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Functional analysis of a mushroom body output neuron involved in

olfactory memory in Drosophila
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Abbreviations

MB : Mushroom body

KC : Kenyon cell

MBON : Mushroom body output neuron

DAN : Dopaminergic neuron

CS : Conditioned stimulus

US : Unconditioned stimulus

OCT : 3-octanol

MCH : 4-methylcyclohexanol

STM : short-term memory

MTM : mid-term memory

LTM : long-term memory

BGAM : blockade-of-MBON-y1pedc-induced aversive memory

ES : electric shock



Abstract

I have analyzed the functions of the Drosophila melanogaster neural circuits involved in
olfactory aversive memory formation, in which odor and electric shocks are associated. The
structure of the Drosophila brain called the mushroom body (MB) is thought to be the center
for olfactory memory. The MB consists of ~2,000 olfactory tertiary neurons called Kenyon
cells (KCs), dopaminergic neurons (DANs), and MB output neurons (MBONSs). KCs are
postsynaptic to DANs and presynaptic to MBONSs. These neurons interact with each other
and control memory processes, but the functions and circuit mechanisms have not been fully
elucidated. I found that (1) MBON-ylpedc, an MBON postsynaptic to y and afy KCs, was
required for both the memory acquisition and retrieval processes. (2) Suppression of the
MBON-yIpedc activity formed an aversive olfactory memory (blockade-of-MBON-y1pedc-
induced aversive memory, BGAM), even without electric shocks. (3) BGAM required the
activities of DANs. This indicates that the MBONSs, which were thought to be downstream of
DANSs, can modify the effects of DANs. Taken together, KCs, DANs, and MBONSs consist of
multi-layered circuits and control each other's effects, thereby regulating the memory

formation process.



1. INTRODUCTION

Animals survive and prosper by altering their behaviors according to various external
environments. This experience-dependent behavioral plasticity is called memory, and is
observed in a wide range of vertebrate and invertebrate species. Memory involves several
processes, including acquisition, consolidation and retrieval, and the functions of the neurons
and circuits involved in each process have been examined in various species. However, it is
still unclear where and how the information is processed in neural circuits to regulate the

memory formation, consolidation and retrieval.

A simple experimental animal, the fruit fly Drosophila melanogaster, is ideal to study

the details of neuronal functions in the memory processes, for the following reasons.

1) Various memory experiments, including classical conditioning, are available (Quinn et al.,

1974).

2) The number of neurons is as small as on the order of 100,000 in the whole brain, and thus

it is easy to analyze the neuronal functions at a cellular level, as compared to vertebrates.

3) Artificial manipulation of neurons at the single cell level is possible (Venken et al., 2011).

In particular, the neurons pre- and postsynaptic to the mushroom body (MB), the
Kenyon cells (KCs), have been extensively mapped anatomically. Their functions in
olfactory memory have been studied, since KCs are thought to encode odor information and
function as a coincidence detector when olfactory memory is formed (Heisenberg et al.,
1985; Heisenberg, 2003). Olfactory memory has long been studied in Drosophila, and is the
first experimental system in which the memory formation process has been genetically
dissected (Davis, 2005). In this study, I aimed to clarify the function of a type of neuron

postsynaptic to KCs in olfactory aversive memory.
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1-1. Classical olfactory conditioning

In this study, Pavlovian classical conditioning was used, since it has been extensively studied
in the field of Drosophila memory. In classical conditioning, a conditioned stimulus (CS) and
an unconditioned stimulus (US) are associated when presented simultaneously. The US has
biologically important value for survival or prosperity, and the CS has the ability to trigger a
new response that is observed after the association with the US, but not before the association.
The olfactory or visual stimuli are used as the CS and several distinct stimuli including
electric shocks, sucrose ingestion and bitter taste can be used experimentally as the US in
typical classical conditioning in Drosophila (Quinn et al., 1974; Siegel and Hall, 1979;
Tempel et al., 1984; Schnaitmann et al., 2010; Kaun et al., 2011; Lin et al., 2014b). However,
the mechanisms by which flies select the US or tune the threshold for accepting a stimulus as
the US remain largely unknown. In this study, the functions of neural circuits involved in the
olfactory aversive memory in Drosophila were examined, by using odors as the CS and
electric shocks (ESs) as the US. Based on the results, I have proposed a mechanism for the

tuning of the threshold for the US.

An odor (CS) is presented to flies simultaneously with electric shocks (US), followed
by the presentation of another odor (CS) without the US. In this paradigm, the CS associated
with the US is called CS+ and the other CS presented alone is called CS- (Figure 1). After the
conditioning, flies are allowed to choose which of the two odors to approach or avoid. The
numbers of flies on each side of the test tubes are counted, and the Performance Index is
calculated. The memory acquired by this protocol is classified by the retention time, as short-
term memory (STM), mid-term memory (MTM) and long-term memory (LTM). In

Drosophila, STM is usually a memory retrieved a few minutes~30 min after memory



acquisition, MTM 1is 2~3 hr memory and LTM is over 1 day memory. In this study, STM (~5

min memory) and MTM (~2 hr memory) were examined.
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Figure 1. Olfactory aversive conditioning in Drosophila and evaluation

After the CS+ odor is presented with ESs and CS- without ESs, flies avoid the CS+ odor. The
numbers of flies attracted to the CS+/- odors were used to calculate the Performance Index.



1-2. Mushroom body

The neuropil called the mushroom body (MB) has been extensively studied anatomically
(Tanaka et al., 2008; Aso et al., 2009; 2014b) and functionally, as the center for olfactory
aversive memory (Heisenberg et al., 1985; Davis, 2005; McGuire et al., 2005; Waddell,
2013). The MB consists of dopaminergic neurons (DANs), mushroom body output neurons
(MBONSs) and ~2,000 intrinsic neurons called Kenyon cells (KCs) in each hemisphere (Aso

et al., 2009) (Figure 2B).

Odor presentation activates subsets of KCs sparsely (Turner et al., 2008; Honegger et
al.,, 2011; Campbell et al., 2013; Lin et al., 2014a), and the pattern of activated neurons
(~100) in the ~2,000 KCs represents the odor information. The odor information is modified
by aversive stimuli conveyed by dopaminergic neurons (DANSs) upon the classical olfactory
conditioning (Davis, 2005; Claridge-Chang et al., 2009; Aso et al., 2010; Perisse et al.,
2013a). The modified information then converges on the MB output neurons (MBONs)
(S¢journé et al., 2011; Aso et al., 2014b), and the output from the MBONSs controls the

memory-based behavior (Séjourné et al., 2011; Aso et al., 2014a) (Figure 2B).
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Figure 2. KCs, DANs and MBONSs comprise the MB neuronal circuit

(A) Construction of Kenyon cells (KCs). aff, a’p’, and y cells constitute the a, B, a’, B’ and y
lobes, and the lobes are divided into 15 compartments.

(B) Circuits around the KCs. The compartments are projected by specific dopaminergic
neurons (DANSs) and specific mushroom body output neurons (MBONSs).
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1-3. Kenyon cells

Kenyon cells (KCs) are intrinsic neurons of the MB. Odorant molecules bind to odorant
receptors expressed in the primary olfactory neurons (Goldman et al., 2005). The odor
information is conveyed randomly to KCs via the secondary olfactory neurons, projection
neurons (Caron et al., 2013), and the information is sparsely represented in KCs (Turner et al.,
2008; Honegger et al., 2011; Campbell et al., 2013; Lin et al., 2014a). KCs have cell bodies
on the posterior side and project their axons towards the anterior side. The KCs are classified
into o/B, a’/P’, and v cells anatomically and developmentally. After branching at the heel, o/
cells construct the a lobe at the vertical (dorsal) part and the 3 lobe at the horizontal (medial)
part, while o'/f' cells similarly form the o' lobe at the vertical part and the B' lobe at the
horizontal part. The y cells do not branch, and are projected only in the horizontal direction.
These lobes are variously involved in the formation of different memories (Yu et al., 2006;

Krashes et al., 2007; Trannoy et al., 2011; Qin et al., 2012; Perisse et al., 2013b) (Figure 2A).

Each lobe is further subdivided along the longitudinal axis into compartments (Figure
2A, B), into which a specific set of DANs and MBONSs project and form a microcircuit (Mao
and Davis, 2009; Aso et al., 2014b). Altogether, 15 compartments tile the entire MB lobes,
and each compartment is proposed to perform a distinct function in various processes of

memory formation (Perisse et al., 2013a; Aso et al., 2014a; 2014b) .
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1-4. Dopaminergic neurons

There are 20 types of DANSs projecting their axons into each compartment of the lobe, and
they consist of 3 clusters (PAM, PPLI1, and PPL2ab) (Mao and Davis, 2009; Aso et al.,
2014b) . In particular, PAM is necessary for reward learning using sucrose as the US (Liu et
al., 2012; Aso et al., 2014a) , and PPL1 is necessary for aversive learning using ESs as the
US (Aso et al., 2010; 2012; 2014a). These DANs project to specific compartments and
modify the input from KCs to MBONs in each compartment, and this synaptic plasticity
results in behavioral plasticity (Tomchik and Davis, 2009; Gervasi et al., 2010; Boto et al.,
2014). Since the simultaneous presentation of an odor conveyed from KCs and the US
conveyed from DANs changes the response to the odor co-presented with the US, the

simultaneous activation of KCs and DANs changes the synaptic output from KCs.

In addition, the DAN activity is dynamically changed by external stimuli or internal
physiological states (Placais et al., 2012; Berry et al., 2015; Cohn et al., 2015), and the output
from MBON:Ss is also known to affect the DAN activity (Cohn et al., 2015), suggesting that
the circuits consisting of KCs, DANs and MBONs form dynamic neuronal networks

including multiple layers of feedforward and feedback regulation.
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1-5. Mushroom body output neurons

Recent anatomical studies on the cellular identification of MBONs have provided intriguing
information. They revealed that the odor information represented by ~2,000 KCs converges
on only 34 MBONSs, composed of 21 anatomically distinct cell types (Aso et al., 2014b). This
result permits the study of the neuronal mechanisms underlying odor coding and olfactory
memory formation in the reduced dimension, at the level of fourth-order olfactory neurons.
Specifically, split-Gal4 drivers identifying each MBON at a cellular resolution enable the
manipulation of each MBON (Aso et al., 2014a; 2014b). Thus I have started to witness the
progress in understanding the roles of MBONSs in the memory (Séjourné et al., 2011; Aso et

al., 2014b; Bouzaiane et al., 2015; Owald et al., 2015; Hige et al., 2015b).

I focused on the role of the MBON called MBON-y1pedc, because it reportedly plays
a pivotal role in aversive memory (Aso et al., 2014a; Perisse et al., 2016), and memory traces
were also observed in MBON-ylIpedc after the association of odors with electric shocks or
the activation of DANs (Hige et al., 2015a; Perisse et al., 2016). In addition, MBON-ylpedc
reflects the internal and physiological states of flies, and inhibits the activities of other
MBONSs (Perisse et al., 2016). These previous reports suggested the possibility that MBON-
v1pedc plays multiple roles in memory formation, and I found that MBON-y1pedc is required
for the acquisition of memory. Furthermore, during memory formation, MBON-ylpedc

suppresses the acquisition of aversive memory for CS-, but not for CS+.
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2. Materials and methods

2-1. Fly strains

All flies were raised on standard cornmeal-agar food at 25°C. In this study, the following

strains were used.

CS10 (w1118 backcrossed by Canton-S for 10 generations) : A control strain in this study.

MBI12C : A split-Gal4 strain expressing Gal4 protein in MBON-ylpedc. Unless otherwise

indicated, this strain was used as an MBON-y1pedc specific driver in this study.

MBO060B : A split-Gal4 strain expressing Gal4 protein in PPL1-y2a’1, 0’202, a3, o’3.

MB504B : A split-Gal4 strain expressing Gal4 protein in PPL1-ylpedc, y2a’1, a’202, a3.

MB438B : A split-Gal4 strain expressing Gal4 protein in PPL1-ylpedc, a’202, a3.

The generation and basic characterization of the split-Gal4 strains have been described (Aso
et al., 2014b) and provided by the Rubin lab. Further information is available at

https://www.janelia.org/split-gal4.

R83A12 : A Gal4 strain expressing Gal4 protein in MBON-ylIpedc (Perisse et al., 2016),

from Bloomington (#40348).

TH-Gal4 : A Gal4 strain expressing Gal4 protein in dopaminergic neurons (Friggi-Grelin et

al., 2003), provided by M. Heisenberg.

PJFRC99-20XUAS-1VS-Syn2 1-Shibire-ts1-p10 in VK00005 : A UAS strain expressing the
temperature sensitive dominant negative form of dynamin Shi® downstream of UAS (Pfeiffer

et al., 2012), from HHMI Janelia Farm Fly Facility.

14



UAS-dTrpAl in attP16 : A UAS strain expressing the temperature-sensitive cation channel

downstream of UAS (Hamada et al., 2008), from Bloomington (#26263).

UAS-GCaMP5 : A strain expressing the calcium indicator GCaMP5 downstream of UAS
(Akerboom et al., 2012), from HHMI Janelia Farm Fly Facility (Bloomington #42037 for

UAS-GCaMP5 attP40, #42038 for UAS-GCaMP5 VK0005).

UAS-myr::tdTomato in su(Hw)attP8 : A strain expressing the membrane-localized tdTomato

variant of RFP downstream of UAS (http:/flybase.org/reports/FBrf0212441.html), from

Bloomington (#32223).

UAS-mCherry.NLS: A strain expressing the nuclear-localized mCherry variant of RFP
downstream of UAS (http://flybase.org/reports/FBrf0218019.html), from Bloomington

(#38424).

UAS-mCDS::GFP : A strain expressing the membrane-localized GFP (Lee and Luo, 1999),

from Bloomington (#5130).

mb247dsRed : A strain expressing the RFP in the mushroom body (Riemensperger et al.,

2005), provided by A. Fiala.
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2-2. Gal4/UAS system

By using the Gal4/UAS system, arbitrary genes located downstream of the UAS are
expressed depending on the expression of the Gal4 protein (Brand and Perrimon, 1993)
(Figure 3A). Gal4 is a yeast-derived transcription factor, and the UAS (Upstream Activating
Sequence) is its target sequence. In the Gal4 strain, the promoter or enhancer controls the
expression of the Gal4 protein, which is expressed in the target tissue or at the specific
developmental stage. The UAS strain is a strain in which the cDNA sequence of the target
gene is integrated downstream of the UAS sequence. By crossing the Gal4 strain and the
UAS strain, arbitrary genes are expressed dependent on the spatiotemporal expression pattern

of the Gal4 protein in the next generation.

In this study, the temperature sensitive dominant negative form of dynamin, Shi®
(Kitamoto, 2001; Pfeiffer et al., 2012), expressed by the Gal4/UAS system, was used to block
the synaptic output from the neurons expressing Shi® during behavioral experiments. The
synaptic output from neurons expressing Shi® is blocked only at the restrictive temperature
(33°C), and not at the permissive temperature (22°C) (Figure 3B). This blockade of the
synaptic output is reversible, and the blockade of the neurons is relieved when the neurons

are returned to the permissive temperature.
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Figure 3. Neuronal manipulation using Gal4/UAS system

(A) Specific promoters or enhancers express Gal4 protein in specific neurons. The proteins
encoded by the genes under the control of the UAS sequence are expressed by Gal4 protein
binding to the UAS.

(B) Synaptic output from neurons expressing Shi® is suppressed at the restrictive temperature
(33°C) and restored at the permissive temperature (22°C).
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2-3. Behavioral experiments

Groups of ~50 flies (2~5 days old, both male and female) raised under a 12 hr:12 hr light-
dark cycle were used for one trial in behavioral experiments. Before the behavior
experiments, flies were kept in vials with Kimwipes soaked with sucrose solution. The
training and test apparatus were the same as those described previously (Tully and Quinn,
1985), and the protocols were slightly modified. Flies were exposed to 60 s CS+ odor (MCH
or OCT) with 12 90 V electric shocks at a 5 s interstimulus interval, 30 s clean air, followed
by CS- odor (OCT or MCH) without electric shocks. After the training stage, flies were
allowed to select either the CS+ or CS- odor in a T-maze at the test stage. The odors were
placed in a glass ‘odor cup’ (8§ mm diameter for OCT and 10 mm for MCH) sitting in the

middle of an odor stream. The flow velocities of air and odors were 0.75 L/min in each stage.

Temperature shift

To shift the temperature between the permissive temperature (22°C) and the restrictive
temperature (33°C), I used two climate boxes set to 22°C or 33°C, and all of the training tubes
and T-mazes were pre-heated and set at the temperatures. The temperature shift was
performed immediately. After the transfer, the flies were left in a tube with airflow at the

desired temperature.

Blockade-of-MBON-y1pedc-induced aversive memory (BGAM) training and test

Flies were exposed to 60 s odorl at 22°C, instantly transferred to 33°C followed by 2 min air
flow and exposed to 60 s odor2 at 33°C, instantly re-transferred to 22°C followed by 2 min air

flow and tested at 22°C.
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Test stage

Flies were loaded into the T-maze and allowed to choose between MCH and OCT for 1.5 min.
The performance index was calculated as the number of flies avoiding the CS+ odors (or
odors presented at 33°C for BGAM) minus the number of flies on the other side, divided by
the total number of flies. Flies were reciprocally trained with MCH or OCT and control odors
(OCT or MCH) were also presented, and two performance indices for MCH or OCT were
calculated. The final performance index was calculated by averaging the two performance

indices for MCH or OCT.
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2-4. Immunohistochemistry

Flies were dissected in a cold phosphate-buffered saline (PBS) solution, and the brains were
fixed in PBT (PBS containing 0.3% TritonX-100) with 4% formaldehyde for 30 min at room
temperature. After washing with PBT, the PBT was replaced by blocking solution (10 %
Donkey normal serum in PBT), and the brains were blocked for 60 min at room temperature.
The blocking solution was replaced by the first antibody solution and reacted for over 1 day.
Subsequently, the unreacted first antibody was removed by a wash with PBT, and the PBT
was replaced by the second antibody and reacted for 1 day. After the second antibody
reaction, the brains were washed with PBT, and the PBT was replaced by PBS. The PBS-
soaked brains were placed between a slide glass and a cover glass with medium

(VECTASHIELD Mounting Medium, Vecor Laboratories).

Images were captured on a Zeiss LSM 710 (Carl-Zeiss, Jena, Germany) confocal

microscope, and brightness was linearly processed by wusing the Fiji software

(http://fiji.sc/Fiji).

Antibodies used in these experiments

mouse anti-nc82 (Developmental Studies Hybridoma Bank (DSHB)) (1:200)

anti-mouse Dylight649 (Jackson ImmunoResearch) (1:200)
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2-5. Two photon in vivo live imaging

Live Ca’" imaging in the brain was performed as described in our previous study (Hiroi et al.,
2013). To visualize MBON-ylpedc Ca**, MBII2C flies were crossed to UAS-
myr::tdTomato;, UAS-GCaMP5; UAS-GCaMP5 flies or mb247-dsRed, UAS-GCaMP5; UAS-
GCaMP5 flies. The 2-5 day old flies were transferred to a fresh food vial prior to the
experiments. Only females were used in this experiment. A fly was anesthetized on ice (~3
min) and fixed in a custom-made recording chamber. A small piece of cuticle from the dorsal
head capsule was removed with forceps under a dissection microscope. During the brain
imaging, the chamber was perfused with Adult hemolymph-like (AHL) solution, composed
of 103 NaCl, 3 KCI, 26 NaHCOs, 1 NaH,PO,, 1.5 CaCl,, 4 MgCl,, 10 D-glucose, 10

trehalose, 9 sucrose, 5 HEPES (in mM, pH 7.2-7.4, 280-290 mOsm).

Stimulation under microscope

While the fly was mounted under the microscope, a constant stream of charcoal-filtered air (1
L/min) was directed at the fly. Odorants were placed in a glass ‘odor cup’ (8§ mm in diameter
for OCT and 10 mm for MCH), which sits in the middle of the odor stream. After a trigger, a
solenoid valve redirects a portion of the air stream (0.2 L/min) through the headspace of the
‘odor cup’ for 3 s, and the odor stream is joined with the other air stream (0.8 L/min). For
delivering aversive stimuli to flies, a pair of platinum wires was attached to the abdomen and

12x electric shock pulses (~20 pA, 200 msec) were applied at 0.2 Hz.

Image acquisition and stimuli sequence
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A multi-photon laser-scanning microscope (Olympus FVMPE-RS; Olympus, Tokyo, Japan)
was equipped with a water-immersion objective (25 x N.A. 1.05). GCaMP5 was excited at
910 nm (Mai Tai HP DeepSee-OL; Spectra-Physics, Santa Clara, CA, USA), and the
emission light was collected with a GaAsP photomultiplier detector using a dichroic mirror
(DM690), an emission filter (SDM570) and two band-pass filters (BA575-645 for red and

BA495-540 for green).

A dendrite of the MBON-ylpedc in one hemisphere was randomly selected per
individual fly and scanned at a resolution of 0.28 um/pixel (256 x 256 x 1 pixels) at 410
ms/frame. At the pre-and post-training phases, flies were exposed to 3 s odorl (OCT or
MCH), 30 s clean air, followed by 3 s odor2 (MCH or OCT, which was not odorl). This odor
sequence was repeated 3 times. At the training phase, flies were exposed to 60 s CS+ odor

with 12 electric shocks, 30 s clean air, followed by 60 s CS- odor.

Image analysis

All of the acquired images were processed with the Fiji software (http:/fiji.sc/Fiji). To
stabilize the objects in the acquired images, all of the images from the same fly were aligned
by template matching (template  matching plugin, https://sites.google.com/
site/qingzongtseng/template-matching-ij-plugin). After the stabilization, the dendrite of
MBON-yIpedc was used as the region of interest (ROI) in each animal. The fluorescence
ratio (F) was calculated by averaging the fluorescence of GCaMP5 in the ROI or dividing the
fluorescence of GCaMP5 by the fluorescence of myr::tdTomato. The baseline FO was
calculated as the mean of 3 sec prior to each stimulation. FO was then used to compute the
relative change in fluorescence (AF/FO = (F(t) — FO)/F0). To compare the odor responses in

the pre-and post-training phases, the odor responses were normalized by dividing the peak of
22



AF/F0 of the post-odor response by AF/FO of the pre-odor response. After the normalization,

the normalized peak AF/FO values of CS+ odor and CS- odor were compared.
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2-6. Statistical analysis

Statistical analyses were performed using Prism6 (GraphPad, La Jolla, CA, United States).
All behavior data were tested for normality and for homogeneity of variance (Bartlett’s test).
If the total number of data points in a set of behavior experiments was larger than 7, then the
D'Agostino & Pearson omnibus normality test was performed. If the smallest number of data
points in a figure was 7 or 6, then I performed the Shapiro—Wilk normality test or the

Kalmogorov-Smirnov normality test, respectively.

Gaussian distributed data were analyzed with one-way ANOVA followed by Tukey’s
honest significant difference (HSD) post hoc test, except for Figures 11B, C. Data in Figures
11B, C were analyzed with one-way ANOVA followed by Dunnett’s test with comparison to

MB112C/UAS-Shi".

For non-Gaussian distributed data, the Kruskall-Wallis test was performed followed

by Dunn’s multiple comparison test.

Definition of statistical significance was set at p < 0.05. All bar graphs were created

with the Prism 6 software.
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3. Results

3-1. Functional analysis of MBON-yl1pedc in short-term memory

Previous behavioral and imaging experiments suggested that MBON-ylpedc is involved in
aversive memory (Aso et al.,, 2014a). Therefore, I analyzed MBON-ylpedc by detailed
behavioral experiments in order to investigate the functions of MBON-ylpedc related to the
memory processes. | first examined the role of MBON-y1pedc in a 2 min short-term memory

(STM) experiment.

MBON-y1pedc is required for both the acquisition and retrieval of the aversive short-

term memory

I used an MBON-ylpedc-specific split-Gal4 driver, MB112C (Figure 4B, C) (Aso et al.,
2014a; 2014b) to express the temperature sensitive dominant negative form of dynamin Shi"
(Kitamoto, 2001; Pfeiffer et al., 2012), to block the output from MBON-ylpedc. Flies were
exposed to an odor, 4-methylcyclohexanol (MCH) or 3-octanol (OCT) paired with 12 electric
shocks for 1 min (CS+), followed by OCT (or MCH) without electric shocks for 1 min (CS-)
(Figure 4A). Two min later, flies were allowed to select one of the two odors to avoid. Flies
were trained and tested at either the restrictive temperature (33°C) (Figure 4D) or permissive
temperature (22°C) (Figure 4E) throughout the experiments. Blocking MBON-ylpedc
severely impaired STM, and thus the MBON-ylpedc output is indispensable for STM, as
previously reported for 2 hr memory (Aso et al., 2014a). To clarify whether this STM defect
was caused by the impairment of memory acquisition or retrieval, I blocked the output from
MBON-yIpedc during the acquisition or retrieval stage. The blockade of MBON-y1pedc only

during the training stage impaired STM (Figure 4F) as well as the retrieval in the test stage
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(Figure 4G). These results suggest that MBON-ylpedc is required for the aversive memory

acquisition in addition to the aversive memory retrieval.
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Figure 4. MBON-y1pedc is required for both STM acquisition and retrieval

(A) Olfactory aversive memory assay scheme. At the training/acquisition stage, one odor
(CS+) is delivered to flies with 12 electric shocks and another odor (CS-) is delivered without
shocks for 1 min. Subsequently, the flies are allowed to choose between the CS+ odor and
CS- odor at the test stage.

(B-C) MBI112C split-Gal4 expressing UAS-mCDS8::GFP and UAS-nls::mCherry. nls-
mCherry labeled single pair of MBON-y1pedc. Scale bars: 50 pm.
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(D) Blocking synaptic outputs from MBON-ylpedc during the training and test stages
impaired short-term memory (STM) (ANOVA, n=8,9,7). Flies were pre-heated at the
restrictive temperature (33°C) before training for 30 min, and then trained and tested at 33°C.

(E) Flies showed no defect in STM at the permissive temperature (22°C). Flies expressing
Shi® at MBON-ylpedc showed no significant memory deficits, as compared to the relevant
Gal4 or UAS-Shi® controls (Kruskal-Wallis, n=7,7,7). Flies were trained and tested at 22°C.

(F) Blocking synaptic outputs from MBON-ylpedc at the training stage impaired STM
(ANOVA, n=8,8,8). Flies were pre-heated at 33°C before training for 30 min, and then
trained at 33°C. Immediately after the training, the flies were transferred to 22°C and tested at
22°C.

(G) Blocking synaptic outputs from MBON-ylpedc at the test stage impaired STM (ANOVA,
n=7,6,6). Flies were trained at 22°C, transferred to 33°C and tested at 33°C.

(D-G) All bar-graphs are mean + SEM, and dots represent individual trials. *:p<0.05, **:
p<0.01, ***: p<0.001, n.s.: p>0.05.
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MBON-y1pedc synaptic output is necessary to inhibit aversive memory acquisition for

CS-

For the further analysis of MBON-ylpedc in memory acquisition, I blocked MBON-y1pedc
during the CS+ or CS- presentation separately. Interestingly, blocking MBON-y1pedc during
the presentation of the CS- odor impaired the memory significantly (Figure 5A), while
blocking during the presentation of the CS+ odor or immediately after the CS+ presentation
did not cause the memory defect (Figures 5B, C). The memory defect was observed
regardless of the sequence of the odor presentation, as flies trained with the CS- presentation
at 33°C followed by the CS+ presentation at 22°C also showed the memory defect (Figure
5D). These results indicate that MBON-ylpedc output is needed during the presentation of
the CS- odor in the acquisition (Figures 5A, D), and the aversive memory acquired during the
CS+ presentation is interfered by the blockade of MBON-y1pedc during the CS- presentation,

at the level of neural circuits or behavior.
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Figure 5. Blockade of MBON-ylpedc during the CS- presentation causes memory
deficits

(A) Blocking synaptic outputs from MBON-ylpedc during the CS- presentation impaired
STM (ANOVA, n=12,12,12).

(B) Blocking synaptic outputs from MBON-ylpedc during the CS+ presentation did not
impair STM (Kruskal-Wallis, n=6,6,6).

(C) Blocking synaptic outputs from MBON-yIpedc immediately after the CS+ presentation
did not impair STM (ANOVA, n=8,8,8).

(D) Blocking synaptic outputs from MBON-ylpedc during the CS- presentation impaired
STM (ANOVA, n=11,12,11). This is the sequential control to Figure 5A.

(A-D) All bar-graphs are mean + SEM, and dots represent individual trials. *:p<0.05, **:
p<0.01, n.s.: p>0.05.
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Considering the possibility that blocking MBON-ylpedc during the CS- presentation
alone forms an aversive memory for the CS- odor, and the competition between the aversive
memory for the CS+ and CS- odors might cause the memory defect, flies were exposed to
two odors in sequence, followed by the test stage. One odor was presented at the permissive
temperature, and the other was at the restrictive temperature to block MBON-y1pedc (Figure
6A). I found that the flies formed an aversive memory toward the odors presented without
synaptic output from MBON-ylpedc (Figure 6B). I named this BGAM, for blockade-of-
MBON-ylpedc-induced aversive memory. These results indicate that the memory defect
evoked by blocking MBON-ylpedc at the acquisition stage (Figure 4F) is at least partially
caused by the competition between the aversive memory for CS+ and the BGAM for CS-.

Thus, the output from MBON-y1pedc is needed to prevent the aversive memory for CS-.
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Figure 6. Flies acquire the aversive memory for odors sensed without output from
MBON-yl1pedc

(A) Blockade-of-MBON-ylpedc-induced aversive memory (BGAM) scheme. At the
training/acquisition stage, one odor is delivered to flies at the permissive temperature for one
min followed by temperature shifting to the restrictive temperature, and another odor is
delivered at the restrictive temperature for one min. Subsequently, the flies are allowed to
choose between the odors at the test stage.
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(B) Blocking synaptic outputs from MBON-ylpedc during odor presentation caused aversive
STM, as compared to controls (ANOVA, n=7,8,7). The Performance Index in this figure was
calculated for odor2, and the positive index indicates that flies avoid odor2 over odorl. Bar-
graphs are mean + SEM, and dots represent individual trials. **: p<0.01.
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BGAM is acquired without odor presentation at the permissive temperature

In BGAM acquisition, a control odor is presented before the temperature shift. I investigated
the possibility that some type of memory could be formed for the control odor by temperature
shifting immediately after the presentation of the odor, since the timing-dependent behavioral
plasticity was reported (Tanimoto et al., 2004). To test this possibility, only a single odor was
presented at the restricted temperature in the training session, and the control odor was not
presented. As a result, BGAM was also observed in the training session, regardless of the
presentation of the control odor at the permissive temperature (Figure 7).
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Figure 7. Presentation of control odor is not necessary for BGAM

Single odor presentation during the blockade of MBON-ylpedc caused significant aversive
STM, as compared to control strains (ANOVA, n=11,12,11). The Performance Index in this
figure was calculated for the odor presented at the restrictive temperature, and the positive
index indicates that flies avoid the odor over another control odor that was not presented
during training.

All bar-graphs are mean + SEM, and dots represent individual trials. **: p<0.01.
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MBON-y1pedc, but not the other neurons that could also be labeled by the MB112C

driver, is responsible for aversive memory acquisition and BGAM

In the above experiments, MB112C was used as the specific driver to label MBON-ylpedc.
Although MBON-ylpedc seemed to be the only neurons labeled by the MB112C driver,
according to the confocal images, a few neurons may be labeled by MB112C (Figures 8A,
A’). To test if MBON-y1lpedc, but not the other neurons, is responsible for aversive memory
acquisition and BGAM, R83A12 was used as another driver to examine the role of MBON-
ylpedc (Figures 8B, B’). The blockade of the R83A12-positive neurons by Shi® impaired
STM acquisition (Figure 8C). Output from the R83A12-positive neurons was necessary
during the CS- presentation (Figure 8D), but not during the CS+ presentation (Figure 8E).
Furthermore, BGAM was also observed by blocking the R83A12-positive neurons during
odor presentation (Figure 8F). These results indicate that the neurons responsible for STM
acquisition and BGAM formation were likely to be MBON-y1pedc, but not the other neurons

that could potentially be labeled by the drivers.
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Figure 8. R83A12 driver also induced STM acquisition impairment and BGAM
formation
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(A, A’) MBI12C-splitGal4 and RI12G04-LexA expressed mCD8::RFP and mCDS::GFP,
respectively. Both drivers label MBON-yl1pedc. Scale bars: 50 um.

(B, B’) R83412-Gal4 and RI2G04-LexA expressed mCDS8::RFP and mCDS::GFP,
respectively. Both drivers label MBON-yl1pedc. Scale bars: 50 um.

(C) Blocking synaptic outputs from R83A12-positive neurons at the training stage impaired
STM (ANOVA, n=11,11,10). The flies were pre-heated at 33°C before training for 30 min at
33°C. Immediately after the training, the flies were transferred to 22°C and tested at 22°C.

(D) Blocking synaptic outputs from R83A12-positive neurons during the CS- presentation
impaired STM (ANOVA, n=7,7,6).

(E) Blocking synaptic outputs from R83A12-positive neurons during the CS+ presentation
did not impair STM (ANOVA, n=7,8,7).

(F) Blocking synaptic outputs from R83A12-positive neurons during odor presentation
caused aversive STM, as compared to controls (ANOVA, n=8,9,7). The Performance Index
in this figure was calculated for odor2, and the positive index indicates that flies avoid odor 2
over odorl.

(C-F) All bar-graphs are mean £ SEM, and dots represent individual trials. *:p<0.05, **:
p<0.01, n.s.: p>0.05.
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BGAM is retrieved without synaptic output from MBON-y1pedc

To understand the pathway of the BGAM retrieval, I blocked MBON-ylpedc during the
BGAM retrieval. After BGAM formation, the flies were kept at 33°C and tested at 33°C.
Flies with MBON-y1pedc blocked at the retrieval stage still retained BGAM as compared to
the control flies (Figure 9), although the performance index was smaller than that of the usual
BGAM (Figure 6B). This indicates that BGAM is retrieved through MBONSs other than

MBON-y1pedc, assuming that MBONSs are the sole output of KCs.

odor1 odor2 test

220C—+—i

0.6

* %

0.4 ]
x
(0]
g 024 — o
.
£ ol %
— . 7 ) ]
£ A |
5 - <

-0.21

L] )

Shis+
= MBON-y1pedc/+
MBON-y1pedc>Shits

Figure 9. BGAM is retrieved without synaptic output from MBON-y1pedc
Flies with blocked synaptic outputs from MBON-ylpedc during odor presentation and test

phase also retained BGAM, as compared to controls (ANOVA, n=8,8,8). All bar-graphs are
mean + SEM, and dots represent individual trials. **: p<0.01.
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DANSs are required for the BGAM acquisition

MBONSs and DANs constitute microcircuits (Aso et al., 2014b), and DANs transmit various
kinds of aversive information (Galili et al., 2014; Vogt et al., 2014; Masek et al., 2015).
Therefore, I tested if DANs are involved in the BGAM acquisition. I used tyrosine-
hydroxylase (TH) Gal4 (TH-Gal4) (Friggi-Grelin et al., 2003) to label the DANS, as it is
thought to cover most of the DANs that convey the aversive information (Claridge-Chang et
al., 2009; Aso et al., 2012). Flies without synaptic outputs from both MBON-ylpedc and
DANs showed severe impairment of the BGAM (Figure 10A), suggesting that the BGAM is
acquired only when MBON-y1pedc is inactive and DANs are active. The activation of DANs
during the CS- presentation might be the underlying cause of the memory defect observed by
blocking MBON-ylIpedc during the acquisition stage (Figure 4F). To test this, I expressed
Shi® in MBON-y1pedc and DANS, and performed the same experiments as in Figure 5A and
5B. Blocking MBON-ylpedc alone during the CS- presentation impaired the memory, while
blocking both MBON-ylpedc and DANs during the CS- presentation did not cause
significant memory impairments (Figure 10B), indicating that blocking MBON-ylpedc
during the CS- presentation caused memory defects via DANs output. However, blocking
DANs during the CS+ presentation caused memory defects regardless of the blockade of
MBON-yIpedc. Blocking MBON-yIpedc during the CS+ presentation did not exert any
significant effects on the memory, as compared to the control Gal4 strain, and did not rescue

the memory defect caused by the blockade of DANSs (Figure 10C).
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deficits caused by BGAM

(A) BGAM was completely diminished by blocking the synaptic output from DANs during
the odor2 presentation (Kruskal-Wallis, n=8,8,10,8). Blocking DANs did not cause any

difference as compared to controls.

(B) Blocking synaptic outputs from DANs during the CS- presentation rescued the memory
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impairment caused by BGAM (Kruskal-Wallis, n=9,8,9,8).

(C) Blocking synaptic outputs from DANs during the CS+ presentation impaired STM,

regardless of the MBON-y1pedc output (ANOVA, n=9,10,10,7).

(A-B) All bar-graphs are mean + SEM, and dots represent individual trials. *:p<0.05, ***:

p<0.001, n.s.: p>0.05.
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In memory acquisition, DANs are effectively dominant to MBON-y1pedc

Taken together, in classical conditioning, the DANs output was ineffective in the CS-
presentation and needed during the CS+ presentation, while the MBON-ylpedc output was
needed during the CS- presentation, but not the CS+ presentation. In addition, the aversive
memory induced by the DANs output in classical conditioning was not affected by blocking
MBON-yIpedc during the CS+ presentation (Figure 10C), while BGAM induced by blocking
MBON-yIpedc was affected by blocking DANs (Figure 10A). Thus, DANs are effectively
dominant to MBON-ylpedc in the aversive memory acquisition stage. In addition, MBON-
vlpedc and DANs negatively modify each other’s functions, since DANs inhibit the input
from KCs to MBON-yIpedc (Hige et al., 2015a), and this study suggests that MBON-y1pedc

inhibits the function of DANSs.

For the further dissection of the DANs involved in BGAM, a panel of split-Gal4
drivers (Aso et al., 2014b) was used to manipulate subsets of TH-Gal4 positive neurons. I
first used drivers labeling a large population of TH-Gal4 positive neurons along with
MB112C (Figure 11B), to express Shi® in the subsets of DANs and MBON-ylpedc. As
compared to the MBON-yIpedc blocked flies, the flies without synaptic output from MBON-
vlpedc and TH or MB504B positive DANs showed significantly lower BGAM. The
blockade of DANSs labeled by MB060B did not cause a significant decrease of BGAM. These
results indicate that the DANs labeled by TH or MB504B, but not by MB060B, are important
for BGAM formation. Note that MB060B and MB504B label a similar subset of DANSs, but
only MB504 labels PPL1-ylpedc DANs. I next used an MB438B split-Gal4 driver to
manipulate PPL1-ylpedc neurons (Figure 11C), and tested whether the BGAM was impaired
by the expression of Shi® in PPL1-y1pedc and MBON-ylpedc. I found that the inactivation of

PPL1-ylpedc did not impair the BGAM. This indicates that the BGAM is acquired through
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the combination of PPL1-ylpedc and some of the other MB504B positive neurons (PPL1-
v2a’1, PPL1-0’202 and PPLI-a3), consistent with the notion that some DANs work

coordinately (Aso et al., 2012; Placais et al., 2012; Cohn et al., 2015; Aso and Rubin, 2016).
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Figure 11. Through DANs, flies acquire aversive memory for odors sensed without
output from MBON-yl1pedc

(A) Blockade-of-MBON-y1pedc-induced aversive memory (BGAM) scheme.

(B) Blocking synaptic outputs from a subset of DANs during odor presentation affected
BGAM (ANOVA followed by Dunnett’s test comparing with MB112C/UAS-Shi”, n=8-10).

(C) Blocking synaptic outputs from PPLI-ylpedc during odor presentation did not affect
BGAM (ANOVA followed by Dunnett’s test comparing with MB112C/UAS-Shi”, n=7,7,8,8)

(D) Expression patterns of specific drivers. The gray scale represents subjectively determined
intensities of termini in the MB. Partially modified from (Aso et al., 2012; Masek et al.,
2015).

(B, C) All bar-graphs are mean + SEM, and dots represent individual trials. **: p<0.01, ***:
p<0.001, n.s.: p>0.05.
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Acquisition of aversive STM for CS+ is not impaired by the activation of MBON-y1pedc

Assuming that DANs activation is necessary at the CS+ presentation and MBON-ylpedc
inhibits the effect of DANSs, I investigated whether the activation of MBON-ylpedc at the
CS+ presentation impaired the STM. To activate MBON-ylpedc artificially, dTrpAl, a
temperature-sensitive cation channel (Hamada et al., 2008), was expressed by using the
MB112C driver. Neurons expressing dTrpAl are transiently activated at the restrictive
temperature (33°C), and not at the permissive temperature (22°C). The flies were transferred
to the restrictive temperature and immediately the CS+ odor and ESs were presented for 1
min. The flies were then re-transferred to the permissive temperature, exposed to the CS-
odor and tested. This manipulation of MBON-ylpedc did not impair the aversive STM
significantly (Figure 12). The dTrpAl inducing the artificial activation of MBON-ylpedc
might be too weak to suppress the effect of DANs induced by ESs sufficiently. Thus,

MBON-y1pedc might suppress the weak effect of DANS.
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Figure 12. Activation of MBON-ylpedc did not impair the association of odor and ESs

Activating MBON-ylpedc during CS+ and ESs presentation did not impair STM (ANOVA,
n=7,7,8). All bar-graphs are mean = SEM, and dots represent individual trials. n.s. : p>0.05.
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3-2. Functional analysis of MBON-y1pedc in mid-term memory
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3-3. Functional analysis of MBON-y1pedc by in vive calcium imaging
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4. Discussion
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5. Conclusion

REE, 5 FURICEMMERE THITFED 2. FERF,

72



73



6. Acknowledgements

I would like to express my sincere gratitude to Prof. Tetsuya Tabata (University of Tokyo,
Japan) for advising many things including how to carry out research and how to write a

scientific paper and for giving a lot of opportunities to present my research at conferences.

I am deeply grateful to Prof. Yuichi lino (University of Tokyo, Japan) for many
advises and guidance how to proceed with my research, how to interpret behavioral
experiment data during my undergraduate years, and a lot of valuable discussion on my
research at many conferences. I would like to thank the people in Tabata Laboratory, OB, Dr.
Satoshi Murakami (University of Tokyo, Japan) and Dr. Daisuke Yamazaki (University of
Tokyo, Japan) for a lot of advice about experimental methodology and direction of research. I
am deeply grateful to Dr. Makoto Hiroi (University of Tokyo, Japan) for a lot of advice about
direction of research, points of view, method of writing papers, presentation, and various
methodologies of experiments. I would like to offer special thanks to Ms. Yuko Maeyama
and Ms. Mai Nakabayashi for some crossing, maintenance of the line and food preparation. I
greatly wish to thank Dr. Makoto Sato, Dr. Maki Otsubo, Dr. Takashi Abe, Dr. Yohei Nitta,
Dr. Toshiharu Ichinose for valuable advises about my research. I am greatly thank Ms.

Hitomi Takashita and Ms. Kaori Takano for their administrative supports.

Finally, I would like to express my deep gratitude to my parents, my brother and my

relations for their constant financial support and encouragement.

74



7. References

Akerboom J et al. (2012) Optimization of a GCaMP Calcium Indicator for Neural Activity

Imaging. J Neurosci 32:13819-13840.

Aso Y et al. (2014a) Mushroom body output neurons encode valence and guide memory-

based action selection in Drosophila. eLife 3:¢04580.

Aso Y, Griibel K, Busch S, Friedrich AB, Siwanowicz I, Tanimoto H (2009) The Mushroom

Body of Adult Drosophila Characterized by GAL4 Drivers. J Neurogenet 23:156—172.

Aso Y, Hattori D, Yu Y, Johnston RM, Iyer NA, Ngo T-TB, Dionne H, Abbott LF, Axel R,
Tanimoto H, Rubin GM (2014b) The neuronal architecture of the mushroom body

provides a logic for associative learning. eLife 3:¢04577.

Aso Y, Herb A, Ogueta M, Siwanowicz I, Templier T, Friedrich AB, Ito K, Scholz H,
Tanimoto H (2012) Three Dopamine Pathways Induce Aversive Odor Memories with

Different Stability. PLoS Genet 8:¢1002768.

Aso Y, Rubin GM (2016) Dopaminergic neurons write and update memories with cell-type-

specific rules. eLife 5:e16135.

Aso Y, Siwanowicz I, Bricker L, Ito K, Kitamoto T, Tanimoto H (2010) Specific
Dopaminergic Neurons for the Formation of Labile Aversive Memory. Curr Biol

20:1445-1451.

Berry JA, Cervantes-Sandoval I, Chakraborty M, Davis RL (2015) Sleep Facilitates Memory

by Blocking Dopamine Neuron-Mediated Forgetting. Cel/ 161:1656—-1667.

75



Boto T, Louis T, Jindachomthong K, Jalink K, Tomchik SM (2014) Dopaminergic
modulation of cAMP drives nonlinear plasticity across the Drosophila mushroom body

lobes. Curr Biol 24:822-831.

Bouzaiane E, Trannoy S, Scheunemann L, Placais P-Y, Preat T (2015) Two independent
mushroom body output circuits retrieve the six discrete components of Drosophila

aversive memory. CellReports 11:1280-1292.

Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell fates and

generating dominant phenotypes. Development 118:401-415.

Campbell RAA, Honegger KS, Qin H, Li W, Demir E, Turner GC (2013) Imaging a
Population Code for Odor Identity in the Drosophila Mushroom Body. J Neurosci

33:10568-10581.

Caron SJC, Ruta V, Abbott LF, Axel R (2013) Random convergence of olfactory inputs in

the Drosophila mushroom body. Nature 497:113—-117.

Claridge-Chang A, Roorda RD, Vrontou E, Sjulson L, Li H, Hirsh J, Miesenbock G (2009)

Writing Memories with Light-Addressable Reinforcement Circuitry. Cel// 139:405-415.

Cohn R, Morantte I, Ruta V (2015) Coordinated and Compartmentalized Neuromodulation

Shapes Sensory Processing in Drosophila. Cell 163:1742—-1755.

Davis RL (2005) Olfactory memory formation in Drosophila: from molecular to systems

neuroscience. Annu Rev Neurosci 28:275-302.

Friggi-Grelin F, Coulom HLN, Meller M, Gomez D, Hirsh J, Birman S (2003) Targeted gene
expression in Drosophila dopaminergic cells using regulatory sequences from tyrosine
hydroxylase. J Neurobiol 54:618—627.

76



Galili DS, Dylla KV, Liidke A, Friedrich AB, Yamagata N, Wong JYH, Ho CH, Szyszka P,
Tanimoto H (2014) Converging circuits mediate temperature and shock aversive

olfactory conditioning in Drosophila. Curr Biol 24:1712—-1722.

Gervasi N, Tchénio P, Preat T (2010) PKA Dynamics in a Drosophila Learning Center:
Coincidence Detection by Rutabaga Adenylyl Cyclase and Spatial Regulation by Dunce

Phosphodiesterase. Neuron 65:516-529.

Getahun MN, Olsson SB, Lavista-Llanos S, Hansson BS, Wicher D (2013) Insect Odorant
Response Sensitivity Is Tuned by Metabotropically Autoregulated Olfactory Receptors.

PLoS ONE 8:e58889.

Goldman AL, Van der Goes van Naters W, Lessing D, Warr CG, Carlson JR (2005)

Coexpression of Two Functional Odor Receptors in One Neuron. Neuron 45:661-666.

Hamada FN, Rosenzweig M, Kang K, Pulver SR, Ghezzi A, Jegla TJ, Garrity PA (2008) An
internal thermal sensor controlling temperature preference in Drosophila. Nature

454:217-220.

Heisenberg M (2003) Mushroom body memoir: from maps to models. Nat Rev Neurosci

4:266-275.

Heisenberg M, Borst A, Wagner S, Byers D (1985) Drosophila Mushroom Body Mutants are

Deficient in Olfactory Learning. J Neurogenet 2:1-30.

Hige T, Aso Y, Modi MN, Rubin GM, Turner GC (2015a) Heterosynaptic Plasticity

Underlies Aversive Olfactory Learning in Drosophila. Neuron 88:985-998.

Hige T, Aso Y, Rubin GM, Turner GC (2015b) Plasticity-driven individualization of
olfactory coding in mushroom body output neurons. Nature 526:258-262.

77



Hiroi M, Ohkura M, Nakai J, Masuda N, Hashimoto K, Inoue K, Fiala A, Tabata T (2013)
Principal component analysis of odor coding at the level of third-order olfactory neurons

in Drosophila. Genes Cells 18:1070-1081.

Honegger KS, Campbell RAA, Turner GC (2011) Cellular-Resolution Population Imaging
Reveals Robust Sparse Coding in the Drosophila Mushroom Body. J Neurosci

31:11772-11785.

Kaun KR, Azanchi R, Maung Z, Hirsh J, Heberlein U (2011) A Drosophila model for alcohol

reward. Nat Neurosci 14:612-619.

Kimura KD, Fujita K, Katsura I (2010) Enhancement of Odor Avoidance Regulated by

Dopamine Signaling in Caenorhabditis elegans. J Neurosci 30:16365-16375.

Kitamoto T (2001) Conditional modification of behavior in Drosophila by targeted
expression of a temperature-sensitive shibire allele in defined neurons. J Neurobiol

47:81-92.

Krashes MJ, Keene AC, Leung B, Armstrong JD, Waddell S (2007) Sequential Use of
Mushroom Body Neuron Subsets during Drosophila Odor Memory Processing. Neuron

53:103-115.

Lee T, Luo L (1999) Mosaic analysis with a repressible cell marker for studies of gene

function in neuronal morphogenesis. Neuron 22:451-461.

Lin AC, Bygrave AM, de Calignon A, Lee T, Miesenbock G (2014a) Sparse, decorrelated
odor coding in the mushroom body enhances learned odor discrimination. Nat Neurosci

17:559-568.

78



Lin S, Owald D, Chandra V, Talbot C, Huetteroth W, Waddell S (2014b) Neural correlates of

water reward in thirsty Drosophila. Nat Neurosci 17:1536—-1542.

Liu C, Placais P-Y, Yamagata N, Pfeiffer BD, Aso Y, Friedrich AB, Siwanowicz I, Rubin
GM, Preat T, Tanimoto H (2012) A subset of dopamine neurons signals reward for odour

memory in Drosophila. Nature 488:512-516.

Mao Z, Davis RL (2009) Eight different types of dopaminergic neurons innervate the
Drosophila mushroom body neuropil: anatomical and physiological heterogeneity. Front

Neural Circuits 3:5.

Masek P, Worden K, Aso Y, Rubin GM, Keene AC (2015) A dopamine-modulated neural

circuit regulating aversive taste memory in Drosophila. Curr Biol 25:1535-1541.

McGuire SE, Deshazer M, Davis RL (2005) Thirty years of olfactory learning and memory

research in Drosophila melanogaster. Progress in Neurobiol 76:328-347.

Owald D, Felsenberg J, Talbot CB, Das G, Perisse E, Huetteroth W, Waddell S (2015)
Activity of defined mushroom body output neurons underlies learned olfactory behavior

in Drosophila. Neuron 86:417-427.

Ozawa T, Ycu EA, Kumar A, Yeh L-F, Ahmed T, Koivumaa J, Johansen JP (2017) A
feedback neural circuit for calibrating aversive memory strength. Nature Neurosci 20:90—

97.

Perisse E, Burke C, Huetteroth W, Waddell S (2013a) Shocking Revelations and Saccharin
Sweetness Review in the Study of Drosophila Olfactory Memory. Curr Biol 23:R752—

R763.

79



Perisse E, Owald D, Barnstedt O, Talbot CB, Huetteroth W, Waddell S (2016) Aversive
Learning and Appetitive Motivation Toggle Feed-Forward Inhibition in the Drosophila

Mushroom Body. Neuron 90:1086—1099.

Perisse E, Yin Y, Lin AC, Lin S, Huetteroth W, Waddell S (2013b) Different Kenyon Cell

PopulationsDrive Learned Approach and Avoidance in Drosophila. Neuron 79:945-956.

Pfeiffer BD, Truman JW, Rubin GM (2012) Using translational enhancers to increase

transgene expression in Drosophila. Proc Natl Acad Sci USA 109:6626—-6631.

Plagais P-Y, Trannoy S, Isabel G, Aso Y, Siwanowicz I, Belliart-Guérin G, Vernier P,
Birman S, Tanimoto H, Preat T (2012) Slow oscillations in two pairs of dopaminergic

neurons gate long-term memory formation in Drosophila. Nature Neurosci 15:592—-599.

Qin H, Cressy M, Li W, Coravos JS, Izzi SA, Dubnau J (2012) Gamma Neurons Mediate
Dopaminergic Input during Aversive Olfactory Memory Formation in Drosophila. Curr

Biol 22:608-614.

Quinn WG, Harris WA, Benzer S (1974) Conditioned behavior in Drosophila melanogaster.

Proc Natl Acad Sci USA 71:708-712.

Riemensperger T, Voller T, Stock P, Buchner E, Fiala A (2005) Punishment Prediction by

Dopaminergic Neurons in Drosophila. Curr Biol 15:1953—-1960.

Schnaitmann C, Vogt K, Triphan T, Tanimoto H (2010) Appetitive and aversive visual

learning in freely moving Drosophila. Front Behav Neurosci 4:10.

Schroll C, Riemensperger T, Bucher D, Ehmer J, Voller T, Erbguth K, Gerber B, Hendel T,

Nagel G, Buchner E, Fiala A (2006) Light-Induced Activation of Distinct Modulatory

80



Neurons Triggers Appetitive or Aversive Learning in Drosophila Larvae. Curr Biol

16:1741-1747.

Séjourné J, Plagais P-Y, Aso Y, Siwanowicz I, Trannoy S, Thoma V, Tedjakumala SR, Rubin
GM, Tchénio P, Ito K, Isabel G, Tanimoto H, Preat T (2011) Mushroom body efferent
neurons responsible for aversive olfactory memory retrieval in Drosophila. Nat Neurosci

14:903-910.

Siegel RW, Hall JC (1979) Conditioned responses in courtship behavior of normal and

mutant Drosophila. Proc Natl Acad Sci USA 76:3430-3434.

Tanaka NK, Tanimoto H, Ito K (2008) Neuronal assemblies of theDrosophila mushroom

body. J Comp Neurol 508:711-755.

Tanimoto H, Heisenberg M, Gerber B (2004) Event timing turns punishment to reward.

Nature 430:983.

Tempel BL, Livingstone MS, Quinn WG (1984) Mutations in the dopa decarboxylase gene

affect learning in Drosophila. Proc Natl Acad Sci USA 81:3577-3581.

Tomchik SM, Davis RL (2009) Dynamics of Learning-Related cAMP Signaling
and&nbsp;Stimulus Integration in the Drosophila Olfactory Pathway. Neuron 64:510—

521.

Trannoy S, Redt-Clouet C, Dura J-M, Preat T (2011) Parallel Processing of Appetitive Short-

and Long-Term Memories In Drosophila. Curr Biol 21:1647-1653.

Tully T, Quinn WG (1985) Classical conditioning and retention in normal and mutant

Drosophila melanogaster. J Comp Physiol A 157:263-2717.

81



Turner GC, Bazhenov M, Laurent G (2008) Olfactory Representations by Drosophila

Mushroom Body Neurons. J Neurophysiol 99:734-746.

Venken KJT, Simpson JH, Bellen HJ (2011) Genetic Manipulation of Genes and Cells in the

Nervous System of the Fruit Fly. Neuron 72:202-230.

Vogt K, Schnaitmann C, Dylla KV, Knapek S, Aso Y, Rubin GM, Tanimoto H (2014)
Shared mushroom body circuits underlie visual and olfactory memories in Drosophila.

eLife 3:¢02395.

Waddell S (2013) Reinforcement signalling in Drosophila; dopamine does it all after all.

Curr Opin Neurobiol 23:324-329.

Yu D, Akalal D-BG, Davis RL (2006) Drosophila o/f Mushroom Body Neurons Form a
Branch-Specific, Long-Term Cellular Memory Trace after Spaced Olfactory

Conditioning. Neuron 52:845-855.

82



