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Summary

The nervous system is tasked with the challenge of processing a variety of sensory stimuli from the
environment with limited coding space and energy consumption. Recent findings challenge the
traditional view of the neuron d@ise elementary functional urof the nervous systenm which

dendrites mainly serve as input sjteed action potential propagation through axons generates
output Instead, individual neurites have emerged as the single functional unit capable of computing

inputs and generating outis locally.

Despite recent advanceBlelink between the mechanisms that facilitate local computations and
their behavioual relevanceemains uncleat addressed this problem Drosophila Melanogaster
The anatomicabrganisatiorof themushroom bog, a brain region associated with learnings a
compartmentalisedrchitecture that forms the basis for local computatibtysproject studied
subcellularsignallingin the mushroom body and its role in memory formateith emphasis on
the nonspiking APL neuronthat is involved in sparsedourcoding and memory formatiotg

determine if it operates locallyo investigatehis, | addressed the followingoints.

1. linvestigated the nature of activity spread in the APL nedrfmund thatinput to the APL
neuron evokes activity that attenuates as it propagates, supporting local computations.

2. | characterisgthe spatial nature of inhibition from the APL neuron amtashroom body

neuronsl found that the inhibition had a strong loedflectthat diminished with distance.

3.1 sought to determine i f there are spatial
shock, and if plasticity in the APL neuronsisnilarly spatially distinctl found that electric

shock responses are spatially distinct,rhytdata on plasticity was inconclusive.

4. |investigated the effects of local muscarsignallingon Kenyon cellodourresponsed

found that muscaringignallinghasspatially distinct effects
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1. General introduction

1.1Local computation in the nervous system

1.1.1 The rise of graded potentials and local computations

Our understanding of the nervous systeroistinuouslyexpanding. Broadly speaking, a brain

allows an animal to gather information from its sundings, integrate this information with its

internal state, and generate cortgpécificbehaviour All of this can be tempered by previous
experience, which theéin can store and recalluchof thisdoes not require a nervous system to
accomplishA single receptor tied to a molecular pathway can store information from the

environment through a protein modification that signifies a change in state, leading to further
downstreansignallingand action. By making the modification transient, the intiam can be
stored as a 6émemor y 6, sigaalingpathways that represernt the imegnalwi t h
state, external and internal information can be integi@izdgghlin and Sterling, 2015)

However, decisiommaking often involvesnultimodal sensory inputonflicting or incomplete
information, and statdependent physiological neetlinder such circumstanceke ability of the
nerwus systento integrate information dtigh capacity andomplexity becomes essentiBloing

sorequires individual neurons to prosesmdconvey information between each other

Information is encoded as gradeohd action potentials. Of the two, the antpotentialsalso

k nown a shavedypfar keeeivetihe most attentiorand are traditionally considered the main
mechanism of encoding informatiofhe emphasis on action potentialpasticularlyevidentin
vertebrate researctvhere actiompotentials are more prevalent than in small inverteb(&iés and
Geiger, 2006, Bialek et al., 199 However, studies from the last few decades have demonstrated
thatspatially restricted activity, whethdris graded potentials docally restricted spikesre

widely used in sensory systems of beéntebrates and invertebratasad also in invertebrate

central circuit neuron@Burrowsand Siegler, 1978, Burrows, 1980, Jahr and Nicoll, 1980, Roberts
and Bush, 1981, Juusola et al., 1996, Zhou and Fain, 1996, Grimes et al., 2010, Chen et al., 2017,
Liu et al., 2017)and a theoretical framewoik developingor the significancef graded potentials

or localisedactivity in information processinfGrimes et al., 2010, Sardi et al., 2017, Branco and

Hausser, 2010, Wybo et al., 2018gverthelesshe significance o$ubcellularinformation



processindor higher brain function andehaviouremains largely unknown and calls for further

studiesin a genetically tractable system witeNvestablishedbehavioual readouts.

Thecompartmentalisedrchitecture of memory formation in the olfactory systermafsophila
provides a great opportunity to study this quesfidre anterior paired lateraleuron(APL), a non
spikingo-aminobutyricacid (GABA)-synthesisindGABAergic) neuron, is part of the fly olfactory
circuit, and widely innervates the mushroom body (NBjman et al., 2011, Papadopoulou et al.,
2011, Tanaka et al., 20Q8he central brai region where olfactory associative learning takes place.
Memories are formed in discrete regions in the (ABo et al., 2014a, Hige et al., 201%he APL
neuronensures sparselourcoding byKenyon cell{KCs) through feedback inhibitiorand

memory formation induces plasticity in the APL neu¢bim et al., 2014a, Liu ahDavis, 2009,
Zhou et al., 2019)However, the spatial nature of the feedback inhibition and leaméhged
plasticity remain unknownThis studyaimed tocharacteris@ropagation of neuronaltivity in the
APL neuron, determine the nature of its inhibitory feedback onto KCs, and establish if learning

induces spatially differential plasticity in the APL neuron.

1.1.2Mechanisms of encoding infoation

Neuronalsignallingrelies on hepolarisel nature othecell membraneA net negative charge on

the cytoplasmic sidarisesfrom an actively maintained difference in intracellular and extracellular
ionic concentrations, of which sodium, potassium, chloride, and calcium are the most influential.
This charge separation results in a resting membrane potéatirgely dependsn the

composition of ion channels in the cell membrédandel, 2013)

This occurghrough gradegotentials or action potentialsnd in some cases bdfPasztor and

Bush, 1982, Alle and Geiger, 2006, Kandel, 20G3anded potentialare analogue signatlsatarise
from chemical or sensory synaptic inptha activate receptors specific to the sensory stimulus or
neurotransmitteDepending on the sensory systetj\ation of these receptors directly or
indirectly leadgo a changen the membrane potentidue toclosing or opening abn channels
Graded potentialgropagate through the neuronal projections by passive spread, leading to
attenuation of the membradepolarisatiorasthe signal spread®oberts and Bush, 198@Hig. 1.1

A). Signal attenuatiohimits the distancéo which a neunn can transmit signaterough graded
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potentials To overcome signal attenuation across large distances, neurons gactoate

potentials, also known apikes(Kandel, 2013)

Graded potential Action potential

ﬂ Synapse ® e ® Chemical signal

/ » Receptor

A B Global

Local
\u_/

Figure 1.1 Local and globalsignalling

Schematic of local and globsignalling (A) Graded potentials attenuate as they propagate, only evoking
neurotransmitter release (chemical signal) from nearby synap3ekhg regenerative nature of action potentials means

that the signal can spread,ferading to release of neurotransmitters from nearby and distal synapses.

Action potentialsare altor-none events thare generated in neurons with voltagped sodium
channelsSynaptic inputs locally gmlarisethe cell membrane, leading to openofgroltagegated

sadium channels. The influx of sodium creates a positive feedback loop, leading to opening of more
sodium channels'his inward currenpasses a threshold whemé&comes strong enough to

overcome outward currents that keep the memlpalaisal, leading to generation of an action
potential.This process occurs at the axon initial segment (AIS), which has a high density of sodium
channels(Fig. 1.1 B. Depolariséion causes an influx of calcium through voltagggted calcium
channelglustered at synapse terminals, the region whereapiepostsynaptic neurons make

contact and transmit signals. Here the signal is transformed from electrical to chemical signalling
Synapse terminals contain docked vesicles loaded with neurotransmitters. These vesicles are bound
to the cell membrane throu@oluble N ethylmaleimide sensitive factor (NSF) attachmeanatein

receptos (SNARES). The calcium influx increases the intrgkar concentration 10@old, which
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causes another protein, synaptotagmin, to bind calcium, which interacts with the SNARES to fuse
the vesicle with the cell membrane, releasing neurotransmitters into the synapticheleft.
neurotransmitters bind to spkc ligand-gated receptor ion channels on the postsynaptic neuron,

transforming the signal back to an electrical form.

A key featire of neuronal anatomy is thbaracteristic extension of the cell membrane and
cytoplasm to form projections that brings them into proximity of other neurons. These projections,
collectively referred to as neurites, are subdivided into dendrites and axons. Dendrites are
traditionally considered the input sites of neurposmprising the postsynaptic side of the synaptic
cleft. Theyform elaborate, thin branchesith sectionsas low as 0.05 punm diameter Axons are

the output sites, and generally form thicker projectityyscally in the range 0-2 um for sensory

neuronsbutup to 1 mm in thextremecase of the squid giant axqhaughlin and Sterling, 2015)

The diametr of a neurite is an important measuregassivepropagation of currents imeurons

affecting both the conduction velocity of electric signals in neurons, and the distance it can cover
The thinner a neurite, the higher the resistance through theatorgdaytoplasm, core, also known

as axial resistance, Together with the membrane resistangewhich depends on the ion channel
composition in the cell membrane, these two parameters give the length canstantT hi s par a

largely determines how far a signal reliably can be transmittesltime it takes for the signal to

decay to 37% of itsnitial amplitude is given by —

Being relatively thindendriteshave high axial resistance. Consequently, theyisually less than
1 mmlongForinsecbr ai ns, this is not a significant |1

distances. Aan example, th&uit fly brain measures less than 600 pmits largest dimension.

The speed of a signal conveyed by passive spread is limited by the rate of current flow, as the ions
carrying charge must navigate between molecules in the cytoplasm. Increasing neurite diameter
allows higher current floweducing axial resistanceshichleads to increasezbnduction velocity.
Furthermore, changes in membrane potential do not instantaneously reach a peak value. Like a
capacitor, the cell membrane can store charge, determined by its capacitambe,greater the
membrane surface areagtimore charge it can stofeor current to flow, charge must be deposited

on the membrane. Therefore, the change in membrane potential reaches its peak only after a delay.
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This delay is given bthe time constant) which denotes the time it takes fotlange in

membrane potential to reach 63% of its peak value, given byi )

With these parameters in mindhat are thenain differences between gradeahd action

potentials?

Due to the sharp and thgurrent generated by action potentials, they are much better thated
graded potential®r signalling across large distances at high velocity. Agtimientialscan reach
conductance velocities higher than 1 mm/ms, while graded potentials only pecBQpum/ms
(Laughlin and Sterling, 2015)

However,graded potentials are analogue signals that can gradually change to represent many
different response levels, whereas an action potential encodes information by digital signalling,
representing spaced changes of membrane potential between two levels. Graded potentials can
transmit information at a rate higher than 2000 hitshsle action ptentials are limited t600

bits/sor less Furthermoresending information witlgraded potentials is energetically more
efficient than action potentials, assingle action potentiaéquiresa change in membrane potential
of ~100 mVfor 1 ms whereas graded potentials can transmit information by changing the
membrane potential by a few mVhe large thechange in membrane potentitiie costliethe
subsequent transport of sodium out of, and potassium into, threquilledto repolarise the
membrane potentiahdditionally, the diameter of projections required for transmission of action
potentials are larger than those used for graded potentials, increasing maintenance costs and
utilising more spac@.aughlin and Sterling, 2015Thus, the maximum speed and distance of
activity propagation that neurons can achieve are balanced by costs in energy expenditure and

utilised space.

Thes differences between the two modes of signalling, and the relatively small size of the insect
nervous system, can explain why analogue signalling is commonly observed in insects, including

Drosophila melanogastgPasztor and Bush, 1982, Juusola et al., 1996

Action potentialdhave long been osidered the prevailing mode of information coding and
transmission in the nervous systeand further studies into action potentials are revealing nuances
in this modeof transmissior{Alle and Geiger, 2006, Bean, 200Hpwever, in sensory systems,

and many central circuits in insects and other invertebrates, graded pqtensalstially restricted
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synatic potentialsare commonly the means of encoding informag®asztor and Bush, 1982,
Juusola et al., 1996, Heidelberger, 2007, Castro and Urban, 2009, Marder Rt studies

also suggest tharaded potentialsan modulat@eurotransmitter release elicitby action
potentials(Alle and Geiger, 2006, Zbili et al., 201&)nally, there are numerous studies from
various animals showing thiaicalisedsignallingfacilitates local computations in individual
neurites(Branco and Hausser, 2010, Wybo et al., 2019, Ludwig et al., 2016, Medan et al., 2018,
Cichon and Gan, 2015, Blay and Hedwig, 2018, Ogawa and Oka, 20These findings
demonstrate that graded potentialisspatially restricted synaptic potiats, are an essential
mechanism for encoding and tranimg information in the nervous system and warrant further

studyto understand their role in ultimately generating decision making.

The following sections will cover the theoretical rationaleléoalisedinformation processing, the
actual studies that demonstrate the prevalence of local computations in the nervous system, and its
functional significance physiologically amehavioually.

1.1.3The basis of local computations

Thebeautiful illustrations of the nervous system published by Ramén y Cajal established the
canonical view of neurons as the functional units of the nervous sySteamson and Swanson,
1995) which was further cemented by ttiearacterisationf action potentialey Hodgkin and
Huxley (Hodgkin and Huxley, 1952)n this view neurons are uniditional The dendritesictas
input siteghat collect information, anconvey a signal to the axon initial segment, where these

signals are integrated to generate action poteritiafsirther transmission of the information.

Our understanding of inforation processing has expanded upon this view to recognize that the
action potential is not the only way for neurons to convey information. Neuronal input and output
generation can occur locally, independently of action potenDaisdritic branches camifiction as
independent units that locallpmpute inputsandrelease neurotransmitteysto specific

postsynaptic target3here are numerous studteéat demonstratthe use and importance lotal
information processinfpr sensory processing and taghecific memory formatiom vertebrate

model systemé&Branco and Hausser, 2010, Wybo et al., 2019, Ludwig et al., 2016, Medan et al.,
2018,Cichon and Gan, 20150 owever the importance of local processifay extraction of

differentsensory feature®r processing of input from different sensory channels, in spatially
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segregated branchbasalso been observed invertebrate¢Dan et al., 2018, Liu et al., 2017, Yang
et al., 2016, Zhang et al., 2019, Elyada et al., 200§lying that local computations are widely
utilised across the nervous system of organi$ifisat are the implications ¢dcalised

computations imeuronal projectins?

(1) Instead of operating as a single processing unit, a neuron takes on the role of a network
vastly increasing the computational power of a single nelpitimiting activity spread to
a branchpoint or evemore locally within a branch, a single near@an perform
computations in spatially segregated compartm@ranco and Hausser, 2010, Wybo et al.,
2019)

(2) A single neuroracilitates independent computations and ougpgnallingto multiple
postsynaptic targetsnputs originating from different parts of the bradg.different
sensory channels, can be processed independently. In turn, local processing would lead to
locd output, targeting specific postsynaptic targets relevant to the type of(Bramico and
Hausser, 2010, Wybo et al., 2019)

(3) Energy and space constraintsiptsat information should be procesagdising as little
space as possib{eaughlin and Sterling, 2015If inputs, computations, and outgtill
occur locally within a dendritic branch, there is no need to spend energy on conveying the
information to other parts of the neuron before reaching the postsynaptic Targgtlocal

processing optimizes energy expenditure.

Localisedinformation pocessing relies on the ability to restrict activity sprésmiv can activity in
neuronal projections be spatially restricted? Activation of liggated ion channels evoke graded
potentials in neurites. Graded potentials exponentially decay with distaomsequently, activity
decays rapidly in dendritic branches (as thin as Qrpdue to the high axial resistancgaughlin
and Sterling, 2015)Thus, one way to compartmentalise analogue signals is simply to transmit
through thin neurites.

Modeling studiesuggest thanhibition isalsoan important mechanism for compartmentalization
of activity in dendritic branches. Inhibition onto deitid branchesvould servenot only to restrict
the spread of activity within a branch, but also differentially affect computations in the branch
depending on where along the branch the inhibitory synapseaissed(\Wybo et al., 2019, Bloss

et al., 2016)Several studies have confirmed that inhibition facilitates functional
compartmentasation (described belowjPolegPolsky et al., 2018, Chen et al., 201d)summary,
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restricting spread of activity through passive condwsamnd inhibitiorareways to facilitate local

computations

What are the functional roles of local computatioBsghchspecific computations have been
extensivelycharacterise in the vertebrate visual system. Studies on amacrine cells, who have no
defined axonal projections, have elegantly demonstrated that computations occur within individual
dendritic branche@_osonczy et al., 2008, Grimes et al., 2010, Vlasits et al., 2016,-Polsgy et

al., 2018) Starburst amacrine cells have numerous dengnitiections radiating from the cell

soma that provide GABAergic input teeighbouringdendrites oflirectionselective ganglion cells
(DSGCs) The dendritesf starburst amacrine celise selective for outwasnshoving, or

6centr i f udEalérétal., 2002D8GCk neceive non directieselective excitatory input
from bipolar cells. In turnthe GABAergic output from the starburst amacrine detidrites specific

to stimulus directiomnhibits theirneighbouringDSGC dendritescancelling out the nulllirection
excitation(Mauss et al., 2017)

Direction-selectivity in the starburst amacrine cell dendrites is thought to arise from lateral
inhibition, where dendréis with opposed directieselectivity inhibit each other, and from
organizing excitatory inputs to the dendrites so that temporal summation is strongest when
excitatory input arrives outwardly, from the cell soma to the end of the der(#riésen and
Borghuis, 2017, Ding et al., 2018)his lateral inhibitions also thought to enhance
compartmentalization between individual dendritic branangs;oving diredion-selectivity
(PolegPolsky et al., 2018 Thus, lateral inhibition is crucial for establishing directs®ectivity
but promoting compartmentalization, which allows individual neurites to specifically encode

stimulus that follows a certain pattern.

The significance of passive spread and synaptic inhibition as facilitators of spatially segregated
computations between dendritic branches has also been illustrated in glutamatergic amacrine cells.
These cellsire presynaptic tboth ON and OFFpathway in the visual systenHowever, they

maintain theparallel processing of the pathways by computing input and generating output to and
from the two pathways in spatially segregated compartments of their denthitespatial

segregatioris in part due to atnuation of synaptic potentials through passive spread, but also due

to synaptic inhibition(Chen et al., 2017)
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How do neuronghat receive multimodal sensory inpugintain the origin or identity dhe input®

Local dendritic computations facilitate independent processing of such inputs. The giant cricket
interneurondescending brain neuron ipsilatera® 1provides a great example of this. This neuron
responds to visual stimulus, touch to the antennal flagellum, and stimulation of strain receptors at
the antennal base. Each type of stimulus evdlstinct,localisedcalcium influx For touch

stimulus, the calcium influis further refined to match a topographic map of the antBagley

and Hedwig, 2018)This is enabled by spatially restricting activity within neurites.

The Mauthner cells ohe goldfishare another example of a neumheredendritic
compartmentalization facilitatesultimodalcomputation of inputs from the visual and auditory
system. Active conductance selectively abpostsynaptic potentials evoked by auditory inputs to
reach the dendrites that receive visual input, but not the other way around, demonstrating how
variationsin ion channel expressi@electivelycan facilitateasymmetric crossompartmental

signallingand computationfMedan et al., 2018)

Rather tha processingnultimodalsensory input in the same neuresnme neuronisitegrate
different features of the same stimuluse@gregatetiranchesSerotonergimeurons irbDrosophila
project toboth the antennal lobes and the lateral h@aourstimulus elids an inhibitory response
in theneuriteshat innervate the antennal lobes inoalourinvariant manner, while the same
stimulus evokes an excitatory response in the lateral horn projectionsdoardependent
manner. However, these projections asgmmetricallyseparated, as inhibition from the antennal
lobeneuritesreaches th&aterd hornneurites but not vice verséZhang et al., 2019)rhe inhibitory
i nput to the serotonergic neur o mdogrcopcentogtianct i on
(Zhang, 2016)This serves as a gain conttblatallows theodouridentity-specific excitatiorthe
serotonergic neurons receive in the lateral hoipe less concentratiatependen{Zhang et al.,
2019)

In summary, local computations are facilitated by passiveadpryeactivity, actively restricted
dendritic spikes, and inhibition onto individual neurites. This serves a variety of sensory
computationgand numerous studies hademonstratetiow local computations facilitate

multimodal or featurespecific information processing in a single neuron.
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1.1.4 Dendritic release of neurotransmitters

For dendritic branches to loensidered truly independent functional units, they should be able to
not only integrate inputs, but also generate outfResdrites can release conventional
neurotransmitters like GABA and glutamé#€@astro and Urban, 2009, Duguid et al., 2001} also
neuromodulators and numerous pepti@@tberter et al., 1999, Patel et al., 2009, Duguid et al.,
2007, Ludwig et al., 2016)

What facilitates dendritic neurotransmitter reléa3endritesharbourthe different intracellular
membrane compartments associated with secretory trafficking and exaaggrdsiglasmic reticulum,

Golgi membranes, endosomes, and vesicles containing neurotransmitters can be found in dendrites
(Kennedy and Ehlers, 2018ynatic potentials evoke calcium influx in dendritic brancfiésste

and Denk, 1995, Jackie et al., 1998¢ndriticrelease of glutamate, GABAnd dopamiais

mediated by calcium influgZilberter et al., 1999, Patel et al., 2009, Castro and Urban, 2009, Jeffry,
2001) This has been linked to a requirethior SNARE protais, suggesting that dendritic release
depends othe exocytosigpathway(Ludwig and Stern, 2015, Duguid et al., 2007, Branco and
Hausser, 2010)t has yet to be determined if these findings from specific newn@generalizable

or if there are other mechanisms that serve a similar function in other neurons or organisms.

What is thephysiological andbehavioual functions of dendritic neurotransmitter releasb@re is
little knowledge on this matte@ne of thgoroposedfunctions of dendritic release is feedback
inhibition to maintain neuronal activity within a certain ranigeugh retrograder autocrine

signalling(Regehr et al., 2009)

One examplefathis is from the auditory systerAuditory neurons of the lateral superior olive
release GABA upon activation, which retrogradely regulates its excitatory and inhibitory inputs
through GABARB receptorsignalling It is proposed that this allows the aotjt neurons to regulate
the excitation/inhibition balance to accommodate the auditory stimulus they r@deigrusson et
al., 2008) Autocrine regulation of activity is mediated by dopansignalling Dopaminergic
neurons irthesubstantia nigra pars compacta release dopamine from their dendrites, which
reguldes their activity through Dauto receptorsand also targets downstream GABAergic
neurons, increasing their release of GABAd ultimatelyregulatingmotorbehaviour(Rice and
Patel, 2015)
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Dendritic neurotrasmitter release plays an important role in sensory processemgir@dendritic
signallingbetween mitral and granule cells of the olfactory bulb mediate dendritic release of GABA
from granule cellonto mitral cell§lsaacson and Strowbridge, 1998, Jahr and Nicoll, 1982)

Granule cells lack axons antstead release GABA frotheir dendritic projectionsBehavioually,

the dendrodendritic feedback inhibition regulates the latency of olfactory discrimination. Increasing
the GABA-mediated feedback inhibition reduces the latenaydofurdiscriminationwhile

reducing GABAsignallinghas the opposite effe@Abraham et al., 2010)

Similar to granule cells, the GABAerghPL neuron in thérosophilaolfactory system has no
defined axons, but instead expresses @mnd posisynaptic markers throughout ggtensive
projectiongWu et al., 2013)Depending on stimulus strengthijg neuron provides local or global
feedback inhibition to a population néurons that encode multimodal sensory informgfiayi et
al., 2016, Vogt et al., 2016, Kirkhart and Scott, 2015, Marin et al., 2020efTet al., 2008)
known as KCgInada et al., 2017)This feedback inhibition maintains sparse odadirtg in the
KC population(Lin et al., 2014a)

In summary, dcal computationanddendritic neurotransmitter releaseables single neurites to

operate as independent functional units.

1.1.5Local computatiosfacilitate stimulusspecific adaptation anatanchspecific

plasticity

Behavioual adaptation to a changing environment relies on stirrapesific learning. What are the
implications of local computations in terms of memory formation and storage capduotyfetical
work suggests that a neuron witbndritic branches that have inéepent thresholds for synaptic
inputs has much greater storage capacity than a neuron with linear summation of inputs to its
dendrites. Whethese two neuronal types were trained wiifferentpatterns of stimulus, the linear
summation model neurons coukekpond to 600 patterns, while the Aimear, independent
thresholding model neurons learned 27000 pat{gtaosazi and Mel, 2001Practically speaking,
the level of noise at individual dendritic branches might limit to what extent they can operate

independenyl, depending on the number of active synapses at each branch.
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Another hypothesis posits that local computations in branches underlies stimulus specific
adaptation. By segregating representations of different stimulus types or parametric values into
different dendritic regions or branches, adaptation can be stimulus speaiintaining the nervous
sy st e mo6 sdetacbnoveltyftPyr etgoe r n . What isathe physiobdical areehavioual
significance ofocalisedplasticityand adaptatich

Spatial segregation of dendritic computations facilitatesdbrapecific plasticityor adaptation
(Losonczy et al ., 2008, Pr eger rmand®©ka, 2015A well-2 0 1 5,
described example of this is from motor control in rodeBrtanchspecific plasticity isrucial for
maintaining parallel meory formationin rodent motor cortex pyramidal neurons. Different motor
related learning tasks evoke calcium influx in distinct dendritic branches of these pyramidal
neuronsThe spatial segregation of dendritic computations is enabled by inhilifiocking

inhibition disrupts the spatial segregation, which makes mgfoamation for otherwise
separatelyencoded motor taskserwrite each othgiCichon and Gan, 2015)

In the olfactory system ddrosophila melanogastedopaminergic neuror(®ANs) encode reward
and punishmerdndinduce plasticity in synaes between the KCs that encode sensory stimulus
and the mushroom body output neur@M8ONSs) that are postsynaptic to KCs. This occurs within
discrete regions of the mushroom body, wH2fdNs andMBONSs innervate segregated
compartmentgAso et al., 2014a)rheDANs only induce plasticity locally in the coragment they
innervate selectively suppressing excitatory driveM8ON thatguideapproach or avoidance
behaviour, depending on the valence of the stimiiige et al., 2015, Cohn et al., 201%his

topic is discussed in detail in sectidn2.61.2.9

Stimulus specific adaptation has been observed in various insect sensory syistdnmgurons of
the conehead katyditileoconocephalus triopsindergo stimuluspecific dedritic adaptation

These neurons receive inputs from auditory senseuyonghat are tonotopically distributed across
the dendrites of TNL neurons such that different regiafghe dendritic field are excited by
stimulus with specific carrier frequencidsdaptationpreferentially occurs idendritic regions

specific to a carrier frequen¢yPr eger n .et al ., 2015)

Wind-sensitivegiant interneurons in cricketsxdergostimulus specific adaptation. Repeated
exposure to air currents fromgiven direction leads taranchspecificincrease in calcium influx,

which was correlated with increased wiadoked avoidanckeehavioufOgawa and Oka, 2015)
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These examples demonstrate Hoealisedcomputationdacilitate stimulusspecific encoding of

sensory inpuand subsequent adaptation or plasticity following repeated exposure or learning.

1.1.6 The case for usin@rosophila melanogastdo study local computations

The discoveries outlined above clearly demonstrate that dendrites are not meresulmeation

input sitedfrom which inputs are integrated to generate spitesinstead can operate

independently, locally computing information asignallingto other neurondn somecases,

dendrites imeurons devoid cdixonsare the sole input and ouwifipsites, locally computing

information andsignallingto other neuron@nada et al., 2017, Grimes et al., 2010, Isaacson and
Strowbridge, 1998, Castro and Urban, 200%ese local computations facilitate multimodal

processing of sensory informati@Bayley and Hedwig, 2018, Medan et al., 2Q0&8mulus

specific adaptatiog Pr eger n et al ., 2 0adddrancipgcifievdastieity d Ok a,
(Cichon and Gan, 2015, Losonczy et al., 2008)

However, most of thesstudies were condwttin model systemwhere the nervous system has

complex connectivitandmany neuronswith limited tools for accessing specific neur¢g@schon

and Gan, 2015)Abraham et al., 2010, Castro and Urban, 2009, Isaacson and Strowbridge, 1998,
Grimes et al., 2010pr with limited toolsor genetic manipulations Ogawa and Oka, 20
et al., 2015)

While some of these studies demonstratebttfeavioual significance of local computations
(Cichon and Gan, 201%Abraham et al., 2010)he link between local computations aheir
behavioual significance remains uncledro understand the link between the molecular basis for
localisedactivity and thebehavioual relevance of localomputations, we need tools that:

(1) Allow us tocharacterisgenetic expression on singheuron or neurosubtype level

(2) Record neuronal activity on whetesuron level, rather thamly recordingrom part of a

neuronas withelectrophysiology
(3) Label single neurons or neursnbtypes for manipulation of neuronal activity
(4) Clearbehavioual paradigms that allow us to lifghysiological changes in the nervous

system to changes behaviour
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Drosophila melanogastdulfils all thesecriteriato study the physiological armehavioual

significance of local computations. There is a variety of genetic tools available that are widely used
and continuously improved tharacteriseimage, and manipulate the nervous syqféenken et

al., 2011) and multipleestablishedehavioual paradigms to evaluate the effectadtierations in the

nervous syster(Pitman et al., 2009)

The olfactory system of the fruit fly has been extensicbracterisg on the anatomical level
(Tanaka et al., 2008, Aso et al., 2014a, Takemura et al., 2017, Xu et al., 2020, Zhe2@&8al.
revealing a associative memoigentre the mushroom bodwyssociative conditioning leads to
formationof memory traces spatially segregated compartmeftigge et al., 2015, Cohn et al.,
2015) The APL neuron innervates all these compartments, and receives input from both the
Kenyon cells that carrgdouridentity and the dopaminergic neurons thought to signal stimulus
valence(Takemura et al., 2017, Lin et al., 2014a, Zhou et al., 2019, Xu et al.,. 20@)vious
study suggested that it is a Rspiking neuron, raising the possibility that activity is
compartmentalisedithin the APL neurorfPapadopoulou et al., 201However, it remains

unclear if this neuron locally computes information, and what functional significance it would have.

The following sectioa describe our current knowledge of how the fly olfactory systenmgamnise,
how this ties together withgtphysiological function, and how it facilitates olfactagsociative
condition which ultimately drive®ehaviouttowards olfactory cues-inally, | will emphasisevhy
this system is of interest with regards to local computations, and why the APL reargood
candidatdor studying local computations.

1.2 Olfactory processing iDrosophila

1.2.1 The challenge of processing olfactory sensory information

Sensory systems allow organisms to gather information from their surroundings and make decisions
on this basis. To accomplish this, it is necessary for the sensory system to classify the stimulus it
receivesAn inherent challenge in any sensory systethesimited coding space available to

represent different types of stimuldr olfaction there is no parameter, like the wavelength of

visual stimulus or the frequency of auditory stimulmswhichto distinguish the stimulus type
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Instead, olfactory perception relies discrimination ofodouss by awide array of receptors
corresponding to identities oflouant moleculesThe olfactory systeswof both vertebrates and
invertebratesreorganise into glomeruli that each representiadividual odourchannel,

determined by the olfactory receptor expressed by its cognate olfactory receptor neurons. In mice,
there ard>1800such glomeruliwhile DrosophilahasD50 (Mombaerts et al., 1996, Laissue et al.,
1999) These glomeruli converge in higher brain regions where neurons sample information from
multiple odourchannelsAnimals can encounteomplex stimuli that involve any combination of
these channels, presentitng large a numbdor thelimited coding space of tHarain(Su et al.,

2009)

How does the brain address this problédmf option is for the higher order neuronsihbiasedly

sample from the glomeruli, with each brain using its limited coding space to sample a random set of
glomerubr combinations. Another approach is predictive sampling, wétereotyped

combinations of glomerulire ovefrepresented across flies, signifying that certain type of stimuli
arepredicted to béehavioually significant(Jeanne et al., 2018)wo higher brain regions in the

fly receive input from the glomeruli, known as the MB and lateral horn (IH& sections below

will illustrate howthese two regions differ in which of the two sampling approacheautiiisg,

and how this ties together with théiehavioual roles.

1.2.2 Anatany and physiology of thBrosophilaearly olfactory system

In Drosophilg stimulus discrimination takes place in three orders of neuFanss order neurons
are known as ORN#he second order neurons are caplegjection neurons (PNs)ith the third

order neurons consisting of two distinct cell populatiéi@s and lateral horn neurons (LHNS)

ORNSs ardocalisedin the antennae and maxillary palps. Each antenna comai®0 ORNs

(Stocker et al., 1990These are covered by sensilla, where the dendrites of the ORNSs reside. There
areD50 ORN typeseach expressing mostly one@80 olfactory receptorBenton et al., 2009,

Couto et al., 2005, Fishilevich and Vosshall, 20&a)ch receptonas varying affinity for different

sets ofodouant molecies(Hallem and Carlson, 200&epresenting the first level of sensory
discrimination.Some ORN types are broadly tuned to a varietydofuant molecules, wite others
respond to a select few, and some ORNSs respond to theosiamant at different concentration

levels, with high concentrations recruiting more ORNS, resulting in overlapping receptive fields
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(Hallem and Carlson, 2006pRNs show spontaneous spiking, with the average firing rate
depending on the type of receptor a given ORN exprébisdiem and Carlson, 2006)otably,
manyodoumlnts simultaneously excite some ORNs while inhibiting the spontaneous firing rate of
others. Thus, angdouant molecule is encoded in the first order neurons by a pattern aitergit

and inhibitory responses across multiple ORN types.
ORNSs extend their projections to glomeruli in the antennal Ifigs1.2. All ORNSs of a given

type innervate the same glomerulus, with a few types innervating more than one glomerulus

(Vosshall et al., 2000, Grabe et,&016) ORNs synapse onto PNs, the cholinergic second order

neurons, in the glomeruli.

ORNs

Glomeruli -
ORN-PN convergence

®©~ @

PNs @

Figure 1.20Organisation of the fly early olfactory system

Schematic of olfactorghannels in the fly olfactory system. Each OBRpresses a unique type of olfactory receptor
(indicated by differentolourg. ORNs expressing the same receptor project their axons to theykanezulus.
Likewise, projection neurons send their dendritea single glomerulud.ocal neurongLNs) laterally connect the
glomeruli, mainly providing inhibitionThus, ORN axons and PN dendrites converge in glomeruli in a manner that

maintains the specificity of olfactory receptors, giving rise to spatiallyegeded unique olfactory channels.

Like the ORN axons, the dendrites of individual PNs only innervate a single glomerulus,

maintaining the anatomical segregation of oggpecificity encoded by ORN¥osshall et al.,
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2000, Grabe et al., 201@ig. 1.2. Multiple PNs innervate the same glomerulus, referred to as
sister PNs, and each PN receives input from every ORN within the same glonf¢agsisall et
al., 2000) Thus, ORNPN connectivity is stereotyped, and gives risB50 odourchannels.
Because of similarity of input origin and the converge of multiple ORNs onto each PN, sister
PNs have highly correlated odour responses compared to the ORNSs they receive input from.
(Kazama and Wilson, 2009).

What is the functional advantage of transmitting the encodedrstimulus to a second layer of
neurons where the coding space is redupd@00 ORNs td200 PNs? Although recordings from
ORNSs and PNs innervating the same glomeruli have revealed that their responses are similar in
terms of whichodouss they respond to, there are significant diffiees in their response properties.
The convergence of multiple ORN inputs onto each PN means that the latter averages its inputs.
(Bhandawat et al., 2007 his reduces the level of noise, improving tt@trial variability of

individual PNs compared to ORNSs, and ultimately mehasPNs more reliably fire when the fly is
subjected to a specifadouant(Bhandawat et al., 200.7For the same reason, they are highly
sensitive to weakdourstimulus, displaying a sharp increase in firing rates in response to small
increases imdourconcentration, but als@turating at lower concentrations than their cognate
ORNSs. Furthermore, each ORN axon forms multiple synapses onto the dendrites of each cognate
PN. These synapses have a high vesicle release probability. This contributes to the reliable firing of

PNs andheir sensitivity to lonodourconcentrationgKazama and Wilson, 2008)

The glomerulialsohouse the projections of predominantly GABAergic (a few cholinergic) local
neurons (LNs) that form connections across glomeruli, of which many innervate all glogYeruli
Hui et al., 2010)In contrast to the stereotyped connectivity of PNs and ORNSs, LNs show great
variability in glomerular inervation patterns, and equally dives®urresponse properti€¥ a-

Hui et al., 2010)The main role of LNs seems to be mediationddurevoked lateral inhibition

between glomeruli.

Both ORNs and PNs receive lateral inhibition, although ORN axons seem to be the most prominent
targets Lateral inhibition has been proposed to serve two roles. First, it broadens the range of
stimulus strength that PNs can encode by reducing the sensitivity of PNs to input fronraODRNs

high levels of total ORN activit{Olsen et al., 20105econd, lateral inhibition decorrelates activity
between different glomeruOlsen et al., 2010which improves naivedourdiscrimination by

third order neurons in the lateral h@farnas et al., 2013, Liang et al., 2018)s known that
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lateral inhibition generally increases with the total level of ORN/éigt{Olsen et al., 2010and a
recent study found that the level of inhibition between different glomeratiasirinvariant, but
that each glomerulus has a specific level of sensitivity to lateral inhilfiiong and Wilson,
2015)

Even less is understood of the cholinergic LNs in the antennal (diks®n, 2013) They evoke
depolarisationgn PNs, seemingly not through synaptic release of acetylcholine, but rather through
gap junctiongOlsen et al., 2007, Root et al., 2007, Shang et al., 2007, Yaksi and Wilson, 2010)

At this point in the olfactory circuit, the PNs branch out to two regions thgeaerallyassociated
with innate and learndoehavious, known as the lateral horn (LH) and mushroom body (MB),
respectively These will be described in thalowing sectionsWe will see that there are structural
and functional differences between the neurorth®t.H and MB that receive input from PNs, and
how theseplay into their distinct, but in some cases overlapping, physiologicdietmavioual

functions.

1.2.3 Stereotyped PNLH connectivity implies that the LH uses predictive sampling

Traditionally, the lateral horn has been considered the fly central brain region that mediates innate
behavioual responses tprimarily odouant stimulusWhat anatomicabrganisatiorunderlies such
functionality?Several older studigsundthatPN-LH connectivity is rathestereotypidMarin et

al., 2002, Tanaka et al., 2004nd more recent ones haleracterise this to greater extent.

The LH has no clear boundaries, but instead is delineated by the PN axons that termimgte in th
region Three major PN axonal tracts have been identifié. majority of PNs extend their axons
towards the MB and LH through the medial antennal lobe tna&t.T). Theseaxons pass through
the MB calyx and from there extend further to the (UEfferis et al., 2007, Tanaka et al., 2012)
Ot h e r axéhdéstand througlthe mediolateral antennal lobe traetiALT) which bypasses the
MB calyx, directly going to the L{Tanaka et al., 2012The third tract, the lateral antennal lobe
tract (IALT), is comprised of PN axarthat directly innervate the LH, some of which branch from
there to the MB lobe$Ns extending their axons through these nébresaremainly

uniglomerular (innervates singleAL glomeruluswith their dendritesand cholinergic, while some
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are multigomerular and GABAergi¢Parnas et al., 2013, Liang et al., 2013)ese PNaxons
synapse onto local lateral horn neurons (LHNS), which themselves can be excitatory or inhibitory.

What is the relationship between the-BNN synapses and the olfactory channels that these PNs
represent, and what does this tell us about the sagn@tiproactutilised by LHNsS?LHNSs are
postsynaptic to PN presynapses from combinations of glomeruli, and the same type of LHNs have
similar, but not identical, inpui@eanne et al., 201.8pn aveage, a glomerulus makes connections

to 13% of LHNs, with some narrowtyined glomeruli making an exceptionally higher number of

connectiongJeanne et al., 2018)

Rather than converging independently onto LHNS, certain combinations of glomeruli converge onto
specific LHN types. Natbly, glomeruli that are part of a combination that converge havetour
tuningcorrelatiors. Instead, there is a tendency $oich glomerular combinations to tumed to

odous associated withpecificbehavious (egg laying, courtshiprdit volatileg (Jeanne et al.,

2018) As mentioned before, a hallmark of predictive sampling is biased, or stereotyped,
connectivity that is overepresented across individuals. Such anatorigginisatiorimplies that

certain stimulus features or identities are predicted to sespedaficfunction or roleThese
anatomicafindings strongly suggest thBiN-LHN connectivity is stereotypeduggesting that PN

LH connectivityutilises predictive samplingJeanne et al., 2018)

Little was knownabout the inputs and outputs to and from the LH fr@mAL brain regions
(Frank et al., 2015, Kim et al., 201&)til the recent work bfpolan et aland Frechter et alwho
publisheda large set ofplit-Gal4 driverghatallow researchers to dissect the role of the LH in
olfactory processing by monitoring neuronal activity and manipsiaecific types of LH neurons
(Dolan et al., 2019)The authorextensivelycharacterise the anatomy df HNs, dividing them

into lateral horn local neurons (LHLNs$ateral horn input neurons (LHINsandlateral horn output
neurons (LHONSs)ypes In total, they estimated the size of the LH population at ~1400 LHNs
(Frechter et al., 2019)

The authordoundnovel LHIN inputsthatoriginate from thevisual,auditory,gustatory and
mechanosensory pathway$hesemultimodal inputs innervate asticted, ventral region of the

LH, which is largely devoid of inputs from the ADolan et al., 20191 HONs mainly project their

axons to the superior lateral protocerebrum, but also to the superior intermediate protocerebrum and

the superior medial proterebrum(Dolan et al., 2019)A subset 0D30% LHONSsproject axons
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thatoverlap with DAN dendriteer MBON axonssuggesting that innate responses in the LH play a
role in memory formationand are integrated with output from the MB onto downstream targets
(Dolan et al., 2019)Finally, the LH receives input from the MB. Several MBONSs project axons to
the LH or otheiareas where LHN dendrites res{@@naka et al., 2008, Aso et al., 2014a, Dolan et
al., 2018, D&an et al., 2019, Séjourné et al., 2011)

The anatomical findings showing stereotyped connectivity betweelnHMN$ support the nain of
the LH utilising predictive sampling to drivimnatebehaviouy but the crosstalk betwe®&?ANs,
MBONSs and LHNs suggests that the MB and LH are not separate entities driving learned and innate

behaviourin parallel.

1.2.4 TheLH utilises predictive sampling to drive innate responses

How are the anatomical findings of R¥IN connectivity reflected in thedourresponses of
LHNs?

LHONSs are more broadly tuned adouss than PNsWhile PNs respond to 12% oflours, LHONs
regpond to 35%. Thigs possibly due to convergence of PNs from multiple glomeruli onto LHONSs
There is higher correlation betweedourresporses of different LHON types than tloelour
responses of PN# has been proposed that this could be due to inhomogeneous sampling of
glomeruli.This is evident from the finding thaHONSs respond t@douss categorized by chemical
structure (.e. amines, acetates). Both LHONs\d LHLNSs to desserextent, encodedour
categories to atronger degrethan PNgFrechter et al., 2019 hee are regions in the LH and
superior protocerebrum that receive innervations fpoojections of LHONSs that encode either of
theodourcategoriesamines, esters, aldehydesd carboxylic acidgsuggesting that processing of

odourcategories is regionaliz¢@rechter et al., 2019)

How are inputs from multiple glomeruli integrated? This has been addigsisadoually by
stimulating single or pairs of olfory channels and observing if this promotes attraction or
repulsion. For certain pairs, linear summation was observed, whée jmirs showed sublinear
summation. Activation of olfactory channels with opposing $ginto repression of the attractive
effect(Bell and Wilson, 2016)
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These findings demonstrate that LHNs are more broadly tuned towagods than PNsand
receive inputs from glomeruligirs that either encodmlouss from the same chemical category, or
odous that are associated with a spedi@havioual response, strongly suggestthat LHNs
encode the predictdzehavioual significance of a given stimulus rather than its idenfitys is
coherent withpredictive samplindpeingsuitable for stimuli who are predicted to ehavioually
significant.

How i s this r &édhdvieunltrespdnses to diffeheatourstinpud?3here are several
concrete examples of thiSgglaying in Drosophilacan be suppressed by activating a subset of
glomeruli(Chin et al., 2018)The PNs that innervate these glomeruli project their axons to a
specific region in the LH, suggestitite presence of handired connectivitythat suppresses egg
laying upon stimulation by thedouis) they are tuned towardsuch as geosmi{iChin et al., 2018)
CO, exposurewhich specifically activatethe V glomerulusevokes avoidandeehaviourin flies
(Suh et al., 2004 Artificial activation of this glomerulus opposes the attractive effect of activating
other glomeruliConversely, activation of ORNSs that are tuned to detgotiants associated with
citrus fruits promotes eglgying, presumably because citrus fruits aredealegglaying site
(Dweck et al., 2013More specifically artficial activation of different glomeruli alone or in pairs
either evokes approach or avoidance depending on which pairsacévaied.This is further
supported by experiments that have destiated the ability of certain LHNubtypes to elicit

approach or avoidance, or elicit conte@pendent motor programm@olan et al., 2019)

To summarize, anatomical studies have found thatrdiiteglomeruli that convey stimuli with
ethologically similar implications converge on the same LHNs. This stereotypic connectivity
supports predictive sampling. Physiologically, LHNs are broadly tuneddarstimuli, suggesting
that they do not encoddentity, but ratheodourcategories. This supports the rationale behind
predictive sampling. Finally, activation of LHNs drives approach or avoidagttaviouy
suggesting that responses evoked in LHNs by their cogdat& category elicits stereotyped
responseThese findings establish the link between predictive sampling and betsegioual

responses.

1.2.5ldentifying the MB as a locus of olfactory learning
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The LH has largely been determined to govern inhat&vioual responsedHowever, animals will
face changes in their environment that calldfehavioual adaptationFlies demonstrate the ability
to learn to a variety of stimuli. They can learn to useal cues for navigatiofOfstad et al., 2011)
colourrecognition(Vogt et al., 2014)andpattern recognitiofMarcus et al., 1993)The nales
establish social hierarchies based on aggressive Pautsovic et al., 2006and undergo courtship
conditioning following failed mating attemp¢Siegel and Hall, 1979)

One of the moswidely studiedorms of learning inDrosophilais olfactory learningFlies can
associate the presence ofaourwith either reward (sugaffempel et al., 1983)r punishment
(electric shockjQuinn et al., 1974)Thisrequires learned olfactory discrimination. If flies
experience a specifmdourpaired with reward (e.g., sugar) or punishment (e.qg., electric shock),
they learn the association and thereafter approach/avoid the togaioebut not untraineddouss
(Keene and Waddell, 20Q7lhis process requires the bram(1) form unique representations of
odous orodourscenes(2) assign valence (reward/punishmenthese representatiorend (3)
drive attraction or avoidance based on stimulus valendgrdsophilg it is widely undestood that
the MB is the central brain region responsible for this prodds&uire et al., 2005, Keene and
Waddell, 2007, Hige, 2018, Cogmiget al., 2018, Aso et al., 2014a)

Historically, associativdearning inDrosophilawas initially studied on the mole@ullevel. These
studiesrelied on the chemical mutagenesis approach pioneered by Seymour @amzar, 1967)
to identify mutant flies with impaired learninghe firstlearning paradignatilised for olfactory
learningrelied on flies running into a tube with a light source and a grid that could deliver electric
shocks(unconditioned stimulus) paired with adour(conditioned stimulysCS). The learning
efficiencywas assessed lsgoing the fraction of flies wio subsequently went into a tube with an
unpairedodourvs the fraction who went into a tube with the paimedurto obtain a performance
index(Quinn et al., 1974)Theearlyclassic learning deficiency mutantkince(Duda et al., 1976)
rutabaga(Livingstone et al., 1984¢abbaggAcevesPifia and Quinn, 1979%ndamnesiadQuinn
et al., 1979were identifiedusing this approachHowever, thidearning paradigm was not robust,
with relatively low performance index (0.3), presumably becaasalhflies went into the tube
used for trainingMcGuire et al., 2005)

This led to the development of thenTaze methodTully and Quinn, 1985where the flies are
subjected to electric shock aadourpairing using wcuum to draw thedourinto the training tube,

ensuring that all flies are subjected to both shockoaiodir This method produced more robust
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learning, with performance indecores of 0.70.9 (McGuire et al., 2005Many additional
mutations that impair learning have been identified since(fileuire et al., 2005, Keene and
Waddell, 2007)

These important findings shed light on the molecular basis of olfactory learning but left the question
open if learning occurs ingarticular brain regionVhat were the initial findings that implicated

the MB in olfactory learningBy staining the brain of mutant fliegth structural deficiencieand a
process of eliminatigrresearchers were ablepgim down thaglteration of the MB structuréut

not other brain regionsyas correlated with impairemfactoryassociate learningHeisenberg et al.,

1985)

1.2.6 The arbitrary nature &N-KC connectivityand KCodourresponseprovide a

basis forassociative learning

Associative learning posits that the animal can assign valence to an arbitrary stimulus. As described
in the previous section, flies are capable of associative olfactory learning, implyimyasaphila

can encode arbitrary stimullow does it achieve thsThis will first be addressed from the

anatomical perspective, followed by the physiological b&ssgs of sectiod.2.61.2.8are based

on my personal contributions to a published review paaim and Lin, 2019.

A

edunculus
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Figure 1.3Anatomy of the olfactory system

Adult fly female brain generated usiBf image rendering software. The antennal lobes (AL) are shown in blue. PNs
project to the MBwhich consists of the MB lobes, pedunculus, and the calyx. The lobes are composed of KC axons
and are subdivided intothéb (t eal ), UNjb Nj agge)ebadedon )he KCasubtypesthat constituge egclo r
lobe. The calyx (purple) is composed of KC dendrites and is divided into the main calggrsbkaccessory calyx

(dAC), and the ventral accessory calyx (vVATakenfrom Aso et al., 2014a
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PN axons carrpdourinformation to the MB, where they synapse onto the dendrites o{Kigs

1.3A). These cholinergic neurofBarnstedt et al., 201@)e divided into three main subtypésb

U Njandp KCs (Tanaka et al., 2008, Lee et al., 1999, Aso et al., 2QFg)1.3 B. The MB is
comprised of the dendritic and axonal projections of the KCs, with their dendrites giving rise to the
calyx and their axons forming the horizontal and vertical I¢basaka et al., 2008, Aso et al.,

2014a) The dendrites ddifferentKC subtypes occupy partially segregasedas of th calyx PN
projections from the sangomerulus are similarly regionalizé€din et al., 2007, Leiss et al.,

2009) The dendrites of several KCs form a microglomerulus. These are comprised-oicactin
clawlike structuresvith 2-11 claws eackCaron et al., 2013Yhe microglomeruli can be

comprised of different KC subtypéseiss et al., 2009PNs synapse onto KC dendrites in the calyx
of the MB in thecentreof the microglomeruli, where multiple claws wrap onto the same PN bouton
(Leiss et al., 2009)Thus, a PN bouton can synapse onto multiple KC claws from multiple subtypes,

and a KC can receive input from PNs that originate from distinct glomeruli.

Does PNKC connectivity suggest unbiased sampling? One study found there was no structure in
PN-KC connectivity for PNs from the same glomeruiagplying thatconnectivity between KC

and PNs is stochastf€aron et al., 2013Yhis is in contrast with previous studies suggesting
regionalized PN projectior(&in et al., 2007, Leiss et al., 2008nd a recent EM study thaiund

strong regionalization for projections of PNs from the same glomei@iheng et al., 2018)
Additionally, a functional connectivity study also found that ik claw responses are more
similar than inteiKC claw response@runtman and Turner, 2013)ogether, these findings
suggesthat PNKC connectivity is probabilistic, but regionalized/structutedome extenBy
sampling multipleodourchannels each, KCs give rise to a combinatorial codedmur input in the

fly brain.

How do KCodourresponses reflect this anatomical structdneoretical work suggests that
associative learning based on stimudiscriminationis optimized by sparse coding (few neurons
encoding a given stimulus typahd expansion of the coding spaslich makes stimulus
representations more distirantd describes the stimulus more specificéishausen and Field,
2004, Marr, 1969)Sparsendourcoding can be observed in KG&hile PN inputs to KCs respond
broadly toodouss (Bhandawat et al., 200,/9nly 510% of KCs respond ta givenodour
(Honegger et al., 2011, Per€xive et al., 2002, Turner et al., 2008, Ito et al., 2088)wever, he
degree of sparses&in KCs still allows generaétion of associative learning to similadouss
(Hige et al., 2015, Campbet al., 2013) Theoretical work suggests that the fly olfactory circuit
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drives learned behaviour towards stimuli that is similar to previously conditioned stimuli using a
variantofthec o mput er al g or i-stehnms ictail iiBastjugfesehailc@2@d) t y

Sparseness relies on inhibition from the GABAergic APL neuron. Thigootarised, nonspiking
neuron has posand presynapses throughout the MBapadopoulou et al., 2011, Wu et al., 2013)
and forms reciprocal connections with KL et al., 2014a, Inada et al., 201The GABAergic
feedback inhibition from the APL neuron onto KCs is mediateddil the ionotrom GABAa and

the metabotropic GABAreceptorgInada et al., 2017Blockingt he APL actigtyr onod s
broaden®dourrepresentation in KC sortaand impairs learned discrimination of simitatours

(Lin et al., 2014a)The extensive arborisations of this neucower the entirety of the MB-ig.

1.4). Considering its nospiking nature, this anatomical organisation has interesting implications
for the spatial extent of activity propagation within the APL neufduis is further discussed in

sectionl1.2.1Q

calyx Figure 1.4Anatomy of the APL neuron
' Expression of spaghettionster GFP in the APL neuron

using MultiColour-FIpOut(Nern et al., 2015)The calyx
and pedunculus (ped) are highlight&dale bar is 20 um.
Taken from Aso et al., 2014a.

MB-APL —

Another contributing factor to sparseness is that KCs mapike when they receive multiple
dendriticinputs simultaneousl¢Gruntman and Turner, 2013}his integration of dendritic inputs

reflects thedrift-diffusion modelof evidence accumulation, which posits that decisi@king is

based on evidence accumulation in neurons. Only when enough evidence has been accumulated to
meet a threshold doestheneusopi ke. Thi s model explains the
based on the ambiguity of the stimuli it faces: when the stimuli are easily discriminated, evidence
accumulation quickly passes the threshold, while noisy or ambiguous stimuli leads tggaolon

evidence accumulatiofshadlen and Kiani, 2013)
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A recent study elegantly demonstrated that stimulus irttegra n ¢ KiCsifollas the drift

diffusion model of evidence accumulation. This KC subtype integrates information from
subthreshol d synapKCs take lonyg to teach spikiregthresholdrtlee.moré b
ambiguous the stimuly§roschner et al., 2018)he authors had previously found that mutation of
the gene encoding forkhead box P transcription fastbies, a transcription factor that is widely
involved in deveopmental processes in both humans and (Bastos et al., 2011, CasteNobau

et al., 2019)affected reaction times in discrimination tagRasgupta et al., 2014Ylutation ofthis
transcription factowas found to regulatexpression of a voltaggated potassium channel, Shal,
whichr educed t he i nt rcKQsseacton tamednireasinghie laterticyfrom f U b
stimulus onset to the first spike. Indeed, this latency accurately predictddrgpw took flies to
decide(Groschner et al., 2018)

The probabilistic nature of RKC connectivity allows KC to form sparse representations of
arbitrary combinations asdourstimulus, while their ability to accumulate evidence from olfactory
input allows themo more accurately discriminate ambiguous stimiogether, this forms the basis

for olfactoryassociative learning.

Although the main topic discussed here is related to olfactory sensory processing, it should be noted
that the MBis more broadly connected to sensory modalitireaddition to the main calyx, the

calyx consists ofccessory calycdfig. 1.3 B). Like the main calyx, theaecessory calyces

harbourKC dendritesHowever, instead of olfactory inpuhe dendrites receive input from visual,
gustatory, and thermosemg@athwayqYagi et al., 2016, Vogt et al., 2016, Kirkhart and Scott,

2015, Marin et al., 2020Thus, the MB is a brain region with much broader function than merely
processing of olfactory, instead serving as a centre wheramodHl sensory input converges for

further processindVhat further processing entails will be outlined in the sections below.

1.2.7Integration of stimulus identity and valence in the mushroom body facilitates

memory formation

How is valence assigned to the spardeurrepresentations held by KCs, and how does coupling of
valence and stimulus identity guilarnedoehaviou? The current understanding in the field is that
DANSs extrinsic to the MB respond to the unconditionechgtusandd | abel 6 t he st i mu

appetitive or aversiveDANs are subdivided into two clusters, protocerebral anterior medial (PAM,
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mainly reward), and paired posterior lateral (PPL, mainly punishment) DBiNsrent DANs
respond to eithereward (sugar) or punishment (electric shq€khn et al., 2015, @Bke et al.,
2012, Liu et al., 2012, Mao and Davis, 208@lificial activation of DANscoupled toodour
stimulus(conditioned stimulus$ubstitutes for either reward or punishmgmtconditioned
stimulus)(Liu et al., 2012, Aso and Rubin, 2016, Aso et al., 2010, Aso &(l2, Burke et al.,
2012, ClaridgeChang et al., 2009, Hige et al., 201Wwhile blocking DANs prevents memory
formation(Lin et al., 2014b, Huetteroth et al., 2015, Yamagata et al., 20hé%e findinghave
established that signalling from DANs crucial for labelling sensory stimulus as either appetitive
or aversiveacting as the reinforcement signal during memory formation

Because of the way DANs and MBONSs are matched, learning is mediated by depression of
behavioual drive opposed to the stimulus valencéew anodouris coupled with a rewardQANs
that encode appetitive stimulus valence depress synapses between KGsdarttaWBONS in
their cognate compartment, skewing the balance between approach and avoidance towards
approachLikewise,DANs encoding aversive stimulus depress approactMBON synapses,
increasing théehavioual drive towards avoidandelige et al., 2015, Cohn et al., 2015, Berry et
al., 2018) When the fly subsequently encounters a reinforced stimulus, the memory is recalled by

activation of the MBON through the depressed-KIBON synapse

These findings have led to the current hypothesis in the field that olfactory learBingsphila
depends on a balance betweenktbkavioual drives for approach and avoidance towards a given
stimulus. DANs suppresstii@r o n g 6 0 behawiqual drisei ralagve to the stimulus valence
they encode, skewing tliehavioual drive towards apprah or avoidancérig. 15 A). This is due

to the way MBONSs diredbehaviour Stimulus identity and valence is read out by both approach
and avoidaoe-directing MBONSs. Thus, it is the balance between these two opposing forces that
determines if the fly will approach or avoid adour. This is apparent in forcechoice tasks, where
the fly mustchoose between twadous. However, hese opposing forces can also regulate naive
preferences observed in singl@ourtasks as observed when flies choose to approach a pure air
stream @eran odour they have naive aversion towavdsen output from the avoidand@ecting
MBON-b Nj2 mp aMad5M®2Da i s bl ocked, t he(Ovdlddals i nst e
2015)

The tuning of KEMBON synapses ultimately affects the output of MBONSs. What is the function
of MBON output? Artificial activation of MBONSs drives flies towards approach or avoidance

(Owald et al., 2015, Aso et al., 2014hile blocking MBON output can prevent a memory from
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being recalled when the fly subsequently encounters the conditioned st{@ulalsi et al., 2015,
Aso et al., 2014b, Perisse et al., 2016, Felsenberg et al., 2017, Berry et al.s20d83ting that

they are important for guiding fly behaviour based on associative conditioning.

A B -
ensory identity Compartments defined by DAN innervation
KCs o Punishéncm
Rewar
Valence Readout =B0 Ward s ]
o ) M Familiarity o’
i3 d\rd i Avoid PPL1-ylpe O Flight regulation a'3
- — @ @ — a2
Avoidance-MBON a2
Punishment-DAN A n
roac 1 —B
Approach-MBON MBON-y 1 pedc>a/p

Lobes

Figure 15 Mushroom body architecture

(A) Schematic of theompartmentalisedrchitecture of the MB. KC axons carry sensory identity to the individual
compartments, where DANs that respond to rewards (green) or punishment (pink) synapse onto the KC axons. In turn,
the KC axons synapse onto MBON dendrites. DeMjalling depresses KBMBON synapses within their respective
compartments during conditioninBecause of the opposing pairing of rew@rdNs with avoidanceMBONSs and
punishmerDANSs with approackMBONSs, reward signals reduce excitatory driveatmidanceMBONS, while

punishment signals reduce excitatory drive to apprddBIONs. B) Example of DANKC-MBON connectivity. The

PPL1}2 1 pcésd punishmerDAN that innervatesthe £ ompar t ment and depr e-KGsarsd t he
MBON-2 1peMb>duri ng av e rC}SchematicalthedMBtlobes dividadgnto the KC subtypes and
subdivided intacolourcodedcompartmentaccording to the type of DANs that innervate them (pink for punishment,
green for reward), or other known functionsyhare implicated inStripedcolouringindicates that the compartment is
innervated by both types of DAN&daptedfrom (Amin and Lin, 2019)

Importantly, the timing between the sensory stimulus and the reinforcement signal can skew fly
behaviour towards either approach or avoidance, regardless if it is a reward or punishment signal.

When sensory stimulus precedes or coincides with punishfioewa(d pairing) the flies will avoid

the sensory stimulus on subsequent exposure. However, if the punishment precedes the conditioned

stimulus (backward pairing) the flies are attracted by the conditioned sti{ialnisndo et al.,

2004, Konig et al., 2018, Vogt et al., 2015, Handler et al., 201®) latter is thought to signify that

the conditioned stimulus indicates the cessation of punishment, and thus becomes appetitive to the
fly. This can be demonstrated by diffetially timing artificial activation of DANs with sensory
stimulus(K6nig et al., 2018, Handler et al., 201What is the physiological basis of the DAN

signal, and how does it regulate fly behaviour?
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The DAN signal is believed to form a memory trace that is read out by another seteftiiic
neurons, known as MB output neurons (MBONS). KCs are pagsigrnto MBONS, providing
excitatory input to MBONSs during sensory stimulus. Odour stimulus coupled to unconditioned
stimulus depresses KRIBON synapses, reducing MBON odour respoftdehn et al., 2015,
Owald et al., 20155¢éjourné et al., 2011, Hige et al., 2015, Berry et al., 20183 occurs in a
timing-dependent manner, so that the depression only occurs when the odour stimulus precedes or
coincides with the unconditioned stimulitéige et al., 2015, Cohn et al., 201bjkewise, some
evidence suggests that backward pairing can reverse this depression-MB®ICsynapse, or
potentiate the synapse, compared teqmeditioning response levelslandler et al., 2019Even in
the absence of odour stimulus, DAN signalling alone can potentiate its cognai® R«
synapse¢Berry et al., 2018, Cohn et al., 2015)

What is the mechanistic basis of the temporally specific bidirectional tuning -0 BGN

synapse® It is thought to be mediated dgpamine dlike receptor 1 and 2 (Dop1R1 and DoplR2),
which areexpressed in KC@Han et al., 1996, Kim et al., 2003, Handler et al., 20IBgse
receptors signal through different pathwdyeplR1 activates the G protein Gs, which initiates
signalling by cAMP through &alciumdependent adenylyl cyclageyutabagaThis functions as a
coincidence dector between odotmediatedcalciuminflux and the dopamine signal during
learning(Levin et al., 1992, Himmelreich et al., 2017, Gervasi et al., 20d@pntrast, Dop1R2
activates Racl and Scribble through the G protgi® ® drive releasef calciumfrom the ER
(Himmelreich et al., 2017, Cervant€andoval et al., 2016, Shuai et al., 2010, Berridge, 1993)

What does signalling through these receptors convey about the temporal order of sensory stimulus
and reinforcement? Although cAMP production is at its max whem&t@ation slightly precedes

or is synchronized with DAN activation, its production does not strictly depend on the temporal
order of neuronal activation, suggesting that Dop1R1 signalling does not provide information about
the temporal order of stimulus@ reinforcement pairing. Insad, endoplasmic reticuluralease of
calciummediated by Dop1R2 signalling is dependent on the temporal order of odour and
reinforcement pairing, being releadeaim the endoplasmic reticuluonly with backward pairing

(i.e. DAN activation precedes KC activation). With forward or synchronized pairing, CAMP
production is at its highestndoplasmic reticulunmelease otalciumis at its lowest, and the kC

MBON synapses are depressed. Conversely, when learning is done witlalthpkwing, ER

release otalciumis at its highest, cAMP production is comparatively lower, and thevHKEON
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synapse becomes potentiated. Mutation of Dop1R1 abolishes the increase in cAMP production and
depression of KOMMBON synapses induced by learninghile mutation of Dop1R2 abolishes ER
release otalciumand potentiation of KBIMBON synapses induced by backward pairiigndler

et al., 2019)

Thus, the concerted action of signalling through two distinct dopamine receptors in KCs are
required for bidirectionally tuning the KRIBON synapses according to the temporal order of

sensory stimulus and the reinforcermsignal.

How do these three elemeiitstimulus representation, valence, and read@ame together? The
neuronal processes of KCs, DANs and MBONSs converge in the MB lobes, forming a highly
compartmentalisestructure that lays the foundation for stimuipgecificlearning(Tanaka et al.,
2008, Aso et al., 2014a, Takemura et al., 2017, Zheng et al.,. KT8Extend their axons from the
calyx, giving rise to the MB peduncle and lobes. The lobes are divided into 15 compartfmgnts (
1.5 B), defined by the DANs and MBONSs that innervate each compartiieisthas led to the
classification and naming of the DANs and MBONSs based on the anatomical segregation of their
projections into specific compartments or regiphso et al., 2014a, Tanaka et al., 2008)
Individual DANs and MBON:s typically innervate only a single MB compartment. DANs and
MBONSs that innervate the same compartment encodesitppvalence (i.e., appetitive DAN +
avoidance MBONaversive DAN + approach MBONFig. 1.5 B. Within these compartments,
DANs form ax@xonal synapses with KCs, while KCs are presynaptic to dendritic projections of
MBONSs (Takemura et al., 2017, Zheng et al., 20T8)\N signalling operates locally, inducing
plasticity in KGMBON synapses only in the compartment they inner{idige et al., 2015, Cohn

et al., 2015)

How does MBON output driveehaviou? Anatomical studies suggest that information from the
MBONSs converge in higher brain regions that integrate information from sensory pathways and the
a n i matdérnalstate. However, sorBON axonal projections also overlap and synapse onto

LHN dendrites within and outside the L(Bolan et al., 2019, Tanaka et al., 2008, Aso et al., 2014a,
Dolan et al., 20180ne of these iMBON-U 2 san approaciViIBON whose outpuis required for
aversive memory recalHige et al., 2015, Séjourné et al., 20MBON-U 2 $s presynaptic to the

LH neurons PD2al and PD2Hunishment suppresses olfactory drive to MBOIR $Hige et al.,

2015) In line with this, punishment leads to decreasédurresponses iPD2al/b] presumably

due to the reduced output fradBON-U 2 sLike MBON-U 2 stheiroutput is required for
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aversivememory recal(Dolan et al., 2018)PD2al and PD2b1 are additionally postsynaptic to PNs
and other LH neurons and are required for unlearned attraction to celtais, suggesting that

they fulfil a dual functiorthat involves bdt innate, and learned responses

These findings suggest tHab2al and PD2b1 integrate information from both innate and olfactory
learning pathways to drivieehaviour(Dolan et al., 2018)it is possible that future functionality
studies will find that more of the MBONH connections can play a role in olfactory memory recall
(Dolan et al., 2019)and elucidate how MBON output ultimately translategdalorientedmotor

output.

What could be the purpose of having multigB compartment® While having one compartment
thatencodes reward/avoidance and one for punishment/approach could in theory suffice, the many
compartments in the MB allow storage of memories with diffegenn terms of the type of training
required (single session vs multiple), memory duration, capacgiote multiple memories, and

how easily the memory trace is erag¥dmagata et al., 2015, Aso and Rubin, 2016, Hige et al.,
2015, Aso et al., 2012In these termshe diversity across compartments couldristrumental for

the fly toprioritisewhat information to store based on stimulus identity and intensity, and the
reliability of odourvalence pairinglndeed, different kinds of rewardsd taste$water, sweet,

nutritious bitternesyare encoded by distinct DANs, and the memories formesignallingfrom

different DANshave different levels ddtability (Huetteroth et al., 2015, Yamagata et al., 2015, Lin

et al., 2014b, Burke et al., 2012, Felsenberg et al., 2017, Felsenberg et al., 2018, Kirkhart and Scott,
2015)

Unsurprisingly there is greater anatomical afuchctional complexity tahe MB than the relatively
simpleabove depictiof the MB may give the impressiaf. Within MB compartments, KCs

form reciprocal connections with both MBONs and DANSs, while DANs also synapse onto MBONs
in addition to KCqTakemura et al., 2017, Xu et al., 2028bme MBONS projecxonsto multiple
compartment$Aso et al., 2014ayynapsing onto othdiBONSs (Felsenberg et al., 2018Jhe

functional significance fathese variations on MB connectivity will be covered in section 1.2.9.

MBON function is also broader thamply driving approach or avoidance behaviour. One study

found that some MBONSs have little or no effect in terms of ambroa avoidance when activated

on their own(Aso et al., 2014b)MBONSs that do not drive approach or avoidance behaviour could

have other, contexgpecific functions, such as MBGAINj3, whi ch only respond
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odours and evokes alerting behavi@dattori et al., 2017)or MBON-b Nj1 whi ch r egul at
duration of flight bout¢Manijila et al., 2019)It is possible that the MBONs have other, yet to be

dismovered functions.

There are several lines of evidence suggesting that KC subsets are differentially required for
memory acquisition, consolidation, and retriefidashes et al., 2007, Perisse et al., 2013,
Yamazaki et al., 2018, Trannoy et al., 20IMhHese KC subtypspecific requirements for different
aspect of learning are possibly linked to subtyggeecific innervations of different compartments
(Aso et al., 2014a, Tanaka et al., 2008)

Finally, some findingsuggesthere are exceptions to the genefadervatiorthata given
compartment is innervatdy DANs encodingeitherappetitive or aversive stimuli, and not both
typesof DANs. Theb 2 B Nj@mpartments receive dopaminergic input fleAM-b 2 b Widse
activation can substitute for negative reinforcenteribrm shoriterm aversive memori€éso et

al., 2010) These compartments alseceive input from other DANs that provide reward signals and

substitute for positive reinforcement for memory formatidnetteroth et al., 2015)

The next sectiowill elaborate on how the MB integrates information from sensory channels with

information from the flyés internal milieu, a

1.2.8 The MB integratasformation from sensory pathways and thé ynt@rsal

stateto generateontextspecific innate and learned behaviour

How an organism responds to sensory input such as that encoded in the MB depends on its internal
stateAn organi smés energy | evel | i milprecesseb at i t i
require energy expenditure, including the act of foraging to replenish energy Tevetspond
appropriately to external cuestably food odourghefly brain must integrate this information

with its internal stateThe DANs thainnervate the MB seem to play an important role for this

purpose. They doot only provide reinforcement signals during associative learning, but also

encode satiety state and arouébsao et al., 2018, Cohn et al., 2015, Lin et al., 2019, Placais and
Preat, 2013, Perisse et al., 2016, Krashes,&G09)
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A well-characterised example of coupling between e nfiotivationsl statend physiological
response to external cueghe satiety statelependent role d&PL1o 1 p ®ANs and MBON

9 1 p e d m apPetitive memory performance. Flies that are fed after appetitive conditioning show
poor memory performanammpaed to starved flies when they are subsequently tested for the
strength of thédormed memorysuggesting that satiety state affects memory perforn{&mashes

et al., 2009) This satietyassociatednemory recalbecomes poteratedby activation of neunas

that releas®rosophilaneuropeptide FdNPF) an ortholog of mammalian neuropeptidéBifown

et al., 19991hat regulateteedingbehaviour(Clark et al., 1984, Stanley and Leibowitz, 19&%jto
PPL1}o 1 p ®AINs. Likewise, blocking output frolfPPLL0 1 p stebrgythensppetitive memory
recall while activation oPPLL2 1 p blacksexpression of appetitive memaogyen in starved

flies. This suggests that the hunger signal fidrosophilaneuropeptide Buppresses PPEA 1 p e d ¢

activity.

How does ltis translate to sbnger or weaker memory recall? This happens through regulation of

the balance between approach and avoidance drive from the MB@&I$1B compartment that

PPL12 1 p e d wates marb@urs dendrites frahe approactpromotingMBON-0 1 pedc > U/ b .
Starvation increases the odour drive to this MBON, and artificially activating this neuron increases
appetitive memory performance in fed fliés contrastplocking its output disrupts expression of
appetitive memoryPerisse et al., 2018YIBON-2 1 p e & is SABAergic, synapsing onto the
avoidancepromoting MBOND Nj2 mp a nad5 MgaBahberg et al., 2018))his

configuration means that starvatisinengthens the inhibitory drive romMBGN1 pedc >U/ b o |
avoidanceMBONSs, skewing the balance towards approach.

Output fromPPLL0 1 pedc r e gul anfigusation.PPiLIo 1IMBR@NM @acti vity i
fed flies compared to starved flifBlacais and Preat, 201 3ytificial activation of PPL10 1 pe d ¢
depresses olfactory devuoMBON-2 1 p e d (HigdJet d., 2015)This suggests that the increased
activity of PPL1o 1 pedc i n fsiendharlyfdépieshdBONvo Lip eldc >U/ b odour 1
effectively decreasing the inhibition fromMBGN1 pedc >U/ b o n-pramotindie avoi d
MBON-b Nj2 mp a na5 ME2Da.

The hunger signal frol@rosophiladNPFpositiveneurongpresumablysuppresses PPEA 1 p e d ¢,
potentiating olfactory drive to MBON 1 p e dc ald/d th& mmlancenbgtween approach and
avoidance towardapproachoy increasindeedforward inhibitioronto the avoidanepromoting
MBON-b Nj2 mp a nad5 MDA
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I n this way, the flyds motivational state and
odour that previously has been associated with a reward drives approach beflaisaateraction
betweermotivational state, and external, appetitivesceremplifies how neuronal function in the

MB tempers the behavioural drive that arises
needsre-exposure to thappetitiveexternal cue evokes a stroatjractiveresponsen starved flies

whereas fedlies are only weaklattracted, if at all.

Another study found thatlBON-0 1 p e d ¢ > U/ & 1  mathanBshumerousther DANs

and MBONsmediateinnate yeast foo8eeking behavioyTsao et al., 2018pProsophilais

strongly attracted to yeasthich ispresent imaturallyoccurringfood sources like ripe fruitd'he
presence of yeast in the food substmtamotes egdaying, and has a strong impact on adult size,
reproduction, survival, and food prefereriBecher, 2012, Palanca et al., 2013, Grangeteau et al.,
2018, Scheidler et al., 2015)

Flies seek out yeasbntaining food sources when they are starved. The longer they are starved, the
faster they locate a drop of yeast in a circular petri (isho et al., 2018)Ihis foodseeking

behaviour relies on olfactory redem and output from all KC subse@utput from multiplepairs

of MBONs and DANghat innervate specific MB compartmeassociated witkeither approach or
avoidanceare required for flies to seek out yeast. The yeast odour responses of these MBONs
modulated by the satiety state of the fly, suggestingNtia®Ns or DANs thategulate he odour
responseseceive hunger or satiety signélsao et al., 2018Knockdown of receptori# DANS

for hunger and satiety cues like dNPF, serotonin, and inkdirpeptides affects yeast food

seeking behaviouhutit does not establish functional connectivity between e.g. serotonergic or

peptidergicneuronsand the DANghey presumably regulate.

In summaryfood-seeking behaviour seems to involve multiple DANs and MBONSs that drive both
approach andvoidance, but it is unclear how the individual MBONs and DANs contribute to the
behaviour, or which neurons establish the | in
and MBONSsidentified in Tsao et al., 2018.

Brains allow organisms teavigate environments that present conflicting ¢uketermining when it
is desirable to approach an area with potential rewards, even in the presence ofRtiasger

innately avoid CQ(Suh et al., 2004r cue that is released by stressed flies, possibly signalling
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danger to other flies. G@s also generated by fermentatiarhichis prevalent in fly food sources
like rotting fruits. How is innate repulsion and appetitive cues from the same food source weighed

to guide behaviour?

Although CO; avoidance responses dam processed in the Lf¥arela et al., 2019)t can alsde
modulated by satiety state,am MB-dependent mannéBracker et al., 2013, Lewis et al., 2015)
This involvesthe previously mentioned avoidargemotingMBON-b Nj2 mp a nad 5 M2,
thatboth respond to COlnterestingly, this responsiecreases in the qmesence of vinegdtewis

et al., 2015)BlockingMBON-b Nj2 mp a nd5 MiifpdeducesCO, avoidancéehaviour

in fed flies(Lewis et al., 2015)These findings suggest that MBANNj2 mp a nad 5 MEBDa
mediate innate C£avoidance behaviourubalso are regulated by satiety state and odours that

signify food.

How does satiety state regul&€, avoidanc€ A DAN that innervates the same MB compartment,
PAM-b Nj2a, strongl y -reatedpodonrd, mord so in starveckflié¢dockdodn of

the dNPF receptorwhich mediates the NPF hunger sigmalPAM-b Nj2a | eads t o weak
food-seeking behaviouiTsao et al., 2018Furthermore, &ivation of PAMb Nj2a ab el i shes
avoidance behaviotewis et al, 2015) but promotes yeast foemkeking behaviouiTsao et al.,

2018) These findings suggest that PAMNj2 a act i v i flyyapppéachheaviar r ol e i r
towards food sources even in the presencelySuppressing C£avoidance behaviour.

However Lewis et al., 201%acks important experimental evidencedierminaf PAM-b Nj2 a
activationcan modulate MBOM Nj2 mp a nad5 MEDN r e s,.plfbus, gis sncldam  C O
how, or if, satiety state is functionally connectertbugh PAMb Njither directly from PAM

b Nj2 andireddyrthrough KCs) to these MBONghose output is required for innate £0

avoidance behaviour.

As MBON-b Nj2 mp anad5 MEDN receive feedforswaedc Whb bi
(Perisse et al., 2016} is possible thaCO, avoidance behaviour is modulated cross

compartmentally through the hungegulated function of MBOM 1 pedc >U/ b 1@dredl cPPL
described above. In starved flies, the increased olfactory drive to MB@N e dc >U/ b woul c
potentiate feedforward inhibition anMBON-b Nj2 mp a nd5 MDN, ef fecti vel

behavioural drive for C@avoidance.
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These examples illustrate how variddB compartments are involved in different physiological
processes angehaviours andemonstrate that the MB operates asnéegrator of both external

and internal cues to guide fly behaviodowever, more work is required to determine how satiety
state is functionally connected to MBONSs, and how MBONSs are physiologically regulated in

different contexts.

Althoughthissect i on has solely focused on MB functi
food-associated behaviours, MB functistlearlyimportant for a variety of other behaviownsd
physiological processdbatare notcoveredhere such as courtship cditioning (Keleman et al.,

2012, Lim et al., 2018memory formation resulting fro aggression bou{&im et al., 2018)

temperature preferen¢8hih et al., 2015distinguishing novel stimi from familiar oneqHattori

et al., 2017)flight regulation(Manijila et al., 2019)and visual memory formatiofYogt et al.,

2014, Vogt et al., 2016but slould be mentioned thighlight the diverse functions of the MB as an

integrative centre of sensory information and

1.29 Network-level recurrent activityand compartmertrosstalkunderlie post

learning processing

How are memods processed once they are establisi@ti&ctory memories have different

durations depending on the robustness of the association betweelntistimulus and the
reinforcementin the sense that repetition forms lontgsting memoriesSingle training sessions

with electric shockorm aversiveshortterm memory (STM), whickecays within a dayMultiple,
spacedraining session®rm longterm memory (LTM) in a proteisynthesis dependent manner

which remains strong for multiple dagBully and Quinn, 1985Tully et al., 1994)In contrast, a

single session appetitive learning with sugar as reinforcement leads to formation of LTM
(Krashes and Waddell, 2008, Colomb et al., 20B8)ng qualitatively different, it is not possible to
make direct comparisons between sugar and electric shock reinforcement, but the requirement for
multiple spaced sessions with @léc shock vs a single session with sugar suggest that different

types of reinforcement are differentially weighted in the context of conditioning.

What mechanisms facilitate memory consolidation? Selieed of evidencsuggest that recurrent
activity, persisting beyond the time of memory acquisition, is required for memory consolidation

(Cognigni et al., 20180ne of the initial findings came from studies on ldeningimpairing
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amnesiagnutation and & expression in thBPM neuron(Waddell et al., 2000an MB extrinsic
neuron thatvidely innervates the MB lobe$orming pre- andpostsynaptic connectionsith

DANs, MBONSs, and KC¢Takemura et al., 2017Qutput from the DPM neuron is required for
both appetitive and aversive memory consolidafidaddell et al., 2000, Keene et al., 2004, Keene
et al., 2006)for whichU Njb NprekalBsimportar@Krashes et al., 200;/\vhile the other KC
subtypes aresquired for all or some aspects of olfactory learrfifgnnoy et al., 2011, Yamazaki

et al., 2018, Krashes et al., 2007, Perisse et al., 20i3yuingly, the KC subsetpecific roles in
memory formation match the requirement for output from the MBONSs in the compartments
innervated by these KCsuggesting the two are linkedsome casest leas{Shyu et al., 2017,
Ichinose et al., 2015)

Recurrent activity between DANs, KCs and MBONSs is essential for olfactory learning.

Consolidatiorof appetitiveconditioning to LTMrelies on recurrent activityetween the

components of thed 1 ¢ o mp AnatormicaloharacterisatiosuggestthatMBON-U1 a x o n's
synapse onto the dendritesfRAM-U 1n thesuperior intermediate, and lateral protocerebra

(Ichinose etal.,2015) Bl ocki ng output of either of these
consolidation, while knockdown ofthe P1i ke dopami ne recevBOMWU1 i n U/
also disrupts consolidation.

Anotherconfiguration of recurrent activity is axoaxonic connectiwtyich has been observed

bet ween DANs aUdjomga@ireentCholingrdicdeedbatk from KCs to PRLLPI |
modulates its ongoing activity and is required for appropriate levels of dopaehease from

PPL1-U PAjwhich seems to be required for memory acquisifitvus, arecurrentPAM-U1 > U/ b
KC>MBON-U1PAM-U1 <circuit facilitates consolidati on
compartmen(Ichinose et al., 2015hile a recurrent loop betwe&Cs and DANs in th&) PN;j
compartment is required for memory acquisiti@ervantesSandoval et al., 2017)

How is LTM mechanistically gated? A clue to this queshas been provided by studies into

aversive LTM consolidationLTM requires ongoing oscillatory actiyiin PPLX> 1 piea

temporally specific windowPlacais et al., 2012These oscillations are modulated by GABAergic
inputto PPLIo 1 pe dMBONompedc > U/ b. This GABMmautesi ¢ i n
post memory acquisition. Artificially activatingMBON 1 pedc > U/ b before thi
memory consolidatio(Pavlowsky et al., 2018)he oscillatory activity iPPL1:0 1 ped depend :

output from a pair of serotonergic neurothspends on activity from a pair of senoérgic
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projection neurons. Output from these serotonergic neurons is regulated by Dnc, a
phosphodiesterase that, at baseline level, inhibits PKA/CAMP act8pigced traininglisinhibits

PKA/cAMP activity, leading to increaseignallingfrom the SPNs ao the DANSs. This facilitates

the oscillatory activity required iRPL1:0 1 ped f or me mdScheunenmannseial.,i dat i o
2018) Thus, serotonergic gagrof LTM and recurrent activity between MBONs and DARISN

the basis for consolidation of aversive memories.

As environmental conditions change, organisms may find that their associative memories are poor
predictors of stimulus valend®hat happenw/hen a flyis reexposed to a conditionedlourand

the expected outcome is not meé¢Pen the fly is exposed to adourthat was previously

associated with punishment, mdw in the absence of punishmgthie old memory undergoes
6extinctiono. |l nstead of wexpestedagk oftpanshment acts ase mo
a o6reward6, | eadwmeory afopposite valerice imparallel that aounteeacts

the old memoryFelsenberg et al., 2018)hat is the physiological basis of $hprocess?

Aversive memory formation suppres$dBON-0o 1 pedc>U/ b responses to tFh
an approach MBON that provides feedforward inhibition to MB®N b Nj2 a a-bh Nj2 MB ON
(Perisse et al., 2016gxtinction does not completely erase this memory trace. Instead, the dendrites
and axons of MBOM 5 b Nj2 a MBO®N4bt Nj2nmopt, s how decreased respo
stimulus, suggesting that a parallel, appetitive memory trace is formed. How is this parallel memory

trace formed?

Aversive memory extinction in flies requires output from rewsighalling PAM DANs

(Felsenberg et al., 2018 ome of these DANs are functionallynoected to the avoidance
directingMBON-b Nj2 mp anad5 MDA, t heir dendrites overl a
MBONSs (Aso et al., 2014a)nterestingly, activation of these MBONSs evokes a strong excitatory
response in PAM DANSs thatroject axons to the Tompartment, and to a smaller extenbifNj2 m

and bNj2p, suggest i nbgNj2tnhpa ta naobtMBIN fcraoom dMB ON  ac
that could potentially suppress the KC presynapses in the very same MBON compartments
(Felsenberg et al., 2018utput from MBONb Nj2 mp anad5 MDA i s necessar )

aversive memiy extinction.

A similar configuration seems to drive appetitive memory extinction, where output from approach
directing MBONs that innervate the U2sc, UNjl,

punishmensignalling PPL1 DANs that project their ax®to thevery same compartments
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(Felsenberg et al., 2017)his suggests that both aversive and appetitive memory extinction in flies
relies on functional MBOMNDAN connectivity. Due to the increased excitatory drive of avoidance
directing MBONSs after aversive conditioning, the MBON network presumably recruitgsde

DANs more strongly than punishmeDANSs, forming an appetitivé e x t i meamiory whendre
exposed to the conditioned odour in absence of punishifeisenberg et al., 2018)he extinction
memory that is formed after aversive memory extinction is therefore like an appattmery

trace. How is the original aversive memory and the appetitive extinct memory integrated?

MBON-o1pedc>U/b forms inhibitory synapses along

dendritic tree, on MBOM 5 b Nj2a, whil e synapsing onto the

di

bN2mp. This difference bet we esumgdishhatMBON & b Nj@ at i

could integrate input from the original aversive memory through feedforward inhibition from
MBON-2 1 p e d and tii¢ poitative depression arising fromrevBrd N si gnal | i ng t
compartment. Blocking rewasdANs provides compellingvidence that DAN signalling is

required for extinction memory formatigrelsenberg et al., 201,8)ut the case could be made
stronger bydetermining whetheactivation of a smaller subset of rewddANs can suppress

MBON-0 5bNj2a odour responses.

Thus, the connectivity between DANs, KCs and MBONSs serves not only to form and retrieve
memories, but also to evaluate their accuracy. When the expected outcantenigar met,

MBONSs seeminglydrive DANs to form a extinctionmemory of opposite valence

Behavioually, the flyavoids the conditioneddourto a lesser extent after extinction. Thus, the fly
brain forms parallel memory traces of conflicting information, which can be integrated to guide

decisionmaking(Felsenberg et al., 2018)

Section 1.2.61.2.9 have elaborated on the function of the MB as a brain regioanitades

sensory informatioand internal cues to shape associative leardimging, or suppressing both

innate and learned behaviours in aogtion with the LH. To summaris&Cs encodarbitrary
combinations osensory informatioto serve as the sulbate for associative learningC axons
comprisethe MB lobes, wherthey formen passansynapses onto MBONBANS synapse onto

the KGMBON synapses ttocally label, or categorise the sensory input, tempered by internal cues
of the that are thought to regulate DAN activi§BONSs out this labeln their respective

compartment o gui de the fl yods be hahmsinmmmationtpmeesing d s t
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can takeplace on a local level, due to the spatial nature of DAN and MBON innervation of the MB
lobes, where individual DANs and MBONSs occupy distinct MB compartments. Details are
emerging of the variety of behaviours that MBONSs regulate otheraghyammach or avoidance
behaviour towards sensory stimulus, such as responding to novel stimuli and flight regulation.
Recent studies highlight tle®mplexity of functional connectivity between DANs, KCs and

MBONSs that goes beyond DAKC and KGMBON synapsesand the role of various synaptic

arrangementir memory formation and revaluation of memories.

Much remains unknown abottd neuronal identity and function of the inputs that DANs receive
and how MBON output translates into regulation of motaput to steer behaviour. On a broader
level, little is known aboustatedependent memory recall except in the context of hunger state.
When in different locomotor statesg. during flight,when walking, or when stationamgo flies
recall certain mentges strongly, while others are suppressgki® could be sensory modality
dependentas the differenbehaviouraktates have an impact on the sensory cues the fly would
experience, and act upon. Another question is whetleenories that arise from difiemt sensory

modalitiescan be integratedCan flies combine e.g. visual and olfactory cues to guide behaviour?

Largescale connectome studi@sakemura et al., 2017, Zheng et al., 2018, Xu et al., 2020)
combined withdevelopment offrivers to label subsets of neurongtobe forfunctional

connectivity will help determinthe function ofpre- and postsynaptic partners of MB neurofe

fly behaviour Whole-brain imaging of freely moving flies offers the potential of recording neuronal
activity during different states or behavioural contewtsich could shed light on statependent
moduation of MB function(Grover et al., 2020)

1.210 The cas for studying the APL neuron in the contextaxfalisedprocessing

In the context of the compartmentalised structure and function of the MB, the APL neuron presents
an interesting candidate to study localised computations for the reasons outlined below.

1. The APL neuron widely innervates the MB

2. There is some evidence suggesting that the APL neuron-dspiking implying that

activity could be localised
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3. Its output is required for sparse odour coding by KCs, but is also thought to be involved in

memory fomation

Below I will outline what is known about this neuron aemphasis¢éhe gaps in our knowledge
about this ne empbasiSegy thisisinteresting to stady with regards to local

information processing.

The anatomy of the APL neuraimgether with the possibility that it is a repiking neuronis

intriguing in the context of local computatiofi$ie GABAergicAPL neuronextensively innervates

the MB lobesforming parallel neurites that follow the KC axons, but atservates the calyftiu

and Davis, 2009, Pitman et al., 2011, Aso et al., 2014a, Tanaka et al,,f2@®&)g reciprocal

synapses with KCs in both regiofisakemura et al., 2017, Xu et al., 2020, Zheng et al., 2018)

pre- and possynapticto the DPM neuron, whileinthéd | obe it i ssydaptiotwn t o b
DANs and mainly presynaptic to MBONgTakemura et al., 2017, Lin et al., 20144, Inada et al.,

2017) Thus, it is connected to other parts of the olfactory system that govern sensory coding and

associative conditioningVhatis known about he APL neurondés function

Its reciprocal connections to the K@ge requiredor maintaining sparse coding oflourstimuli by
providing feedback inhibition to the KEkin et al., 2014a)Depending on thedourconcentration

of the stimulus,he feedback inhibitiosan operate globally or locall8locking a specific KC

subset is not sufficient to abolish the feedbiatkbition T only when all subsets are blocked is the
inhibition disruptedLin et al., 2014a)However, atower stimulus strengtthe feedback inhibition
seems to becomgubsetspecific(Inada et al., 2017Yhere is some evidence that the APL neuron is
nonspiking (Papadopoulou et aR011)supportingthe notion that the APL neuron can operate

differentially depending on the excitatory drive it receives

What remains unclear te what extent activity in the APL neuron remdmsalised This is of

great interest because there @ear spatial distinctions theorganisatiorof KC neurites in
different parts of the MBFirst, KC dendrites all reside in the calyx, while their axons give rise to
the lobesSecond, the dendrites of diffeteKC subtypes are largely intermingled in the calyx,
while the KC axons are strictly segregated into different I¢bakemura et al., 2017, Xu et al.,
2020, Aso et al., 2014dpoes the APL neuron inhibit KCs in both the MB lobes and calyx? The
anatomical da suggests it could, but there is a lack of functional evidence to confirrf this.

does, andctivity in the APL neuron is spatially segregabetween thealyx and the lobes, where
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KC input and output site®side, respectively, it woukliggest that feedback inhibition in these two
regionscan operate independentind serve different purpos@hus, it is first necessary to
determine if activity in the APL neuronliscalised If this is case, the next steptisdetermine

where in theMB the APL neuron can inhibit KCs, aitiaracteriséow locally its inhibitory output

operates

Another interesting observation, although imothe scope of the work conducted fois thesis, is

that the APL neuron could encode multimodal sensory stimiikisomeKCs receive input from

the accessory calycesather sensory modalities than olfactiofegi et al., 2016, Vogt et al., 2016,
Kirkhart and Scott, 2015andconnectomelata(Xu et al., 2020showsthat these KCs form
connections with the APL neurdgquery ofconnectome data available on
https://neuprint.janelia.oryy/it seems plausible that the APL neuron also encodes information other
sensory modalities than olfactiolfi activity in the APLis localised it would raisethe question to

what extent input to the APL neuron from different sensory modalities remain spatially segregated,
or if they are in fact integrate8trong integration would implihat the APL neuron mediatesss

inhibition between sensory modalities

Finally,the APL neurondés connections with MBONs anc
associativdearning, ashie APL neuron has been impliedtin memory formatioand expressian

It responds to electric shocldsu and Davis, 2009, Zhou et al., 201@hich is often used for

aversive conditioning infieA\ver si ve conditioning can suppres
conditionedodoys uggesti ng that a whioeseemstyinvwlvesignaling i s f
through dopamine receptaisu and Davis, 2009, Zhou et al., 20189pme evidence suggests that

this dopamine signal to the APL neuron has an effect on the strerigtmetiiate memory

expressior{Zhou et al., 2019)

What is the nature of dopamismgnallingto the APL neuronZhou et al. used @ proteinrcoupled
receptoractivatior based DA sensor (GRAR) (Sun et al., 2018nd P2X2mediated activation of
PPL1DANSs to show that the APL neuron receives signasfDANsthrough the DA senspr
suggesting that there are functional connections betééis and the APL neurofZhou et al.,
2019) Using genetically encoded calcium sensors (discussed in s8cti@nto record neuronal
activity while perfusing dopamine onto the brain evoked an increase in calciumaitireatip of
the vertical lobe and a decrease in the stalk and heel regions. Adding tetrodotoxin to block

neurotransmission blocked the dopam@veked increase icalcium signaht the tip of the vertical
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lobe(Zhou et al., 2019)Artificial activation of PPL1DANSs (broadly labelled by TH5AL4) while
imaging the APL neuron in the presence of tetrodotoxin and an acetylcholine receptor antagonist
(added to block cholinergic input to the APL neurimrcyeased the calcium sigrialthe APL
neuron(Zhou et al., 2019)rhis suggests that direct or indirect dopansigmallinghas spatially
differential effects on thAPL neuronactivity, where some parts of APL are inhibited by the

dopamine signal, and others are excited

How is the DAN signal conveyed to the APL neu?@he DAN-APL signallingseems to be
mediated in part by theéopamine Zike receptor(Dop2R). Knockdown of this receptpor
pharmacological blockingyeakened theopamine perfusicevokedsuppression of thealcium
signal in thefstalkbandeebregion of the vertical lobéBlocking Dop2Rincreasedhe APL

n e u r respansto artificial activation oPPL1DANS. Electric shock was also found to elicit an
excitatory response in the APL neuron, which was increasétbbling Dop2R(Zhou et al.,

2019) These findings suggest that ther&éath an excatory and inhibitory component to DAN
signallingonto the APL neuron, possibly mediated by different receptodifferent regions

What is the functional role of DANignallingto the APL neuronBehaviourally, kockdown of

Dop2Rin the APL neuron slightlgecreased learning performance of feedjected to aversive
conditioningas measured straight after condition{#fou et al., 2019)PPhysiologically,

knockdown of DopR abolishedraininginduceds uppr essi on of the APL ne
conditioned stimulus in flies subjectedawersivereinforcement using electric shod he
suppression of the APL neuronb6és response was
(multiple odourelectric shock pairings).his suggests that dopamisignallingto the APL neuron

is requiredduring conditioning, after conditioningr bothfors uppr essi on of t he A
response to conditionadimulus anchas an impact oimmediate memongexpressionAs

dopamine signalling was constitutively impaired by knockdown of the Dop2R receptor, it is not
possible to say from this study if dopamine signalling is specifically required during conditioning

fort he APL n e iummediate snemory eExpression.

Importantly, it remains unknown if thenemory tracéinduced in the APL neuron lgversive

condtioningis spatially restrictetb one or more MB compartments, or if it adheres to the
compartmental dision at all. This was not addressedatouet al, as they quantified the APL

neur on 0 s during s afterccenditioning a single plane of the vertical lolreferred to as

the Ol ower stalXheifr tqheanvteirticati tombe®.t he AP
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activation of DANs and electric shock were also limited to single planes of the vertical lobe. Due to
these limitations, the study provides noknowleel of t he spatial nature o
of the abovementioned context§ his is an essential point to address, because our current
understanding of fly olfactory learning is that plasticity is induoesl compartmergpecific

mannerby havingDANs that respond to the unconditioned stimulus suppress tHlBGON

synapses specifically in the compartments they inneftage et al., 2015, Cohn et al., 2015)

The APL neuroninnervates the MB compartments, receives input from dopaminergic neurons, and
responds to electric shocks. Since the plasticity imposed eNIBON synapseby DAN
signallingoccurs in a compartmespecific manner, it seems plausible that the plasticithe APL
neuron should also occur in this manner.

Another limitation of the study is that they only determine if the APL neuron responds to artificial
activation of PPL1 DANs. Whether the APL neuron responds to activation of PAM DANs, and if

its responseés spatially uniform, remains unknown.

What could be théunctionof learninginduced suppression in the APL neuyrand how does this

depend on whether inhibition from the APL neuron works locally or globally

One possibility is that inhibition from the APL neuron onto KCs works as a gating mechanism for
learning. Disinhibition would then allow the memory to be formed. What could be the mechanistic
basis of inhibition from the APL neuron working as a gating rapigm? Perhaps it is necessary to
reduce inhibition from the APL neuron onto KCs during learning to increase the level of calcium
influx evoked byodourstimulus. This could be required for the coincidental detection of calcium

and the reinforcing dopamimsggnalby thecalciumdependent adenylyl cycladeutabagdlLevin et

al., 1992, Himmelreich et al., 2017, Tomchilddbavis, 2009, Gervasi et al., 2010)the

inhibition from the APL neuron restricts calcium influx through voltggéed calcium channels to
anextent that it is not detected by Rutabaga, perhaps the APL must be suppressed to disinhibit KCs

therebyincreasng calcium influx.

There is some evidence in support of this theory. Zhou et al. reported that they observed a
suppression oA P L n e wspansedosconditioned stimulbsth during and after conditioning.
This suppression was abolished when Dop2R was knocked down in the APL neuron. These
findings suggest that dopamisignallingis required for suppression of the APL neuron during and
afterlearning. Furthermore, knockdown of Dop2R in the APL neimgairedimmediate memory

recall (Zhou et al., 2019)This finding suggests that suppression of the APL neuron could be
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required either during training, after training, or bdtint he APL neuilnmedeae ef f ec
aversivememory recallThis possibility would also explain the observation that knockdown of

GAD or Rdl in the APL neuron or KCs, respectively, improleasningperformanceLiu and

Davis, 2009)

Would this proposed function work with local or global inhibition? If suppression of the AP
neuron is required specifically during training to gate memory formation, then it could work either
locally or globally. Even if inhibition from the APL neuron is global, it should only affect memory
formation where KCs synapses coincidentally receieadthpamine teaching signal and increased

calcium influx

However, ifsuppression of the APL neuronreqquired after traininfpr memory recallit is

difficult to envision how it would work if inhibition from the APL neurgglobal, equally

affecting gproach and avoidance compartments. In this case, suppression of the APL neuron would
potentiateKC odourresponses, increasing the excitatory drive to both approach and avoidance
MBONsS.

Interestingly, another study found that output from the APL neuron is required after training for 3 h
appetitive memory recalPitman et al., 2011)'he authors suggested that output from the APL
neuron might be required for maintaining synaptic specificity of iegrassociated recurrent

activity. It was not in the scope of this study to determine if output from the APL neuron is required
during training, nor if appetitive learning led to formation of a memory trace in the APL neuron.
Thus, it is unclear if the relfor the APL neuron in relation to 3 h appetitive memory is related to
what happens to the APL neuron during aversive conditioning. Nevertheless, their finding suggests
that learningnduced suppression of the APL neuron could be dbsting, or that & level of

output must be narrowly controllédr memory recall

Another possibilityisthada uppr essi on of the APL nesgimuusn 6s r e ¢
counteractshe suppression of KGMBON synapsesduced by conditioning, due to the reduced

inhibition from the APL neuron onto KG€oncept proposed by Andrew C. Lin, personal
communication)Consider the scenario where there is no inhibition from the APL nénoon

GABA release from APL, or no GABAeceptors in KCsand the fly is subjected to aversive

conditioning Thissuppresses excitatory drive from KCs to approach M@tisnglyskewing the

balance towards avoidanded. 1.6 A).
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Now compare this to theefaultscenario where the APL neuron does provide feedback inhibition

to KCs Averdve conditioning suppresses KEBON synapses to approathBONSs. It also
suppresses the APL neur on 0 s(Livandaos) @, Zhauett he ¢
al., 2019) which would presumably reduce the strength of feedback inhibition onto KCs. The result
would be that conditioning inhibits MBONSs by suppragsKC-MBON synapses, but also

indirectly potentiates KEMBON synapses by reducing inhibition from the APL neuron onto KCs,
increasing the excitatory drive from KCs to MBONS. It is a skew in the balance in excitatory drive

to the approach and avoidance MB®iKat drives behaviour. Thus, if inhibition from the APL

neuron operatdscally and it is only suppressed locally to the conditioned stimulus, this would
counteract the depression of KKIBON synapses in the approach compartment, but maintain the
default level of inhibition onto KCs in the avoidance compartment, effectively coumertut
strength of the aversive memory. In other wor
the conditioned st i nmoudnuosr ywbo,ulwlo rwkoirrkg aisn aonp pdocasni
induced suppression of the KEBON synapseKig. 1.6 B).

If aversive conditioning suppresses the APL neuron globally, or if inhibition from the APL neuron
operates globally, however, inhibition from the APL neuron should not influence the strength of the
memory, because it would equally affect the KC odour mesgmin both approach and avoidance
compartmentsHig. 1.6 Q, just as though there was no inhibition from the APL neuron altogether
(Fig. 1.6 A). This is under the assumption that inhibition from the APL neuron has a linear effect in
different compartmest If inhibition from the APL neuron has nonlinear effects in different

compartments, then even global inhibition could differentially affect compartments.

Under the assumption that the APL neuronn oper
the previous observations that knockdown of GAD in the APL neuron or Rdl in KCs leads to
stronger memory expressiflnu and Davis, 2009)and impairs reversal learniig/u et al., 2012)

Fly reversal learning involves an initial trangi cycle where flies are subjected to one odour
reinforcement pairing, and a second unpaired odour, followed by a cycle where the second odour is

paired with reinforcement and the first odour is unpaired.
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Fig. 16 Local vs global inhibition in the context of APL neuron plasticity

Cartoon showing the predicted effects of local vs global inhibition of KCs by the APL neuron in the context ofdearning

induced plasticityBl ue | i nes

represent

the APL

neur o@plfshereismor i t e s,

inhibition from the APL neuron, aversive conditioning will simply suppress KC synapses to approach MBONSs, skewing

the balance towards avoidance (righB) Aversive conditioning suppresses the APL neuron and KC synapses to

approach MB®Is. If inhibition from the APL neuron onto KCs is local, the learrimguced suppression of the APL

neuron will locally increase KC activity in the approach compartment, but not the avoidance compartment, mitigating

the skewed balance towards avoidan€3.If inhibition from the APL neuron is global, suppression of the APL neuron

should equally affect KCs in approach and avoidance compartments, and thus have no effect on the balance between the

opposing forces.

If inhibition from the APL neuromnto KCs is impaired (Rdl or GAD knockdown), there would no

l onger

bree mdirey @ aenftfie c t

from suppressing

t he AI

the suppressed KBIBON synapse, shifting the excitatory drive to avoidance MBONSs relative to

approachMBONSs further towards avoidancEi¢. 1.6 A). Another contributing factor could be that

the lack of inhibition from the APL neuron broadly increases KC odour responses, leading to

depression of more KIMBON synapses. This would presumably strengthen memqsession.

Because of the stronger initial memory formation, reversal learning could be more difficult and

require multiple reversal training sessions to achieve.
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The potentially local function of the APL neuron in associative conditioning, combinédtgit
non-spiking nature and ubiquitous innervation of the compartmentalised MB structure makes it an

interesting candidate for studying local computations relevant to essential behavioural output.

1.2.11Tools for imaging neuronal activity

In this and he nextsection | will outline the technical requirements of the experiments | conducted
and explain why the tools | used were suitable for the tadko briefly mentioralternative

methods that | considereingwhile conducting my experimentSincethen there have been
advances and improvements of genetic tools used for recording neuronal dotwvisyet al., 2019,
Kannan et al., 2019put as these were not available at the timaypéxperimental work, they will

not be considered here.

The conventional method of recordinguronal activity is known as patch clamping. For
electrophysiological recordings of neuronal responses to stimuli, the common approach, known as
whole-cell patch clamping, is to bring a patch pipette into contact with the target neuron and create
suctionto rupture the cell membrane, creating a tight seal. This connects the electrode solution with
the cell interior, allowing for intracellular recordings of both subthreshold voltage deflections and
action potentials. For populatidavel recordings, mukéectrode arrays can be utilised, where each
channel records local extracellular changes in ionic cur(@ttien et al., 2014)Although this

method offers the most accurate and sensitive measure of neuronal activity, it has several

limitations.

The invasive nature of electrophysiological recordings can potentially compromipbysatlogy,
as subsequent diffusion of solutes between the recording electrode and the cytoplasm can

potentially change the kinetics or amplitude of responses, especially for extended recordings.

More importantly, electrophysiological recordings lacktgpaesolution both on a singleeuron

level, but also population wise, as activity is recorded from an individual neuron, typically at the
cell soma. Recording from a single site is problematic because neurons with elaborate branching
can receive inputBom spatially distal sites that are electrically segregé®nes et al., 2010,

Medan et al., 201&urthermore, it can be technically difficult, if not impossible, to record from
individual neurites due to their small sizes. Global electrophysiological recordings can be achieved

using multielectrodearrays, consisting of hundreds of individual electrode channels. While multi

56



electrode arrays circumvent the limitation of recording from a single neuron at a time, they still
suffer from low spatial resolution due to the inherent difficulty of assignéugonal activity to

individual neurongHilgen et al., 2017, Carlson and Carin, 2019)

The limitations of spatial resolution with electrophysiological recordings were not compatible with
the experiments | had to conduct, as they required a means of recording neuronal activity from
specific neurons in the entire MB volume in intact flies. thas purpose, optical imaging of

neuronal activity is superior to electrophysiological recordings.

In vivoimaging of a neuronal activity presents a great challenge in terms of-Bgmaike ratio

(SNR, peak signal during stimulus period over thedseshdeviation of the signal in a psgmulus
period) due to background fluorescence, light scattering, and signal attenuation when recording
from deep brain regions. When acquiring recordings from multiple imaging planes (volume
imaging), fewer frames aracquired from each imaging plane compared to single plane imaging.
Therefore, it is not possible to dovsample the framerate to average the signal to the same extent

when acquiring a volume as it is for single plane recordings.

Optical imaging can bachieved using fluorescenbased genetically encoded calcium or voltage
indicators (GECIs and GEVIs, respectively). GECls and GEVIs can be expressed in neurons using
the yeast binary transcriptieactivation system comprised of GAL4 and upstream activatio

sequence (UAS). GAL4 is a transcription factor that recognises and binds to the UAS, initiating
transcription of genes downstream of the UAS. This system has been repurposed to drive tissue
specific expression of transgenedfirosophila melanogastdBrand and Perrimon, 1993y

placing the Gal4 sequence under control of enhdragments (either through targeted or random
insertion into the genome), the expression pattern of GAL4 can be restricted to subsets of cells. By
crossing a fly that harbours the Gal4 sequence to another fly that carries the UAS, the offspring that
receiveboth elements will express the gene of interest specifically in the cells where both GAL4
and UAS are presefBrand and Perrimon, 1998¥ig. 1.7) This system has led to development of
large libraries of fly lines with distinct GAL4 expression pattédenett et al., 2012, Aso et al.,

2014a, Kvon et al., 284, Tirian and Dickson, 2017, Hayashi et al., 2002)
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Fig. 1.7 The GAL4/UAS

system.
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Depending on the genetic construct, a GECI or GEVI can be ubiquitously expressed throughout the
neuronbdés cytoplasm, including its ne(ohnetes, o
al., 2015) The ability to ubiquitously express an activity indicatdfiled the requirement of my

experiments to record activity throughout entire neurons.

Optical imaging of a genetically encoded indicator disposes of the need for an invasive procedure to
record neuronal activity and circumvents the technical diffonittargeting a single neuron or

neurite inherent to wholeell patch clamping, greatly increasing throughput. Combined with cell

type specific expression of an indicator, optical imaging allows you to simultaneously record
neuronal activity across a dedid population of neurons, revealing differences in responses not only
between neurons, but also in individual neurites of a single né¥emy et al., 2016, Cohn et al.,

2015) Thus, optical imaging of a genetically encoded indicator seemed ideal for my purposes.

For my experiments | used a GECI known as GCaMEBEn et al., 2013)This indicator consists
of a circularly permutated enhanced GFP that is linked to calmodulin, a cddmdimg protein,
and the calmodulibinding peptide known as M1(&rivici and Ikura, 1995, Nakai et al., 2001)
Calcium indicators rely on the 8@-fold increase in cytodic calciumlevels evoked by
depolarisatior{Grienberger and Konnerth, 201t®)report neuronal activity. Subsequent calcium
binding by calmodulin induces conformatidbshanges in the construct that alters the chemical
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environment around the GFP chromophore, increasing fluorescence infévesity et al., 2008,
Akerboom et al., 2009)Thus, they provide an indirect measure of neuronal activity.

Several studies hawmed at optimising the initial GCaMP constr(idbkai et al., 2001fp

increase sensitivity (lowest level of activity that the sensor can report), dynamic range (amplitude of
fluorescene change for different levels of stimulus), and kinetics (rise to peak and decay to half
intensity times)Tian et al., 2009, Akerboom et al., 2012, Chealg 2013) At the time that these
experiments were conducted, the GCaMP6 indicators were the most optimised variants available.
This family consists of GCaMP6s (slow), m (medium), and f (fast), referring to their response rise
and decay times, with the slower vatshaving higher sensitiviffChen et al., 2013)

Although my goal was mainly to spatially characterise activity spread &ifation, | also sought

to capture differences between MB regions in terms of the kinetics of activity spread, as faster or
slower temporal decay of activity could explain why activity propagates farther from certain
regions, but not others. Thugysed GCaMP6f as my activity reporter, because it has the fastest rise
(~50-200 ms, time to peak from stimulus onset) and decay ¢6200ms, time to half peak activity)
times of all three variants while still offering improved sensitivity and dynamic range ceanjoa

its predecessor, GCaMR&Ghen et al., 2013)

An alternative optical imaging approach is to use a GEVI. This emergirwpddirectly reports

neuronal activity by linking voltage fluctuations to a change in fluorescence signal. Voltage
indicators consist of a voltagensing domain, derived from proteins such as ion channels, voltage
sensitive phosphatases, or opsins, calfiea fluorescent protein. Fluctuations in membrane

potential induce conformational changes in the volsggesing domain, or protonation of the

rhodopsin chromophore, retinal, modulating the fluorescence signal of the connected fluorophore
(Kannan et al., 2019By directly measuring voltage fluctuations, these voltage indicators can

report any change in membrane potential, even if there is no concomitant chealgaimlevels
(subthreshold changes or hyperpolarisatidojtage indicators also address the limited temporal
resolution of GECIs. Whereas GCaMP6f at best resolves spikes up to a rate of 20 Hz, some voltage

indicators resolve spikes at rates higher than 10(Kidanan et al., 2019

The use of GECIs and GEVIs with respect to my experimental findings are discuseetidn
6.5.1
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1.2.12 Tools for local, artificial activation of neurons.

The other requirement of my experiments was to locally activate or inhibit neuroeshtBthlrhe
challenges involved with this task are how to limit the manipulation to a specific type of neurons,
how to titrate the effect to the desired level, and how to spatially restrict the local activation or
inhibition to a small region in the MB. Celype specific targeting can be achieved by using a
ligand-gated ion channel. Importantly, the ligagdted ion channel should not be endogenously
expressed, so that only the neurons that express it are directly activated by application of the ligand.
By adjusting the ligand concentration, it is possible to adjust the stimulation strength, and by
coupling delivery of the ligand solution to a pressure system, it is possible to restrict bulk flow to a

small region in the brain.

These requirements can befifldd using ATRmediated activation of neurons expressing P2X2, a
ligand-gated ion channel that belongs to the family of purinergic recefMaftsra et al., 1994,

Brake et al., 1994and mainly conducts calcium and sodium currents upon ATP biidiingnd
Adams, 2001, Evans et al., 1996)gnalling through this receptor family is involved in various
processes, such as cell migration, differentiation, and neuronal signalling in the nervous system
(Burnstock, 2018)Due to lack of edogenousygression of P2X2 in thBrosophilagenome

(Littleton and Ganetzky, 2000i} is possible to selectively stimulate neurons labelled by a GAL4

line that drives expression of P2X8ing ATP application.

For direct suppression of neurons, | instead applied GABA, a major inhibitory neurotransmitter in
the insect central nervous system, to the (#Bell et al., 2007)

To deliverATP or GABA, a patch pipette filled with drug solution and coupled to a pressure
ejection system (Picospritzer) was manually brought to the desired stimulus site in the MB. By
adjusting the duration and pressure applied to the patch pipette, it wadeptuskibally apply the
drug solution in the MB.

To estimate how widely the patch pipette solution disperiseatejected a red dye to approximate
how widely the ejected drug disperses. | identified S6&u(Seta Biomedicals) and Alexa Fluor

647 (Fister) as potential candidates. The molecular weights of ATP and GABA are 507.18 g/mol
and 103.12 g/mol, respectively, while Alexa Fluor 647 is 1155.06 g/mol, and-&Etas 1461

g/mol. Thus, based on molecular weight, Alexa Fluor 647 would be a bettexapgation of ATP
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and GABA dispersion, but Set#47 has a higher quantum yield and total brightness across a range
ofdyetopr ot ei n ratios. For some of my recordings
dimmer dye would possibly have causedptications due to low signab-noise ratio. Therefore, |

chose Seta647. The reliability of the red dye as an approximation of drug spread is discussed in

section3.3.1.

Anotherpopular approach for artificial activation of neuronsise i ne d t & dDOsisergile n e
2015) This method relies on genetically expressing phgted ion channels, known as
channelrhodopsins, in the neurons of inteast using a laser to activate the ion channdisch
depolarises the neurons through influx of cati@@sisseroth, 2015)n Drosophila melanogaster
the blue lightgated D480 nm) channelrhodopsiwas the first variant used to study neuronal
function(Simpson and Looger, 2018Jowever, this approach was severely limited by the
penetrance of blue light through the éiyticle ©1%) (Inagaki et al., 2014 omitting its use for
deepbrain stimulation. To overcome this limitation, fekiifted variants, such #&ed-activatable
channel r (&L on)Lsnietab, 2013pr Chrimson D590 nm)(Klapoetke et al., 2014)
can be utilised, as red wavelengths can patesthe cuticle up to tefold more strongly than blue
light (Inagaki et al., 2014 For simultaneous optical stimulation of select regions and calcium
imaging, two lasers with different wavelengths are required to avoid-aotisgtion of the
channelrhodopsin by the scanning la$tacker et al., 20123)

In section6.5.2 | discusshe advantages and drawbacks of different artificial stimulation
approaches ifight of my experimental findings

1.2.13 Parallels between tlmaushroom bodwndthe vertebrate nervous system

What can the fly olfactory system teach us about sensory processing and learning in the vertebrate
brain? Fruit flies display a wide array of motor and sdaéddavious (courtship, aggression,

foraging), including experienegependenbehavious, suggesiig that their nervous system carries

out complex processes that are required for sirbgdiavious in vertebrates. With regards to the
olfactory system, the numerically simpler brain of the fly and the wide array of genetic tools
available allows us to stly how sensory information is encoded at different levels throughout the
nervous system. The anatomical segregation between innate (de2t®dh.2.4 and learned

(sectionl.2.51.29) responses lends itself well to studying the differences in sensmggsing
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between predictive and unbiased sampling, respectively, but also to understand how these two paths
converge and interact to shapebiighaviour

There is a striking similarity between the anatomarghnisatiorof the fly and rodent olfactory
systems. Like the fly ORNs, these neurons express one specific olfactory receptor and project only
to a single or two distinct glomeruli in the rodent olfactory bulb, maintaiodayiridentity in

separate channglsombaerts et al., 1996, Godfrey et al., 2004itral and tufted cells receive

input in the olfactory bulb anproject to the piriform cortex where they synapse onto pyramidal
neurongPrice and Powell, 1970pdoumlants evokeesponses in a sparse, unique ensemble of
neurons in the piriform cortex with no apparent spatial clusté8tegtler and Axel, 2009, lurilli

and Dath, 2017, Poo and Isaacson, 20@@nilarly to what has been observed for KCs in the
mushroom bodyHonegger eal., 2011, PereDrive et al., 2002, Turner et al., 2008, Ito et al.,
2008) Sparsevdourcoding in the piriform cortex is thought to be maintained by inhibition
originating from interneurons that receive broadly tuned olfactory ififaa and Isaacson, 2009,
Large et al., 2016kimilar to the importance of feedback inhibition from the APL neuron onto KCs

for sparse codindLin et al., 2014a, Inada et al., 2017)

Thus, there are clear similarities between the mouse and fly olfactory system in terms of sensory
discrimination. The value of studying sensory discrimination in the fly is the numerically simpler
nervous system, exemplified by the single APL neuron paidpdhere versus the multiple types of
interneurons in the piriform cortex. This makes it much simpler to study the function of a neuron or
neuronal type, by selectively manipulating that neuron using the wide selection of genetic tools

available for flies.

How does theompartmentalisedature and its importance for olfactory learning in the mushroom

body relate to associative conditioning in vertebrates?

There is little knowledge of this with regards to the piriform cortex. Network activity in tHerpiri
cortex changes after associative olfactory learning, and artificial stimulation of ensembles of
piriform cortex neurons is sufficient to drive learrghavious, suggesting that the piriform cortex

encode memorig€hen et al., 2011, Sevelinges et al., 2004)

However, there is another structure in the vertebrate brain, the cerebellum, which has striking

functional andstructural similarities to the mushroom body. The cerebellum is thought to process
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multimodal information in parallel, facilitating associative learniagps et al., 2018, Xiao and
Scheiffele, 2018)

Structurally, the cabellum consists of granule cells that form pardilbeksakin to KC axons.

Granule cell dendrites form clalike shapes onto which mos8re afferents form connections
withinwellkd ef i ned gl omerul i, or &ér os et tucuesdwhera e mi n i
PNs and KCs form connections. Granule cells receive multimodal sensory or motor input from
mossyfibres with each granule cell receiving multiple inputs, suggesting that they encode
representations or associations between sensory and mfotonation(Xiao and Scheiffele, 2018)

The granule cell paralléibresheavily converge onto Purkinje cells, similarly to the convergence of
KC parallel axons onto MBONg-arris, 2011)

Functionally, parallefibresreceive broad, lateral feedback inhibition from Golgi cells in the
cerebellumD'Angelo et al., 813), like the feedback inhibition from the APL neuron onto KCs.
The synapses between paralibtesand Purkinje cells can underfothlong-term potentiation
(LTP) andlong-term depressio(LDP) (Coesmans et al., 20Q4imilarly to how KECMBON
synapses undergo plasticity through DAN signalling.

To sumnarize, there is the same fant farrin architecture for both brain structures, suggesting that
this architecture is recurrent throughout nervous systems. Importantly, the cerebellum is also
thought to operate in modular units, processing different tyjp@soomation in paralle(Apps et

al., 2018) Both structures decorrelate information from the previous |&Ns,to KCs for the MB,

and mossyibresto granule cells for the cerebellum, and then converge onto efferent neurons that
undergo LTP and LDP. Although the mushroom body and the cerebellum process different types of
input (with the piriform cortex being one related to the MB in this regard), the fact that they share
structural similarities and process multimodal information in parallel suggests thatgamssation

serves a specific mode of information processing. Indeed, this architecture has besadaspa

suitable substrate for associative learr(idigrr, 1969, Albus, 1971)

The strength of the fruit fly as a model system is exemplified by the extgasdwledge already
obtained about theompartmentalisedrchitecture of the mushroom body and how convergence of
sensory identity and teaching signals onto efferent neurons dewesiour The

compartmentalisedr modular, nature of the cerebellumdahe requirement for feedback
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inhibition in vertebrate structures such as the piriform cortex and the cerebellum highlight the

potential in studying the APL neuron.

Unravelling the mechanistic basis of local computations in the fly olfactory systérfyrttier our
understanding of how neurons process information from different origins. Linking this to learning
and decisiormaking will demonstrate the importance of local computations in the nervous system.
From there, future studies in vertebrates develop our understanding of learning and decision

making in the human brain.

Focus of this thesis

To investigate the gaps in our knowledge about the function of the APL neuron and whether it

operates locallyl, set out to address tfi@llowing questioss.

1. How does activity propagate within the APL neuron? DRisgmlarisationn the APL
neuron propagate throughout its neurites (from lobes to calyx) or stay

localise®

2. What is the nature of feedback inhibition from the APL neuron to KBg3 the spatial extent of

feedback inhibition correspond to activity spread in the APL neuron?

3. What are the spatial dynamics of plasticity in the APL neuron? Are there spi¢igdrates in its
electric shock response, and how does this relate to where a memory trace is formed following

aversive conditioning?

During my PhD, | was also offered the opportunityatke part in a study on the rolesifnalling
through muscarine reptors in KCs on olfactory learning. The part of the study that | contributed
was to determine where in the MB muscarine receptors played amdld,there were KC subset
specific effects of muscarirsggnalling This was of great interest to me, asvtolved a question
similar to the ones | was addressing in my own project: what is the role of subcnktingin

olfactory learning?
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2. Materials & Methods

2.1 Materials

2.1.1Fly rearing

Fly stocks and crosses were kept at@%r 18 °C (longterm stock maintenance) on a 12L:12D

(light/dark) cyclein vials containing the following food mix:

H20 1L

Medium Cornmeal 8049
Dried Yeast 189
Soya Flour 109
Malt Extract 809
Molasses 409
Agar 849

10% Nipagin inAbsolute Ethanc25ml

Propionic Acid 4ml

2.1.2Fly stocks

Designation Reference Availability
OK107-GAL4 (Connolly et al., 1996) BDSC:854
MB247-DsRed (Riemensperger et al., 2004

FLYB:FBtp0022384
UAS-GCaMP6f (VK00005) | (Chen et al 2013ELYB: | BDSC:52869

FBst0052869

UAS-GCaMP6f (attP40) | (Chen etal 2013), FLYB: | BDSC:42747
FBst0042747

tub-FRT-GAL80-FRT (Gordon ad Scott, 2009; BDSC:38880

Lin et al., 2014)
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MB247-LexA (Lin et al., 2014; Pitman et | Gift from S. Waddell
al., 2011)
FLYB:FBtp0070099
LexAop-P2X2 Unpublished Gift from A. Lin
LexAop-GCaMP6f (Barnstedt et al., 2016) Gift from S. Waddell
GH146FLP (Hong 2009), FBtp0053491

UAS-mcherryCAAX

(Kakihara et al., 2008; Lin €
al., 2014)
FLYB:FBtp0041366

NP263tGal4

(Tanaka 2008)

DGRC104266

UAS-P2X2

(Lima and Miesenbock
2005), FLYB: FBtp0@1869

BDSC:76032

UAS-P2X2(attP40)

(Clowney et al., 2015)

Gift from V. Ruta

UAS-Ort

(Rister et al., 2007)
FLYB:FBrf0201203

Gift from C.Lee

VT43924Gal4.2 (Lin lab, unpublished) VDRC:v201194

VT43924LexAp65 (Lin lab, unpublished) VDRC:v201194

LexAop2jRGECO1a (Sun et al., 2017) FLYB: BDSC64426
FBst0064426

UAS-CD8::GFP?? (Lee et al., 1999FLYB: BDSC5130
FBst0005130

R82C10LexA (Jenett et al., 2012), FLYB:| BDSC54981
FBst0054981

R48H11LexA (Jenett et al., 2012), FLYB:| BDSC52745
FBst0052745

R48B03LexA (Jenett et al., 2012), FLYB:| BDSC54214
FBst0054214

R30G08LexA (Jenett et al., 2012), FLYB:| BDSC52679
FBst0052679

474-Gal4 (Gonhl et al., BDSC.63344
2011FBst0063344

MBO77B (Aso et al., 2014) BDSC68283
FBrf0227179
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2.1.3Equipment

Equipment

Vendor

Leica S8 APO stereomicroscope

Leica

Narishige PEL0

NARISHIGE GROUP

DSP controller LC.400 (Channel)

npoint

Pockels amplifieB50-80LA

conoptics

Microscope movement controller
MPC200

Sutter Instrument

PXle-1073

National Instruments

Sutter Resonant scan box MERR

Sutter Instrument

Sutter Moveable Objective Microscope

Sutter Instrument

Shutter controller SC10 Thorlabs
GO-5000M-USB camera Jai

DALSA GENIE NANO-M1280-NIR Stemmer
Double PatchStar Micromanipulator

System One Cube Scientifica

Mai Taie eHP DeepSee Ti:S laser SpectraPhysics

Thermorack 401 Solid State Cooling Systems
2-Channel PicoSpritzer ID-30PSI MCI

Constant current isolated stimulator D{ Digitimer

WatsonMarlow 120S/DM2 pump Scientifica

Nanodrop ND+1000 Fisher

67



DS3 Constant Current Isolated
Stimulator

Digitimer Ltd.

USB6059 Digital 1/0 Device

National Instruments

2.1.4Reagents

Material Model/Reference Vendor
TES T5691-100G Sigma
KCI 500 g 10735874 Fisher
CaCb 21115100ML Sigma
MgCl> M1028100ML Sigma
NaHPOy S5011100G Sigma
4-methylcyclohexanol 153095250ML Sigma
3-octanol 21840550G Sigma
Trehalose T9531:100G Sigma
proteinase K P230810MG Sigma
D-(+)-Glucose (aka dextrose) G82701KG Sigma
histamine dihydrochloride, 59 H72505G Sigma
Seta
SeTau647-NHS K9-1949 . .
Biomedicalg
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1 M HCI 15676840 Fisher
MgATP A9187-500MG Sigma
GABA A583510G Sigma
Muscarine (mMAChR agonist) M65325MG Sigma
GeneJET Plasmid Miniprep Kit K0503 Fisher
Library Efficiency
Cells 18263012 Fisher
One ShotE MAX Effi
T1R Competent Cells 12297016 Fisher
One ShotEccdB Suryv
chemically competent cells 10733874 Fisher
New
England
CutSmart Buffer B7204S Biolabs
New
England
Kpnl-HF R3142S Biolabs
New
England
HindlIl-HF R3104S Biolabs
New
England
EcoRV-HF R3195S Biolabs
New
EcoRI R3101T England
Biolabs
SYBR Safe DNA Gebtain $33102 Fisher
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New

England
Gel Loading Dye Purple (6X) B7024S Biolabs
PlatinumE Pfx DNA |11708013 Fisher
Qiaquick gel extraction kit 101676Z Qiagen
| nvi t rTd DNALiGase (5U/uL) 10443242 Fisher
Clonase Il LR enzyme migateway(TM) _

10134992 Fisher

20
Carbogen gas tank 131-J BOC
Zero grade compresd air 270028L BOC

2.1.5List of filters used for widefield and twphoton microscopy

Widefield:

GFP filter cube

49002 from Chroma
excitation: 470/40
dichroic: longpass 495
emission: 525/50

dsRed filter cube
49004 from Chroma
excitation: 545/25
dichroic: longpass 565
emission: 605/70
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Cherry filter cube

LED-mCherryA-000 from Semrock / Laser2000
excitation: 578/21

dichroic: longpass 596

emission: 641/75

Far red filter cube
49311 from Chroma
excitation: 599/13
dichroic: longpass 612
emission: 632/28

Two-photon:

Zeiss filter holder (91015 ZEISS AXIO2 Cube)

Green filter

525/50 from Semrock / Laser2000

Dichroic 565dcxICO-0551400 25.6 x 36 x 1 mm (Chroma)

2.2 Methods

2.2.1Fly preparation

Flies were coleanesthetized and mounted in a preparation chamber coverealutimumfoil

with a hole in the middle, using waxasmesd dent
were kept on opposite sides of the hole. The dorsal part was then immersed in carb¢@g¥ated

02, 5% CQ) external solution03 mM NacCl, 3 mM KCI, 5 mM trehalose, 10 mM glucose, 26

mM NaHCQ, 1 mM NakhPQs, 3 mM CaCl, 4 mM MgCh, 5 mM N-Tris (TES), pH 7.3)The
cuticle from the back of the flyds head was ¢
fat tissue and trachea. During experiments, the brain was continuously perfused with carbogenated
(95% Q, 5% CQ) external solution using a Watsdarlow pump (model 120S DM2).
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2.2.2Functional imaging

The brains were initially inspected using widefield microsc@ygveable Objective Microscope,
Sutter)and a xenotarc lamp (model LAMBDA LS, Sutter). Functional &ging was carried out
using twephoton lasescanning microscopfNg et al., 2002¥Wang et al., 2003). Fluorescence in
the brain was excited using the microscope (Moveable Objective Microscope, Sutter), coupled to a
Ti-Sapphire laser (Mai Tai eHP DS, 7(Qpigses, SpectrRhysics) set to 910 nm (or other if
specified in figure legends), which was attenuated by a Pockels cell controller by a voltage
amplifier (model 35B0LA, Conoptics), and connected to a gatesonant scanner (model MBR
R, Sutter). Excitaon was focussed using a 1.0 NA 20X objective (Olympus). Emitted light was
captured and detected by GaAsP photomultiplier tubes (mod2L¥?SHamamatsu Photonics)
whose currents were amplified (TH80, Thorlabs) and transferred to the computer used for
imaging. Volume imaging was carriedtaising a piezo objective stage (nPFocus400, nPoint).
Volume mage were acquired at 5 Hzsing Scanlmage 5 softwaRecordings from brains that
sustained injury, as observed by sudden, repetitivenii® surges in calem signal were

discarded.

2.2.30dourdelivery

102 odourdilutionsdelivery (~ 10 ppm measured atiourtube exhaust®f 4-methylcyclohexanol

(MCH), 3-octanol (OCT), and isoamyl acetate (IA%as carried out by switching maiew

controlled carrier and stimulus streams (Sensirion) via softe@m&olled solenoid valves (The Lee
Company).This odour concentration wasgmously determined to evoke robust responses.

Delivery rates were 0.5 or 0.8 I/min at the exit of tkeurtube, which was positioneel cm from

t he f I|.yabwew B0&5a(Mational Instruments) software on the emaguisitiorcomputer

was used to contraldourdelivery.Odourpulses lasted 5 s. At the end of each recording where
odourpulses were given, the tubes were purified by passing pure air through. A tube connected to a

pump was positioned behind the fly to depleteain®f odouis remaining after thedourpulse
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2.2.4Picospritzer local drug application

ATP, GABA ormuscarine at the concentrations indicated in figure legends, together with a red dye
for visualisationof fluid ejection, were applied locally by pressure ejection from patch pipettes
(resistance ~10 MOhm; capillary inner diameter 0.86 mm, outer diameter 1-Famvard

Apparatus 3@057) coupled to a Picospritzer 11l (Parker) (puff duration 10 ms, pe4u5 psi).

The patch pipette was mounted on a micromanipulator with a control cube (Patchstar, Scientifica).
The Picospritzer trigger was controlled using Labview 2015 software. The patch pipette was
carefully brought down to the brain and pushed ih#lirain to be positioned at the tip of the

vertical lobe, close to the junction point in the horizontal lobe, or in the central part of the calyx.
Before initiating recording, fluid was manually ejected to ensure that the pipette was not blocked.
For exgeriments where ATP or GABA were applied durodpurstimulus, the fluid ejection was

set to trigger the same time as duwurpulse, whereas for muscarine application the fhjgttion

was set to occur one second beforeatieurpulse. The brain was ntinuously perfused with

carbogenated external solution during the experiment.

2.2.5Electric shock

Electric shocks were applied to the fly by bringing a rectangle of stacked copper plates coupled with
wires to aDS3 Constant Current Isolated Stimulatbi2 s, 32 mA, Digitimer Ltd.) into contact

with the flydés abdomen. The f I y 06 sGepidlNasei c a l re
M1280 camera (Stemmerpupled tahe computer used for image acquisition.

2.2.6Aversive conditioning

Flies weresubjected to aversive conditioning by pairing odour stimulus with delivery of electric

shocks.

For the negative reinforcement contr ol exper.i
(Fig. 4.2, flies were expose@dOCT for 5s, then MCH for 5, witha 10s interval between the
two odourpulses. After approximately ¥(partially the time it takes for the script to finish after

the lastodourpulse, and the variable time it takes to select the next script, prepare the imaging
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software for the next oerding, and visually inspect the setup to confirm that the copper plates are
still touching the fly and no water has leaked through) the flies were subjected to the training
protocol, which consisted of 12x electric shocks (1.2 s pulse every 5 s) couplesi of OCT
exposure, followed by 66 MCH exposure, with a 46interval between the twarlourpulses. This

was followed by a postonditioning test that was identical to the-pmnditioning protocol.

The same protocol was applieat the negative reinforcement experiment where | measured the
APL neur on {Fg. 419escepbtmthe pge and postconditioning tests included a5 s s
pulse of IAA: OCT for 5 s, then MCH for 5 s, and finally IAA for 5 s, with a 10 s interval dxstw
each odour pulse.

2.3Analysis

2.3.1 Analysis of imaging data

Y"QrOcalculation in ImageJd was done as follows:

0 O o O 0

"O0 'O 0 overthe usedefined prestimulus window
Yo 06 006 FOo

Where F(t)the fluorescence signal at time t, is given bydifference between thHuorescence
signal in the usedefined ROIs"O 0 andthe fluorescence signal in the usifined background
ROI, "O 0.

"O 0 is thebaseline fluorescence, givey the mean fluorescence signal in the wefimed ROIs

during the usedefined prestimulus periodO 0.

For experiments that show quantification of neuronal responses not inv8¥iskeletonization,

t h e F/Rwas dptained itmaged by manually drawing ROIs around the {iBther specified
below)on a montage of atlapturedz-slices, and an ROI in an empty region from the deepest slice
to get an accurate measure of background fluorescaheeanual drawing of ROlswerebasel

on MB landmarks revealed by expression of DsRed in the entire MB using MBsR&d
(Riemensperger et al., 2005)
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ForFig. 3.1ROIs were drawn around the tip of the vertical lobe and the central region of the calyx,
where the ATP was applied, judging &gcejected red dyg$eTau647, SETA BioMedicals)
(Podgorski et al., 2012)

ForFig. 4.1and4.3t h e F/Rwasohtained in ImageJ based on ROIs drawn arguidhefirst
four imaged planes from the tip of thiertical lobe (S)the lower part, or stallconsisting of the
remaining vertical lobe imaging planes until the horizontal lobe becomes y{sileh ey32 1
compartments, and the remainder of the horizontal lobeSgé€Fig. 2.2for a schematidata was
analysedn Igor Pro, where neuronal response traces from recoraiegs smoothed by a moving
average over a 1 s windoworFig. 4.1th e a v &/F eegpensegwere quantified by taking the
av er bB/gaerg?2.5 s time window starting from onset of electric shock. This was further
averaged across all 3 electric shocks given during the recordingsigFdr3the responses for
eachodourwere calculated by taking timeangd/F over a 3.5 s time windowagting 0.5 s into
theodourpulse.This time window capturethe most significant portion of thesponsecross
stimulusall regions takinginto account the delay from triggering odour delivery to a neuronal
responseThe following equation describeswidhe change imdourresponses between pand
postconditioning was quantified (CS+ example):

00 Y FdO00Y

3’000 o 3’000 o

For recordings where an ROI hadla@ response that was within 1 standard deviation of the noise

level (measured as the mean fluorescence signal during tfetiprndlus period), the data poifutr

that ROlwas excluded.

Quantified ROIs

Y
Fig. 2.2 Schematic of ROIs for quantification of electric shockesponse
Schematic showing the ROlIs used to quant i-angdposthe APL ne

conditioningodourresponses. The same schematic is shoviaigind.1and4.3.

ForFig. 4.2R0OIs were drawn around all neurites visible by GCaMP6f fluorescence in all the
imaged planedata wasanalysedn Igor Pro, where neuronal response traces from recordiags
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smoothed by a moving average over a 1 s windidve responses for eacourwerecalculated by
taking t IF&overna8.5 satijmewingow starting 0.5 s into dae@urpulse. The following
eqguation describes how the changediourresponses between pend postconditioning was
guantified (CS+ example):
FFOO6 Y FF00o6 Y
- A@Qroé Y - A@Qroé Y

ForFig. 5.1and5.2, t h &/Fwaswbtaiped in Imagdhsed on ROIs drawn around each KC
subset in both the vertical and horizontal |dbata wasanalysedn Igor Pro, whereeuronal
response traces from recordings war®othed by a moving average over a 1 s windoa/
responses were calculated as the average or maxgdifin thetime windows specified in the

panelsor figure legend.

2.32 3D-skeletonization

The following is based oM ATLAB code mainlyconceptualizethy Andrew Lin.I mainly
contributed taconceptualization, troubleshooting, and bug fixiagd writing of the part required

for interpolation and plotting of thitme seriegfurther described below)

To visualise the whole brain structure of interest ahdracteriseeuronal responses 3D

throughout this structure, a custemitten MATLAB code was used to generat8xskeleton of

the brain structure. This code loadsthe vi e recording and creates al
set of parameters relevant to the recording (number of dimensions, dimension lengths, number of
slices, pixel calibration, HFFdaafe Scardmage) , whi ch
recordings Anot her <cl ass, 6activityMapPar ams©é6, h ol

activityMap object.

The movie is displayed as a montage, wiglizes shown in individual windows. The user draws

ROIls around the brain structure in all the windowsating a mask of it. This mask, shown as a
montage, is used to manually set points along the structure, creating a connected series of points
that correspond to a branch. Here, we drew two branches. The first one from the tip of the vertical
lobe to the @ of the calyx, and the second one starting from the junction between the lobes and to
the tip of the horizontal lobe. The user then defines a zero point from which a skeleton of the whole
structure is generated. Here, the zero point corresponds to ttiefuetween the horizontal and
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vertical lobes. From this point, the skeleton is drawn as evenly spaced nodesdsffunser
spacing, consisting of the designated bran¢higs 2.3

For multiple movies fronexperiments on the same {individual recadings of responses:todour
alone,odourdrug anddrugalone, at differenpuff sites: vertical, horizontal, or calyxhe code

loads all the movies togethersing the first movie as a template to superimpose the other movies
onto, and runs crossorrelation to find offsets that describe how much each movie must be moved
to have the highest correlation with the template. From this an average image is cahstructe

which the user draws a mask that is used to generate a skeleton that is common for all those movies.

In order to compare neuronal responsethe MBfrom different experiment&ifferent genotypes

with the same or different stimulusze expandedie code to normalize the dimensions of the MB

from any recording to a set of averaged dimensions. The code calculates the average length of the
vertical lobe, horizontal lobe, and the pedurdsed on all recordingFhese average values are

used to streh or squish each individual recording to match the averages, whereby we can match
responses of different recordings at any given distance from the zero point of the skeleton

(junction).

The codecalculates the background signal in a user defined chanddROI (for each recording

chose a region outside the MB in the deepesice). The loaded movie is smoothed in the-in x

plane using a Gaussian filter and smoothed in time by using a moving average window of 5 frames.
The background is subtracteftiea filtering. The user sets a psamulus period which is used for
calculatinggF/F. With a userdefined stimulus timsevindow, the code calculateg-/F for each

skeleton node, generating®&/F vs distance plot, indicating which branch the node belongs to,

with each node represented as a set distance away from the zero point. It also generates a time serie:

plot, displayinggF/F for each node vs time.

For recordings from multiple experimergtifferent genotypes, different stimulu$at have been
analysedogether, the code calculatgB/F separately for the different conditions and generates
CSV files wherayd/F is plotted vs distance. In this case the code treats the tip of the calyx as the
zero distancg@ointdand generates separate files for cahgxtical lobe and calykorizontal lobe
plots(Fig. 2.3. For the spatial analysis of the normalized inhibitory effect shoviAign3.20-3.22,

3.25 and3.27, the calculabn was done a®llows:
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0 Q&0 "YD U Q& i

DO

Figure 2.33D skeleton representations of the lobes

Example images showing3® skeleton divided into two branches, representitkie vertical lobe org) the
horizontal lobe. Th&D skeletons areolourcoded for distanced), with the calyx set as the origin (0). Higher

intensity indicates greater distance. The images were generated aastgra writterMATLAB code.

Time serieglots were generatday using themovierecordings with normalized skeleton
dimensiongdescribed aboveBecause the resontasac anner 6 s frequency <can
recording to another, the code interpolatedithe pointsin each recordingp match a frame time

of 0.2 s for all recordings from flies with the same genotype and same type of stirasleach

skeleton node at eatime point the inhibitory effect of activating the APL neuron on Kdour
responses was quantified the differencen qF/F between the K@dourresponse with and

without ATP stimulation of the APL neuron, normalized toqtéF peakodourresponse without

ATP stimulation
0 Q&0 YO 0 Q& i
D0 ®

Using the peakdourresponse instead of the average for normalizing was more robust for
recordings where thedourresponse was low, where normalizing to the average caused extreme
magnification of small chang@sese values are then averaged across all the recordingaviat h
the same ATP stimulus site. Finallydiiplicateghe skeleton into calyxertical lobe and calyx
horizont al | o b eF/Hvs tena forleacls skedetombdep | ot s @
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For the spatial analysis shownRig. 3.20-3.22 3.25 and3.27, the normalizedhhibitory effect
was calculated the same way, but instead of calculating the effect dineagoint it was
cal cul at e dF/Rrsspande & a lhesatime wjndow from the onsetdofurstimulus, or

the onset of ATP stimulation for recordings with ATP alone.

2.4Molecular biology

2.4.1Gel electrophoresis

Gel electrophoresis was carried out usingD0% agarose gel containing 1 pg/mL ethidium
bromide or 1% Sybr safe (Fisher), and 1x Gel Loading Dye Purple (6X) (New England Biolabs) in
1x TBE buffer at 80 or 100V.

2.4.2Generation of new DNA constructs

Plasmids

pBPGUw was a gift from Gerald RubjrHMI Janelia Research Campus. 19700 Helix Dr,
Ashburn, VA 20147, United State@ddgene plasmid # 17575; http://n2t.net/addgene:17575;
RRID: Addgene_17575)

pUAST-ZipLexADBD was a gift from ChhonLee (Institute of Cellular and Organismic Biology,
Academia Sinical28 Academia Road, Section 2, Nankang, Taipei, Tdyan)(Ting et al, 2011)
The following enhancer constructs were gifts from Gerald Rubin: VT049483, VT039550,
VT030604, GMR35B12, GMR12F03, GMR4a& GMR45H04, GMR21D08, GMR16A06,
GMR13F02 (Jenett et al., 2012)

2.4.3Strategy

The following work was carried out to generate enhadgetexADBD lines for splitLexA
labelling of KC subsets. The outline below describes the strategy to redotattstep of creating a
Zip-LexADBD construct with a Gateway cassette in front, and subsequently use the Gateway LR
clonase reaction to swap the cassette for the different enksemeznces.

1. Amplify the ZipLexADBD fragment from the pUASZipLexADBD plasmd

2. Replace the Gal4 sequence in PBGUw with ZipLexADBD by restriction digest and

subsequent ligation reaction
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3. Use Gateway LR clonase reaction to insert the various enhancers in front of ZipLexADBD
in the PBGUwWZipLexADBD construct

Amplification of Zip -LexADBD

The foll owrATTAGRTACAAEGCIGGABGATCCGCGCE3 6 (forward) an
OGCTAAAGCTTTTACAGCCAGTCGCCGTTO6 (reverse) were
fromthe pUASTZi pLex ADBD vector (Ting et al., 2011)

(Invitrogen, Fishex The reaction mix consisted of:

1x Pfx amplification buffer 5uL
10 mM dNTPs 1.5puL
10 pM forward primer 1.5puL
10 uM reverse primer 1.5uL
50 mM MgSQ 1puL
DNA template 1pL
Platinum Pfx DNA polymerase 0.4 pL
dH.0 39 UL

PCR program:

1x 94°C 94°C, 180 s
94°C 15s

30x 55°C30s
68°C 60 s

1x 68°C 420 s

Transformation of PBGUw in One ShotEccdB Suryv
(Fisher),and pUASTZ i pLex ADBD in One Shot E-TMRROOMpEtent i ci en
Cells(Fisher) was carried out as follows:

For each transformation, a vial of the cells

of the pUC19 control plasmid were added to a vial each and gently mixed. The vials were incubated
on ice for 30 min, the heatshocked for 30 s at 42 °C, and subsequently put on ice for 2 minutes.

250 €L S. 0O0.C Medium was added to each vial. T
rpm for 1 h. 10 (PBGUw, pUC19) aZpdexADBMD) oc L ( PB
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20 eL and 2 0-ZipLexADBQ kgBtiGrr@action product) from each transformation
was spread on piwarmed selective plates. Plated were incubated overnight at 37 °C.
The enhancer constructs were transforsmed in L

(Fisher) similarly to transformation of PBGUw as described above.

Single colonies were transferred to individua
mg/ mL) and 4 €L chl or ampheniZiplekADBD?liasemepdtionL ) ( P
productior 4 eL ampi ci | | i-BipLE€xADBD) amigntulveiey ovérmgbtAt3T

°C.

Replacing Gal4 sequence with Zid.exADBD

PBGUw was subsequently restrictidigested with KpndHF and HindllFHF using Cutsmart
buffer (all from New England Biolabs) byHlincubation at 37 °C.

PBGUw digest and ZipLexADBD PCR products were purified from a gel using Qiaquick gel
extraction kit (Qiagen). ZipLexADBD was subsequently digested with Kipiand HindllFHF
using Cutsmart buffer, run on a gel, and purified ushapuick gel extraction Kit.

The reaction mix consisted of:

5x Ligase reaction buffer 4 uL

Vector DNA (PBGUw) S puL

Insert DNA (ZipLexADBD) 0.5 L (3:1 insert to vector ratio)
T4 DNA ligase 1pL

dH20 9.5 uL

The reaction was incubated for 1 h at 24 °C. A similar reaction was prepared for songgtor
control. The reactions were subsequently tran
chemically competent cells as previously described, plated and incubateijbovat 37 °C. 6

individual colonies were transferred to liquid cultures, from which minipreps were carried out using
GeneJET plasmid Miniprep kit (Fisher). The isolated plasmids were restriction digested with
EcoRV-HF and HindlIll-HF using Cutsmart bugf. The ligase reaction products were verified by

gel electrophoresis. One of these verified plasmids was sent for sequencing with the primers

5 0CCGCTGCCTTCGTTAATA3 6 (for war d)

5 GTTAAAAACTTAAGCCAGG-3 (reverse)

Enhancer vectors were isolated using GHNE plasmid Miniprep kit, and DNA concentrations

were determined using a Nanodrop #4000 (Fisher).
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LR clonase reaction

LR clonase reaction was carried out with the enhancer vectors as donors and-PBGUw

ZipLexADBD as the destination vector, usi@tpnasdl LR enzyme mix Gateway(TM) 20
(Fisher). This was done according to manufact
(1) All components were scaled down to half the indicated volume.

(2) Transformation was <carri eCompetentCelNgi t h Li br a
The clonase reaction products were restriction digested using-EtoRew England Biolabs)

and EcoRVHF for verification ofproducts andent to Bestgene for fly injection.

3. Input to the APL neuron remailuxalised but its output has a

widespread effect

3.1O0verview of the chapter

This chapter covers a series of experiments | conducted to determine (1) whether activity in the
APL neuron can remain localised, (2) to whaeex it attenuate as it propagates, (3) where in the
MB the APL neuron inhibits KCs, and (4) how widespread its inhibitory effect is on KC activity.

Section3.2.1addresses (1), wherénvestigate whethehPL neuron activity evoked by local

stimulation n the vertical lobe or the calyx attenuates before it reaches the other region

In section3.2.21 usea novel methodo characteriséemporal and spatial decay of activity in the

APL neuron in the entire MB usingagingusing a custorwritten MATLAB code.
| address (3) and (40 section3.2.3and3.2.4by quantifying how local stimulation of the APL

neuron in the MB lobes and calyx affects KC activity spatially to determine how widespeead
APL n e inhibitory &ffect s.
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In section3.2.51 investigate whether he s pat i al extent of the APL
activity can be reproduced by local GABA application, or if GABA application has a more limited

effect. This indirectly addresses how reliable my estimate of acipigad in the APL neuron is.

Finally, sectior3.2.6addressesne of the main challenges with my experimental approach, trying
to estimate the extent dfug dispersion from the patch pipett

3.2Results

3.2.1Activity arising in the lobular andalyceal projections of the APL neuron are

spatially segregated

Section 1.2.10 highlighted the anatomical and functional features of the APL neuron that makes it
an interesting candidate for studying local computations. One of the main questions trebseatld

is whether activity remains localised in the APL neuiidre previous finding suggesting that the

APL neuron is norspiking (Papadopoulou et al., 201Xpombined with the extensive arborisations

of the APL neuron in the MB strongly point towards the possibility that inpiltet@PL neuron

would evoke a local, not globaksponse

| initially sought to determine if there was spatial segregation between actiiityein tAPL neur o
projections in the MB lobes and the calyx (henceforth referred to as lobulealsodal

projections, respectively). Determining this would establish if there is spatial segregation of activity

in the APL neuron on a broader levEhe actual characterisation of activity spread in the entire MB

is presented in sectidh 3.2

Segregated activity between the APL neuronods
its rolein sparse coding of KC odour responses. It is unclear whether the inhibition required for
sparse odour coding observed in KC cell s¢bma et al., 2014agrises from inhibition of KC

axonsin the lobes, th calyxor both. As the APL neuron forms reciprocal synapses to KCs
throughout the MBXu et al., 2020)the feedback inhibition onto KCs could ioge sparseness on

odour responses in any part of the MB.
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The lobes and cell soma are distal to the KC putative(Al@nova et al., 2011Presumably,

sparseness would have to be imposed before KCs fire action potentials, as it is difficult to envision

how the responses observed in the KC cell soma could be sparse otherwise. This makes it unlikely

that the sparseness observed in KC cetiacs due to feedback inhibition in the MB lobes, as KCs

would have to spike for activity to reach the MB lobes. If instead the APL neuron imposes

sparseness on KC odour responses by feedback inhibition through its reciprocal synapses with KC

dendrites, ap activity that reaches the cell soma and lobes would be sparsened. This idea is

supported by the finding that KC dendrites can release vefiestiansen et al., 2011)

Thus, forthe sparseness observed in KC cell sonfalldws thatif there is spatial segregation of
activity between the APL neur on éuggedttodheAPla r
neuron can impose sparseness on KC odour responses locally in th&©¢talyurse, this would
not exclude the possibility that feedback
contributes to sparse codinfjodour rsponsesn the KC axons.

To investigate whether therespatial segregation of activity in the APL neuron, I initially decided

to determine if local input from KCs to the APL neuron would evoke activity that propagates from

the calyx to the tip of theertical lobe, or vice versa, as this is the longest distance between two

points along the neurites of the APL neuron. Bec# @& generate action potentigRerezOrive
et al., 2002, Turner et al., 200®ut their lobulaprojections are distal from their putative AIS
(Trunova et al., 2011) thoughtthat local stimulation of KCs in the calyx and the lobeght have

different effects, with only calyceal stimuli likely to generate spikes and concurrent widespread

activity in the APL neuronTo do this, | expressdel2X2 in the KCs using the MB247exA driver.
By driving expression of GCaMP@Ehen et al., 2013h the APL neuron, | could image its

responses to activation of KCs in different parts of the MB.
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Figure 3.1 Activity in the APL neuron is spatially restricted

Imaging responses of the APL neuron to ATP stimulatiofB#f) KCs in 474Gal4>UASGCaMP6f, MB247
LexA>LexAop-P2X2 fliesor (B3) 474Gald>UASGCaMP6f, MB247LexA (negative control),§4) or ATP

stimulaton of the APL neuron itubPRFRT-Gal8GFRT, GH146FLP, NP2631Gal4>UASGCaMP6f, UASP2X2 flies
with 1.5mMATP (100 ms pressure ejection @&.&psi)in the tip of the vertical lobe or the calyx, as indicated in the
schematis and tablesResponse curves show the average across all flies with SEM shading. Scatter plots show
individual data points, quantifying responses fordigyshading) from stimuis onset (vertical black bafp) Table
showing which neuron was imaged, what the genotype of the flies were, and what type of stimulus wWB& ugé.
schematics showing the ROIs where responses were quantified, and where ATP was appliedBasBAyResponse
curves of the APL neuron to ATP stimulation of KCs or the APL neuron, as indicated in thé@dbl8catter plot
showing the ratio of the average responses of the APL neuron in the unstimulated region to the stimulaté@d2egion.
C4) Scatteplots showing the average response of the APL ne(BrExpression pattern of 4/@al4>UASGFP
(adapted froninSite database, accessed 06.11.2019)The outl i ne shows expression of
projections, while the arrows indicétee cell mdies.(E) Expression pattern 8P2631GAL4>UAS-mCherry, tubP
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FRT-Gal80FRT, GH146FLP, MB247LexA>LexAop-GCaMP3 Scale bar is 50 prtadapted from Lin et al., 2014)
(B2, C2) = 11 (7 flies), n (B3, C3) = 8 (4 flies), n (B4, C4) = 11 (9 flies). Statigtx); paired ttest, **p<0.01.(C2)
Two-way ANOVA, interaction factor ****p<0.0001(C3) Two-way ANOVA, interaction factor = *p<0.0394C4)

Multiple t-tests with Htm Sidak multiple comparisons correction, ***p<0.001.

Using path pipettes coupled to a pressure ejectipstem, | locally puffedTP on thetip of the
vertical lobe This elicitedactivity at the tip of the vertical lobe, and possibly elsewhethenPAPL
neur ono6s | o bhutnatthe galyxahileeATR applicaton in the calygvoked activity

in boththecalyceal and lobular projectionsthie APL neuror{Fig. 3.1B2, C1, C2. The same
stimulation of flies without the K@river for P2X2elicited no detectable response in any ¢&sg
3.1B3, C3). These results are consistent with the notion that calyceal stimulation would lead to
integration at the KC AIS and generate spiletisjting widespread activity in the APL neuron,
while lobular stimulation only locally gmlarises the KCs anéh turn elicits local activity in the

APL neurites.

A more direct approach to the question would be to image the APL neuron while directly
stimulating the APL neurofm.o do this | expressed P2X2 and GCaMmahe APL neuron, and

puffed ATP on the same regions as described alBa@use the 47&al4 driver(Gohl et al.,
2011)used inFig. 3.1B, C labels other neurons close to the MB, | decided to use an intersectional
approacho achievamore spars&bellingfor specificactivation of the APL neuroffig. 3.1D vs

E). GH146FLP (Weizhe et al., 2009nd NP2634Gal4 (Tanaka et al., 200&)othlabel the APL
neuron. Combined withubPRFRT-Gal80FRT, theGal80 will be expressed ubiquitously, except in
the neuron$abelledby the GH146 driver, where expressiorFafP will excise the Gal80Thus,

Gal4 will only be expressed in neurdabelledby both GH146 and NP263keading to specific
labellingof the APL neuron Fig. 3.1E).

Stimulation of the APL neuron in either regiemoked no activity in the unstimulated regiig.

3.1B4, C4). These findings estabhghat activity arising in the APL neuron @ither ofthe regions
described aboveoes not propagate to the other region. This sugtestsparsening of KC soraa

odourr esponses by feedback inhibition from the /

lobular projections.

This approaciprovided no information about the extent to which activity propagates in the APL

neuronthroughout the MBonly that it does not ppagate from the tip of the vertical lobe to the
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calyx, and vice vers&haracterising activity spread in the APL neuron in the entire MB would

show to what extent activity arising from different parts of the APL neuron propagates. Depending
on how localigd activity in the APL neuron is, it could be differentially affecting KC activity

between different MB compartments. The findings to this question could expand our understanding

of how the APL neuron operates in the context of memory formation in the MB.

One way to approach thiaskwould be to manually draw ROls throughout the entire MB for every
recording. However, this could introduce great variability in the way ROIs are drawn from one
recording to another, and make it difficult to compare responses in different parts of the MB
between recordings from flies where the shapsizeof the MB varies due tthe brains of

different flies being slightly compressedstretchedA semiautomated approach that takes into
account differences in MB size and shape across different reconiongd generate more robust

results in considerably less time.

3.2.2Whole-MB characterisationf activity attenuation in the APL neuron

To achievethisgoal Dr. Andrew Lin and developed a MATLAB codéhenceforth referred to as
Gskeleton cod@® to analyge the MB as 8D Gkeletordof the MB. This3D skeleton is based arser
drawn ROlsoutlining the MB (based on the M&pecific anatomical markéiB247-DsRed
(Riemenspmger et al., 2009)in individual z slices from thewvo-photon microscopyecordings
The software constructs3® skeleton from these ROIdivides the skeleton into evenly spaced
segments, and calculates the changgéCaMP signalor each segment during a defined pefisee
M ethodssection2.3.2for detailed description(Fig. 3.2).

A B

)o

[an

240 180

Horizontal lobe
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Figure 3.2 Example 3D skeletonand anatomical reference for quantification of responses
(A) The image is generated from usEawn ROIs of the MBusing MB247-DsRed as landmark, divided inagually

spacedsegments, andolour-coded for distance. In this example, the junction between the horizontal and vertical lobe
was set as the origin. Higher intensity indicates greater distance (scale or{Big@grtoon showing a simplified
representation of theD skeleton with distance coordinates and letters indicating the two distalmost segments of the
calyx (C, black), the vertical lobe (V, green), and the horizontal lobe (H, blue). Thesedlmaed ketters are

henceforth used to represent the described segmedigsiiesand textbelow.

There will be differences between the length of the vertical and horizontal lobular branches and the
peduncle from one fly to another. To be able to ma#ironal responses of flies from different
experiments, the skeleton code calculates an average length of the vertical and horizontal lobe, and
the pedunclek-or everyrecording the code stretches or compresses the lengths of these parts to
match the avege lengths. This allowed usdbaracteris@euronal activity throughout the MB, but

also to make comparisons between different experiments. For these experiments | added a red dye
to the patch pipette to be able to approximate how far the ATP puff sptedentified Seta47

(Seta Biomedicals) and Alexa Fluor 647 (Fischer) as potential candidates. The MW of ATP is
507.18 g/mol, while Alexa Fluor 647 1455.06 g/mol, and Set#&47 is 1780 g/mol. Thus, based

on MW, Alexa Fluor 647 would be a better apgmation of ATP spread, but Setéd7 has a

higher quantum yield and total brightness across a range 4bgyetein ratios, and therefore |

chose the latter. For some of my recordings, the red dye signal was lesstgE 2% , s o a di

dye would pasibly have caused complicatiamse to low signato-noise ratio.

A previous student n A n d r e wRaduel Buaresrimaltideveloped a new APL driver,
VT43924Gal4.2, based on the original VT439&4&l4 (Tirian and Dickson, 2017)his line

showed more reliable expression than the origiffalinea nd di dn dt Ila&ballinglikest oc h e
theintersectional approach described abdivalso labels fewer neurons near the MB compared to

474 Gal4, making it applicable for ATP stimulation of the APL neurbar this reason, | used
VT43924Gal4.2 for thdfollowing experiments

Looking at thetime coursedocalisedartificial activation of the APL neuron elicited a strong local
response that attenuated as it propagated throughout the neitihoimigher concentration of ATP

leading to prolongednd largeresponsegrig. 3.3A1-A3 vs B1-B3 andC1-C3). For puffing on

the horizontal lobgthere were no strong differences between the different segments in terms of how

persistent the evoked responses WErg. 3.3A1-C1).
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Figure 3.3Time coursesoft he APL n e ur o rogasartificelsagtivatios e s t o
Imaging responses of the APL neutorATP stimulation(10 ms pressure ejection at 12.5 pgh:C) top: Table
showing which neurswereimaged, fly genotype, and stimulus typath MB schematics below showing which
neuron expresses what transgene(git: Example3D-skeletonglivided into the vertical (top) and horizontal (bottom)
lobular branchesyith distancecoloured segmentsand & arrow showing where the ATP was puff&ight: The
curves show the o@F/F vs time aver ag@DP cencent@atorsandpuffsite) ec or
in the branch indicated by tl3®-skeleton on the leficross timeEachcurveshowsthe response of itsolourmatched
segment(Al1-A3) 0.3 mM,(B1-B3) 0.75 mM, andC1-C3) 1.5 mM ATP stimulationStimulation occurred at 0 &rey
shading indicates the time window used for quantificadibtihe matching plots ifig. 3.4. Fly genotypeVT43924
Gal4.2>UASGCaMP6f, UASP2X2, MB247DsRed n (A1) = 8 (5 flies),n (A2) = 7 (4 flies), n (A3) = 4 (4 flies),n

(B1, B2) =10 (6 flies),n (B3) =6 (4 flies),n (C1, C2) =9 (6 flies),n (C3) =5 (4 flies).

In contrast, activity evoked by puffing ATP on the vertical lobe and calyx were most persistent in
the proximal segment§ig. 3.3 A2C2 andA3-C3).

To get a clear picture of the extent of activity spread, | carried out spatial analysiSbf the
skeleton by quantifying the responses for each segment in a time window that | deemed would
capture the greatest part of the effect across different conttemérand puff regions ¢2.5 s from
stimulus onset), highlighted by tigeey shading in the figures. Furthermore, | chose to make
statistical comparisons of the tip of the two lobular branches and the(oefigwed to as V, H, and
C), depicted in the ¢toon inFig. 3.2, comparing the responses at the stimulated site to the

unstimulated oned-(g. 3.4).

For stimulation of the horizontal lobe, | found that 0.3 mM ATP stimulation elicited a statistically
significantly lower response at the tip of thertical lobe and the calyx, whereas at higher
concentrations the difference was only significant compared to the ¢agyx3(4A1-C1).

Calyceal stimulation elicited a statistically significantly lower response at the tip of the lobular

branchegV andH, as shown irFig. 32) only with 0.75 mM ATP. Although this was not the case
for 0.3 and 1.5 mM, the trend was clear, with very little variation in the data, and more repeats
would likely confirm this Fig. 3.4 A3-C3).

In comparisonstimulation of the vertical lobe showed pronounced attenuation, eliciting a small
response in the junction only at the highest concentration, and no detectable response in the calyx or
the tip of the horizontal lobd-{g. 3.3and3.4, A2-C2).
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Fig.34Spati al guanti fication of the APL

neuronos

(A-C) top: Table showing which neurons were imaged, fly genotype, and stimulus type, with MB schematics below

showing which neuron expresses what transgene(s). Left: MB schematics shov@besttedeton distance

measurements, with the calyx represented foyiin), and the vertical and horizontal branches represented in green

and bluecolours respectively. Top panels: Response curves shomeanmpF / F

r eobtipeonagedneuronto the

indicatedstimuli, vs distance from the calyx to the tip of the twoutsy branches, in thgrey-shaded periods shown in

Fig. 3.3(2.5s from stimulus onset). Tlwelourof the curvesnatcheghe vertical (green) and horizontal (blue) lobular

branches depicted in the schematics shown on th®katih shown is the average across all flies for that condition
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+SEM shadingBottom panels: Scatter plots showing the average response of the twdistadsgegments of the calyx
(C), vertical(V), and horizontal lobéH), quantified from the same period as the top paieslsh dot represents an
individual recording. Data shown is med&hiror bars show mearSEM. Fly genotypeVT43924Gal4.2>UAS
GCaMP6f, UASP2X2, MB247DsRed n (A1) =8 (5 flies), n A2) = 7 (4 flies), n A3) =4 (4 flies), n B1, B2) =10 (6
flies), n B3) =6 (4 flies), n C1, C2) =9 (6 flies), n C3) =5 (4 flies).

Calyceal stimulation elicited the longéasting activity Fig. 3.3 A3-C3), possibly due to the ATP
taking longer to wash away in the calyx, nevertheless the activity did not spread farther than the
peduncle fig. 3.4 A3-C3). Possible explanations for regional differences in activity propagation

are discussed in secti@m3.1

How does this artificial activation of the APL neuron compare to more naturalistic stimulus in terms
of stimulus strengthPhe extent of activity spread in the APL neuron to odour stimulus could be
higher ifodour stimulugevokes a stronger response thamtlobserve with artificiahctivation

meaning that my experiment would underestimate activity spread in the APL neuron in a more

physiologically relevant context.

Imaged Figure 3.5
Genotype Imaging responses of the APL neuroiio odour
Stimulus [AA stimulus

(A-B) Left: Example3D-skeletons divided into the vertical
(A) and horizontalB) lobular branches, with distance

coloured segments. Right: The curves show the average of all

recordings in the branch indicated by 8i2-skeleton on the
left across time. Each oee shows the response of dslour
matched segmenthethick black horizontal baindicates the
onset and duration of IAA stimuluBly genotype: V143924
Gal4.2>UASGCaMP6f. n = 6 (5 flies).
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However, if artificial activation elicits a strongessponse than odour stimulus, it would suggest
that activity spread in the APL neuron is more restricted than myrihtate To determine this, |

recorded activity in the APL neuron while providing the flies with odour stimiigs 8.5).

Compared to odour responses, the ATP stimulation elicited a stronger local response in the APL
neuron at either of the stimulus sit€sy 3.3vs3.5. 0.3 mM ATP stimulation was most similar in
amplitude to odour responses, except for stimulation ofehecal lobe, where the local response

was more than twice as high with ATP stimulation. Thus, it is unlikely that local KC input to the
APL neuron during odour stimulus evokes more widespread activity in the APL neuron than what |
observed with ATP stimation.

In summary, activity propagation was generally observed to be more widespread with higher ATP
concentration, but it was evident that the activity was attenuating from the stimulation site and
outwards.These findings established that activity araing from different regions of the lobes or

the calyx in the APL neuron is spatially restricted, in agreement with a previous study suggesting
that the APL neuron is nespiking (Papadopoulou et al., 2018patially segregation of inputs
suggests that the APL neuron could locally compute information.

3.2.3 Local activation of the APL neuron has a largely local inhibitory effect on KC

baseline activity

My next aim wago investigate how widely the inhtimn from the APL neuron affects KCs. If the
inhibitory effect attenuates as it propagates from the stimulus site, it would indicate that the APL
neuron can function locally. This is an intriguing possibility in the context of the anatomically
segregated B compartments formed by MBON and DAN neuronal proce@sss et al., 2014a)

If inhibition from the APL neuron locally affects KC responses, it could match the MBON
compartmenspecific plasticity that occurs during olfactory learn{kiige et al., 2015, Owald et

al., 2015, Perisse et al., 2018) this context it is most interesting to characterise the inhibitory

effect of the APL neuron ithe lobes, as this is where the MBON compartments are situated.
However, as an extension of determining how localised activity spread in the APL neuron is, and to
get a comprehensive picture of the effect of feedback inhibition originating from diffendsitop

the APL neuron, | decided to also stimulate the APL neuron in the calyx.
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Throughout the remainder of the chapter, there will be tables providing an overview of the
numerous figures making various comparisons between different experiments @ \githirp

experiments to help orient the readarsome figures there will bedata from puffing GABA on
the MB. They are shown together with the ATP puffing data for the sake of comparison in

section 3.2.5, and not duplicated to avoid redundancy and excessive use of space.

Fig# | Type Neurons | APL> | Odour? | Stim ATP
imaged | P2X2? conc

3.6 | Traces KC Y N ATP, GABA | various

3.7 | Quantification| KC Y N ATP, GABA | various
(3.6

3.8 | Quantification| APL v YVN |N ATP 0.3 mM
(3.11-12) KC

3.9 | Quantification| APL v YVN |N ATP 0.75 mM
(3.1314) KC

3.10 | Quantification| APL v YVN |N ATP 1.5 mM
(3.1516) KC

Table 3.1 Overview of figures below

The table shows an overview of the figures described i

itypeodo indicates whether the f ifighueruer osnhso w smatgreadcoe ss hoorw sq uw
APL neuron, or both, were imaged. AAPL>PQIHWPDO iinddicadtes
whether the flies were given adours t i mul us or not. ASti mo i ndiiecsa.t eisATtFhe t

conc o swhichicaneentration(s) of ATP were used.

| initially stimulated the APL neuron while imaging KCs in absence ofaalmurstimulus to
determine i f thi s baselinectiityaat if hasptevidudtydeen reported thas 6
there is subthreshold activity and spontaneous spikes if®&Cand O'Dowd2006, Turner et al.,
2008) To do thisl expressed P2X2 in the APL neuron, and GCaMP6f in the K@ditionally, |

looked at théime course®f the recording$o observe if there were temporal differences between

the respnses of individual segments.

ATP stimulation of the APL neuran either of the threpuff regionsin absence of angdour

stimulus revealed that there is a levebateline activityn KCs which decreases upon stimulating
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the APL neuronKig. 3.6). This was observed at all ATP concentration levels. This decrease in
baseline activitycould originaé from spikes(Turner et al., 2008subthreshold spontaneous
activity (Gu and O'Dowd, 2006pr a combination of both.

Higher concentrations elicited a stronger and longer lasting decrease inéasliity (Fig. 3.6
Al1-A3 vsB1-B3vs C1-C3). Stimulation of the horizontal lobe seemed to have a stronger effect
than stimulation of the vertical lobEif. 3.6 A1-C1 vs A2-C2) andwasmore widespread{g. 3.6
A1-C1andA2-C2 horizontal branch vs vertical branch)

Surprisingly, puffing ATP on thealyx elicited a local increase in calcium influx, while having the
opposite effect in the lobef KCs. This is likely due to leaky expressiomncontrolled expression
of the gene of intereatiscussed furthdselow). The effect of puffing on the calyx lasted longer
than that for the other puff siteSig. 3.6 A1-C1 vs A2-C2 vs A3-C3). There was no striking
difference between thiéme coursesor different segments of tHf&D skeletonfor any given puff

site

To get a clear picture of the spati al extent
activity and make direct comparisons betwdenV, H, and Gegments of th8D skeleton(Fig.

3.2), | carried out spatial analysis as | did for activity spread in the APL neligpr8.7 compares

spatial analysis across the different ATP concentrations to determine differences due to stimulus
strength. For each puff site, the responses are normébizkd largest absolute value within that
group A1-D1, A2-D2, and A3D3, in Fig. 3.7), for comparisons across concentrations (and later
comparison to GABA application). The subsequent three figures shows&lde spatial analysis
comparisons of actityf spread in the APL neuron elicited by ATP stimulatibig(3.8-3.10A1-

A3), the effect of APL activation on KC baseline activifyg. 3.8-3.10B1-B3), and the negative

control without a P2X2 driveiHg. 3.8-3.10C1-C3). These figureemphasiséow acivity spread

in the APL neuron relates to the inhibitory effect of locally stimulating the APL neuron on KC
baseline activity. For each puff site, the response plots for the experimental and negative control
flies were normalized to the largest absolutei®an the experimental fly plot€Q to B1, C2to

B2, C3to B3, in Fig. 3.8-3.10 to make comparisons between the experimental and negative control

flies.

95



Imaged KC KC KC KC
KC>GCaMP6f KC>GCaMP6f  KC>GCaMP6f
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Figure 3.6 Time courses showing inhibition ofKC activity caused by activationof the APL
neuron or GABA application

Fly genotypes:A-C) VT43924Gal4.2>UASP2X2, MB247LexA>LexAop-GCaMP6f. D) OK107-Gal4>UAS
GCaMP6 n (A1-A3) =10 (9 flies), nB1-B2) = 10 (9 flies), nB3) = 9 (8 flies), n C1-C3) = 9 (7 flies) n (D1, D2 =

13 (8 flies), n P3) = 11 (6 flies) Greyshading indicates time window used for quantificatioRim 3.6. See legend for
Fig. 3.3for further details.
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The time courses for these figures are described further bEIgw3(11-3.16). For clarity, it
should be noted that the normalizations described above for the spatial analysis were not

carried out for time courses, only spatial analysis.

The inhibitory effect of stimulating the horizontal lobe was nppsminent locally, the effect

decreasing towards C and V, with higher concentrations evoking a more widespread effect. For 1.5
mM ATP thee was not statistically significant difference between H and V in terms of the decrease
in baseline activitfFig. 3.7 A1-C1). Stimulation of the APL neuron in the horizontal |dtzel a
morefar-reachingeffect on KC baseline activity than the extent of activity spread observed in the
APL neuronwhich attenuated as it propagated through the peduncle and the vertic@Ctobpare
panelAl andB1lin Fig. 3.8-3.10.

Puffing ATP on the vertical lobe had a strdagal effecton KC baseline activitjhatattenuagd

with distance. Higher concentrations had a stronger and meresafening effectKig. 3.7 A2-C2).
Thedecrease in baseline activity was only significantly different between V and H for 0.3 mM

ATP. This effect was considerably more widespread than what | observed for activity spread in the
APL neuron CompareA2 to B2 in Fig. 3.8-3.10. Whereas activity ithe APL neuron evoked by
puffing on the vertical lobe evoketdstrongocal response that attenuated befeven reaching the
horizontal lobe (paneéA2 in Fig. 3.8-3.10), the inhibitory effect on K®aseline activityvas much
broader It affecedbaseline activity in parts of the pedunaled horizontal lobealbeit to gradually

weaker extends it propagated awdsom the puff sitgpanelB2 in Fig. 3.8-3.10.

Spatial analysis confirmed the observation that calyceal stimulation of the APL neuron evoked an
increase in GCaMP6f signal locally in the calyx, but othendesgeasetiaseline activity

elsewhere in KC projection§ig. 3.7 A3-C3). Puffing ATP on the cgk in flies with no P2X2

driver evoked an increase in GCaMRGfoughout the KC projectiongvhile puffing ATP on the

lobes had no clear effedtigy. 3.8-3.10C1-C3). Thiswaslikely due to leaky expression of P2X2 in
the PNs or KCs. In the experimental flies, puffing ATP on the catyivatel the APL neuron,

which locally releases GABA onto the KCs in the calyxs likely that this leaky expression causes

a local increasin calcium influx in the calyxbut thesimultaneousnhibition from the APL neuron
likely blockedspikes fromoccurring which would explain why there was a concurrent decrease in
baselineactivity in the lobesKig. 3.7 A3-C3).
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Imaged KC KC KC KC
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Figure 3.7 Spatial quantification showing inhibition of KC activity caused byGABA
application or activation of the APL neuron with different ATP concentrations

Fly genotypes:A-C) VT43924Gal4.2>UASP2X2, MB247LexA>LexAop-GCaMP6f (D) OK107-Gal4>UAS
GCaMP&6f n (A1-A3) = 10 (9 flies), nB1-B2) = 10 (9 flies), nB3) = 9 (8 flies), n C1-C3) = 9 (7 flies),n (D1, D2) =
13 (8 flies), n P3) = 11 (6 flies) See legend foFig. 3.4 for further details.
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Imaged KC KC
Genotype KC>GCaMPof KC>GCaMP6f

Stimulus 0.3 mM ATP 0.3 mM ATP 0.3 mM ATP
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Figure 3.8 Spatial comparison of activity spread in the APL neuron to the inhibition of KC

activity caused by APL neuron activation or negative contro(0.3 mM ATP)

Fly genotypes:A1-A3) VT43924-Gal4.2>UASGCaMP6f, UASP2X2, MB247DsRed (B1-B3) VT43924
Gal4.2>UASP2X2, MB247LexA>LexAop-GCaMP6f. C1-C3) UAS-P2X2, MB247LexA>LexAop-GCaMP6f. n
(A1) =8 (5 flies), n A2) = 7 (4 flies), n A3) = 4 (4 flies), n B1-B3) = 10 (9 flies), nC1-C3) = 4 (2 flies).See legend
for Fig. 3.4 for further detas.
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Imaged KC KC
Genotype KC>GCaMP6T KC>GCaMP6T
Stimulus 0.75 mM ATP 0.75 mM ATP 0.75 mM ATP
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Figure 3.9 Spatial comparison of activity spread in the APL neuronto the inhibition of KC
activity caused by APL neuron activation or negative contro{0.75 mM ATP).

Fly genotypes:A1-A3) VT43924Gal4.2>UASGCaMP6f, UASP2X2,MB247-DsRed (B1-B3) V143924
Gal4.2>UASP2X2, MB247LexA>LexAop-GCaMP6f. C1-C3) UAS-P2X2, MB247LexA>LexAop-GCaMP6f. n
(A1, A2) =10 (6 flies), n A3) =6 (4 flies), n B1, B2) =10 (9 flies), n B3) =9 (8 flies), n C1-C3) =5 (3 flies). See
legend forFig. 3.4 for further details.
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Imaged KC KC
Genotype KC>GCaMPof KC>GCaMPof
Stimulus 1.5 mM ATP 1.5 mM ATP 1.5 mM ATP
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Figure 3.10Spatial comparison of activity spread in the APL neuronto the inhibition of KC
activity caused by APL neuron activation or negative contro(1.5 mM ATP)

Fly genotypes:A1-A3) VT43924Gal4.2>UASGCaMP6f, UASP2X2, MB247DsRed (B1-B3) V143924
Gal4.2>UASP2X2,MB247-LexA>LexAop-GCaMP6f. C1-C3) UAS-P2X2, MB247LexA>LexAop-GCaMP6f See
legend forFig. 3.4. n (A1, A2) =9 (6 flies), n A3) =5 (4 flies) n (A3) =9 (7 flies),n (C1-C3) = 6 (4 flies), n D1-D3)
=11 (6 flies).
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In summary, the effect of local activation of the APL neuron with ATP locally decreased baseline
activity in KCs, attenuating as it propagated from the stimulus site. In the lobes, the effect was
strongest and more sustained for puffing ATP on the hoattoiie compared to the vertical lobe.

This difference between the puff sites in suppression of KC baseline activity could be due to the
same reasons that contribute to differential activity spread in the APL neuron when puffing ATP on
different sites, i.edifferences in ATP dispersion or ion channel expression.olissrvations

further discussed in secti@3.2 The results for calyceal stimulation are difficult to interpret due to
the leaky expression causing an increase in KC baseline activity aalyx, but the concurrent
decrease in the lobes suggests that inhibition from the APL neuron onto KCs in the calyx does
affect baseline activity throughout the MB.

3.24 Local stimulation of the APL neuron inhibits K&flourresponses beyoritle

spatialextent to which it is activated

The next step was to determine how local activation of the APL neuron would affextd(C

responses. Before | was looking at KC baseline activity, where the feedback loop between KCs and
the APL neuron is unlikely to play a significant role. Waithourstimulus a broader network of

neurongs recruited, including the feedback loop between li@d the APL neuron, making
interpretation of the results more complicated. First, | wanted to comparmnéheoursesf KC
odourresponses witfFig. 3.11-3.16 C1-C3) and withoutATP (Fig. 3.11-3.16 A1-A3), relative to

thetime coursef KC baseline activitynhibition evoked byactivation of the APL neurofFig.
3.11-:3.16B1-B3)..

Fig# | type Neurons | APL> | Odour? | Stim ATP
imaged | P2X2? conc
3.11 | Traces KC Y YVN ATP, IAA | 0.3 mM
3.12 | Traces KC N YVN ATP,IAA | 0.3 mM
3.13 | Traces KC Y YVN ATP,IAA | 0.75 mM
3.14 | Traces KC N YVN ATP, IAA | 0.75 mM
3.15 | Traces KC Y YVN ATP, IAA | 1.5mM
3.16 | Traces KC N YVN ATP, IAA | 1.5mM

Table 3.2 Overview of figuresbelow
See legend for Table 3.1 for details.
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This allowed me to determine hawvell the temporal decrease in KC odour responses matches the

effect of APL activation on KC baseline activity

For 0.3 mM ATP puffing on the horizontal lobe and vertical Jabe inhibitory effect orodour
responses was most prominent just beforetimirresponse, and during the peak of the response
(compare panelal1-C1to A2-C2in Fig. 3.11). This matches well with theme courseof KC

baseline activity during activation of the APL neuréig( 3.11B1 andB2). Compared to 0.3 mM

ATP, puffing0.75 and 1.5 mM ATP on the lobes showed a stronger and longer lasting decrease in
KC baseline activity, which was reflected in the inhibitory effect onddGurresponsesHig. 3.13

and 3.15 A1-C1 and A2C2). There was no such clear effect from ATP application on the lobes in
the corresponding negative contrdfsg; 3.12 3.14 and3.16 A1-C1 andA2-C2).

0.3 mMMATP evoked a relatively modest increase in GCaMPG6f signal in the @@y>3.11B3 vs

Fig. 3.13B3 and3.15B3), and an overall strong decreas®dourresponses throughout the MB

(Fig. 3.11A3 vs C3). This suggests that the local increase calcium influx evoked by puffing ATP
on the calyxdid not reflect actuadepolarisatiorof the KCs, ashis would likely have resulted in

some level of increased GCaMP6f signal in the KC lobular projections. The observed decrease in
the KC lobular projections is likely becausetivation of theAPL neuron simultaneously inhiled

the KCs inthe calyx(further elaborated in secti@3.2).

Compared to 0.3 mM ATRuuffing 0.75 or 1.5 mM ATP on the calyx evoked a stronger and
longerlastingresponsd€Fig. 3.11C3vs C3in Fig. 3.13andFig. 3.15. In view of the leaky
expression of P2Xthat likely causes a local increase in calcium influx in the calyx, this response
was not as large as woube expected there was a summation of the AT&hdodourevoked

calcium influx A3 vs C3in Fig. 3.13andFig. 3.19. This supports the notion that the increased
calcium influxcaused by ATP activating P2X2 channels in the KQke calyx does not represent

a matchinglepolarisatiorof KCs. In the negative control flies, however, | observed that there was
summation of the ATPandodourevoked increase in calcium influx throughout the KC projections
when puffing ATP on the caly»¥(g 3.14andFig. 3.16 A3 vs C3), suggesting that puffing ATEn

the calyx in the negative control flies didpadéarisethe KCs.
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Figure 3.11Time courses showing inhibition of KC baseline activity or odour responses

caused by APLneuron activation (0.3 mM ATP)
Fly genotypeVT43924Gal4.2>UASP2X2, MB247LexA>LexAop-GCaMP6f n (all graphs) = 10 (9 flies).Grey

shading indicates time window used for quantificatioRimn 3.8 See legend fdFig. 3.3for further details.
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