-C1 is innervating the whole main calyx, the innervation into the
LH is limited to the ventral area. This restricted LH innervation was further confirmed by a
recent study, which systematically mapped the LH with its intrinsic and extrinsic neurons
by generating a large splitGAL4 driver line collection (Dolan et al. 2019). The LH is
subdivided into a ventral and a dorsal region, with the ventral region suggested to be
predominantly responsible for promoting innate behavior for aversive odors (Seki et al.
2017). MB-C1 may thus act to normalize, e.g. to synchronize, the activity between the MB
calyx and the ventral LH region. This scenario would further suggest an additional separated
processing step of aversive and attractive odors. Either the dorsal region of the LH, which
represents the innate attractive behavior (Seki et al. 2017), is not normalized with the MB
calyx, or normalizing could be promoted by a separate neuronal circuit. Another
interpretation of the MB-C1 connectivity could be that MB-C1 is important for integrating
aversive odor processing of the LH into the MB, or conversely, the odor processing in the MB

can influence the information processing in the LH.

4.4.2 Blocking MB-C1

By expressing UAS-Shibiret in MB-C1, we blocked synaptic output at a temperature of 31°C.

This led to a significant reduced innate avoidance behavior towards the aversive odors Oct
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and MCH. Conversely, innate attraction behavior to the odor of vinegar was not affected.
Furthermore, blocking MB-C1 synaptic output interfered with the positive association of Oct
and MCH with a positive sugar reward in a STM paradigm. To investigate, if either learning
or memory retrieval is affected by the suppression of MB-C1 synaptic output, we utilized a
MTM paradigm. Thus, we were able to block MB-C1 during training and testing of memory
separately. Here, blocking during learning did not show a significant affect, whereas
blocking during memory retrieval inhibited the association between an aversive odor and a
positive sugar reward. These findings suggest the above mentioned scenario, in which MB-
C1 is promoting the integration of the innate aversive information of the odor into the MB.
When MB-C1 is blocked during testing, the flies might lack the innate information or the
integration is disrupted. In order for the fly to perform an accurate response to the trained
odor, the fly has potentially to compare the innate odor processing in the LH with the newly
learned information. More precisely, this would mean in our conditioning paradigm that the
naive representation of the aversive odor is essential to recall the learned positive
association with the reward.

However, neither the innate nor the conditioned behavior could be reproduced by
specifically knocking down the expression of GABA or AMON in MB-C1, nor did cell specific
apoptosis of MB-C1. The temperature dependency of UAS-Shibirets has certainly its
disadvantage, because the internal temperature of flies varies considerably with the outside
temperature. Therefore, an unambiguous and final conclusion about the function of MB-C1
cannot be drawn, yet.

How innate and learned behaviors are interacting with each other is still not known
sufficiently, yet. Therefore, further investigation of these connections is certainly of great

importance for the understanding of learning in general.
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5 Statement of Contributions

Statement for: 3.1 Microglomerulus reconstruction

Task Names

Conceptualization Philipp Ranft, Gaia Tavosanis, Davi Bock
Methodology Philipp Ranft, Gaia Tavosanis, Davi Bock

Formal analysis Philipp Ranft, Gaia Tavosanis, Davi Bock
Investigation Philipp Ranft

Proof reading of neuron tracing Scott Lauritzen, Feng Li, Steven A. Calle-Schuler, Lucia

Kmecova, Igbal ]. Ali, Nadiya Sharifi, Corey B. Fisher,
Benjamin Gorko, Najila Masoodpanah, Joseph Hsu
Resources and funding acquisition  Gaia Tavosanis, Davi Bock

Supervision Gaia Tavosanis

Statement for: 3.2 Pre- and postsynaptic structural plasticity in the MB calyx

Task Names

Conceptualization Lothar Baltruschat, Gaia Tavosanis

Methodology Lothar Baltruschat, Gaia Tavosanis

Formal analysis Philipp Ranft, Lothar Baltruschat, Gaia Tavosanis
Investigation Philipp Ranft, Lothar Baltruschat

Software Christoph Mohl

Resources and supervision Gaia Tavosanis

Statement for: 3.3 Appetitive conditioning with optogenetic stimulation

Task Names

Conceptualization Philipp Ranft, Gaia Tavosanis
Methodology Philipp Ranft, Gaia Tavosanis
Formal analysis Philipp Ranft, Gaia Tavosanis
Behavioral experiments Philipp Ranft

Place choice arena Philipp Ranft, Lothar Baltruschat
Image acquisition and analysis Philipp Ranft, Luigi Prisco
Resources and supervision Gaia Tavosanis
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Statement for: 3.4 Characterizing the MB calyx innervating neuron MB-C1

Task Names

Conceptualization Philipp Ranft, Gaia Tavosanis
Methodology Philipp Ranft, Gaia Tavosanis
Formal analysis Philipp Ranft, Gaia Tavosanis
Investigation Philipp Ranft

Resources and supervision Gaia Tavosanis
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6 Acronyms

°C

af KC
o’ KC
vy KC
3D
Ach
AL
ANOVA
AMON
APL
AZ

Brp
CREB
CG
CNS

CS

CS+
CS-
Cs-ChrimsonR
cVA
DA1
DAN
DL1
DL3
DM?2
DRBP
eGFP
EM

EN
EtOH
FAFB

degrees Celsius

number

alpha beta subtype of Kenyon cells

alpha prime beta prime subtype of Kenyon cells
gama subtype of Kenyon cells

three-dimensional

Acetylcholine

Antennal lobe

analysis of variance

Prohormone convertase 2, amontillado

Anterior paired lateral neuron

Active zone

Bruchpilot

cAMP response element-binding protein

Calycal giant neuron

Central nervous system

Conditioned stimulus

odorant paired with sucrose

odorant not paired with sucrose

light-gated cation channelrhodopsin, excitation 617nm
11-cis-Vaccenyl acetate

Dorso-anterior glomerulus 1 of the adult antennal lobe
Dopaminergic neuron

Dorso-lateral glomerulus 1 of the adult antennal lobe
Dorso-lateral glomerulus 3 of the adult antennal lobe
Dorso-medial glomerulus 2 of the adult antennal lobe
Drosophila Rab3-interacting molecule binding protein
enhanced Green-fluorescent protein

Electron microscopy

Extrinsic neuron

Ethanol

Female Adult Fly Brain
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Ga Geranyl acetate

GABA y-Aminobutyric acid

GAD1 glutamic acid decarboxylase 1

GAL4 Galactose-responsive transcription factor
GFP Green-fluorescent protein

GRASP GFP-reconstitution across synaptic partners
hid head involution defective gene

KC Kenyon cell

LH Lateral horn

LED Light-emitting diode

LexA real name of a DNA binding protein
LexAop LexA DNA-binding sequence

LM Light microscopy

LTM Long-term memory

mALT medial antennal lobe tract

MB Mushroom body

MB-C1 Mushroom body calyx neuron 1

MBON Mushroom body output neuron

MCH 4-methylcyclohexanol

MDN moonwalk descending neuron

MG Microglomerulus

MGi Microglomeruli, plural of MG

MTM Mid-term memory

NM]J Neuromuscular junctions

OAN Octopaminergic neuron

Oct 3-Octanol

OSN Olfactory sensory neuron

PAM DANSs innervating MB lobes, coding for reward
PBS Phosphate buffered saline

Pdf Pigment-dispersing factor

PI Preference index

PN Projection neuron

PPL1 DANSs innervating MB lobes, coding for punishment
PSD Postsynaptic density zone

RNA Ribonucleic acid

RNAi Ribonucleic acid (RNA) interference
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rpr reaper gene

sec seconds

Shits Temperature-sensitive Shibire

splitGAL4 driver line with GAL4 coding region split between two
enhancer

ssTEM serial section transmission electron microscopy

STM Short-term memory

t time

tdT tandem dimer Tomato fluorescent protein

TRPA1 Transient receptor potential cation channel, A 1

UAS Upstream activating sequence

usS Unconditioned stimulus
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