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1. General introduction
How organisms perceive and interact with their environment is a key determinant of their survival.
Indeed, from simple bacteria to the highest vertebrates, the detection, processing, and
responsiveness to external stimuli is fundamental. Although the complexity of these processes varies
widely across taxa, the principle remains the same – if an organism detects the presence of a
particularly noxious or attractive substance in its vicinity, it benefits from responding in an appropriate
and timely manner such that those things that threaten life are avoided and those that preserve it are
sought out.
However, the more complex the ecological niche an organism occupies, the more sophisticated must
be the biological tools at its disposal. It follows then, that evolution has given rise to increasingly
refined sensory systems, which feed information into centralised nervous systems capable of
processing simultaneous, multimodal inputs. The initiation of complex behaviours - such as locating
and navigating toward food sources or identifying the presence of a predator and seeking safety – rely
not only on the detection of these sensory inputs, but more importantly on the prior knowledge that
those sensations are predictive of positive or negative outcomes. This prior knowledge is, broadly
speaking, either innate or acquired. The work presented here will largely focus on the latter – using
the experimentally versatile model Drosophila melanogaster to investigate the neural principles
underlying the mechanisms by which sensory stimuli acquire behaviourally relevant meaning.

1.1. Drosophila as a model in behavioural neuroscience
The fruit fly, Drosophila melanogaster, presents researchers with a model system that walks the line
perfectly between biological simplicity and behavioural complexity. Therein, though equipped with a
relatively modest central nervous system, Drosophila are able to execute a plethora of wellcharacterised and ecologically interesting behaviours that can, due to the easy rearing and handling
of the flies, be analysed in a high-throughput and reproducible manner.
Indeed, fruit flies face the same basic struggles as any animal – that is, surviving against adverse
environmental conditions and predation to find food and mates that ensure the production of viable
offspring. As such, they have often been recruited by biologists who have designed experimental
apparatuses to investigate the genetic, molecular, and systemic processes that underly the fulfilment
of these universal drives. Such endeavours began over a century ago, with the design of simple
behavioural assays to test the responses of flies to different sensory stimuli – for example, light
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(Carpenter, 1905) or smell (Barrows, 1907). These early experiments were initially based on anecdotal
observations of Drosophila behaviour – with Carpenter noting that the flies he stored in bottles with
rotten bananas and apples appeared to aggregate on the side of the bottle exposed to sunlight
through a window, and Barrows noticing that flies in his laboratory had a predilection for open alcohol
bottles. By then taking these observed behaviours and analysing them under controlled conditions,
work like this paved the way for the development of more complex behavioural analyses.
This development is helped by the fact that many behaviours that can be observed in Drosophila are
highly stereotyped. For example, social behaviours such as fighting and courtship both consist of
several individual actions – often carried out in a specific sequence or under specific circumstances –
that can be qualitatively and quantitatively evaluated. Fighting between male flies, for instance, can
be observed in the form of a few distinct actions – so-called “wing-threats” (during which the male
raises and spreads its wings in the direction of an adversary), charging, and boxing – each of which are
easily identifiable and specific to aggressive interactions (Chen et al., 2002; Dow & von Schilcher,
1975). Similarly, courtship is likewise stereotyped and well-suited for experimental dissection –
comprising an intricate step-wise progression from locating a potential mate, “singing” to her via wing
vibrations and tapping her with his forelegs, to eventually attempting copulation (Bastock & Manning,
1955; Sturtevant, 1915). This stereotypy in behavioural expression makes for a favourable base upon
which the underlying control mechanisms of those behaviours can be explored. In more contemporary
work, this has also meant that automated video tracking software can be used to detect and quantify
these specific actions (Dankert et al., 2009; Reza et al., 2013).
Each of the examples given above are innately driven behaviours, which are inborn and not gained
through experience. However, another strength of Drosophila as a model in behavioural studies is
their ability to adapt their behaviour dependent on prior experience. The most commonly explored
case of this is in studies of associative learning, which can be divided broadly into either classical
(Pavlovian (Pavlov, 1927)) conditioning or operant conditioning. In the former, an animal learns to
associate a previously unremarkable, neutral sensory stimulus with one that confers an innately
positive or negative outcome. This type of conditioning in Drosophila is usually investigated by
teaching flies to associate an olfactory stimulus with either sugar (which is very attractive) or the
receipt of electric shocks to the legs and body (which is very aversive). First established in the 1980s
(Tempel et al., 1983; Tully & Quinn, 1985), the conditioning paradigm to induce these associations is
relatively simple to carry out: flies are confined to a tube that is lined with either an electrical grid or
filter paper soaked with sugar water, and into that tube a specific odorant is delivered. Here, the
delivery of electric shock or sucrose act as unconditioned stimuli (US) as they alone evoke a
behavioural response (unconditioned response, UR), and the odorant is deemed the conditioned
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stimulus + (CS+) as it is then associated with the US such that later presentation of the CS+ alone
evokes a conditioned response (CR) resembling the UR. In most cases, a differential conditioning
paradigm is used – meaning flies are exposed to an additional odour in the absence of the US
(conditioned stimulus -, CS-). When flies are then presented with a choice between the CS+ odour and
the CS- odour in a T-maze set-up, the flies that learned the association will show either an attraction
or an aversion to the CS+ (in the case of sugar or electric shock association, respectively). By
quantifying the number of flies that show this CR, experimenters have a simple readout for learning
performance.
Operant (or instrumental) conditioning, first described by B.F. Skinner (Skinner, 1948; Skinner, 1938),
on the other hand, is not based on associations of sensory stimuli with one another, but rather the
association of an animal’s behaviour with positive or negative outcomes. In Drosophila, for example,
by exposing flies to a noxious heat stimulus if they enter a specific area of an arena or orient their
body at specific angles during flight simulation tasks (Mariath, 1985; Wustmann et al., 1996), one can
train the animal to associate the preceding behaviour with punishment and therefore reduce the
likelihood that that behaviour is repeated in the future.
It is also interesting to note that even the very stereotyped, innate behaviours discussed previously
are subject to experience-dependent modification. For example, Siegel and Hall (Siegel & Hall, 1979)
showed that males that attempt - and fail - to court females that had already mated show a
conditioned preference for courting virgin females in subsequent observations. Given that mated and
virgin female flies give out distinct sensory cues, this suggests that the males learn to associate those
cues from mated females as predictive of rejection and thus suppresses their drive to court them in
the future (Ejima et al., 2005; Griffith & Ejima, 2009). Similarly, flies seem to also learn from previous
aggressive interactions, with males that lost in previous fights appearing to become more submissive
and more likely to lose again in subsequent bouts (Trannoy et al., 2016; Yurkovic et al., 2006).
The experimental simplicity and versatility of the behavioural assays described here makes Drosophila
an ideal model for the dissection of the mechanisms underlying behavioural expression. It is also
important to note that, at the same time as Carpenter and Barrows were starting to observe simple
behaviours in Drosophila at the turn of the 20th century, geneticist T.H. Morgan and his colleagues
were also making significant strides in the study of inheritance using the same model organism
(Morgan, 1911; Morgan, 1910). Morgan’s discovery of the mutant gene white, which results in flies
with white rather than red eyes, and the following characterisation of the inheritance of that gene
through subsequent generations, signified a huge step in our collective understanding of the
fundamentals of genetics. This work also established Drosophila as an invaluable tool in this field, and
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led ultimately to the routine use of Drosophila in behavioural genetics in the latter half of the 20th
century.
This expansion – from pure genetics to the genetics of behaviour - is well exemplified by the work of
Seymour Benzer and his colleagues who, in the 1970s, used random mutagenesis to isolate genes
directly involved in specific behaviours: for example, the role of the period gene in the maintenance
of circadian rhythms (Konopka & Benzer, 1971), and the role of the dunce gene in associative learning
(Dudai et al., 1976). These studies, and others like them of the time, utilised the relatively advanced
knowledge of Drosophila genetics to start to draw connections between genes and behavioural
expression. The half-century since these experiments has been characterised by the expansion of the
genetic tools, and therefore experimental approaches, available for Drosophila research.

1.2. The Drosophila toolbox
While random mutagenesis screens have provided vital insights into the genes underlying behaviour
in Drosophila, the genetic tools that have been developed more recently have given rise to more
precise methods. This has been enabled by the generation of genetic constructs that allow for the
expression of transgenes in specific populations of cells (or, more recently, single cells). The most
commonly used of these expression systems are the Gal4/UAS system and the LexA/LexAop system
(Brand & Perrimon, 1993; Lai & Lee, 2006). Both are based on the introduction of a transcription factor
(Gal4 or LexA) and an enhancer sequence to which it binds (UAS [Upstream Activation Sequence] or
LexAop [LexA operator]), placed upstream of a transgene of interest (Figure 1.1., A). By placing the
chosen transcription factor under the control of a tissue or cell-type specific promotor, the
experimenter has spatial control over transgene expression. Further refinement of these tools has led
to more precise spatial control, for example by driving the expression of the two domains of the Gal4
protein (the activation domain and DNA-binding domain) under control of two different enhancers
(Figure 1.1., B). This approach – called split Gal4 – results in a narrower expression pattern, as only in
cells in which the two promoters show overlapping activity will a functional Gal4 be produced (Luan
et al., 2006). Spatial restriction of Gal4 expression can also be achieved by the co-expression of the
Gal4 repressor, Gal80, in a specific sub-population of cells that one wishes to exclude (Figure 1.1.,
C)(Lee & Luo, 1999).
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Figure 1.1.: Gal4-based transgene expression systems in Drosophila. (A) Yeast-derived Gal4
transcription factor is placed downstream of a tissue or cell type specific enhancer. Gal4 then binds to
Upstream Activation Sequences (UAS) upstream of transgene of interest (e.g., in this case GFP). (B)
The two domains of Gal4 are separated and placed under the control of separate enhancers, leading
to a more restricted expression pattern. (C) Use of the Gal4 repressor, Gal80, under control of a second
enhancer to eliminate a subset of cells from transgene expression.

By the spatially restricted expression of transgenes that disrupt or enhance endogenous genes or
proteins, the role of specific genes and their products can be investigated in the context of defined
populations of neurons in the brain. This has facilitated more in-depth examination of the neuronal
circuits and intracellular processes underlying behaviours such as regulation of circadian rhythms by
cell-type specific rescue of the period gene (Grima et al., 2004) or specific silencing of circadian
pacemaker neurons (Nitabach et al., 2002); feeding by localisation and manipulation of gustatory
receptors (Scott et al., 2001) and neuropeptides (Al-Anzi et al., 2010) that mediate food seeking and
consumption; and learning and memory by selective silencing of specific subsets of mushroom body
neurons (Dubnau et al., 2001) or the spatially precise rescue of the rutabaga gene (Zars et al. 2000a).
Each of these studies utilised the spatially restricted expression of transgenes to precisely dissect the
specific cells involved in these behaviours.
When doing so, it is important to note that this exogenous expression always has the potential to
confer off-target effects that may influence behaviour – for example, down-regulation of structural
proteins involved in synapse formation may cause defects in synaptic plasticity and thus learning
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behaviour, but it is equally likely that this defect is a result of maldevelopment of neurons before any
behavioural assays have been conducted. Therefore, the development of the TARGET (Temporal and
Regional Gene Expression Targeting; McGuire et al. 2003) method was another vital step in the
development of tools for the examination of gene-behaviour relationships in Drosophila. This method
utilises a temperature-sensitive form of the Gal4 repressor, Gal80 (Gal80ts), to control the induction
of Gal4 (and thus UAS) expression via a timely shift in the rearing temperature of experimental flies.
By adding this element of temporal control to an already spatially precise expression system, more
clear-cut conclusions can be drawn regarding the roles of specific genes.
Another key addition to the Drosophila toolkit has been those that allow the direct activation or
silencing of neurons. This is most commonly achieved using genetically encoded light-sensitive ion
channels – a technique called optogenetics (Fiala et al., 2010; Suh et al., 2007). When flies are exposed
to light of a specific wavelength, these channels open and allow movement of ions through the cell
membrane. Dependent on the specific channel expressed, these ions may be cations or anions and
cause activation (membrane depolarisation) or silencing (membrane hyperpolarisation), respectively.
A similar effect can be achieved using temperature sensitive proteins. By expressing the temperature
sensitive dynamin variant shibirets in neurons of interest, one can induce a depletion of synaptic
vesicles via a temperature increase to 29˚C such that neurotransmitter release is temporarily inhibited
(Kitamoto, 2001). Conversely, one can use the same temperature shift protocol to induce
depolarisation of neurons expressing temperature sensitive transient receptor potential channel
dTRPA1 (Hamada et al., 2008). By driving the expression of transgenes encoding these proteins in
neurons of interest and observing the behavioural consequences of their artificial activation or
silencing, experimenters can identify the neurons whose activity is necessary and/or sufficient for the
expression of a given behaviour.
As well as artificially controlling the activity of neurons, it is also valuable to be able to observe their
activity under different experimental conditions. The predominant methodology for this over the last
century, across organisms, has been electrophysiological recording - particularly in the field of
invertebrate learning and memory research. For example, foundational studies from Eric Kandel and
colleagues were instrumental in the establishment of electrophysiological recordings in the marine
snail, Aplysia californica, during the induction of different forms of synaptic facilitation or depression
(Carew et al., 1981; Kandel et al., 1967; Kandel & Tauc, 1965). Not only did these studies contribute to
our collective knowledge of synaptic plasticity and its underlying mechanisms, but they also
unequivocally demonstrated the value of invertebrate model systems in studies of cognitive functions
that until then were predominantly confined to higher vertebrates.
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While the size and easy identification of neurons in Aplysia make it an attractive model for monitoring
of neuronal activity, with the development of the genetic tools discussed above, Drosophila has
become a more versatile and attractive model. One of the key advantages of these tools is that they
allow for more tailored and less invasive experimentation. For instance, in Drosophila it is not
necessary (or, indeed, possible in most cases) to identify and access neurons of interest with
microelectrodes for monitoring. Rather, by using the genetic expression systems described above
(e.g., the Gal4/UAS system), specific cells can be targeted, and their activity monitored by the
expression of exogenous indicators of neuronal activity – such as indicators of intracellular calcium
concentration. This principle forms the basis of the main methodology utilised in this work – in vivo
functional imaging using genetically encoded calcium indicators (GECIs).
This technique – also broadly called calcium imaging – utilises the expression of transgenes encoding
a protein that emits fluorescence dependent on intracellular calcium ion concentration. The most
commonly used of these is GCaMP, a fusion of GFP and the calcium-binding protein calmodulin, first
demonstrated by Nakai, Ohkura, and Imoto (2001). Multiple subsequent iterations of GCaMP have
been developed over the years that have improved signal-to-noise ratio, introduced variable calcium
binding kinetics, broader dynamic ranges, and increased photostability (Akerboom et al., 2012; Chen
et al., 2013; Dana et al., 2019; Nakai et al., 2001; Tian et al., 2009). Each shares the same broad
mechanism of action, whereby, upon calcium binding to the calmodulin component, a conformational
change occurs to the GCaMP such that GFP fluorescence is enhanced. Upon depolarisation,
intracellular calcium increases rapidly – due to the opening of voltage-gated calcium channels, and
release from intracellular stores – leading to more calcium binding to GCaMP, and an increase in GFP
fluorescence that can be detected and quantified as a proxy for neuronal activity.
The present work benefited by further spatially restricting the expression of GECIs. In sections 6 and
7, we incorporate the technique of mosaic analysis with a repressible cell marker (MARCM; Wu and
Luo 2006) to reduce the number of neurons expressing our GECI. This technique uses heat-shock
induced, flippase (FLP)/flippase recognition target (FRT)-mediated recombination to stochastically
“flip-out” the Gal4 repressor Gal80 in subpopulations of Gal4-expressing neurons to result in a sparser
labelling of neurons. This was used to visualise activity in single Kenyon cell axons in the mushroom
body, which is not possible using Gal4-driven approaches alone due to the dense overlapping and
intertwining of the axons making anatomical and functional differentiation of neurons impossible.
Furthermore, in sections 3 and 4, we utilise a GECI that localises specifically to the postsynaptic
compartments of neurons via fusion of GCaMP to the postsynaptically targeted Homer protein (Pech
et al., 2015). This subcellular restriction of calcium detection allows for dissection not only of the

7

neurons that are activated under certain experimental circumstances, but also the finer spatial
dynamics of calcium influx. Similar calcium indicators have also been generated that are localised to
presynaptic sites, via linkage to Synaptophysin (Pech et al., 2015).
Simultaneous developments in microscopy techniques have also driven forward the field of calcium
imaging, improving spatial and temporal resolution such that changes in intracellular calcium can be
accurately and precisely visualised in single neurons, including in the living animal. These technological
advances have benefited not only the functional imaging of the nervous system, but also its
anatomical dissection. Using electron microscopy and AI-assisted image processing, large parts of the
Drosophila brain have been scanned at high resolution and many thousands of neurons reconstructed
in three dimensions (Li et al., 2020; Scheffer et al., 2020; Takemura et al., 2017). This technique also
allowed for the identification of putative sites of synaptic connections between neurons, providing
some insight into possible patterns of neuronal connectivity in the brain that can be used as a starting
point in identifying potential neuronal circuits involved in behaviour.
The tools described here make Drosophila a favourable model in which to study the neural basis of
behaviour. Indeed, these tools and the studies they have facilitated have helped to further our
knowledge of sensory systems and how animals use them to guide their actions. This is particularly
true of the Drosophila olfactory system.

1.3. Olfactory processing
The sense of smell is fundamental in guiding behaviour, conveying a continuous stream of information
about the external environment to the brain for processing. In Drosophila, this starts at the sensilla on
the antennae and maxillary palps, where odorant particles bind to specific odorant receptors (ORs)
expressed in olfactory receptor neuron (ORN) dendrites. Typically, each ORN expresses one OR type
(out of the 62 ORs identified in Drosophila (Robertson et al., 2003), plus the odorant receptor coreceptor, Or83b (also known as ORCO; Larsson et al., 2004; Vosshall et al., 2000). The axons of the
ORNs extend into the antennal lobe, where ORNs that express the same receptor converge to form
glomerular structures (Vosshall et al., 2000)(Figure 1.2., A). When an odour is encountered, a
combination of ORNs is activated to produce an early neural perception of the odour. This is relayed
to higher brain regions by olfactory projection neurons (OPNs), which are broadly classed as either
uniglomerular (164 OPNs) or multiglomerular (184 OPNs) depending on if their dendrites innervate
one glomerulus in the antennal lobe or several, respectively (Bates et al., 2020). A third neuron type
– the local interneurons (LNs) – also influences the activity of OPNs, by exerting (primarily) inhibitory
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inputs to both the ORNs and the OPNs in the antennal lobe, as well as other LNs (Ng et al., 2002;
Wilson et al., 2004).
From there, the OPNs project to the lateral horn (LH), with a subset also projecting to the mushroom
body (MB) calyx. Broadly speaking, the former brain region is categorised as mediating innate
behaviour (Belle & Heisenberg, 1994; Jefferis et al., 2007), whereas the latter is believed to
predominantly mediate learned behaviour (Belle & Heisenberg, 1994; Heisenberg et al., 1985;
McGuire et al., 2001). The neural circuits that form these brain regions have been the subject of many
in-depth studies recently, due in large part to the availability of many thousands of split Gal4 driver
lines that now allow for their anatomical and functional description, and also due to connectomics
efforts that allow the tracing of single neurons through these regions (Aso et al. 2014a; Bates et al.
2020; Dolan et al. 2019). There appears to be some spatial organisation of OPN inputs to these brain
regions – for example, there seems to be a concentric organisation of inputs to the MB calyx, whereas
spatial OPN input patterns to the LH are less geometrically organised but more stereotypic between
individuals (Jefferis et al., 2007; Tanaka et al., 2004). Notably, OPNs that respond to food-related
odours seem to extend their axons to similar subregions within the MB calyx, as well as the LH (Bates
et al., 2020). In the LH, this is also the case for OPNs responsive to pheromones (Jefferis et al., 2007).
Considering such correlations have not been observed for other types of OPNs, this may imply a
differential odour processing mechanism for ethologically relevant odours in these higher brain
regions.

Figure 1.2.: Odour processing pathways in the Drosophila brain. (A) Odours are first detected by
Olfactory Receptor Neurons (ORNs), expressing specific odorant receptors, which project into the
antennal lobe to form glomerular structures. (B) ORNs synapse onto Olfactory Projection Neurons
(OPNs) in the antennal lobe glomeruli. OPNs then project to higher brain regions such as the lateral
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horn and the mushroom body calyx. (C) In the calyx, OPNs synapse onto the mushroom body intrinsic
Kenyon cells (KCs). This olfactory input leads to a sparse activation of KCs, the axons of which project
out of the calyx to form the lobes of the mushroom body. (D) In the mushroom body lobes, mushroom
body output neurons (MBONs) receive highly convergent olfactory input from the large population of
KCs, such that responses at this level become very broad.

The MB is formed of Kenyon cells (KCs), the dendrites of which reside in the calyx region and are
postsynaptic to the OPNs (Figure 1.2., C). The KCs form claw-like structures around OPN presynaptic
boutons, wherein each KC receives input from ~5-7 randomised OPNs (Caron et al., 2013; Leiss et al.,
2009). The intrinsic properties of the KCs are such that several active OPN inputs must be received in
order for their spiking threshold to be reached, which, combined with the action of the inhibitory
anterior paired lateral (APL) neuron, results in sparse KC odour-evoked activation (Lin et al., 2014).
This sparseness appears to convey an advantage in the ability of the MB to encode odours in a way
that odour identity can be discriminated based on the activity pattern across the KCs – providing a
network structure well equipped to form olfactory-driven memories without generalising experiences
across multiple odorants (Lin et al., 2014; Liu & Davis, 2009; Pitman et al., 2011). Thus, the
transformation of an odour representation from a broad array of OPNs to a sparse KC activation
pattern in the MB that occurs here is a crucial step in olfactory processing in Drosophila.
The axons of the KCs form the lobes of the MB, connected to the calyx by the pedunculus. Each MB is
formed of approximately 2000 KCs (Aso et al., 2009; Aso et al., 2014a; Li et al., 2020), within which
there are three main classes - α/β, α’/β’, and γ - that are genetically and anatomically distinct (Aso et
al., 2014a; Crittenden et al., 1998). Where the latter projects only horizontally toward the midline,
the α/β and α’/β’ type KCs both bifurcate to form vertical (α and α’) and horizontal (β and β’) lobes.
These different KC types also have differing roles in the control of behaviour, particularly with regards
to learning and memory formation, as will be discussed in the next section. All lobes of the MB are
further subdivided into compartments, defined by the innervation patterns of MB extrinsic neurons –
the two main populations of which being dopaminergic neurons (DANs) and MB output neurons
(MBONs)(Aso et al., 2014a).
The DANs that innervate the MB play an important role in behavioural control. For example, dopamine
signalling in the MB has been linked to hunger-state dependent food-seeking behaviours (Landayan
et al., 2018; Tsao et al., 2018), temperature preference behaviour (Bang et al., 2011), courtship (Kuo
et al., 2015; Lim et al., 2018), and associative learning (Krashes et al., 2009; Liu et al., 2012; Schroll et
al., 2006). There are eight main DAN clusters around the MB, two of which – the PPL1 and PAM clusters
– project their axons into specific compartments of the MB lobes (Mao & Davis, 2009), where they
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transmit modulatory signals to the KCs (and MBONs) dependent on internal and external contextual
cues (such as the hunger state of the animal or the presence of rewarding or punishing stimuli).
Indeed, the reward- or punishment-induced activity of DANs is considered to be the driving force
behind associative olfactory learning.
MBONs are the primary downstream target of the KCs, and also receive input from DANs. Where the
OPN-to-KC level of the olfactory pathway is highly divergent (with ~350 OPNs synapsing onto ~2000
KCs), the KC-to-MBON level represents a return to a more convergent connectivity. Per MB, there are
~34 MBONs, which are divided into 21 different types dependent on the MB compartment their
dendrites innervate (Aso et al., 2014a; 2014b). Like the DANs, the MBONs also have differing functions
depending on this innervation pattern. Optogenetic experiments carried out by Aso et al. showed that
the activation of selected MBONs results in approach or avoidance behaviour, and thus led to the
conclusion that the MBONs are responsible for coding valence properties of stimuli (Aso et al., 2014b).
An additional class of so-called “atypical” MBONs was recently identified that display dendritic arbours
that receive input not only from the MB, but also in several distinct regions around the MB (Li et al.,
2020), although these neurons have not yet been functionally examined.
From the mushroom body, the MBONs integrate inputs from hundreds of KCs (Figure 1.2., D) and relay
this to further brain regions – such as the crepine, superior medial protocerebrum, and the lateral
horn (Aso et al., 2014a; Li et al., 2020; Tanaka et al., 2008). Fundamentally, this integration across
many KCs signifies a step in olfactory processing whereby the incident odour is no longer processed in
terms of specific odour identity, but rather as a representation of that odour’s valence. In the context
of olfactory associative learning, the MBONs are placed perfectly to act as a readout of learned odourpunishment or odour-reward associations and to transmit updated valence information to motor
control circuits to implement appropriate behaviour.

1.4. The Drosophila mushroom body – functional dissection of a learning centre
The predominant models for associative learning in insects all centre around the MB. This is based on
decades of research that has sought to localise memory traces in the brain, with the first strong
experimental evidence being shown by Menzel and colleagues in the honeybee, Apis mellifera (Erber
et al., 1980; Menzel & Erber, 1978), and Heisenberg and colleagues in Drosophila (Belle & Heisenberg,
1994; Heisenberg et al., 1985). These studies used ablation of the MB, by specific cooling of the MB,
or the chemical or genetic disruption of MB structure, to show that performance in associative
learning tasks is drastically reduced without the proper functioning of the MB. Following this finding,
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more in-depth dissection has unveiled differential roles for the different lobes of the MB in different
types of learning tasks. For example, the α-lobes have been shown to be required for long-term
memory (LTM) using the alpha-lobes-absent (ala) mutant (Pascual & Préat, 2001) and the γ-lobe has
been linked to short-term memory (STM) via spatially restricted rescue of rutabaga (rut) mutants and
selective inhibition of neurotransmitter release (Isabel et al., 2004; Zars et al., 2000b). Two different
types of anaesthesia resistant memory (ARM), with different temporal properties, have been shown
to require synaptic output and dunce expression in distinct populations of MB cells, with short-term
ARM requiring the α/β lobe, while long-term ARM requires the α’/β’ lobe (Bouzaiane et al., 2015). In
the current work, we are primarily interested in the processes underlying STM and so this will be
discussed in detail.
During the classical conditioning paradigm used to induce STM in most Drosophila learning studies,
presentation of an odour is temporally paired with either an electric shock or a sugar reward such that
when flies encounter that odour again in a testing phase, they have either learned to avoid it or
approach the odour, respectively (Tully & Quinn, 1985). In this conditioning paradigm, there are thus
two salient signals that must converge in the brain – the neural representations of the conditioned
stimulus (the odour, CS) and the unconditioned stimulus (the electric shock/sugar, US). Given the
mapping of the olfactory pathway described in section 1.3, we know that the KCs are responsive to
odours, and from studies of the dopaminergic system, we know that the PPL1 cluster of DANs is
activated by electric shock and the PAM cluster is activated by sugar (e.g., Burke et al., 2012; Cohn et
al., 2015). Thus, the convergence of these two neural populations – KCs and DANs – presents a site at
which CS and US become associated such that activation of the CS pathway leads to the conditioned
response (CR) in the absence of US signalling.
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Figure 1.3.: Structural and functional compartmentalisation of the Mushroom Body. (A) The three
lobes of the mushroom body (MB) formed of Kenyon cell (KC) axons – α/β, α’/β’, and γ – are further
compartmentalised. The γ lobe is shown as an example, divided into five compartments – γ1-5. (B)
Each of the compartments of the γ lobe have different input and output neurons (Dopaminergic
neurons (DANs), left, and Mushroom Body Output Neurons (MBONs), right). Broadly, the DANs that
have inputs to the γ1-3 compartments belong to the electric shock-responsive PPL1 cluster of DANs,
while the γ4 and 5 compartments receive input from DANs of the PAM cluster that are responsive to
positive reinforcement (such as sugar). The MBONs that receive input in the γ1-3 compartments
encode positive valence, while those in γ4 and 5 encode negative valence. This basic, 3-part circuit
structure – KCs, MBONs, and DANs – and their interconnections are posited to represent the scaffold
upon which associative memory traces are built.

Current models postulate the rutabaga-encoded type 1 calcium/calmodulin-dependent adenylate
cyclase (Rut-AC) in KCs as the molecular coincidence detection site (Gervasi et al., 2010). The calcium
influx that occurs in KCs due to odour stimulation, temporally paired with activation of G-protein
coupled receptors that bind dopamine (released onto the MB by reinforcer-signalling DANs) leads to
activation of Rut-AC resulting in increases in local cAMP and PKA activation (Gervasi et al., 2010). The
necessity of this molecular pathway in associative conditioning is exemplified by the requirement for
vital players in this cascade in successful odour-sugar or odour-electric shock learning – i.e., Rut-AC
(Zars et al. 2000b; Livingstone, Sziber, and Quinn 1984), G-protein coupled dopamine receptors (Kim
et al., 2007), PKA (Drain et al., 1991), and the cAMP-specific phosphodiesterase encoded by the dunce
gene (Byers et al., 1981; Dudai et al., 1976). PKA has many downstream phosphorylation targets that
can modulate synaptic plasticity. Most notably, PKA phosphorylates the transcription factor cAMP
response element-binding protein (CREB) which then binds to the cAMP response element (CRE) and
leads to increased transcription of downstream target genes required for LTM (Yin et al., 1994, 1995).
In the context of STM, PKA also phosphorylates synapsin, which mediates vesicle release (Hilfiker et
al., 1999; Michels et al., 2005) and can therefore influence the dynamics of neurotransmitter release
to postsynaptic partners.
Functional imaging techniques that allow for the visualisation of calcium, cAMP, and PKA dynamics
have helped to further our understanding of how this pathway is involved in the mediation of learning
and memory formation. In fact, learning-dependent changes in odour-evoked intracellular calcium
concentration has been demonstrated in each of the MB lobes (Akalal et al., 2010; Wang et al., 2008;
Yu et al., 2006) using genetically-encoded calcium indicators. Likewise, changes in KC intracellular
cAMP and PKA both also seem to accompany learning and memory formation in a dopamine- and RutAC-dependent manner (Boto et al., 2014; Gervasi et al., 2010; Louis et al., 2018). Thus, it appears clear
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that the molecular detection of CS and US coincidence in the MB KCs, and the subsequent cellular
signalling pathways, are fundamental to associative learning.
In order for this association to result in a change of behavioural programme, there must be a readout
of these molecular changes that underlies a shift in the valence of the CS. The MBONs, which receive
broad input from the KC population, have arisen as the strongest candidate for this MB readout role.
Indeed, multiple studies have demonstrated the importance of neurotransmitter release from the KCs
in learning and memory tasks (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et al., 2002). As
such, the predominant models of the last two decades have designated the KC-to-MBON synapses as
the target of learning-induced synaptic plasticity, triggered by the coincidence detection mechanism
outlined above (see Heisenberg, 2003).
Barnstedt et al. showed that these synapses are cholinergic, with the expression of the vesicular
acetylcholine transporter (VAChT) in the KCs and acetylcholine receptors on MBONs being required
for odour-evoked activity in the MBONs (Barnstedt et al., 2016). During associative olfactory
conditioning, specific populations of DANs are activated by a US and release dopamine onto specific
compartments along the MB lobes – such as in the case of odour-electric shock conditioning, the
electric shock stimulus activates the PPL1 cluster of DANs that then feed this information to the
vertical lobes and heel region of the MB (Cohn et al., 2015; Riemensperger et al., 2005). Functional
imaging and electrophysiological studies of the MBONs have shown that this input (paired with odour
presentation) leads to a reduction in the subsequent odour-evoked activity of the MBONs that
innervate the same MB compartments – i.e., the MBONs that innervate the γ1 (Hige, Aso, Modi, et al.,
2015; Perisse et al., 2016) and γ2 (Berry et al., 2018) compartments. These two MBONs have been
shown to mediate approach behaviour when optogenetically activated (Aso et al., 2014b). This
represents a model circuit structure for the formation and readout of associative olfactory memories.
Similar mechanisms seem to be at play in the avoidance coding MBONs, in which odour-evoked
activity is increased as a result of aversive odour conditioning (Felsenberg et al., 2018; Perisse et al.,
2016).
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1.5. Overview of current work
The work presented here aims to further dissect how odours are represented within the MB network.
In sections 4-7, we focus on how an odour is encoded by the KCs and the MBONs before and after that
odour is learned to be predictive of punishment, with the aim of uncovering the principles that
underlie learning-induced synaptic plasticity within the KC-MBON circuit. This is done using specifically
tailored in vivo calcium imaging protocols described in detail in sections 1 and 3.
In section 8, we look at odour coding in the context of innate rather than learned valence by probing
the odour response characteristics of an MBON type that is not involved in learning and memory
formation. Data presented therein points toward a role in controlling ethologically relevant
behaviours that presents an interesting avenue for future work.
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2. Materials and Methods
2.1. Materials
2.1.1. Drosophila melanogaster strains
Genotype

Source

Reference

w[1118]; R13F04-GAL4.DBD; R93D10-

G.M.Rubin, Howard Hughes

Aso et al., 2014a

p65.AD

Medical Institute, Janelia

(MB112C)

Research Campus;
Bloomington Drosophila Stock
Centre #68263

w[1118]; R19F09-GAL4.DBD; R25D01-

G.M.Rubin, Howard Hughes

p65.AD

Medical Institute, Janelia

(MB077C)

Research Campus;

Aso et al., 2014a

Bloomington Drosophila Stock
Centre #68284
w[1118]; R94B10-GAL4.DBD; R52G04-

G.M.Rubin, Howard Hughes

p65.AD

Medical Institute, Janelia

(MB083C)

Research Campus;

Aso et al., 2014a

Bloomington Drosophila Stock
Centre #68287
w[1118]; R53C03-p65.AD; R24E12-

G.M.Rubin, Howard Hughes

GAL4.DBD/TM6B, Tb[1]

Medical Institute, Janelia

(MB298B)

Research Campus;

Aso et al., 2014a

Bloomington Drosophila Stock
Centre #68309
w[1118]; R15B01-p65.AD; R27G01-

G.M.Rubin, Howard Hughes

GAL4.DBD

Medical Institute, Janelia

(MB210B)

Research Campus;

Aso et al., 2014a

Bloomington Drosophila Stock
Centre #68272
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w[1118]; R64F07-p65.AD; R64F07-

G.M.Rubin, Howard Hughes

GAL4.DBD

Medical Institute, Janelia

(MB622B)

Research Campus

w[1118]; R64F07-p65.AD; R57C10-

G.M.Rubin, Howard Hughes

GAL4.DBD

Medical Institute, Janelia

(MB242A)

Research Campus;

Aso et al., 2014a

Aso et al., 2014a

Bloomington Drosophila Stock
Centre #68307
w[1118]; UAS-homer-GCaMP3.0/CyO

Fiala Lab stock collection

Pech et al., 2015

w[1118];20XUAS-IVS-GCaMP6f

D.S. Kim, Howard Hughes

Chen et al., 2013

Medical Institute, Janelia
Research Campus;
Bloomington Drosophila Stock
Centre #52869
w[*];UAS-mCD8::GFP, UAS-n-syb::GFP

Fiala Lab stock collection

Riemensperger et
al., 2013

2.1.2. Standard fly food medium
Component

Quantity (per 20l)

Source

Agar

205g

Gourvita GmbH

Soy flour

200g

Pflanzensaftwerk GmbH &
Co. KG

Yeast

360g

Gourvita GmbH

Cornmeal

1600g

Zieller & Co. GmbH

Sugar beet

440g

Obermühle Rosdorf

1600g

MeisterMarken – Ulmer

syrup
Malt

Spatz
Propionic acid

126ml

Carl Roth GmbH + Co. KG

Nipagin

30g

Sigma-Aldrich Chemie GmbH

Ethanol

140ml

VWR International GmbH
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2.1.3. Chemicals
Chemical name

Source (Cat. No.)

Triton X-100

Carl Roth GmbH + Co. KG (3051)

Bovine Serum Albumin (BSA)

Carl Roth GmbH + Co. KG (0163)

Normal goat serum (NGS)

Invitrogen (31873)

Paraformaldehyde

Carl Roth GmbH + Co. KG (0335)

Mineral Oil

Sigma-Aldrich (M8410)

4-Methycyclohexanol

Sigma-Aldrich (153095)

3-Octanol

Sigma-Aldrich (218405)

1-Octen-3-Ol

Sigma-Aldrich (297887)

Benzaldehyde

Sigma-Aldrich (12010)

Cis-Vaccinyl Acetate

Cayman Chemical Company (10010101)

VectaShield (mounting medium)

Vector Laboratories (H-1000-10)

2.1.4. Solutions
Solution name

Composition

Ringer’s Solution (adult)

5mM KCl, 130mM NaCl, 2mM MgCl2*2H2O, 2mM
CaCl2, 5mM Hepes, 36mM sucrose (pH 7.3, adjusted
with NaOH and HCl)

Ringer’s Solution (larva)

2mM KCl, 128mM NaCl, 4mM MgCl2*2H2O, 18mM
CaCl2, 5mM Hepes, 36mM sucrose (pH 7.1, adjusted
with NaOH and HCl)

Phosphate Buffered Saline (PBS)

15 mM NaH2PO4, 100 mM NaCl, 85 mM Na2HPO4

PBS + Triton X-100 (PBS-T)

0.6% Triton X-100 in PBS

Blocking Solution

2% BSA in PBS-T

Fixing solution (paraformaldehyde, PFA)

4% PFA, 0.1% NaOH, in PBS
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2.1.5. Antibodies
Antibody

Source (Cat. No.)

Concentration used

Mouse anti-discs large (DLG)

Developmental Studies

1:200

Hybridoma Bank (4F3)
Rabbit anti-GFP

Invitrogen (A6455)

1:2000

Mouse anti-GFP-20

Sigma-Aldrich (G6539)

1:200

Mouse anti-ChAT4B1

DSHB (AB_528122)

1:150

Mouse anti-1D4 anti-Fascilin II

DSHB (AB_528235)

1:50

Mouse anti-IgG (AlexaFluor
633)
Rabbit anti-IgG (AlexaFluor
488)

Invitrogen (A21050)

1:300

Invitrogen (A11034)

1:300

2.1.6. Consumables
Item name

Source (Cat. No.)

Microscope slides

Carl Roth GmbH + Co. KG (0656.1)

Clear adhesive tape

Tesa SE (56110)

Blue light curing glue

Kent Express Limited (953683)

Blue light lamp

mectron Deutschland GmbH
(05100083-001)

Forceps

Fine Science Tools GmbH (11412-11)

Surgical scalpel blade

Swann-Morton (0303)

Surgical scalpel blade holder

Swann-Morton (Cat. No. 0907)

Insect pins

Fine Science Tools GmbH (26002-10)

Concave-convex jaws

Fine Science Tools GmbH (10053-09)

Microknife

Fine Science Tools GmbH (10315-12)
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2.1.7. Microscope hardware and software

Use

Item name

Source

Two-photon microscopy

LSM 7MP

Carl Zeiss AG

Ti-Sapphire laser

Coherent Inc.

Dichroic mirror

Carl Zeiss AG

Plan-Apochromat 20x water

Carl Zeiss AG

immersion objective (NA = 1)

Confocal microscopy

Zen 2011 SP4 (software)

Carl Zeiss AG

SP8 confocal laser scanning

Leica Microsystems GmbH

microscope
APO 20x glycerol/water objective

Leica Microsystems GmbH

(NA = 0.75)
Argon-laser (488nm)

Leica Microsystems GmbH

DPSS-laser (561nm)

Leica Microsystems GmbH

HeNe-laser (633nm)

Leica Microsystems GmbH

Leica Application Suite X (LASX;

Leica Microsystems GmbH

software)

2.1.8. Other software
Software

Source

ImageJ/FIJI

National Institutes of Health (NIH)

Labview

National Instruments

OriginPro 2020

OriginLab Corp.

Microsoft Office Excel

Microsoft Crop.

Matlab

Mathworks
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2.2. Methods
2.2.1. Fly husbandry and maintenance
Flies were raised on standard cornmeal food medium in incubators maintained at 25˚C and 60%
relative humidity with a 12hr/12hr light/dark cycle.
In experiments investigating the influence of the olfactory rearing environment (shown in Figures 8.4.
and 8.5.), food vials also contained a 0.2ml PCR tube containing a specific odorant – either MCH or 3Octanol, both diluted to a concentration of 1:50 in mineral oil. Each PCR tube contained 100µl of the
diluted odorant and was embedded into the fly food with the lid facing upwards and perforated with
a fine needle to allow odour vapour to be released into the vial. Each group (raised with MCH, raised
with 3-Octanol, or raised with only fly food) was kept in an isolated box, and in a well-ventilated
incubator to avoid any cross-exposure to other odours. Flies were moved to fresh vials that contained
a fresh odour tube every 2-3 days.
For experiments in which flies were starved beforehand (shown in Figures 8.6. and 8.7.), aged flies of
the appropriate genotype were moved from standard food vials to empty plastic vials containing only
moistened tissue paper 20-24 hours before the experiment. This ensured flies were sufficiently
starved before the experiment, without depriving them of water.

2.2.2. Fly preparation for in vivo calcium imaging
Methods for preparation and imaging of flies are detailed in sections 3 and 5 (see also, Hancock et al.,
2019, 2020). This preparation procedure was used in all calcium imaging experiments.
Single flies were immobilized by placing them in an empty plastic vial on ice for approximately 5
minutes. Unless stated otherwise, female flies were used throughout. The fly was then moved to a
custom-built chamber (see section 4, Figure 1) using fine forceps. The fly was fixed in place using clear
adhesive tape. In the case of experiments concerning aversive olfactory associative conditioning, the
fly chamber included two electrical wires, on top of which the fly thorax was placed, to facilitate the
delivery of punishing electric shocks. The head of the fly was in all cases stabilised on a small platform
such that the adhesive tape exerted light pressure on the dorsal surface of the head when applied.
To access the head of the fly, a small window was cut in the adhesive tape using a scalpel blade. This
window allowed for the placement of blue light-curing glue around the head. When set using a blue
light-emitting lamp, the glue limits movement of the head and body that could be disruptive during
functional imaging experiments. 2-3 drops of room temperature Ringer’s solution were then placed
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on top of the cuticle, and an incision made along the posterior of the head. Two more incisions were
then made, perpendicular to the first and running just inside the eyes of the fly. Fine forceps were
then used to rip off the cuticle to expose the inside of the head and to remove excess tissue on top of
the brain. The fly, in the chamber, was then transferred to a microscope equipped for two-photon
microscopy for imaging.

2.2.3. Two-photon microscopy
Two-photon excitation was used to visualise odour-evoked changes in intracellular calcium
concentrations in neurons of interest. In all cases, a version of the genetically encoded calcium
indicator GCaMP was used (in sections 3 and 4, homer-GCaMP3 was used (Pech et al., 2015); in
sections 5 and 6, GCaMP3 was used (Tian et al., 2009); in section 7, GCaMP6f was used (Chen et al.,
2013)). In all cases, an excitation wavelength of 920nm was used. Emitted light was filtered by a
customised filter set composed of a 605nm beam splitter and a bandpass filter that selectively filters
GFP emission between 500-550nm.
Microscope software (Zen 2011 SP4) was used to set scanning parameters and to control image
acquisition. A framerate of 4 Hz and a frame size of 512x512 pixels was used throughout. To
synchronise image acquisition with delivery of odours, a custom-written programme run by LabView
software was used in conjunction with the Visual Macro Editor function of the Zen software. With this
programme, it was possible to control the timing of odour delivery such that odour onset and offset
can be documented for later analysis steps.
For aversive associative conditioning experiments (sections 3-6), flies were exposed to three different
odours: MCH, 3-Octanol, and 1-Octen-3-ol at concentrations of 1:750, 1:500, and 1:400, respectively
in mineral oil. Flies were also presented with mineral oil alone. Odour presentations each lasted for
2.5 sec and were separated from one another by approximately 40 sec. In experiments in which the
dendritic compartments of γ-lobe MBON were imagined (sections 4 and 5), only a single plane
encompassing the dendritic compartment of the neuron was visualised and was optimised for each
fly such that the plane was as similar as possible between individual flies and to achieve a broad crosssection of the dendritic tree.
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Figure 2.1.: Odour presentation and conditioning protocols for in vivo calcium imaging. All flies were
presented with three odours in pre-training and post-training phases, in which odour-evoked changes
in calcium were visualised and quantified. In the training phase, flies were subjected to either a
classical conditioning protocol (paired) or a control protocol (CS-only or US-only) that does not lead to
associative learning.

Aversive olfactory conditioning was conducted with the use of a specialised LabView protocol. This
protocol additionally incorporates the presentation of an electric shock procedure, such that the fly is
exposed to a classical, aversive Pavlovian conditioning paradigm (Figure 2.1.). Therein, flies are first
presented with an odour (becoming the Conditioned Stimulus +, or CS+) for 60 seconds, during which
the flies also receive a pulsating electric shock (12 x 90V shocks) to the thorax (the Unconditioned
Stimulus, or US). This is followed by a 60 second break. After this break, the flies are then exposed to
a second odour without electric shock (becoming the Conditioned Stimulus-, or CS-) for 60 seconds.
Within each experimental group, flies were trained reciprocally with either MCH as the CS+ and 3Octanol as the CS-, or vice versa. Flies that were subjected to this protocol are described as the
“paired” group here, denoting the pairing of odour and electric shock that classically leads to learned
avoidance of the CS+ odour.
After the training protocol, flies were then exposed to the same odour presentation protocol as before
training (i.e., flies were presented with the same three odorants and the responses monitored).
Thereby, it was possible to examine the odour-evoked calcium transients elicited by odours that have
no strong meaning to the fly and odours that have gained a valence through the process of electric
shock-odour pairing.
Two control groups were used to control for the effects of mere exposure to the two stimuli described
– odour exposure and electric shock exposure. The “CS-Only” group received the exact same protocol
as the paired group, with the exception of the electric shock delivery. The “US-Only” group received
the exact same protocol as the paired group, with the exception of the extended odour delivery.
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For MB-CP1 odour tuning experiments (section 7), flies were exposed to six different odorants. MCH,
3-Octanol, benzaldehyde (BA), and cis-Vaccinyl acetate (cVA) were diluted in mineral oil at
concentrations of 1:750, 1:500, 1:200, and 1:1000, respectively. Apple vinegar was diluted in water to
a concentration of 1:100. Finally, approximately 2g of standard fly food medium was homogenised in
2ml of tap water. Measurements were conducted at the dendritic shaft region (see Figure 2.2.). The
imaging plane was matched as best as possible
between individuals, although slight variations in
the tilt of the head meant this was not exact in all
cases. The odour presentation protocol was such
that each odour was presented twice in a
randomized order in each fly.

Figure 2.2.: Example MB-CP1 imaging plane. (A)
Grayscale single frame image from an example
imaging plane as used in the in vivo
measurement of odour responses in MB-CP1, at
the level of the dendritic shaft. Scale bar = 15µm.
(B) False colour coded depiction of the same
imaging frame as (A) during stimulation with
apple vinegar.

2.2.4. Image analysis – calcium imaging
All image analysis was conducted using ImageJ (NIH). All functional imaging sequences were registered
using the TurboReg plugin (Thévenaz et al., 1998) to remove small movement artefacts. A region of
interest (ROI) was then placed around the structure of interest. In the case of γ-MBON measurements
(sections 3 and 4), the ROI was placed around the dendritic tree of the neuron. Due to the sometimesweak baseline signal of the homer-GCaMP, this was often facilitated by using an average projection
over time to make borders more easily visible. In the case of the MB-CP1 measurements (section 7),
a single rectangular ROI was placed to best encompass the dendritic shaft region of the neuron(s).
Fluorescence values were extracted from the raw images using ImageJ and were subsequently used
to calculate the normalised change in fluorescence over time - ΔF/F0. The F0 value was calculated as
the mean fluorescence over the 2-4 seconds immediately preceding odour presentation. This was then
subtracted from each value over time to generate a ΔF series. The ΔF was then divided by the F0 to
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normalise each trace to the baseline fluorescence. These calculations and all following tabulations
were carried out using Excel and Origin Pro 2020.

2.2.5. Immunohistochemistry - adult Drosophila brain
This procedure was used to generate anatomical images shown in Figure 5.1., A and Figure 7.1., A and
B.
Flies were immobilised by placing them in an empty plastic vial on ice. A single fly was then removed
from the vial using fine forceps and placed ventral side up in a dissection dish filled with dyed silicone
mixture. The fly was fixed in place using two insect pins – one through the thorax and another through
the distal abdomen. 3-4 drops of ice-cold Ringer’s solution was pipetted onto the fly, such that it was
entirely submerged. Using fine forceps, the proboscis was removed to better facilitate the further
removal of the head capsule. Excess tissue was then carefully removed, and the brain detached from
the ventral nerve cord. The brain was then transferred to a glass dish containing a fixative solution
containing 4% paraformaldehyde in PBS for 2 hr at 4˚C or 45 min at room temperature. The brains
were then washed 3 times for 20 min each in PBS with 0.6% Triton-X (PBS-T) at room temperature.
Brains were then transferred to a blocking solution, formed of PBS-T and 2% bovine serum albumin,
and were incubated for 2 hours at room temperature. Then, brains were incubated overnight at 4˚C
in primary antibody mix, containing primary antibodies against proteins of interest diluted in blocking
solution. For each antibody used in this study, the concentrations used can be found in the Materials.
Brains were then washed, as previously, three times for 20 minutes each in PBS-T. They were then
incubated overnight at 4˚C in secondary antibody mix. All secondary antibodies were used at a
concentration of 1:300 in blocking solution. After this incubation, brains were washed again as before
and then mounted in VectaShield on microscope slides. Brains were placed in a drop (approximately
6µl) of VectaShield held in the centre of two tape rings and covered with a glass cover slide. The cover
slides were then fixed in place using clear nail polish. Slides were stored in darkness at 4˚C until
confocal scanning.

2.2.6. Immunohistochemistry - larval Drosophila brain
This procedure was used to generate anatomical images shown in Figure 7.1., C-F and was carried out
by Maria Woitow.
Larvae were removed from food vials using a small spatula and placed in a glass dish containing larval
Ringer’s solution on ice, to immobilise. Individual larvae were then transferred to a dissection dish, as
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used above, using forceps. To access the brain, fine forceps were used to pull from the mouth hooks
and the posterior of the larva simultaneously and in opposite directions. With the body wall then torn
open, excess tissue was removed from the brain using fine forceps. The brain was then transferred to
fixative solution (as above) for 60 min at room temperature. Brains were then washed once for 10 min
and then twice for 30 min each in PBS-T solution (for larvae, 3% Triton-X in PBS was used). Brains were
then moved to a blocking solution containing 2% bovine serum albumin and 2% normal goat serum in
PBS-T and were incubated for 90 min at room temperature. The brains were then incubated in a
primary antibody mix for two days at 4˚C. After primary antibody incubation, brains were washed
using PBS-T (twice for 10 minutes each, followed by three times for 30 min each). Then, brains were
incubated in secondary antibody mix for one day at 4˚C and then again washed with PBS-T (1x 5 min,
1x 10 min, 2x 3min) and additionally with PBS, 2x for 5min each. Larval brains were then mounted in
the same way as the adult brains, with the exception that only a single tape ring is used due to the
smaller size of the brain. Slides were also stored in darkness at 4˚C until confocal scanning.

2.2.7. Confocal microscopy
Immunostained and mounted brains were scanned using a Leica SP8 line scanning microscope
equipped with either a 20x or 63x glycerol immersion lens. Scanning and image acquisition was
controlled using Leica LSAX software. Excitation lasers of wavelengths 488nm (Argon-laser), 561nm
(DPSS-laser), and 633nm (HeNe-laser) were used, depending on the secondary antibodies used. Laser
and detector settings were optimised for each brain to ensure high resolution and minimal sample
bleaching. Image stacks were captured and saved as .lif files for later processing.

2.2.8. Classical olfactory conditioning
These procedures were used to generate data shown in Figure 7.3. and were carried out by Haiko
Poppinga.
For appetitive conditioning assays, flies were starved for 24 hours before experiments. Groups of 50100 flies aged 3-5 days old were loaded into a training apparatus based on that used by Tully and
Quinn (Tully & Quinn, 1985). Flies were then left to acclimate for 3 minutes before starting
conditioning steps. The flies were then moved into training tubes that were fitted with either an
electrifiable copper wire lining around the inside or with slots into which filter paper soaked with a
sucrose mix can be fitted on the inner walls. These tubes are used to deliver punishing or rewarding
unconditioned stimuli (US), respectively. An odour (CS+) was then delivered via a controlled air flow
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through the tube. To induce aversive associative learning, this odour delivery was accompanied
simultaneously with pulses of electric current through the copper wire such that flies in contact with
it received electric shocks (12x 90V pulses over one minute). To induce appetitive associative learning,
odour delivery was paired with sucrose by inserting filter paper soaked in a 2M sucrose solution to the
training tube. This pairing step lasted for one minute, after which time odour delivery and US delivery
stopped and flies were exposed only to a clean air flow for one minute. After this break, flies were
transferred to new tubes (in the opposite arm of the T-maze) and exposed to an odour (CS-) for one
minute, without the US. In appetitive conditioning, CS- tubes contained filter paper soaked with water.
Flies were then transferred to a holding position in the middle of the T-maze where they were kept
for 3 minutes with no further stimulation. Flies were then released from this holding position and
allowed to disperse between the arms of the T-maze – with the CS+ and CS- odours being delivered
from opposite arms simultaneously. After two minutes, the arms were isolated, and the number of
flies in each arm was counted. From these values, a learning index was calculated
as:

(Flies𝐶𝑆+ −Flies𝐶𝑆− )

, so that a positive learning index represents an attraction of flies to the CS+

(Flies𝐶𝑆+ +Flies𝐶𝑆− )

odour and a negative value represents an avoidance of the CS+ odour. In all conditioning experiments,
odours were trained reciprocally such that each learning index is pooled from experiments in which
the assignment of an odour as CS+ or CS- is balanced to reduce the chance of odour identity influencing
learning scores.

2.2.9. Statistics
All calcium traces are displayed as mean ΔF/F0 values over time, averaged across animals of the same
experimental group, with shaded areas showing standard error of the mean (SEM). In Figure 4.2., the
number of responsive neurons measured was calculated as a percentage of total measured neurons
that showed a ΔF/F0 value during the response period (2.5 sec odour presentation plus 2.5 sec after)
that exceeded 3 times the pre-stimulation standard deviation. In Figures 4.3. and 4.4., box plots show
the median and upper and lower quartiles and whiskers show the full data range. These data are
extracted from the ΔF/F0 traces of individual flies by calculating the integrated area under the curve
(AUC) during the response period. Tests for significant changes in pre-to-post AUC was done using the
paired Wilcoxon signed ranks test. In Figure 7.3., bars represent mean learning indices across
repetitions and error bars show SEM. Normality of data distribution was tested using the Shapiro-Wilk
test. For normally distributed data, as in Figure 7.3., a one-way ANOVA was used to test for significant
difference between groups followed by Bonferroni post hoc test. Scatter plots in Figures 7.4., 7.5.,
7.6., and 7.7. show odour responses as AUC and mean (coloured dot). Bars show median and 95%

28

confidence intervals (CI). Normality was again tested with the Shapiro-Wilk test. These data did not
show a normal distribution. Therefore, tests for inter-group/inter-condition difference were
conducted with a Kruskal-Wallis ANOVA, followed by Dunn’s post-hoc test.
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3. Visualisation of Learning-Induced Plasticity at the MBON
Postsynapse
3.1. Introduction and aims
In this section, one can find the publication, “In Vivo Optical Calcium Imaging of Learning-Induced
Synaptic Plasticity in Drosophila melanogaster” in which we detail the primary experimental technique
used throughout the studies presented in this thesis. Per the title, this paper documents the process
of visualisation of calcium dynamics in the living fruit fly brain, with an emphasis on the use of this
technique for the quantification of learning-induced changes in activity that arise due to a classical
odour conditioning protocol.
The dissection of the neuronal circuits underlying complex behaviours such as learning is of great
interest in the field of neurobiology. Therefore, by combining a long-established protocol for the
induction of short-term olfactory associative learning with in vivo calcium imaging, we present a
technique capable of bridging the gap between behaviour and patterns of activity in the brain.
Furthermore, by demonstrating the use of a subcellularly localised genetically encoded calcium
indicator (homer-GCaMP3 (Pech et al., 2015)), we describe a way in which one can further localise
changes in calcium dynamics that occur throughout the learning process and thus provide a tool for
more precise circuit dissection.
As an example of this visualisation, we used a well characterised mushroom body output neuron,
MBON-γ1 (also called MVP2), that has been shown to play a role in and be modulated by olfactory
learning tasks (Hige, Aso, Modi, et al., 2015; Perisse et al., 2016). By expressing the homer-GCaMP
transgene in this neuron and exposing flies to odour stimuli, we were able to observe odour-evoked
changes in intracellular calcium specifically at the postsynapse. By then comparing these changes in
calcium before and after pairing of an odour with aversive electric shock stimuli, we quantified how
the odour-driven input to this neuron is modulated by the assignment of that odour as predictive of a
strong punishment.
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3.2. Manuscript – In vivo Calcium Imaging of Learning-Induced Synaptic Plasticity in
Drosophila melanogaster
Journal of Visualized Experiments, October 2019
Authors: Clare E. Hancock, Florian Bilz, André Fiala

Contribution:
Wrote the manuscript together with supervisor Prof. Dr. André Fiala, conducted the experiments
described, and performed the filmed demonstration.
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3.3. Discussion
With this work we have demonstrated a technique whereby learning-induced changes in subcellular
calcium dynamics can be visualised in real time. Pavlovian-style classical conditioning in Drosophila is
a long-established phenomenon (Quinn et al., 1974; Tully & Quinn, 1985), and the neural substrates
of the learned behavioural adaption observed as a result of that conditioning have been the subject
of extensive experimental scrutiny.
In this protocol, we used an adapted version of the classic aversive olfactory associative conditioning
whereby a single fly is placed under the microscope with the head capsule open. The fly is then
presented with a panel of odour stimuli, and the odour-evoked calcium changes in neurons of interest
is monitored and quantified. By then training the fly to associate one of those odours with a punishing
electric shock and, after 3-4 minutes, again quantifying odour-evoked calcium dynamics, it is possible
to directly observe how neural activity patterns are modulated in response to an odour that is now
predictive of a painful punishment. This facilitates the direct visualisation of how neural
representations of an odour are modified by the process of learning.
By utilising the further spatial restriction enabled by the use of a postsynaptically localised calcium
indicator – homer-GCaMP – the technique presented here provides a way in which learning-induced
changes in calcium signalling can be restricted not only to single neurons, but to the primary input
sites to those neurons. This provides an advantage over typical genetically encoded indicators that are
expressed throughout the cytosol for the precise localisation of where plastic changes are occurring.
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4. Learning-induced Modulation of Mushroom Body Output Neuron
Postsynapses
4.1. Introduction and aims
In this section, we used the methodology described in section 3 to investigate the modulation of a
specific population of mushroom body innervating neurons called mushroom body output neurons
(MBONs). As their name implies, these neurons lie directly downstream of the mushroom body
intrinsic neurons (Kenyon cells, KCs). When an odour is detected by olfactory sensory neurons and
that information is relayed to the mushroom body by olfactory projection neurons, a small percentage
of the KCs become active. In the case of classical olfactory associative learning, coincidence between
this olfactory input and input from dopaminergic neurons conveying rewarding or punishing stimuli
leads to a modification of the behavioural response to the associated odour, reflective of the learned
positive or negative valence. This change in behavioural response is hypothesised to be mediated by
plasticity at the KC-to-MBON synapses, such that odour-evoked input to the MBONs is either
depressed or facilitated.
Indeed, evidence has mounted in recent years that corroborates this theory. Electrophysiological
(Hige, Aso, Modi, et al., 2015) and optical imaging (Berry et al., 2018; Owald et al., 2015; Perisse et al.,
2016) studies have shown that many MBONs show learning-mediated modulation of their activity in
response to presentation of odours learned to be predictive of either rewarding or punishing stimuli
(e.g. sugar or electric shock, respectively). This is posited to be due to a role for MBONs in encoding
stimulus valence such that, dependent on the region of the mushroom body they innervate, some
MBONs are linked to stimulus approach while others are linked to stimulus avoidance (Aso et al.,
2014b).
This study took a novel approach to investigating the role of MBONs in encoding learned odours. The
role of the KCs that form the mushroom body γ-lobe in olfactory learning and memory is well
documented (Blum et al., 2009; Zars et al., 2000a). Specifically, the synaptic output from these
neurons is particularly important at the point of short-term memory recall (Dubnau et al., 2001). It
therefore seems intuitive that the receipt of γKC input (i.e., at the MBON postsynapse) represents an
important gauge in deciphering the valence of a learned odour.
Thus, in the following section we used the techniques and postsynaptically-localised calcium indicator
described in section 4 to probe the effects of aversive olfactory conditioning on the odour-evoked
activity of the five MBONs that receive input from the mushroom body γKCs. With this approach, we
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aimed to achieve a more comprehensive analysis of the role of the γ-lobe MBONs in reading out a
memory trace from the mushroom body.

4.2. Results
4.2.1. Localisation of homer-GCaMP to the mushroom body output neuron post-synapse
First, we confirmed the localisation of the homer-fused GCaMP to the post-synaptic compartment of
each of the γ-lobe MBONs. Brains of flies expressing either cytosolic GCaMP6f or homer-GCaMP-fused
GCaMP3 in single MBONs were explanted and subjected to immunohistochemical staining. To target
each of the MBONs individually, specific split Gal4 driver lines were used. Less fluorescence overall
was visible from MBONs expressing homer-GCaMP as compared to cytosolic GCaMP6f (Figure 4.1., A),
with little or no fluorescence signal in the axonal compartments of the neurons. Indeed, as previously
reported (Pech et al., 2015), the homer-fused GCaMP was primarily localised in the dendritic
compartments of the MBONs. Furthermore, this sensor also displayed a comparatively punctuated
signal in these regions, with minimal signal emanating from the larger neurites within the dendritic
compartments (visible in GCaMP6f-expressing neurons). This is conducive with the putative
localisation of the GCaMP principally at the postsynaptic sites to which Homer is trafficked (Pech et
al., 2015).
This localisation was also notable when visualised in vivo using two-photon microscopy (Figure 4.1.,
B). Again, the baseline fluorescence of the cytosolic GCaMP6f was more intense and predominated by
the presence of larger neurites innervating the MB compartment (in the case of Figure 4.1., B, the γ1
compartment). By comparison, homer-GCaMP again exhibited a more punctuated and precisely
localised signal.
These differences were also evident when the flies were presented with odour stimuli (Figure 4.1., C).
Although, it should be noted that due to the different sensors used to detect calcium in these cases –
GCaMP3 vs. GCaMP6f – and the observed fluorescence signal is variable between these sensors. Of
importance for this study, above this, is that the odour-evoked changes in fluorescence observed using
homer-GCaMP are more than robust enough to be easily visualised and quantified in further
experiments. Moreover, the odour identity-dependent variability in response amplitude is consistent
between the two sensors – i.e., in both cases one can observe a more robust odour-evoked calcium
influx in response to MCH than 3-Octanol, for example (Figure 4.1., C).
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Figure 4.1.: Cytosolic vs. postsynaptically-localised
GCaMP. (A) Confocal anatomical images showing
the expression of genetically encoded calcium
indicators GCaMP6f (cytosolic, left column) and
homer-GCaMP (postsynaptic, right column), under
the control of specific split-Gal4 drivers for each of
the MBONs. Scale bars = 50µm. (B) The dendritic
arbours of MBON-γ1 in the γ1 compartment,
visualised in vivo using two-photon microscopy,
using either GCaMP6f or homer-GCaMP. (C) Average
odour-evoked
odour-evoked response measured using either
GCaMP6f (left) or homer-GCaMP (right) for two
different odours (MCH and 3-Octanol) used throughout this study. Lines indicate means, shaded
areas indicate SEM. For GCaMP6f, n=119 flies, for homer-GCaMP n=30 flies. Scale bars = 5sec.

4.2.2. MBONs of the MB γ-lobe receive heterogenous odour drives
In order to address the question of how the γ-lobe MBONs encode odours, we next exposed flies to a
simple odour delivery protocol while monitoring homer-GCaMP fluorescence from single MBONs.
Therein, the heads of living flies were opened to expose the brain and visualise MBON dendritic
compartments using two-photon microscopy. Flies were then presented with three different odorants
– MCH, 3-Octanol, and 1-Octen-3-ol – whilst emitted GFP signal was visualised and recorded. The
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MBONs innervating compartments 1-4 all showed robust odour-evoked responses, although of
variable amplitude and differing degrees of inter-individual variability (Figure 5.2.). Responses, for
example, measured from the γ3-innervating MBON- γ3β’1 showed, on average, much higher
amplitude responses than the other MBONs. In contrast, γ1,2, and 4 MBONs showed quite similar
response dynamics with γ2 and γ4 being very similar in both amplitude and temporal qualities and γ1
in general responding with a lower amplitude.
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Figure 4.2.: Naïve odour responses across γ-MBONs. (A) Mean response traces for each of the MBONs
investigated, following presentation of MCH. Lines indicate mean ΔF/F0 values over time, and shaded
areas indicate SEM. For each MBON, n=29-30 flies. Grey bar indicates odour delivery period. (B)-(F)
Heatmaps showing naïve responses to MCH and 3-Octanol, across all flies (rows) measured for each
MBON. Percentage of measured flies that showed an odour response is stated above each heatmap.
Orange box indicates odour delivery timing, bottom right scale bar = 5sec.

These four MBONs also showed similar response probabilities to the two test odours described – MCH
and 3-Octanol (Figure 4.2., B-E). A response here was defined as a ΔF/F0 value during or immediately
following odour presentation that exceeded three times the standard deviation of the baseline. In
each case, between 80-97% of cells imaged across flies showed a significant response to MCH.
Conversely, 3-Octanol, in general, evoked a response in fewer observed MBONs in each group, except
the γ4-innervating MBON-γ4 in which almost all cells measured responded to both odours (Figure 4.2.,
E). Notably, only 57% of γ2 MBONs showed a significant response to 3-Octanol. This demonstrates
that, although each of the MBONs of the γ-lobe has, in theory, the potential to receive input from all
KCs of the γ-lobe and are therefore exposed to very broad olfactory inputs, their response profiles are
variable and dependent on the odour identity.
A prominent exception to the above trends was the near-absolute lack of odour-evoked activity seen
in the γ5-innervating MBON (Figure 4.2., A and F). This phenomenon has been previously reported in
similar experimental set-ups (Hige, Aso, Rubin, et al., 2015; Perisse et al., 2016). Indeed, only
approximately 17% of cells measured – 5 cells out of 30 – showed significant calcium increase in
response to MCH or 3-Octanol (Figure 4.2., F). The MBON from which these measurements were
recorded innervates multiple compartments of the MB, including multiple subcompartments of the β’
lobe as well as the γ5 region. Owald et al. (2015), upon finding no odour-evoked activity in the latter,
instead conducted all measurements from the β’2 compartment of the MBON(s), where responses
are robust. Due to our explicit interest in the activity of the γ-lobe, the recordings that we acquired in
this study were measured only from the portion of the MBON(s) that occupies the γ5 region.

4.2.3. Aversive associative conditioning leads to suppression of MBON-γ1 at the postsynapse
We next wanted to investigate how the odour-evoked calcium dynamics that we observed are
influenced by the process of associative olfactory conditioning. To test this, we subjected flies to a
protocol in which one of our test odours was presented together with pulsing electric shocks to the
body of the fly (12 90V shocks over 60 seconds). The associated odour is then termed the “conditioned
stimulus +”, or CS+, odour. After a break of 60 seconds, the flies were then presented with a second
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of our test odours for 60 seconds with no other stimulus. This odour is then the “conditioned stimulus
-”, or CS-, odour (see Figure 4.1.). Such a protocol has been demonstrated to lead to robust avoidance
of the CS+ odour in behavioural assays, as the animal learns that that specific odour is predictive of a
punishment and should therefore be avoided in favour of the CS- odour (Tempel et al., 1983; Tully &
Quinn, 1985). In these experiments, we sought to investigate how the odour drive to the different
MBONs along the MB γ-lobe is modulated through the process of learning. Therefore, we visualised
the odour-evoked activity of each MBON before and after exposing the flies to the aversive associative
conditioning protocol described above.

Figure 4.3.: Learning-induced suppression of postsynaptic odour-evoked calcium transients in
MBON- γ1. Odour-evoked activity before and after the three different training protocols used: Paired
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(A), in which one odour (CS+) is paired with electric shock, and one odour is presented alone (CS-); CSOnly (B) in which two odours are presented, neither paired with electric shock, to control for
prolonged odour presentations; and US-Only (C) in which no odours are presented during the training
phase, but the standard electric shock procedure is delivered to control for effects of electric shock.
In the paired and CS-Only groups, MCH and 3-Octanol were used reciprocally in the training stage. 1Oct was always presented in the pre-training and post-training measurements, but never during
training. For each odour condition, traces represent mean ΔF/F0 values over time and shaded areas
show SEM. Box plots show the area under curve (AUC) values for all flies under each condition,
depicting upper and lower quartiles and median. Whiskers represent 95% confidence interval. For
paired group, n=9 flies, for CS-only group n=10 flies, for US-Only groups n=10 flies. Pre-to-post changes
were statistically tested using the paired Wilcoxon signed ranks test (*p<0.05).

The effects of aversive olfactory conditioning on the odour responses of MBON-γ1 have been
demonstrated in previous publications: pairing an odour with an aversive US – either in the form of
electric shock or by optogenetic activation of the neurons that represent the presence of electric shock
– leads to a relative reduction in the response of this MBON to the paired odour (CS+), compared to
an unpaired odour (CS-) (Hige, Aso, Modi, et al., 2015; Perisse et al., 2016). Indeed, we also observed
a depression of MBON-γ1 in response to the CS+ odour after the conditioning protocol (Figure 4.3.,
A). This depression occurred only in the case of the CS+ odour and was not the case for the CS- odour
or in either of the control groups (Figure 4.3., B and C), or for the control odour 1-Oct that was
presented only in the pre- and post-training recording periods. In fact, we additionally observed an
increase in MBON-γ1 response to two of our experimental odours (MCH and 3-Octanol) following a
protocol in which flies received only the 60 second electric shock protocol (Figure 4.3., C).
Given the putative positive valence coding of MBON-γ1 (Aso et al. 2014b), these results appear
cohesive with the valence-shifting hypothesis whereby assigning a positive or negative value to a
previously neutral odour leads to a shift in the activity of the MBON network to favour an appropriate
behavioural output. In this case, a reduction in the activity of MBON-γ1 in response to an aversively
conditioned odour would, in theory, lead to reduced approach behaviour when that odour is detected
in the future.

4.2.4. MBONs-γ2-5 show no detectable postsynaptic memory trace
This specific, learning-induced modulation of odour responses was not observed in any of the further
MB γ-lobe MBONs. Instead, we found that, in most cases, odour responses in the MBONs innervating
γ2- γ4 compartments all show a reduction in odour-evoked activation in the post-training
measurement, independent of the type of protocol they were exposed to (Figure 4.4.). This appears
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to predominantly be a form of neural adaptation, whereby the extended exposure to the odours
during the training step leads to a reduced responsiveness in the post-training phase. This is supported
by the appearance of much weaker suppression of responses in the case of the shock-only control
groups – in which there is no prolonged odour exposure (Figure 4.4., rightmost columns).
It is also notable that the degree of adaptation is variable between the different neuron types. For
example, the depression seen in MBON-γ4 is not as robust as in the γ2 and γ3 MBONs (Figure 4.4., C).
Indeed, in the latter two cases there appears to be an almost complete suppression of odour
responses in the odour-only control groups. This perhaps suggests that the different MBONs of the
MB γ-lobe possess differing adaptive characteristics, such that the level of neural adaptation that we
observe here as a result of prolonged odour exposure is variable between neuron types.
Nonetheless, from these data it appears that, beyond the γ1 compartment of the MB, there is no
specific, learning-induced modulation of the odour-evoked input to the MBONs of the γ-lobe. This
would appear to be in contradiction to the valence-shifting model popularised in recent years –
whereby all 5 MBONs would undergo a rebalancing in their overall activation such that the “avoidance
coding” MBONs of the γ4 and γ5 region would show an increase in their response to an aversively
paired odour and the “approach coding” MBONs of the γ1,2, and 3 regions would, in parallel, show a
reduction in activity. Instead, we demonstrate that, at the level of the MBON post-synapse – that is,
the putative point of direct input from the odour-coding Kenyon cells – there is limited plasticity to be
found along most of the MB γ-lobe. It is important to note that previous studies that find learninginduced changes in other MBONs – such as in MBON-γ2 and MBON-γ5 – used different methodology,
either in the use of a cytosolically expressed calcium indicator or in the measurement of spatially
distinct dendritic arbours, respectively (Berry et al. 2018; Owald et al. 2015).
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Figure 4.4.: Non-associative effects of different training procedures in MBONs innervating
compartments γ2-γ5. Odour-evoked responses measured in each of the MBONs innervating the γ2
(A-C), γ3 (D-F), γ4 (G-I), and γ5 (J-L) compartments. Box plots show quantifications of responses as
area under curve values calculated for each response trace (mean traces can be found in the appendix
(12.1.)). Schematics of the anatomical position of dendritic arbours for each neuron can be seen in the
left-most column. Boxes show median and upper and lower quartiles. Data points represent responses
before training (“pre”) and after training (“post”), with responses from the same fly connected by
lines. Significant changes from pre-to-post were tested using the paired Wilcoxon signed rank test
(*p<0.05, **p<0.01).
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4.3. Discussion
Previous studies into the neural circuits underlying associative learning in Drosophila have identified
many of the key players involved. Indeed, the primary brain region linked to this process – the
mushroom body (MB) – has been under intensive experimental observation for decades and is
believed to be the structure in which learning-induced synaptic plasticity occurs (e.g., reviewed by
(Cognigni et al., 2018; Heisenberg, 2003). What has not been clear is how this plasticity is translated
readout and conferred downstream. After all, the generation of a signal is only of use if it can be aptly
received and processed.
The work presented here aimed to address this query by examining the primary downstream targets
of the MB – the mushroom body output neurons (MBONs). Previous studies have linked these neurons
to the behavioural expression of preference, whereby artificial activation of some MBONs leads to an
approach behaviour while others lead to avoidance (Aso et al., 2014b). This connection between
activity of specific MBONs and valence has been further exemplified by functional imaging
experiments that showed that the learning of an odour as predictive of punishment (electric shock)
caused suppression of “approach” MBONs and the potentiation of “avoidance” MBONs (Berry et al.,
2018; Hige, Aso, Modi, et al., 2015; Owald et al., 2015).
By taking a novel approach to further examining the nature of these learning-induced changes in
activity, we were able to look more closely at the postsynaptic input sites of the MBONs where we
theorised the majority of this plasticity was taking place. This was possible by expressing a genetically
encoded, Homer-fused calcium indicator – homer-GCaMP – in each of the γ-lobe MBONs and
monitoring odour-evoked activity before and after odour-electric shock conditioning. In doing so, we
found that only one of the MBONs –MBON-γ1 – showed training-induced modulation, with responses
to the trained odour (CS+) being diminished after pairing. This was not observed under either of the
control conditions that do not induce associative learning. The remaining γ-MBONs, however,
displayed only non-associative effects. In fact, our data show that MBONs innervating compartments
γ2-4 strongly adapt to the prolonged odour stimuli used in these experiments. As previously reported,
MBON-γ5 showed extremely scarce odour responses even before conditioning. These findings lead us
to conclude that, at the postsynapse level, only the MBON receiving input within the γ1 compartment
of the MB is subject to learning induced modification.
This finding is interesting in the context of other studies that identify, using cytosolically expressed
GCaMP, these types of effects across the γ-MBON population. Indeed, this demonstrates the value of
using subcellularly localised sensors in deciphering, with more precision, the neuronal substrates of
learning. For example, recent connectomics studies in which their complete three-dimensional
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structure and putative synaptic connections have been identified have shown that a complex multilevel feedback network exists within and around the MB such that many of the MBONs provide
feedforward and feedback input to one another (Li et al., 2020b; Takemura et al., 2017). The presence
of such networks implies that the plasticity observed in the MBONs at the axonal level or the somata
are likely due to other inputs than those from the MB KCs directly. Conversely, the functional plasticity
we observe in the γ1 compartment may be reflective of a more specialised role for this MBON in
learning and memory. It is notable, for example, that the dopaminergic neuron that projects into the
γ1 compartment – where it provides input to both the KCs and the γ1 MBON – is part of the PPL1
cluster of dopaminergic neurons that show strong responses to electric shock stimuli like those used
here. In fact, omission of the electric shock in favour of optogenetic activation of the γ1 dopaminergic
neuron is sufficient to induce strong aversive associative learning (Aso & Rubin, 2016; Hige, Aso, Modi,
et al., 2015). Combined with our findings here, this implies a specialised function of the γ1
compartment of the MB in aversive short-term memory formation.
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5. Visualisation of Learning-Induced Modulation of Odour-Evoked
Activity at Kenyon Cell Presynaptic Sites
5.1. Introduction and aims
In this section, one can find the publication “Visualization of naïve and learned odor representations
using in vivo calcium imaging and immunohistochemical bouton mapping of single Drosophila
mushroom body neurons”. This paper documents, in detail, the methodology used in section 6. As in
the previous sections, this study centres on the use of in vivo calcium imaging in deciphering the
processes underlying odour coding and how this is modulated by olfactory learning and memory
formation.
The Drosophila mushroom body represents a key brain region in the processing of odour stimuli.
Olfactory input from the antennal lobe, via olfactory projection neurons, occurs in the calyx region of
the mushroom body, where the dendrites of the mushroom body intrinsic Kenyon cells (KCs) reside.
The KCs then extend through the pedunculus and to the lobes of the mushroom body, formed by the
axons of the KCs. As in section 4, we focus here specifically on the γ-lobe due to its connection to
short-term memory.
Although all γKCs project axons through the length of the γ-lobe, the tiling innervation pattern of
mushroom body extrinsic neurons (discussed in section 4) means that different parts of the same KCs
are subjected to differential inputs and give outputs to different cell types. The technique described
herein was thus developed with the aim of analysing how odour information is processed in the
mushroom body γ-lobe in relation to the anatomical position along the KC axon. To do so, we
visualised in vivo odour-evoked calcium dynamics at sites of densely localised presynaptic proteins –
structures we refer to here as synaptic boutons – and then, using the subsequently explanted and
immunostained brain, mapped the anatomical location of each bouton.
Using both the functional and anatomical characteristics of each synaptic bouton, this technique
facilitates a more nuanced dissection of how odours are encoded by the mushroom body. In particular,
the computational analysis described here - designed and performed by Dr. Bart Geurten – introduces
the use of the so-called amplitude-corrected correlation as a measure of the level of congruence
between synaptic boutons across the γ-lobe. With this, one can characterise the neuronal
representation of an odour in terms of a dispersed array of active synapses that act more or less
cohesively dependent on learned odour valence.
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5.2. Manuscript – Visualization of Naïve and Learned Odor Representations Using in
vivo Calcium Imaging and Immunohistochemical Bouton Mapping of Single Drosophila
Mushroom Body Neurons
STAR Protocols, December 2020
Authors: Clare E. Hancock*, Bart R.H. Geurten*, André Fiala
*Equally contributing first author

Contribution:
Wrote the manuscript in collaboration with Dr. Bart Geurten, performed experiments and analyses
(the results of which can be found in section 7).
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5.3. Discussion
The method described here was designed and implemented to provide a novel approach to a longstanding question – that is, what form does a memory trace take in the brain? In Drosophila, the
development of genetic tools that allow for the precise expression of transgenes that can facilitate
anatomical and functional investigation of neural circuits has been vital to progress in this field. By
expressing exogenous proteins that allow the monitoring of neuronal activity in specific cells and
subjecting animals to an experimental procedure that leads to the induction of associative learning, it
is possible to observe patterns of activity in the brain that coincide with learning and memory
formation.
There are three primary neural populations involved in associative learning in Drosophila: the
mushroom body (MB) intrinsic neurons (Kenyon cells, KCs) that receive olfactory input from the
antennal lobe via olfactory projection neurons; the dopaminergic neurons that convey the presence
of the punishment/reward during training; and the mushroom body output neurons (MBONs) that are
downstream of both other types and are implicated in encoding odour valence. Distinct dopaminergic
neurons and MBONs innervate the MB lobes in a tiling manner, whereby the axons of the KCs pass
through distinct compartments along the MB lobes that are exposed differential inputs and outputs.
This means that the axonal projections of a single KC are likewise compartmentalised and may
therefore exhibit variable degrees and directionality of plasticity dependent on compartment.
Previous optical imaging studies of the KCs have often taken one of two approaches to monitoring
their activity: measuring at the cell body level, allowing for measurement of individual KCs but limiting
spatial information, or measuring at the axon level where spatial information (i.e., compartment
location) is available, but the dense entanglement of neurons makes identification of single cells
impossible. Here, we present a technique that that combines the best of both approaches. Using the
MARCM (mosaic analysis with a repressible cell marker) technique, we demonstrated a method
whereby individual KCs can be functional imaged, in vivo, throughout a classical conditioning protocol.
By then removing the brain and subjecting it to immunohistochemical staining and confocal
microscopy, we could map the location of presynaptic structures – here referred to as synaptic
boutons – dependent on the compartment they fall into along the MB lobe. Thus, this method makes
it possible to analyse learning-induced odour coding in the KCs in the context of putative input and
output neurons. By therein shifting the focus of analysis from cells to individual synaptic boutons as
the primary unit of odour coding, this method granted more precise dissection of the mechanisms
underlying this coding and thus how this distributed odour code is modified through the process of
olfactory conditioning.
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6. Visualization of a Distributed Synaptic Memory Code in the
Drosophila Mushroom Body
6.1. Introduction and aims
In this section, one can find the publication “Visualization of a Distributed Synaptic Memory Code in
the Drosophila Brain”, in which we implemented the methodology described in section 5 to investigate
the neuronal mechanisms underlying the formation of an aversive olfactory memory in the mushroom
body.
The neurons that form the mushroom body – the Kenyon cells (KCs) – are positioned downstream of
both olfactory projection neurons and modulatory dopaminergic neurons, thus placing them at the
coincidence point of the two primary sensory inputs required for the formation of olfactory associative
memories. Therein, presenting a fruit fly simultaneously with both a neutral odour stimulus and an
innately aversive stimulus (e.g., electric shock to the body) leads to temporally aligned inputs to the
mushroom body KCs that triggers a series of intracellular processes that ultimately lead to plastic
changes to the synapses between the KCs and their downstream partners. In particular, changes in
the odour-evoked KC-to-mushroom body output neuron (MBON) drive is believed to be of particular
importance for the adaptation of behaviour in response to a learned odour (see also section 4).
In vivo calcium imaging is used here to visualise changes in intracellular calcium concentration as a
result of odour presentation under different learning conditions. Where previous studies have
investigated KC odour coding either by visualisation of activity across large populations of KCs in the
lobes (where large bundles of KC axons intertwine with one another) or activity of single KCs at the
cell body layer, we here implemented a new approach (described in section 5). By driving expression
of a calcium indicator in only one KC per fly, we were able to visualise calcium dynamics in the axonal
terminals of single KCs, the anatomy of which were fully characterised subsequent to functional
imaging.
Given the spatially distinct innervation patterns of mushroom body efferent neurons along the γ-lobe
(described in section 4), this provides a novel insight into how both naïve and learned odours are
differentially represented along the axons of individual KCs with regard to their putative input and
output circuitries.
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6.2. Manuscript – Visualization of a Distributed Synaptic Memory Code in the
Drosophila Brain
Neuron, June 2020
Authors: Florian Bilz*, Bart R.H. Geurten*, Clare E. Hancock*, Annekathrin Widmann*, André Fiala
*Equally contributing first author

Contribution:
Revision of submitted manuscript resultant from previous doctoral candidate (F. BIlz), including
repetition of original findings, additional control experiments, and the revision of figures and text per
reviewer comments/recommendations together with supervisor and co-authors.
Contributed figures can be found in Appendix (12.2.).
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6.3. Discussion
With this study, we presented a novel mechanism by which the mushroom body (MB) encodes odours.
This was possible by monitoring odour-evoked activity in single MB Kenyon cells (KCs) at the level of
presynaptic bouton structures along the axons. This allowed for the examination of this activity in the
context of the compartmentalised structure of the MB γ-lobe within the same neuron. Therein, we
were able to show that odour-evoked activity in the KCs is not homogenous along the axon, but rather
that it is heavily influenced by the differential innervation patterns along the axons.
Furthermore, the implementation of a new metric for the quantification of congruence between
synaptic boutons – the so-called Amplitude Corrected Correlation (ACC), introduced here –
demonstrated that the pattern of activity across synaptic boutons may in fact be informative of the
learned value of an odour. Indeed, after conditioning flies with an odour-electric shock pairing
protocol, the representation of the trained odour became more decorrelated across boutons. Therein,
the degree to which synaptic boutons respond in concert with one another is identified as a novel,
quantifiable characteristic of an odour’s neural representation.
The implication of this decorrelation was then examined in the context of information theory. Upon
finding that all bouton responses fell into one of four “bouton response classes” via hierarchical
clustering analysis, this categorisation allowed for the calculation of the estimated bit-wise odour
coding capacity of the MB g-lobe under different experimental conditions. That is, by calculating the
distribution of all bouton responses across those response classes, we used Shannon’s information
theory to infer how this relates to the potential storage of new information (i.e., that an odour is
predictive of punishment) across the population of boutons. Indeed, learning-induced decorrelation
coincided with a broader distribution of responses across classes, which translated to a greater bitwise coding capacity after associative learning.
This study highlighted the importance of individual boutons, more so than the neuron as a whole, as
odour coding entities that can be individually modulated through olfactory conditioning. The
downstream implications of such a odour coding mechanism are not currently clear, but it would seem
intuitive that more cohesive synaptic bouton activity would lead to a more robust input signal to
postsynaptic partners (such as the mushroom body output neurons). The mechanism by which the
boutons maintain their functional individuality it also not clear, although previous studies have
implicated the phosphodiesterase encoded by the dunce gene in the spatial restriction of cAMP and
PKA signalling in the MB (Gervasi et al., 2010), and it appears to localise to presynaptic release sites in
other model systems (Charlie et al., 2006).
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In the context of the previous study of the MBONs (section 4), in which we identified associative
effects only in the γ1-innervating MBON (Figure 4.3.), it is of importance to note that recordings from
the γ1 region at the level of the KC boutons was not experimentally possible here. Due to the position
of this compartment in the brain, the functional imaging procedure would have to be adapted such
that the γ1 can be monitored as well as the γ2-γ5 compartments. In light of the findings presented in
section 4, future investigation of the γ1 alone would be beneficial to elucidate the presynaptic
modulation that occurs in parallel with the specific suppression of MBON-γ1 after associative
conditioning.
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7. Functional and Anatomical Investigation of MB-CP1 Neurons
7.1. Introduction and aims
In this chapter, we move our focus away from the lobes of the mushroom body and to the calyx. In
section 4, we discussed a specific population of mushroom body output neurons (MBONs) that lie
directly downstream of the mushroom body intrinsic Kenyon cell (KCs) axons that form the γ-lobe.
Here, we have begun to investigate a different type of MBON that receives synaptic input primarily in
the calycal region of the mushroom body.
The circuitry of the mushroom body calyx, formed primarily by the dendrites of the KCs, incorporates
inputs and outputs from a broad array of neuronal populations, facilitating connections between
diverse brain regions and sensory modalities. The most numerous of the input synapses to the calyx
are formed by olfactory projection neurons, the main postsynaptic partners of which are the
mushroom body KCs (Li et al., 2020). Accordingly, as integrators of KC activity, the MBONs that
innervate the lobe regions of the mushroom body display excitatory responses to most experimental
odorants (Hige, Aso, Rubin, et al., 2015). This is a characteristic that, notably, distinguishes the calyxinnervating MBONs (MB-CP1) from the majority of the MBON population.
A previous study revealed that the MB-CP1 neurons display a very narrow odour response profile,
whereby robust responses were elicited only by the smells of vinegar and yeast (Hige, Aso, Rubin, et
al., 2015). This implies that, despite the dense dendritic arbours of the MB-CP1 neurons in a region
characterised by strong olfactory input, only few functional connections are formed with MP-CP1
neurons. Furthermore, the fact that these connections seem to be specific for olfactory stimuli related
to desirable food odours invokes questions regarding the potential role of these neurons in the
direction of innate, food-related behaviours.
In this study, following a detailed characterisation of the anatomy of the MB-CP1 neurons and finding
they have no role in learning and memory, we aimed primarily to investigate their functional
properties in the context of olfactory processing. We utilise the in vivo calcium imaging techniques
described in previous sections to expose flies to a panel of odorants under different conditions with
the goal of elucidating the factors influencing the odour tuning profile of the MB-CP1 neurons. These
experiments provide the foundation for a more in-depth investigation of these neurons in the future.
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7.2. Results
7.2.1. Anatomical characterisation of MB-CP1
While the MBONs described in section 4 were characterised by their innervation of the lobes of the
mushroom body, the MBONs that we explore here are distinct in their innervation of the calycal region
of the MB. This means that these neurons are positioned to receive input at the level of the Kenyon
cell dendrites, rather than the axonal compartments. We first sought to further describe these
anatomical properties of these MBONs (MB-CP1).
By expressing a GFP reporter under the control of MB-CP1-specific drivers, we could visualise the
neurons in explanted brains (Figure 7.1., A and B). This allowed us to visualise, in fine detail, their
innervation pattern in the MB calyx. There, the MB-CP1 neurons extend a broad and comprehensive
mass of dendritic arbours throughout (Figure 7.1., A and B). Two split-gal4 driver lines were used here
– MB622B and MB242A. The former results in reporter expression in a single MB-CP1 neuron per
hemisphere (Figure 7.1., A, C, and D), while the latter results in expression in two MB-CP1 neurons
(Figure 7.1., B, E, and F). These expression patterns can also be seen in the larval stage (Figure 7.1., CF).

Figure 7.1.: Anatomical characterisation of MB-CP1 neurons. (A) and (B) Expression of mCD8-GFP and
nsyb-GFP under the control of the two split gal4 driver lines used in the study – MB622B (A) drives
expression in a single MB-CP1 neuron per hemisphere, while MB242A (B) drives expression in the
same MB-CP1 neuron as MB622B and another additional MB-CP1 neuron with very similar anatomical
features. MB-CP1 neuron dendrites densely innervate the calyx of the MB (red arrow heads) and
through the pedunculus. The axons then extend both ipsilaterally and contralaterally in the crepine
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region surrounding the horizontal lobes of the MB. Scale bars = 20µm. (C)-(F) The expression patterns
of these drivers are also seen in the larval stage. (E) and (F) MB242A additionally drives expression in
a single cell per hemisphere in the suboesophageal zone. Scale bars = 100µm. Larval dissection and
immunohistochemistry carried out by Maria Woitow.

Innervation of the MB calyx implies a connectedness with the MB-intrinsic Kenyon cells. Thus, this
putative connection was also visualised using a split-GFP approach, wherein we generated flies in
which subunits 1-10 of GFP were expressed in MB-CP1 neurons and the last subunit expressed in the
MB Kenyon cells. The resultant reconstituted GFP signal can be seen in Figure 7.2., where the presence
of GFP signal indicates sites at which the divided GFP subunits were in close enough proximity to emit
fluorescence. With this tool, we could infer the possibility of connection between the MB-CP1 neurons
and the MB through the majority of the volume of the calyx (Figure 7.2., A-C), as well as in the
horizontal lobes, where the axons of the MB-CP1 neurons projection (Figure 7.2., D-F). Indeed, these
connections are also supported by a recent MB connectomics study (Li et al., 2020).
Given the extensive olfactory input to the MB calyx (via olfactory projection neurons), these structural
properties also appear to imply the possibility of a broad olfactory input to the MB-CP1 neurons
described here. However, this does not seem to be reflected in the functional properties of these cells,
as will be discussed later in section 7.2.3.

Figure 7.2.: Visualisation of potential regions of MB-CP1 neuron-MB interaction. Split-GFP
reconstitution between MB-CP1 neurons and MB KCs in the calyx (A-C) and horizontal lobe (D-F) of
the MB. MB visualised by genetic expression of dsRed in KCs (under control of the MB247 promoter).
Scale bars = 20µm.
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7.2.2. MB-CP1 neuron output is not required for learning and short-term memory
Many MBONs have been identified as playing a role in associative olfactory conditioning (Aso et al.,
2014b; Owald et al., 2015; Perisse et al., 2016). Therefore, we wanted to test if the synaptic output of
the MB-CP1 neurons is also required for the formation and expression of either aversive or appetitive
short-term associative memories. To test this, we utilised the Gal4-UAS system to express the
temperature-sensitive dynamin transgene, shibirets (Kitamoto, 2001), in the MB-CP1 neuron(s). By
conducting experiments at a restrictive temperature of 32˚C, we were able to cause a depletion of the
ready-releasable vesicle pool in these neurons such that synaptic output was temporarily inhibited.
We tested the impact of MB-CP1 neuron output inhibition on both aversive (odour-electric shock
pairing) and appetitive (odour-sucrose pairing) associative olfactory conditioning and found no
reduction in the learning scores in either case, using either driver line (Figure 7.3.). We conclude,
therefore, that there is no substantial role of the MB-CP1 neurons in short-term learning or memory
formation.
Figure 7.3.: MB-CP1
neurons are not required
for short-term memory.
Neither odour-sugar (A
and B) or odour-electric
shock (C and D) learning
are affected by the
inhibition of synaptic
output from MB-CP1
neurons.
Positive
learning indices indicate
a preference for the
paired odour (CS+),
negative values indicate
preference for nonpaired odour (CS-). White
background
indicates
experiments that were
conducted at permissive
temperature (at which
shibirets is not active), red
background
indicates
ts
restrictive temperature (at which shibire is active and synaptic output is inhibited). Bars and error
bars show mean and SEM, respectively. Difference between groups tested with one-way ANOVA with
Bonferroni correction. Learning experiments carried out by Haiko Poppinga.
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7.2.3. MB-CP1 neurons exhibit a narrow and hard-wired odour tuning profile
A previous study on the olfactory response profiles of Drosophila MBONs demonstrated that the MBCP1 neurons are relatively finely tuned compared to other MBON types (Hige, Aso, Rubin, et al., 2015).
In fact, Hige and colleagues demonstrated, using in vivo calcium imaging, that whereas most MBON
types displayed broad responsivity to a panel of odorants, the MB-CP1 neurons showed responses
only to the smells of yeast and vinegar (Hige, Aso, Rubin, et al., 2015). These odours are – to a fruit fly
– generally highly attractive and signify an optimal environment for feeding, mating, and laying eggs
(Dweck et al., 2013; Lebreton et al., 2012; Lin et al., 2015; Sachse & Beshel, 2016).
Our continued interest in the functional role of the MB-CP1 neurons was thus twofold; firstly, such a
response profile implies a link between these neurons and behaviours that are vital for survival and
therefore biologically interesting; and secondly, the discrepancy between the broad putative olfactory
input and narrow response profile raises questions about the presence and mechanisms of potential
long-term plasticity of olfactory-MB circuitry.
To address the latter, we expressed a genetically encoded calcium indicator in the MB-CP1 neurons
and presented flies with a panel of odorants under the microscope. Like Hige et al. (2015), we used a
variety of odour types and recorded, in vivo, the changes in the intensity of the fluorescence emitted
by the calcium indicator as a proxy for neuronal activity. We exposed each fly to six different olfactory
stimuli: 4-methylcycohexanol (MCH), 3-octanol (Oct), benzaldehyde (BA), 11-cis-vaccenyl acetate
(cVA), apple vinegar, and a vial of homogenised standard fly food medium.
11-cis-vaccenyl acetate is a male-released aggregation pheromone that also plays an important role
in modulating courtship and mating behaviours (Brieger & Butterworth, 1970; Ejima, 2015). Apple
vinegar, produced by fermenting fruits on which Drosophila feed and lay eggs, is highly innately
attractive to fruit flies (Zhu et al., 2003). We assume that the fly food medium that flies are raised on
in laboratory settings would also be attractive in the same context. Conversely, we also included BA
as an odour that is innately aversive, particularly at high concentrations as we used here (Devaud,
2003). MCH and Oct are commonly used in olfactory conditioning experiments and at relatively low
concentrations, as used here, do not elicit strong behavioural responses.
To investigate whether the tuning of the MB-CP1 neurons is due to a long-term exposure to “typical”
fruit fly food odours (i.e., due to rearing on food of low pH and high yeast content), we experimentally
added non-food odours to the developmental environment of the flies. We raised flies from the
embryonic stage in food vials into which we had placed a small tube containing MCH or Oct. As a
control, we also raised one group of flies under normal food conditions. Flies that were raised under
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each of these conditions were then aged to 3-6 days into adulthood before conducting in vivo calcium
imaging experiments.
In the control group, we observed that the largest odour-evoked activity is indeed in response to apple
vinegar (Figure 7.4., A and B; Figure 7.5., A and B) as shown by Hige et al. (2015). Calcium peaks of
lower magnitude were observed for the other odorants, although cVA, MCH, and BA rarely elicited
strong responses in these neurons. The flies that were raised with the smell of 3-Octanol throughout
development did not show any increase in the MB-CP1 neuron response to this odour (Figure 7.4., C
and D; Figure 7.5., C and D). In fact, raising the flies under these conditions did not lead to any
statistically significant change in the response amplitude following presentation of any of our panel of
odours (Figure 7.4., G-J; Figure 7.5., G-J). Likewise, flies raised with the smell of MCH also did not show
an increased MB-CP1 neuron response to MCH. Rather, the long-term exposure of flies to MCH
seemed to result in a notable – although not statistically significant – reduction in responses to MCH,
BA, and cVA when using the MB242A driver line, with inhibition being observed in some cases (Figure
7.4., E and F; Figure 7.5., E and F).
Hige et al. (2015) reported that the MB-CP1 neurons responded strongly to both apple vinegar and a
yeast paste mixture. Although we recapitulate the former, we did not observe particularly strong
responses to our standard fly food mixture – which contains yeast extract - in any of our experiments
(Figures 7.4 and 7.5.). This, combined with our finding that the response profiles of the MB-CP1
neurons were not skewed toward 3-octanol or MCH in our long-term exposure experiments, supports
the rejection of our hypothesis that this tuning is dependent on the smell of the developmental
environment of the flies.
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Figure 7.4.: MB-CP1 neuron odour tuning after rearing under variable olfactory conditions using
broader MB242A driver line. (A) A control group, raised under normal laboratory conditions, not
exposed to an additional odorant through development (left schematic). Responses to the six
experimental odours are quantified by the area under the curve (AUC) of the ΔF/F0 traces generated
for each odour. Mean ΔF/F0 traces can be seen in (B), with the shaded area indicating the standard
error of the mean. Grey bars indicate odour presentation. (C) One experimental group was raised
under standard laboratory conditions, with the addition of a small vial of Oct added to the food
throughout development, to expose the flies to this odour as a fixture of the developmental
environment. (C) and (D) plots as in (A) and (B), respectively. (E) A second experimental group was
raised on standard food with the addition of a small vial of MCH. (E) and (F) plots as in (A) and (B). (G)-
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(J) To test whether long-term, developmental exposure to an odour conferred a later MB-CP1 neuron
response to that odour, we compare responses to experimental odours Oct (G) and MCH (H) and food
odours (I) and (J). n values for each group: fly food only group, n=10 flies; food + Oct, n= 10 flies; food
+ MCH, n=9 flies. Comparisons between groups conducted with Kruskal-Wallis ANOVA and found no
significant differences.

Figure 7.5.: MB-CP1 neuron odour tuning after rearing under variable olfactory conditions using
single MBON-targeting driver MB622B. (A) A control group, raised under normal laboratory
conditions, not exposed to an additional odorant through development (left schematic). Responses to
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the six experimental odours are quantified by the area under the curve (AUC) of the ΔF/F0 traces
generated for each odour. Mean ΔF/F0 traces can be seen in (B), with the shaded area indicating the
standard error. Grey bars indicate odour presentation. (C) One experimental group was raised under
standard laboratory conditions, with the addition of a small vial of Oct added to the food throughout
development, to expose the flies to this odour as a fixture of the developmental environment. (C) and
(D) plots as in (A) and (B), respectively. (E) A second experimental group was raised on standard food
with the addition of a small vial of MCH. (E) and (F) plots as in (A) and (B). (G)-(J) To test whether longterm, developmental exposure to an odour conferred a later MB-CP1 neuron response, we compare
responses to experimental odours Oct (G) and MCH (H) and food odours (I) and (J). n values for each
group: fly food only group, n=9 flies; food + Oct, n= 8 flies; food + MCH, n=9 flies. Comparisons
between groups conducted with Kruskal-Wallis ANOVA and found no significant differences.

7.2.4. The influence of hunger and sex on MB-CP1 neuron odour tuning
Having concluded that the odour response profile of the MB-CP1 neurons is likely hard-wired, we
questioned whether responses to vinegar and yeast odours may instead imply a link to innate odourdriven behaviours. Locating and navigating toward food and potential mates, for example, are two
such behaviours that are strongly linked to olfaction (Lebreton et al., 2012; Lin et al., 2015). All
previous functional imaging experiments were conducted using satiated female flies – that is, flies that
lacked a strong food-seeking drive at the time of experiments.
To address the possibility that the activity of the MB-CP1 neurons is related to the direction of feeding
behaviours, we starved female flies for 20-24 hours before functional imaging experiments. At this
time point, flies should be in a state of hunger such that food seeking is elevated. We did not observe
any significant changes to the response profiles of the MB-CP1 neurons in starved flies compared to a
satiated control group (Figure 7.6. and Figure 7.7.). From these data, we infer that the level of activity
of the MB-CP1 neurons – to either food or non-food odours - is not directly related to the hunger state
of the animal.
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Figure 7.6.: Male flies show stronger responses to food odours in MB-CP1 neurons (under MB242A
driver expression). Responses to the six experimental odours are compared between fed female
(black), starved female (red), and fed male (blue) flies. Lines indicate mean ΔF/F0 values over time and
shaded areas indicate standard error of mean. Scatter plots show median responses quantified as area
under curve (AUC) of individual ΔF/F0 traces. Upper and lower error bars indicate 95% confidence
intervals. Differences between groups were tested using Kruskal-Wallis ANOVA with Dunn’s post-hoc
test.

Figure 7.7. Sex and hunger-state do not influence single MB-CP1 neuron odour tuning (under
MB622B driver expression). Responses to the six experimental odours are compared between fed
female (black), starved female (red), and fed male (blue) flies. Lines indicate mean ΔF/F0 values over
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time and shaded areas indicate standard error of mean. Scatter plots show median responses
quantified as area under curve (AUC) of individual ΔF/F0 traces. Upper and lower error bars indicate
95% confidence intervals. Differences between groups were tested using Kruskal-Wallis ANOVA with
Dunn’s post-hoc test.

In male fruit flies, the smell of food-related odours has an additional level of importance because food
is often associated with the presence of potential mates. Therefore, we next measured the MB-CP1
neurons of (satiated) male flies to investigate any possible sexual dimorphism in the odour-evoked
activity in these neurons. Using the MB242A driver line, we observed a significantly higher response
to the smell of our standard fly medium in satiated males when compared to satiated females (Figure
7.6., A). We also observed an elevation in the response to MCH in satiated male flies compared to
starved female flies with this driver (Figure 7.6., C), although an additional experiment in which one
monitored starved male flies would be needed to elucidate if this is a hunger state-dependent sexual
dimorphism, or a difference specifically between starved female and fed male flies. Although not
statistically significant, male flies also showed an increase in response to apple vinegar (Figure 7.6., F).
None of these observed differences were seen when visualising single MB-CP1 neurons perhemisphere with the MB622B driver line (Figure 7.7.).
From these data, we conclude that the odour response profile of the MB-CP1 neurons is not
dependent on the hunger/satiety state of the animals, but that the additional MB-CP1 neuron per
hemisphere that is targeted by the MB242A driver appears to display some sexually dimorphic
characteristics - the possible behavioural implications of which bear further investigation.
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7.3. Discussion
This work is primarily focussed on investigating how experience shapes neural circuits and their
functional properties. While in previous chapters we discussed this in the context of olfactory learning,
here we were interested in the factors that influence naïve odour coding, using a specific mushroom
body output neuron (MBON) selected for its distinctive properties. As the downstream targets of
hundreds of odour-coding Kenyon cells (KCs), most MBONs display a broad odour tuning profile
whereby almost any given odour results in their activation. This is not the case for the pair of MBONs
that innervate the calyx of the mushroom body – what we have called here the MB-CP1 neurons.
A previous functional imaging study showed that one of the MB-CP1 neurons responds very
specifically to the smells of vinegar and yeast (Hige, Aso, Rubin, et al., 2015), despite very dense and
broad dendritic inputs to these neurons in the MB calyx (which receives strong and direct input from
the olfactory system). We first hypothesised that this may be a characteristic that arises through the
developmental life of the fly, which takes place in a food environment that is acidic and rich in yeast
aroma, due to the low pH and addition of yeast extract to the fly medium used in most Drosophila
research labs, and may therefore lead to a specific strengthening of the synaptic connections between
olfactory inputs conveying those smells of the developmental environment and the MB-CP1 neurons.
Our data suggest, however, that this is not the case: the addition of non-food odours to the
developmental environment of the flies did not result in the addition of that odour to the response
profile of the MB-CP1 neurons in the fully developed fly (Figures 7.4. and 7.5.). This shifted the focus
of the study to other factors that can influence responsiveness to olfactory stimuli – hunger state and
sexual dimorphism. Therein, we observed a significantly stronger MB-CP1 neuron response to food in
male flies than females, and no differences in responses when flies were starved for the day preceding
experiments (Figures 7.6. and 7.7.).
Future work will focus on the possible behavioural implications of the activity of these neurons. A clear
candidate, based on data obtained here, is courtship behaviour – a sexually dimorphic and highly
olfaction-driven process (e.g., reviewed by Ziegler et al., 2013). Another possibility is a role in feeding
behaviours, whereby activity in the MB-CP1 neuron is involved in the relay of information about
possible feeding sites. By exploiting the array of genetic tools available in Drosophila, the necessity
and/or sufficiency of the activity of these neurons in execution of these, or myriad other, behaviours
can be tested by observing behaviour of flies in which these neurons are artificially activated or
silenced.

112

8. General discussion
One of the most prominent and longstanding endeavours of biologists is understanding how and why
animals behave as they do. As the primary means by which an individual can interact with its
environment, tightly controlled behavioural expression has direct consequences for their chance of
survival. Indeed, pursuant to the theory of sexual selection and heredity of survival-promoting traits,
over the last half-century Drosophila melanogaster as a model system has been used to identify many
genes that control vital behaviours that support survival. Rapid technological progress throughout this
period has cemented Drosophila as an invaluable model for the investigation of diverse behaviours
and the molecular, cellular, and neural network mechanisms underlying their control.
The work presented here has aimed to build on our knowledge of the neural principles that govern
olfactory processing, in the context of both naïve and learned stimuli. To this end, two novel technical
approaches are described (in sections 3 and 5), as well as the implementation of neural activity
monitoring in brain circuits associated with odour processing and memory formation (sections 4, 6,
and 7).

8.1. Circuit dissection at subcellular resolution
One of the key themes addressed here is the dissection of the neural circuits in the fly brain that are
involved in the formation of associative memories. Broadly speaking, this process has been localised
to the mushroom body (MB) – a finding that has been iterated many times in the last few decades
using techniques from selective MB ablation (Belle & Heisenberg, 1994) to use of genetically encoded
inhibitors of neurotransmission (McGuire et al., 2001). However, such techniques, beyond assigning
coarse locality, tell us little about the structural and mechanistic properties of a memory trace or
“engram”. The latter term was first coined by Semon as a descriptor of the physical manifestation of
a memory, considered to exist in the form of distinct changes in the brain (either transient or longlasting) that underly memory formation (Semon, 1921). However, a comprehensive examination of
this principle has been limited by the lack of experimental tools with the spatial resolution needed to
precisely locate these neural changes.
A key development in this vein has therefore been the advances in tools for the monitoring of neural
activity at single-cell resolution. Visualisation of activity using genetically encoded calcium indicators
(GECIs) is one such advance, with rapid developments including improved iterations of GCaMP
occurring consistently over the last 20 years (Akerboom et al., 2012; Chen et al., 2013; Dana et al.,
2019; Nakai et al., 2001; Tian et al., 2009). By expressing one of these GECIs in neurons of interest
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and observing neural activity while exposing animals to a training paradigm that induces learning, it is
therefore possible to observe the activity changes in the brain that coincide with the process of
learning in vivo and in real time. Such techniques were described here in sections 3 and 5.
With these methods, we selectively targeted the MB intrinsic Kenyon cells (KCs; in section 5) or the
MB output neurons (MBONs; in section 3). Considering the key role of the KCs in associative learning,
relatively few studies have examined their activity during this process, and none at the spatial
resolution likely necessary to observe small, localised changes in activity. Generally, two main optical
imaging approaches have been employed: either measurement of calcium transients at the level of
the KC somata (e.g., Dylla et al., 2017; Lüdke et al., 2018)– which allows for characterisation of single
KCs, but likely excludes the influence of the local circuitry of the KC axons that is known to be vital for
associations to take place (Heisenberg, 2003); or measurement at the axonal level (e.g., Akalal et al.,
2010; Wang et al., 2008), where short-term plastic changes are more likely to be found but single cell
resolution is lost due to the dense packing of hundreds of axonal arbours (Aso et al., 2014a; Tanaka et
al., 2008). These techniques have utilised the genetic expression systems available in Drosophila (see
section 1.2.) to selectively express GECIs in the ~2000 KCs of the MB (Aso et al., 2009; Aso et al., 2014a;
Li et al., 2020). By using an adapted version of the classic Gal4/UAS system, we demonstrated a
method whereby this expression is limited to single γ-type KCs per fly using the MARCM method (see
section 5, and Hancock et al., 2020). In doing so, it is possible to visualise naïve and learning-modulated
odour-evoked calcium responses in single synaptic boutons. These synaptic boutons are distinct
structures found along the KC axons that are enriched with presynaptic proteins (e.g., active zone
protein Bruchpilot (BRP); see section 6 Figure 2) making them likely sites of KC neurotransmitter
release, and therefore a favourable candidate structure when looking for learning mediated plasticity
in this circuit.
This approach furthermore allowed for functional plasticity to be analysed with consideration of
differential neuromodulation along the KC axon. The MB γ-lobe is compartmentalised such that
spatially distinct, non-overlapping inputs from dopaminergic neurons (DANs) that convey the
presence of reinforcing stimuli during training (Aso et al., 2012; Aso et al., 2014a; Cohn et al., 2015)
are exerted across the lobe. Crucially, each KC of the γ-lobe projects its axons through the length of
the lobe and thus passes through each of these compartments. This provides a substrate by which
different synaptic boutons along the same cell could theoretically be subjected to differential
modulation through learning – a phenomenon that can be visualised using the technique described in
section 5. By considering each of these boutons as an individual unit and categorising them dependent
on the compartment in which they reside, it is also possible to investigate odour coding in the context
of the combined activity of boutons rather than cells. Thus, congruence between boutons in the
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context of their anatomical position is found to be a novel parameter by which odour representations
can be analysed.
As the primary downstream targets of the MB KCs, the MBONs are also of interest in the dissection
of associative learning circuits. In section 3, we described the use of a form of GCaMP that localises
specifically to post-synaptic sites via fusion to the post-synaptic matrix protein Homer (developed by
Pech et al., 2015). While several studies have analysed learning-induced modulation of odour-evoked
activity in MBONs using in vivo calcium imaging techniques (Berry et al., 2018; Owald et al., 2015b;
Perisse et al., 2016), we demonstrate that the use of homer-GCaMP presents a more precise tool in
this endeavour. Given the complex feedback/feedforward structure of the MB and MBON network (Li
et al., 2020a; Takemura et al., 2017), calcium transients measured at the MBON axon or cell body layer
are likely highly influenced by inputs of multiple other cell types that occur downstream (such as other
MBONs and DANs), and not only the KCs. Although one cannot define from which population of
neurons an input is derived with this method, spatially restricting the localisation of the calcium sensor
to sites of majority KC connectivity provides a more precise picture of the information received from
the MB.
These two methodological approaches therefore demonstrate adaptations to the commonly used
method of in vivo calcium imaging in Drosophila such that a greater level of spatial precision is
achievable in discerning sites of learning-induced plasticity. These methods were implemented in
sections 4 and 6 of this work, the ramifications of which are discussed in the next sections.

8.2. Mushroom body compartmentalisation: implications for associative learning

8.2.1. From odour coding to valence coding
Early anatomical studies of the MB and its associated circuitry identified the presence of a number of
so-called mushroom body extrinsic neurons, defined broadly as neurons that form either efferent or
afferent connections between the MB and other brain regions (Ito et al., 1998; Tanaka et al., 2008).
These extrinsic neurons display a tiling innervation of the MB lobes, whereby discrete borders exist
between the MB regions innervated by different extrinsic neuron types. The majority of these extrinsic
neurons have since been characterised as either dopaminergic neurons (DANs) or mushroom body
output neurons (MBONs) and have been anatomically mapped in detail using specific Gal4 and splitGal4 driver lines (Aso et al., 2014a). Aso et al. (2014b) also showed that, as well as being anatomically
distinct, the MBONs possess distinct functional properties dependent on the compartments that they
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innervate. This included the finding that the optogenetic activation of some MBON types resulted in
a promotion of approach behaviour, while others promoted avoidance behaviour (Aso et al., 2014b).
This has thus led to the development of a MBON valence-coding model, whereby the relative
activation of approach- and avoidance-promoting MBONs elicited by a stimulus is informative of its
valence. Indeed, this principle supports the classic model for the mechanism underlying associative
learning in the MB, whereby plastic changes at the synapses between KCs and MBONs represent the
site at which associative olfactory memories are localised (Heisenberg, 2003) – with the shifting of
MBON activity patterns representing the early neural basis of learned approach or avoidance
behaviour.
In terms of odour processing, this also implies that relative odour drive from KC to MBON is variable
dependent on MB compartment – such that the activation of the MBON network reflects the odour
valence. Presumably then, when a fly encounters an odour to which it has not previously been exposed
(and thus holds no strong valence), the odour-evoked activity observed across the approach- and
avoidance-promoting MBONs would be balanced to reflect this. In Figure 4.2., we tested exactly this
hypothesis by expressing the postsynaptically localised GECI homer-GCaMP in each of the γ-lobe
innervating MBONs and monitoring their activity during odour presentation. Approach-promoting
MBONs innervating the γ1 and γ2 compartments and the avoidance-promoting MBON of the γ4
compartment all showed very similar naïve odour response amplitudes and dynamics (Figure 4.2., A).
Notably, responses of MBON-γ3 appear more robust than the others, while MBON-γ5 responses were
very rare (as also previously reported by Owald et al. (2015)). We also observed these characteristics
when measuring at the level of the KC presynapse (section 6, Figure 4), where the median odour
response amplitudes of boutons were equal between all compartments but the congruence of
responses within compartments was variable such that γ3 boutons acted most cohesively and those
of γ5 least cohesively – although all compartments showed greater internal than cross-compartment
congruence. Therefore, the degree of compartment-wise cohesion of odour responses at the KC
bouton level appears to be a characteristic that influences the level of input drive to the MBONs.

8.2.2. Locating the memory trace
Classical olfactory conditioning leads to the learned association between an odour stimulus (CS+) and
an appetitive or aversive stimulus (US; Pavlov, 1927). In turn, this association is expressed as a learned
attraction to or avoidance of the conditioned odour (Tempel et al., 1983; Tully & Quinn, 1985). The
requirement for MB function for these associations to take place (Heisenberg et al., 1985; McGuire et
al., 2001; Zars et al., 2000a) and the putative valence-coding role of the MBONs that lie immediately
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downstream from the MB (Aso et al., 2014b) have made the MBONs a target of many recent studies
of learning and memory formation. Indeed, the classical model for the neural correlates of associative
learning – i.e., the hypothesised dopamine-mediated modulation of KC-to-MBON synapses
(Heisenberg, 2003) – has been expanded upon to account for the existence of distinct MBON types
that encode opposite valences. Functional imaging experiments, for example, have shown that
responses to aversively paired odours are reduced in approach-promoting MBONs and potentiated in
avoidance-promoting MBONs (Berry et al., 2018; Owald et al., 2015; Perisse et al., 2016), supporting
the theory that the activity of specific MBON types correlate with approach or avoidance behaviour
and that this activity is modifiable through learning. Indeed, Hige et al. (2015) showed that this
modification of MBON activity is directly linked to the activity of DANs by substituting the electric
shock (US) with optogenetic activation of electric shock-responsive DANs and observing the same
effect (although using electrophysiological recording, rather than optical techniques).
In section 4, we sought to test the theory that the net activity across γ-lobe MBONs is modified through
learning. Where other studies generally monitored single MBONs or pairs of MBONs to find sites at
which learning-mediated plasticity occurs, we instead monitored postsynaptic odour-evoked calcium
dynamics in each of the γ-lobe innervating MBONs before and after an associative conditioning
procedure. What we observed, however, provides evidence that modulation of odour-evoked input
to the MBONs does not occur across the entire γ-lobe but is rather localised to a single compartment.
After conditioning, MBON-γ1 (identified as an approach-promoting MBON (Aso et al., 2014b)) showed
a robust and specific suppression to its response to an aversively paired odour (Figure 4.3.). This is
cohesive with previous studies (Hige, Aso, Modi, et al., 2015; Perisse et al., 2016) and the theory that
learning to associate an odour with a punishing electric shock leads to a shift in MBON responses to
that odour such that approach behaviour is suppressed upon subsequent exposure.
This theory, however, does not hold true with our findings from the remaining γ-lobe MBONs. In fact,
we did not observe any specific associative effects on the activity of the MBONs that innervate
compartments γ2-γ5 (Figure 4.4.). In all cases, responses in these neurons either did not significantly
change or showed depression. MBON-γ2 and MBON-γ3 showed strong depression of odour-evoked
activity after both the paired (aversive conditioning) protocol and the CS-only control protocol (in
which flies only received odour presentation without US), implying that the prolonged odour
presentation used in both of these protocols may lead to an adaptation effect in these MBONs. As
such, it is particularly notable that MBON-γ3 odour responses after the US-Only control protocol (in
which flies receive only the electric shock punishment without odour presentation) are not
significantly changed from the pretraining response, and MBON-γ2 depression is much less severe
after the paired protocol than the odour only. This latter observation may also indicate a potential
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modulatory role of the electric shock such that its presentation, with or without accompanying odour,
also influences subsequent odour-evoked activity of these MBONs perhaps as a form of sensitisation.
Like MBON-γ2 and MBON-γ3, odour-evoked activity in MBON-γ4 showed a similar trend wherein the
conditioning and the control procedures led to a depression of post-training responses. Unlike the
other MBONs, depression of MBON-γ4 was similar between all training conditions and odours,
although perhaps slightly more robust in flies that received the associative conditioning procedure. All
of these effects observed in MBON-γ2, MBON-γ3, and MBON-γ4 are, however, distinctly nonassociative. That is, none of these neurons show specific modulation in response to the aversively
paired odour (CS+), but rather display generalised effects that occur independent of training status
and that are likely due to adaptation after prolonged or repeated odour presentation.
Overall, we conclude from these data that, at the level of the MBON postsynapse, there is no
observable memory trace outside of the γ1 compartment. The circuitry of the γ1 compartment has
been noted by other studies as having distinct qualities compared to other compartments. For
example, the activity of the dopaminergic input neuron to the γ1 compartment (PPL1- γ1pedc) has
been found to be both necessary and sufficient for the induction of short-term aversive olfactory
learning, strongly responsive to and, via controlled activation during conditioning, capable of replacing
the electric shock US in induced aversive associative learning (Aso et al., 2010; Aso et al., 2014b; Hige,
Aso, Modi, et al., 2015). MBON-γ1 is also one of only three MBONs that has axonal terminals within
the MB, implying a possible feedback role of this neuron. Indeed, light microscopy and connectomic
studies have identified that MBON-γ1 has the potential to form presynaptic connections with five to
six additional MBON types, including its contralateral counterpart (Aso et al., 2014a, 2014b; Li et al.,
2020) and the functional evidence of MBON-γ1 feedback has been demonstrated in MBONs of the β’2
region (Felsenberg et al., 2018; Perisse et al., 2016).
Critically, we lack the data for the presynaptic KCs in the γ1 compartment due to the technical
infeasibility of measuring this region together with γ2-γ5 – as the γ1 compartment lies deeper in the
brain and would require specific experimental targeting. Having now additionally identified the
MBON-γ1 postsynapse as a site of learning-induced plasticity, it would of course be beneficial in the
future to investigate the presynaptic KC boutons in this region to elucidate potential presynaptic
mechanisms that underly learning-induced changes in odour drive to the MBON.
At the level of the KC presynapse in compartments γ2 to γ5, we observed that there is a significant
reduction in compartment-wise cohesion among synaptic boutons as a result of associative
conditioning (section 6, Figure 5). This occurred only in the case of the conditioned odour (CS+), with
CS- (which is presented without electric shock) and control odours eliciting response patterns that
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were not significantly different to the naïve, pretraining responses. Surprisingly, however, this
learning-induced decorrelation was seen throughout the γ-lobe with only small differences between
compartments, but no indication of differential modulation dependent on the valence encoded by the
downstream MBON. Currently, it is not known how KC bouton decorrelation is decoded downstream,
but the differentiation of the learned CS+ and the CS- or control odours is not observed at the MBON
postsynapse level across the γ2 to γ5 compartments.
However, robust bidirectional changes in MBON activity have been reported previously, with
approach-promoting MBON responses to an aversively trained odour being reduced while,
presumably in parallel, avoidance-promoting MBON responses are increased for this odour (Owald et
al., 2015). There are a couple of fundamental experimental differences between this study and ours
that may account for our different findings. First, we used a procedure in which flies were conditioned
while fixed in place under the microscope and thus have within individual comparisons of odour
responses before and after conditioning, whereas others typically condition flies in a classical
behavioural setup and then transfer flies to a microscopic setup to monitor post-conditioning odour
responses. We have observed that the MBONs show particularly high variability in odour responses
across individuals, even before training, making the more controlled use of within individual
comparisons favourable over population level comparisons in which these naïve differences are not
accounted for. Second, we have used a much more precisely localised postsynapse-targeted GECI
(homer-GCaMP), rather than the typical cytosolically localised sensors (e.g., GCaMP6), meaning we
quantify a very different signal.
Likewise, the experimental approach to monitoring learning-induced modulation of KC activity we
describe here is thus far novel in the field and as such, previous studies have observed different
findings. For example, one study reported finding no learning-induced changes in odour responses
across compartments of the γ-lobe after aversive conditioning when recording across the whole
population of γKCs (Louis et al., 2018). That we find specific learning-induced changes in odour
representations when monitoring at the individual bouton level that is not detectable when imaging
across large populations of neurons supports the use of more precise activity monitoring techniques,
and also the challenging of the idea of gross activity output as the only parameter that could be
instructive of downstream signalling. This principle is also true at the level of the MBONs, where we
find that it may be advantageous to observe subcellularly localised activity in order to more precisely
dissect the sites of plasticity in the MB circuit. In the future it would also be valuable to develop
imaging protocols with which greater spatial resolution can be achieved such that the MBON
postsynapse may also be monitored not as a combination of all postsynaptic signal within a
compartment, but within limited regions of odour evoked activity.
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8.3. Investigation of factors influencing naïve odour tuning
While the olfactory system and MB circuitry provides a robust model for the investigation of learninginduced synaptic plasticity, it is also interesting to decipher how animals respond to more naturalistic
stimuli of innate ethological value. From the antennal lobe, olfactory projection neurons relay odour
information to two major higher brain regions – the MB and the lateral horn (LH) – for processing.
Broadly speaking, the MB has typically been considered to be specialised in processing of learned
stimuli while the LH is primarily involved in innate stimulus processing (Belle & Heisenberg, 1994;
Jefferis et al., 2007). However, this strict delineation between these functions likely does not do the
complexity of these systems justice. MBONs that receive input exclusively from the MB, for example,
have been shown to be required for the display of innate odour avoidance (Lewis et al., 2015; Owald
et al., 2015; Tsao et al., 2018) and innate behaviours can be suppressed through learning (Baggett et
al., 2018). This implies a degree of plasticity in the circuits controlling these behaviours. On the other
hand, some circuits in the brain are hardwired and cannot so easily be modified – for example, in the
case of sexual dimorphism.
Although further investigation is still pending, we theorise in section 7 that we have identified a case
of this sex-specific hardwiring. There, we began our examination of a MBON type that, unlike the γlobe innervating MBONs studied in section 4, show dense innervation of the calycal region of the MB.
These MBONs (MB-CP1 neurons) were also distinct in their odour response profile, showing a very
narrow odour tuning consisting of robust responses only to fly food-related odours (reported by Hige,
Aso, Rubin, et al., 2015). We first ruled out that this response profile is due to the rearing conditions
of the flies (in vials of fly food) by adding non-food odours to the developmental environment of the
flies, and observing no recruitment of those odours to the response profile of MB-CP1 neurons
(Figures 7.4. and 7.5.). An additional experiment in which flies are deprived of olfactory stimuli during
development would also be beneficial in confirming that MB-CP1 odour tuning is not determined by
olfactory input. This could be carried out by either experimentally limiting the olfactory environment
using a synthetic food source that does not have a strong odour (for example a so-called synthetic,
“holidic” medium as developed by Piper et al. (2014)), or by using anosmic flies lacking expression of
functional olfactory receptors (e.g., by conducting experiments in flies carrying a null mutation in the
odorant receptor coreceptor (ORCO)-encoding gene, Or83b (Larsson et al., 2004)).
Odour tuning can also be influenced by internal state. Hungry flies, for example, exhibit more robust
responses to food-related odours at the olfactory projection neuron level (Root et al., 2011) and also
at the MBON level, measured at the MB lobes (Tsao et al., 2018). Given that the MB-CP1 neurons
showed strong responses to food odours, we questioned whether this activity may be linked to food
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search or feeding behaviour and thus be hunger-state dependent. If this were the case, one may
presume that under starvation conditions, responses to food stimuli would be facilitated in these
neurons. However, we found no difference in MB-CP1 odour responses in flies that were satiated and
those that had been starved for 20-24 hours before experiments (Figures 7.6 and 7.7.).
Olfactory detection of a food source is not only salient as an indicator of a potential feeding site, but
also of preferential sites for females to lay eggs (Dweck et al., 2013; Zhu et al., 2003) or males to find
mates (Lebreton et al., 2012). Given the sexually dimorphic nature of these candidate behaviours, we
next checked to see if odour tuning of the MB-CP1 neurons was influenced by sex. Indeed, we
observed significantly higher responses to the smell of food and increased responses to apple vinegar
(though not statistically significantly) in male flies compared to female flies (Figures 7.6. and 7.7.).
Follow-up experiments will aim to elucidate if and how the activity of the MB-CP1 neurons influences
behaviour. Considering the difference observed between males and females in the olfactory
responses of these neurons, courtship behaviour is a clear candidate for further investigation. This is
a well characterised and multisensory behaviour (including a strong role for olfaction), predominantly
carried out by male flies, that can be easily observed under laboratory conditions and combined with
methods of neural activation or silencing (e.g., optogenetics, see section 1.2.) to elucidate underlying
circuitry (Bastock & Manning, 1955; Yamamoto & Koganezawa, 2013). Many neurons that modulate
the expression of sexually dimorphic behaviours also do so via expression of sex-specific isoforms of
the transcription factor encoding genes fruitless and doublesex that are differentially expressed in
male and female flies (Ito et al., 1996; Rideout et al., 2010; Ryner et al., 1996). This may also provide
an avenue for future investigation, by probing for colocalization of these isoforms linked to sexually
dimorphic behaviours and the MB-CP1 neurons.
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9. Summary
The relay of information from external sensory organs to brain centres that ultimately control
behavioural output dictates how an animal interacts with its environment. This process is integral to
survival, allowing for the identification of and appropriate response to both beneficial and harmful
stimuli. Where some stimuli – such as the smell of food or the sight of a looming predator – have
innate value, some stimuli gain significance only through experience. The neural principles underlying
this experience-dependent acquisition of stimulus value was the main focus of this work, using
olfactory associative conditioning in Drosophila as a model system.
Through this type of conditioning, flies can learn to associate an olfactory stimulus (conditioned
stimulus, CS+) with an aversive electric shock (unconditioned stimulus, US), leading to a conditioned
avoidance of the CS+. In this thesis, I have presented two studies that investigated two different neural
populations involved in this process. First, the description and implementation of an in vivo calcium
imaging procedure with which odour-evoked activity across a population of valence coding mushroom
body output neurons (MBONs) was investigated. Uniquely, this monitoring was specifically localised
to postsynaptic sites using homer-GCaMP. Current models of aversive associative conditioning in
Drosophila postulate that the coincidence of odour- and electric shock-mediated inputs in the
mushroom body Kenyon cells (KCs) leads to a facilitation or depression of the output from the KCs and
the MBONs, such that MBONs encoding positive valence are less active and those encoding negative
valence are more active – leading to the expression of the conditioned response based on their net
combinatorial activity. This, however, was not reflected in the data shown here. In fact, only one of
the five MBONs investigated (MBON-γ1) showed any learning-induced modulation. We propose that
this implies a specialised role of the γ1 compartment of the mushroom body in learning, warranting
further investigation.
A second study presented here focused on the KCs. Monitoring odour-evoked activity at presynaptic
structures (here called synaptic boutons) along single KC axons uncovered some novel insights into
the odour coding properties of KCs. First, odour responses are not homogenous along KC axons, with
boutons being able to act independently of their neighbours. Additionally, by quantifying the degree
to which responses across boutons correlated with one another, it became clear that the functional
consequences of compartmentalisation of the mushroom body (by MBONs and dopaminergic
neurons) can also be observed in the KCs, with intracompartmental cohesion of bouton responses
being greater than intercompartmental. Furthermore, this cohesion of odour-evoked activity is
dramatically reduced if the odour has previously been associated with electric shock through aversive
classical conditioning. This demonstrates a role for individualised synaptic sites (and, more specifically,
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the degree to which they correlate with one another) in the encoding of learned information, rather
than gross activity of whole neurons. Notably, we did not observe any learning-induced change at the
level of the MBON postsynapses in these regions of the mushroom body, and so the mechanism by
which synchrony/asynchrony of dispersed bouton activity is readout is as yet unclear.
A clear caveat in this study was the absence of data for the γ1 compartment, excluded due to technical
limitations. Given our finding that only the MBON that receives input from this region undergoes
learning-induced modulation, it would be of great interest to replicate the KC study presented here
with measurement of the γ1 compartment. This provides a promising avenue for further research into
the neural principles underlying learning-induced plasticity.
Finally, as part of a separate study, I have introduced early findings from a project investigating the
properties of MB-CP1 neurons that we have demonstrated to display a narrow, hardwired odour
tuning profile that may imply a role in mediation of innate behaviours. These neurons innervate the
calyx of the mushroom body, and, unlike most MBONs, we found that they are not involved in learning
and memory processes. The MB-CP1 neurons are responsive only to food-related odour stimuli, in a
manner we additionally demonstrate is sexually dimorphic, with male flies showing significantly
stronger odour-evoked activity. Continuation of this project will aim to investigate any potential role
MB-CP1 neurons play in behavioural control, and the underlying molecular regulation therein.
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12. Appendix
12.1. Supplemental graphs
12.1.1 MBONs-γ2-5 show no detectable postsynaptic memory trace
Data here show the quantification of odour-evoked responses in MBON-γ2-MBON-γ5 as seen in Figure
5.4., with the addition of mean calcium traces.

Figure 12.1.: MBON-γ2 odour-evoked responses before and after different training regimes. Traces
show mean ΔF/F0 over time across animals of the same condition, shaded area indicates SEM. Yellow
bar shows odour presentation period. Scale bar represents 5 seconds. Box plots show integrated AUC.
Pre-to-post changes in odour responses were tested with a paired Wilcoxon signed ranks test
(*p<0.05, **p<0.01).
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Figure 12.2.: MBON-γ3 odour-evoked responses before and after different training regimes. Traces
show mean ΔF/F0 over time across animals of the same condition, shaded area indicates SEM. Yellow
bar shows odour presentation period. Scale bar represents 5 seconds. Box plots show integrated AUC.
Pre-to-post changes in odour responses were tested with a paired Wilcoxon signed ranks test
(*p<0.05, **p<0.01).
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Figure 12.3.: MBON-γ4 odour-evoked responses before and after different training regimes. Traces
show mean ΔF/F0 over time across animals of the same condition, shaded area indicates SEM. Yellow
bar shows odour presentation period. Scale bar represents 5 seconds. Box plots show integrated AUC.
Pre-to-post changes in odour responses were tested with a paired Wilcoxon signed ranks test
(*p<0.05).
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Figure 12.4.: MBON-γ5 odour-evoked responses before and after different training regimes. Traces
show mean ΔF/F0 over time across animals of the same condition, shaded area indicates SEM. Yellow
bar shows odour presentation period. Scale bar represents 5 seconds. Box plots show integrated AUC.
Pre-to-post changes in odour responses were tested with a paired Wilcoxon signed ranks test
(*p<0.05).
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12.2. Supplemental material - Visualization of a Distributed Synaptic Memory Code in
the Drosophila Brain
Supplemental Figure S2 from the publication “Visualization of a Distributed Synaptic Memory
Code in the Drosophila Brain”
Figure 12.5: Single KC bouton
assignment process. (A) and (B) One
focal plane used for in vivo
measurement of olfactory Ca2+
responses is shown as an example
(same fly as shown in Figure 1,
maximum intensity projection over
time for each fluorescence channel,
one out of six focal planes). (C)
Confocal microscopy image after
brain
removal
and
immunohistochemistry. In this fly,
three KCs expressed transgenes and
were disentangled using confocal
microscopy image stacks and
subsequently 3D reconstructions
were generated (see Supplementary
Movie 1). Scale bar: 20 µm. (D1-D3)
The three KCs after disentanglement
and isolation (cell #1, yellow; cell #2
magenta; cell #3 green). (E) Magnified
region of cell #1 (dashed box in D1).
Boutons were identified by their
round morphology and increased
fluorescence intensity in these
structures. Example boutons 1-4 are
indicated. (F) Fluorescence intensity
along the white dashed line on the
axon shown in (E), exemplary of the
increased fluorescence intensity at
the site of identified boutons.
Corresponding boutons to image in
(E) are indicated. (G) Mapping of the
boutons identified in anatomical
images onto the images captured in
prior in vivo visualization. Using
images as in (A) and (B), along with zstacks captured during imaging,
axonal branches and boutons can be
mapped between the anatomical and
functional KC visualizations, allowing
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for boutons to be assigned to KCs and also to compartments of the γ-lobe. (H) Responses of the four
example boutons to MCH.

148

Supplemental Figure S6 from the publication “Visualization of a Distributed Synaptic Memory
Code in the Drosophila Brain”

149

Figure 12.6.: Backward conditioning, but not unpaired stimulation, induce bouton decorrelation
across the γ-lobe. (A) Schematic of the backward conditioning regime. 12 additional KCs were
recorded using either backward conditioning or forward conditioning. For simplicity, only one odor
combination is shown here. (B) Color-coded amplitude-corrected correlation values (ACC index) for
Ca2+ dynamics of synaptic boutons within each compartment (internal correlation, diagonal) or across
compartments. The congruence of Ca2+ activity within and across compartments decreased after
training for CS+ in forward (n=4) and backward (n=4) conditioning, but not for the unpaired condition
(n=4). Asterisks indicate statistical significance. For the pre-training situation all KCs recorded in this
study were pooled. (C) Reconstruction of the axons of the additional 12 γ-lobe KCs responsive to
trained odorants. The white borders indicate the borders of the γ-lobe compartments (γ1-γ5, from left
to right). Scale bar: 20 µm.
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